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FOREWORD 

The ACS SYMPOSIU
a medium for pubhshing 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. 
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PREFACE 

Emission 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
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 physica
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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1 
Lasers, Chemistry, and Combustion 

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

The development o
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. 

Al l 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: O3 decomposition, H2/O2, H 2 /F 2 and, to a lesser 
degree, CH4/O2. But i f 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 s p a t i a l resolution. 
Large scale computational techniques permit the formulation of 
r e a l i s t i c simulation models of the combustion system, including 

0-8412-0570-l/80/47-134-003$05.00/0 
© 1980 American Chemical Society 

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



4 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

the chemistry and the f l u i d dynamics, and can incorporate sensi
t i v i t y analysis to indicate which species and rate constants merit; 
special attention. A coupling of these tools w i l l provide a 
microscopically-based description of combustion with the required 
detailed experimental v e r i f i c a t i o n . Additionally, r e l i a b l e reac
tion rate measurements are now available for many combustion re
actions of int e r e s t . In f a c t , those same developments i n laser 
techniques used for flame probing have also made possible new re
action rate measurements, p a r t i c u l a r l y for transient species, and 
have greatly improved the quality and acquisition of fundamental 
spectroscopic data for such molecules. 

Laser Combustion Probe

There are several
probe flames. Most important, from the standpoint of understand
ing chemical phenomena i n combustion, are laser spectroscopic 
probe methods which provide concentrations and temperatures of 
particular molecular species. There are several of these, each 
with specific r e l a t i v e advantages and disadvantages. They a l l 
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 i n 
flames there can be s i g n i f i c a n t concentration differences occur
ring over distances of the order of 0.1 mm, this degree of spa t i a l 
resolution i s necessary to obtain meaningful data. The use of 
pulsed lasers provide temporal resolution as well, which i s 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, a l 
though the use of an intense laser can create a s i g n i f i c a n t e x c i t 
ed state population i n the species i t i s pumping, and cause com
plications due to differences i n r e a c t i v i t y between excited and 
ground states (I). 

Schematic energy l e v e l diagrams for the most widely used 
probe methods are shown i n F i g . 1. In each case, l i g h t of a char
a c t e r i s t i c frequency i s scattered, emitted, and/or absorbed by the 
molecule, so that a measurement of that frequency serves to iden
t i f y the molecule probed. The intensity of scattered or emitted 
radiation can be related to the concentration of the molecule 
responsible. From measurements on d i f f e r e n t internal quantum 
states (vibrational and/or rotational) of the system, a population 
d i s t r i b u t i o n can be obtained. If that degree of freedom i s i n 
thermal equilibrium within the flame, a temperature can be de
duced; i f not, the population d i s t r i b u t i o n i t s e l f i s then of 
d i r e c t i n t e r e s t . 
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1. CROSLEY Lasers, Chemistry, and Combustion 5 

SPONTANEOUS 
R A M A N 

C O H E R E N T 

• Fixed Frequency Laser 
• Easily Interpreted Data 
• Weak Signals 
• Majority Species 

• Tunable Laser 
• Sensitive 
• Quench Rate Required 
• Transient Species 

• Two Lasers, One Tunable 
• Strong Coherent Signals 
• Background Interference 
• Majority 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 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

Raman scattering (2), now often termed spontaneous Raman 
scattering (SRS), i s a well-established and r e l a t i v e l y simple 
technique requiring only a single fixed frequency laser. Upon 
pumping by the laser to a v i r t u a l state, indicated by a dashed 
line i n the figure, the molecule scatters a second photon, return
ing to a d i f f e r e n t l e v e l . Importantly, SRS i s a method for which 
the signals are linear i n laser intensity and molecular concentra
tion, and i s unaffected by c o l l i s i o n s , so that the relationship 
between measured i n t e n s i t i e s and concentrations i s straightfor
ward. However, the scattering cross section i s very small, re
sulting i n low signal l e v e l s . Hence, SRS i s generally limited to 
those species which are the major constituents of the flame ( f u e l , 
oxidant, pr i n c i p a l exhaus
pears useful only for flame
sooting. 

Laser-induced fluorescence (LIF) depends on the absorption of 
a photon to a r e a l molecular state, and i s therefore a much more 
sensitive technique, capable of detection of sub-part-per-billion 
concentrations. Thus, this i s the most suitable for measurement 
of those minor species which are the transient intermediates i n 
the reaction network. Here a tunable laser i s required, as well 
as an electronic absorption system f a l l i n g i n 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 a b i l i t y to sensitively detect t r a n s i 
tions originating from e l e c t r o n i c a l l y as well as v i b r a t i o n a l l y 
excited levels of a number of molecules offers the p o s s i b i l i t y of 
inquiring into the participation of non-equilibrium chemistry i n 
combustion processes. 

A quantitative interpretation of the LIF signals requires 
knowledge of c o l l i s i o n a l 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 i s to increase the laser intensity to the 
point of o p t i c a l 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,b>5). However, the indications (6) are such that r e l a 
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 

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



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 i n the following way. A strong pump laser 
connects the ground and a v i r t u a l state, whence a tunable probe 
laser returns the molecule to an excited l e v e l , and a second pump 
laser photon elevates i t to a second v i r t u a l state. This mixing 
process results i n the scattering of a fourth photon whose energy 
i s that of the difference between this higher v i r t u a l level and 
the ground state. Most important, that photon i s scattered as a 
coherent beam of high in t e n s i t y and small divergence, yiel d i n g 
high signal levels as well as a high degree of discrimination 
against background flame luminosity. Thus, CARS i s suitable for 
use i n highly luminous

The resonant CARS
between the pump and probe lasers equals that of some level spac
ing i n the molecule, but there also appears a nonresonant (but 
coherent) background signal at a l l 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 d e t e c t a b i l i t y l i m i t s . 
Additionally, the use of three incoming laser beams instead of 
two, i n various geometrical configurations, have relaxed the l i n e -
of-sight r e s t r i c t i o n s on e a r l i e r CARS measurements i n gases, 
providing spa t i a l resolution comparable to SRS and LIF (7). 

The nature of the Raman methods makes i t possible, using an 
op t i c a l multichannel analyzer and, for CARS, a broad-band probe 
laser, to obtain multispecies, m u l t i l e v e l information from a 
single laser pulse. This i s not i n 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 F i g . 2 are shown i n a schematic fashion, experimental set
ups for three other techniques also used as combustion diagnos
t i c s . Laser absorption i s not as sensitive as LIF but i s app l i 
cable to a wider class of molecules, especially using lasers i n 
the infrared regions (9)• I t i s a line-of-sight technique, that 
i s , an average i s necessarily made along the entire path of the 
laser beam as i t traverses the flame. This can be a r e s t r i c t i o n 
i f there exist inhomogenieties of concentration, although devel
opments i n tomographic techniques (10) are attacking this problem. 
An important advantage here i s that the absorption spectra may be 
analyzed i n a simple, straightforward way without requiring as
sumptions on lineshapes or c o l l i s i o n a l rates. 

Optogalvanic spectroscopy (11,12) i s the detection of changes 
i n the degree of ionization of the flame upon i r r a d i a t i o n with a 
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L A S E R ABSORPTION 

Laser Laser 

Flame 

O P T O G A L V A N I C E F F E C T 

Laser e Flame 

Ammeter 

OPTOACOUSTIC E F F E C T 

Flame 
Laser 

Microphone 

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 i s extremely sensitive. Optoacoustic spectroscopy 
(13,14) depends on the detection of sound waves following absorp
tion and subsequent c o l l i s i o n a l degradation of laser energy. I f 
the laser i s pulsed, a measurement of the a r r i v a l time of the 
sound pulses at the microphone permits a s p a t i a l l y resolved de
termination of the speed of sound within the flame (13), which i s 
an important parameter i n f l u i d dynamics treatments. 

Not i l l u s t r a t e d i s the use of multiphoton excitation of 
fluorescence (12,^15), thus far demonstrated i n flame systems only 
for excitation of atoms. I t affords the means to excite other
wise inaccessible states and offers other potential advantages i n 
sp a t i a l resolution and for o p t i c a l l y thick flames, i n spite of 
inherently low signal l e v e l s

I t i s to be emphasize
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 l i m i t a t i o n s ) , i s 
exemplary i n this respect. Properly designed laser probe experi
ments on flames w i l l involve selection and application of those 
techniques best suited for the desired measurements. 

From a spectroscopist 1s point of view, the laser probe tech
niques offer high resolution spectra with ease. In addition, the 
hot flames can provide s i g n i f i c a n t populations i n levels other
wise accessible only with d i f f i c u l t y . In F i g . 3 i s exhibited an 
LIF excitation scan, i n which a spectrometer with fixed wave
length and bandpass detects the fluorescence as the laser i s tuned 
across a series of absorption lines (16). The molecule here i s 
NH, present i n an ammonia/oxygen flame. The large, off-scale 
peaks are excitations from the ground vib r a t i o n a l l e v e l 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 v i b r a t i o n a l l e v e l , was not detectable i n 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
a c t e r i s t i c of areas such as this where basic research and a p p l i 
cations i n t e r d i f f u s e . 

Modelling and Kinetics 

Among these several laser techniques i s thus found the capa
b i l i t y to measure nearly every microscopic observable of interest 
i n 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 i t be collated 
within a theoretical framework—a model--which permits intercon
necting pieces to be discerned and generalizations to be made. 
Only i n 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 f i t t e d , i n previous 
experiments• 

One can readily write down the f l u i d dynamics equations des
cribing the conservation of mass, energy and momentum throughout 
the chemically reacting gas flow which constitutes the flame, with 
e x p l i c i t inclusion of the chemical transformations between mole
cules. In practice, du
feedback between energ
ular motion and energy transport, and the temperature dependent 
reaction rates, obtaining a confident solution to these equations 
i s most d i f f i c u l t and challenging. 

Two kinds of problems a r i s e . The f i r s t arises from the 
coupling of d i f f e r e n t i a l equations over vastly disparate charac
t e r i s t i c time scales, a problem yielding to solution through the 
application of mathematical and computational ingenuity (18,19). 

The second i s concerned with the need to have a complete and 
sensible chemical mechanism, v a l i d over a wide range of tempera
ture. Even a r e l a t i v e l y simple combustion system w i l l involve 
dozens of reactions, so that a well established reaction rate data 
base i s es s e n t i a l . I t i s equivalently essential that the results 
be v e r i f i e d by comparison with detailed experimental data--such as 
that provided by laser probes. For example, i n a study of the 
ozone decomposition flame (20)» i t was found that certain a l t e r 
native but wrong choices of key input parameters were not discern
i b l e i f flame speed were used as the sole predicted r e s u l t for 
v e r i f i c a t i o n ; however, these choices did produce considerable 
differences i n the p r o f i l e s of the transient oxygen atom concen
tration and the temperature. 

In general, i t appears l i k e l y that a f i t to the intermediate 
species p r o f i l e s should provide the most sensitive means of model 
v e r i f i c a t i o n , even when the result of di r e c t interest i s a bulk 
parameter such as flame speed or rate of energy release. Laser 
probe methods can be also extremely useful i n the absence of f u l l 
v e r i f i c a t i o n , however. Even a semiquantitative measurement of 
some species i n 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 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

i s , those to which the overall results are sensitive. I t i s i n 
such an interactive way that the c a p a b i l i t i e s of both the laser 
probes and the computer simulation models can lead to r e a l ad
vances i n our understanding of combustion chemistry. 

Laser-Induced Fluorescence i n OH 

As previously mentioned, LIF i s 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 b

OH 
CH, CN, C 
NH, NH2 

NO, N0 2, HNO 
S 2, SH, SO, S0 2 

cs, c s 2 

CH 0, CH30 
C 20, HCN 

A l i s t i n g of the combustion intermediates which have been ob
served using KEF, i n flames and/or i n flow systems, i s given i n 
Table 1. The level of a c t i v i t y i n this f i e l d can be gauged by the 
fact that there have been four new entries on this l i s t i n the 
past six months. 

OH, at the top of the l i s t , i s by far the most popular mole
cule for investigation by LIF, for several reasons. Ubiquitous 
i n combustion processes, i t i s a key participant i n many reaction 
networks and mechanisms. I ts spectroscopic data base i s unusually 
well characterized, both i n terms of line positions and intensity 
relationships. I t has a small enough number of energy levels to 
be computationally tractable, so that i t i s beginning to serve as 
a testing ground for models of op t i c a l saturation i n molecules 
(4,J5). And f i n a l l y , i t s absorption bands l i e i n a convenient 
wavelength region--the range covered by frequency doubling the 
e f f i c i e n t and stable rhodamine dyes. 

For many of the other species, further research (in some 
cases a considerable amount) needs to be performed i n order to 
establish a firm spectroscopic data base for the quantitative 
analysis of LIF data. I t should be noted that the prospects for 
unambiguous LIF detection of some other species, p a r t i c u l a r l y 
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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 i n flames demonstrate 
the close connection between current work i n other areas of phys
i c a l chemistry—in this case, state-to-state c o l l i s i o n a l energy 
transfer—and the development of diagnostic tools for combustion. 
In these experiments, measurements are made of the c o l l i s i o n a l 
r e d i s t r i b u t i o n of excited state population following laser excita
tion of OH to individual l e v e l s , i n an atmospheric pressure flame. 

At such a pressure, the excited molecules undergo many c o l 
l i s i o n s before radiating; the questions addressed here concern 
both a d e s c r i p t i o n — i n
rates—and a diagnosti
experiments, OH i n the p a r t i a l l y burnt gases of a methane-air 
flame i s excited to individual rotational levels of the v'=0 
vibrational level of the state, and measurements of the 
resulting fluorescence dispersed through a monochromator provide 
populations of individual l e v e l s . 

In the f i r s t series of experiments (21)» measurements are 
made of the rotational d i s t r i b u t i o n within v'=0. Figure 4 shows 
a portion of each of the spectra obtained upon pumping two d i f 
ferent rotational levels, N 7 = l and N'=10. The obvious qualitative 
differences demonstrate that thermalization does not occur prior 
to emission. Rather, the observed distributions r e f l e c t a com
peti t i o n between rotational relaxation and quenching, and require 
detailed state-dependent c o l l i s i o n rates for a description. Such 
a description, with e x p l i c i t 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 r a t i o of the rotational relaxation rate to the quenching 
rate decreases with increasing rotation. 

A further interesting r e s u l t concerns spin component conser
vation. Each rotational l e v e l of this ^2 state has two spin com
ponents, one (termed F ) with the spin and rotational angular 
momentum vectors p a r a l l e l , and the other (F 2) having them antipar-
a l l e l . Excitation of an F^ component results i n transfer primar
i l y to F-̂  components of other rotational levels, and s i m i l a r l y 
for F 2 excitation. In a c o l l i s i o n , the O H would as soon exchange 
several hundred cnT*" of energy as f l i p i t s spin around at no 
energy cost. Similar results were also observed i n the fluores
cence scans of the N H molecule (16). 

Such c o l l i s i o n a l selection rules are at the heart of current 
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research i n molecular c o l l i s i o n dynamics i n systems s i g n i f i c a n t l y 
simpler than flames. Yet they not only appear i n the flames, but 
have decided implications for diagnostic measurements as w e l l . 
From F i g . 4 i t can be seen that, for f i n i t e bandpass detection, 
one w i l l obtain d i f f e r e n t fluorescent i n t e n s i t i e s per emitting 
molecule depending on the level pumped. This can produce system
ati c errors i n 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 d i s t r i b u t i o n im
poses r e s t r i c t i o n s on models of and data analysis i n o p t i c a l 
saturation techniques. 

I f the OH undergoes rotational energy transfer, i t w i l l 
undergo vibrational energ
the emission from the v'=
rotational level i n v / = s0. This results from molecules which have 
been c o l l i s i o n a l l y transferred upwards some 3000 cm"̂ -. Also shown 
i n F i g . 5, on the same intensity scale, i s a small portion of the 
emission from v 7=0. From a r a t i o of these i n t e n s i t i e s , we find 
that the v'=l population i s about 3.5% of that i n v'=0, N Q. 

This r a t i o can be used to determine the temperature i n the 
following way. A steady state balance (ignoring the radiative 
decay rate) i s applied to N-̂ : 

Vexp(-AE/kT)NQ - (V + Q)N 1 

Here, Q i s the c o l l i s i o n a l quenching rate and V i s the downward 
(l-»0) c o l l i s i o n a l v i b r a t i o n a l transfer rate. The upward transfer 
rate i s then given by detailed balancing averaging over rotational 
levels--an assumption b r i e f l y discussed below, but whose applica
b i l i t y receives support from the fact that the same r a t i o N^/NQ 
was obtained upon pumping each of three di f f e r e n t rotational 
levels i n v'=0. An estimate of the r a t i o V/Q i s taken from previ
ous low pressure studies (23). 

The result for the temperature i s 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 p o s s i b i l i t y for this method would involve the use 
of two photomultipliers, simultaneously measuring emission from 
v 7 = l and v7=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 c orrelation. Such data i s of 
importance i n studying time-dependent phenomena such as reactive 
turbulence or detonations. 

The experiment poses an intriguing fundamental question: 
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how does one deal with detailed balancing for a system not t o t a l l y 
at thermal equilibrium? The temperature obtained i s presumably 
the translational temperature of the flame gases. However, the 
rotational d i s t r i b u t i o n results described e a r l i e r demonstrate 
that, for the rotational degree of freedom i n v / = 0 , a thermal 
d i s t r i b u t i o n does not obtain. In addition, downward vibrational 
transfer rates have e a r l i e r (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 d i f f e r e n c e — 
were i n good agreement. The answers to these questions and sub
sequent f u l l development of the method as a diagnostic, w i l l re
quire both further experiment d  careful consideratio f 
detailed, state-to-stat

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 r e a l i s t i c and 
detailed simulation models of combustion systems; advances i n 
combustion w i l l r e sult from a combination of these laser probes 
and computer models. F i n a l l y , the close coupling between current 
research i n other areas of physical chemistry and the development 
of laser diagnostics i s i l l u s t r a t e d by recent LIF experiments on 
OH i n flames. 
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Laser Probes for Combustion Applications 

J. R. McD O N A L D 

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

Within the past fe  year
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. Laser 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. In 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 u>, and 
(often referred to as pump and probe beams) incident upon a sam
ple interact through the third order nonlinear susceptibility to 
generate a coherent beam at a frequency, u)~, as depicted in Fig. 1 
The CARS signal, as shewn, is at the frequency uu= 2 a^-a^. When 
the difference (a),-^) coincides with a Raman active resonance 
the magnitude of the radiation at u>~ can become very large. For 
efficient signal generation the incident laser beams must be 
aligned such that the three wave mixing process is properly phase 
matched as noted at th
sentially dispersionless
overlaping beam configuration. Although this configuration is 
easy to setup i t also creates some problems, i.e. long active 
CARS beam overlap volumes and signal generation in optical com
ponents. We wi l l return to this subject. 

In a CARS experiment the signal intensity, I^, at the fre
quency, u>v is given in Eq. (1) 

2 ( I 2 I 2 |x|2 z 2), (1) 

where 1̂  and I 2 are the intensities of the pump and probe beams 
at a), and OJ2, c is the speed of light, x is the third-order 
nonlinear susceptibility 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 = z ( x ' + i x ' V x ^ ' <2> 
J J 

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

( x ' + i x " ) ^ K. _£ (3) 
2Au>j - iTj 

where r. is the Raman linewidth for transition j , Aw = - (u),-^) 
is the detuning frequency. K is the modulus of the suscepti
b i l i t y , and is given as, 
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b) COLLINEAR 

VIRTUAL STATES 

0J« 
" 2 

MOLECULAR ENERGY STATES 

Cdj, CARS 

T 
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. = -4=4NA.g. ( 77T )• - (4) 

N = the total species number density; 
A. = the normalized population difference between the transition 

levels; 
g_. = the linestrength factor; and 

/6a\ = the Raman crossection for transition j . 
J 

Complications aris
of the third order susceptibility; 

2 
IX12 = X^2 + 2 ^ + x n C + (5) 

x f + 2 x{ x"2 + x^ 2, 

the term 2 x? X may be either positive or negative exhibiting 
either constructive or destructive interference effects. This ef
fect gives the characteristic CARS spectrum which under high sen
s i t i v i t y 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. 

I 3 « N 2 

1̂  contains nonresonant background contributions and 

I., must be deconvoluted from the laser line shapes; the 
Raman resonance line shapes; the detector s l i t 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 
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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 teitperature 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 a>, frequency at 532 nm. In a few cases experimenters 
use ruby or 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 au probe frequency. 
The dye laser is tunable by choice of dye (for broad band appli
cations) or by dispersive elements in the oscillator (for narrow 
band generation). The ax. and uu beams are then optically recom-
bined spatially and temporally in the flame zone to be probed. 
The uu antistokes frequency is then separated from the and u>2 

beams by dispersing elements, shown in Figure 2 as prisms, and is 
then further analyzed with a monochromator. The detection may be 
photoelectric using a gated photomultiplier or may by use of an 
OMA i f one wishes to detect the whole spectrum on each shot. The 
latter technique offers powerful advantages in that i t 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 2 

in an N 2 bath as a function of concentration (A). We see that the 
signal Demonstrates the N concentration dependence between about 
10 and 5x10 ppm H 2 in N 2. This is a dynamic range of * 5000. 

Figure 4 shows the CARS spectrum of D 2 gas scanned using a 
narrow band probe (u>2) 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"=l levels. These spectra can be 
used to determine both the rotational and vibrational population 
distributions of D 9 within the discharge. 
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Q 7 

Q, 

Dye Laser Wavelength -

Figure 4. Plot of the CARS signal for D2 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 2 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 2 in a flame 
as a function of the bulk gas temperature assuming rotational and 
vibrational equilibriu  (7). 

Another species presen
is water. Both experimental and theoretical H20 spectra for a 
premixed CH.-air flame are shown in Figure 7 (8). Because of 
the large spontaneous Raman cross section for HLO there is 
l i t t l e or no interference from background signals. Water, how
ever, is d i f f i c u l t 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 a l . in Figure 7 is excel
lent and gives a good f i t to the independently measured 
temperature. 

Single Pulse Measurements. For CARS to be a useful probe for 
flame dynamics in turbulent media i t 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 . In this technique the narrow band 
pulse is mixed with a broad band a>2 beam. This technique pro
duces an o>3 spectrum for a l l resonances (2u>,-u>2) within the spec
tral width of the u>2 beam. The efficiency of such a process is 
obviously much lower than for a narrow band u>2 beam because of the 
nonresonant frequencies contained within the u>2 bandwidth. For 
many applications this is not a practical limitation, 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 s l i t 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 
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21070 21090 21110 21130 

FREQUENCY—CM ""̂  

United Technologies Research Center 

Figure 6. Plot of calculated CARS spectra of N2 as a function of bulk gas tem
perature (1) 
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22380 22400 22420 22440 22460 

FREQUENCY - CM'1 

Optics Letters 

Figure 7. (a) Experimental CARS spectrum of H20 in a premixed methane-air 
flame at one atmosphere, (b) Computed CARS spectrum of H20 at 1675 K for a 
pump bandwidth of 0.8 cm'1 and a triangular slit function of 1 cm'1 FWHM. The 

measured flame temperature is 1675 K(S). 
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Figure 9. Broadband CARS spectrum of CHk using OMA detection and a single-
laser pulse: Pt = 200 kw; P2 = 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 technique. 

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 a l l 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
linear beams is signal
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 u>, & uu beams and generation within 
optical components due to u>, & uu overlap is avoided. This 
technique has been routinely 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 UL 
beam into two components. Then when the two quanta of u^ are 
mixed with uu under the crossing conditions specified in the f i g 
ure the phase matching condition can be uniquely satisfied. As 
explained in Reference (9) this can be conveniently accoirplished 
using a, <|> and e 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 wi l l 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) 

1 J ^ r - — 
/ .1 3 V 
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L P I N H O L E 

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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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 in 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 a l l of Alan Eckbreth's slides so I 
wi l l show only two more. Figure 13 shows the BOXCARS spectrum of 
N 2 with a computer f i t to a temperature of 2000°K in a laminar 
sooting propane diffusion flame (12). Figure 14 shows the ver
ti c a l 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 C2. 

Future CARS Developments. There are many new developments in 
CARS which I have not discussed
designed to suppress backgroun
CARS signals through the use of time sequencing of the and ^ 
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 i t 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 and 17 show spectra of 0 2 and air at one atmosphere down 
to 2̂0 cm shifts measured in our laboratory. Vfe 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 
wi l l 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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Figure 15. CARS spectra in the region of the CO Q-branch from a rich methane-
air flat flame. Above is shown the background-free CARS spectrum, below the con

ventional CARS spectrum (15). 

H=20 
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Figure 16. A rotational CARS spectrum of 0B at one atmosphere pressure. The 
spectrum is generated using a Nd.YAG laser and a scanning-amplified dye laser. 
Scattered-light discrimination is achieved using a scanning double nonochromator 

slaved to the dye laser scan. 
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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 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
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 wil l 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 
experiments. 

This technique was f i r s t 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 u t i l i t y 
of the model. Baronavski and McDonald reconsidered the model 
and made the f i r s t experimental measurements in flames under sat
urated conditions to test the model (20, 21) for C 2 in acetylene 
flames. During the same year workers at United Technologies began 
experimental evaluation of the technique (22) and in the last two 
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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 i t is advantag
eous to use a monochromator rather than band pass fi l t e r s 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 th
theoretical treatments
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 conditions i t 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 
i t d i f f i c u l t 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 using these spectra one can readily iden
t i f y rovibronic levels to be used for excitation. 

Figure 20 shows an energy level diagram for another complex 
molecular system, MgO, which we have been studying in an aspirat
ing slot burner. In this system the ^xcited B z level is radij 
atively coupled to both the ground XZ state and a metastable A n 
level. In 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. 
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20 30 40 50 60 70 80 90 100 110 120 130 

ANTI-STOKES RAMAN SHIFT (cm'1) 

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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0-0 BAN
(516 .5 nm) ( 5 1 2 . 9 nm) 

LASER EXCITATION WAVELENGTH (nm) 

Applied Optics 

Figure 19. The laser-induced fluorescence excitation spectrum of the Cg swan 
band system in an acetylene-air flame (21) 
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Journal of Chemical Physics 

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 i t is assumed that 
i t 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 N2, the Einstein 
A coefficient, the probed sample volume and the collection and 
detection efficiency. Daily (18, 19) has shown that in the 
steady state approximation the observed fluorescence intensity 
can be recastgin terms of the number density of the pumped lower 
state level 1SL . Here,
terms are spectroscopi
known. The L, a>, and A terms are instrumental and experimental 
constants defined in th§ Radiative Transfer equation. The re
maining term, Q, is the sum of a l l nonradiative collision in
duced quenching rates. This includes, electronic, vibrational, 
rotational and chemical quenching. In complex chemical systems 
such as flames i t 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, ( Bi2 + B21^ Iv > > ^"^21 
the expression reduces to the form: v 

S = hv A ? 1 Lfl A ( D12 )NT. (6) 
4 ? B12 + B21 

Under these conditions of complete saturation the fluorescence 
signal becomes independent of laser power and the species number 
density 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 C 2 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, 
i t is equally apparent that the signal never reaches completg 
saturation (independent of laser power) even at 15 joules /m . 
We therefore reconsidered the model for this power region where 
(B 1 2+B 2 1) I > &*-A21 but where the pumping rate is not 
adequate tovcompletely saturate the transition. Under these con
ditions we have shown (20, 21) that: 

American Chemical 
Society Library 

S155 16th St. N. W. 
Washington, 0. C. 20036 
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\ 

B.ol I2M A2,+B2|II/ 

RADIATIVE TRANSFER FOR 90° COLLECTION OPTICS: 

Hit c z 

Figure 23. Schematic of the two-level 
model used to treat saturation spectros

copy data. See the text for details. 

STEADY STATE APPROXIMATION: 

s=h/_2iLflAc—n BI? 
4TT l Q + A21 + (B12 + B21)I 
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hv A 2 1 Lft A c ( 
4TT 

J12 
B12 + B21 

N0 . ̂  (Q +A 2 1) 

( B 2 1 - B l 2 , I v 

. (7) 

Through two terms in the expansion, one predicts an inverse de-
pendence2on 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 f i t s the predicted functional form and the 
intercept (I «) can be used to calculate the C 2 population. 
Our evaluation imthis system yields a C 9 lower state number 
density of 4.5x10 cm . 

These evaluations are made within the context of the two 
level model and the stead
approximation is probabl
(electronically, vibronically, or rotationally) a two level 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 a l . (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 vwithin 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 f i t 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 i t 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. 
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Figure 25. A plot of the C2 fluorescence signal vs. 1/L. The slope of this plot gives 
the total quenching rate for the 3ILg state while the intercept is used to evaluate the 

3UU state number density. C2 — 4.5 X 1015 cm'3; G = 1.2 X 1012 sec'1 (21). 
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Journal of Chemical Physics 

Figure 26. Plot of the Na emission signal vs. l/lv: ( ), best fit to the data for a 
rectangular 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 C2HB-air aspi
rating slot burner (24) 
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Comparison 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 a l l 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 a l l cases these have been treated as 
two level systems for fluorescenc  measurements  Thi  i
tainly not the case fo
as a worst possible intermediat  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 i t 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 concentrations 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 
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Selecte
Atomic Hydrocarbons 
Species 

CH SO 

CN SH 

c 2 CS 

OH S„ 

NH S 20 

NO C 3 

HCN 

Figure 29. Partial list of species that are likely amenable to laser flame measure
ments 

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



2. MCDONALD Laser Probes for Combustion Applications 57 

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 2 and H2<D have an 
accuracy of 1-2% although most workers quote tneir measurements 
to + 50 K. In turbulent, luminous, sooty flames using single 
shot Boxcars techniques 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 CAR
the future. The use o
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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3 
Laser-Induced Fluorescence Spectroscopy 
in Flames 

JOHN W. DAILY 

Department of Mechanical Engineering, University of California, Berkeley, CA 94720 

The purpose of thi
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 hυ. 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 

P F = h V Wl* ( 1 ) 

where V c i s the effective focal volume, ^ c the s o l i d angle of 
the c o l l e c t i o n optics, and A21 i s the Einstein coefficient for 
spontaneous emission, the probability of decay i n any direction. 

The fluorescence signal can be used i n a number of ways. 
Most simply i t provides a measure of the population of the 
excited state or states through Equation 1. In addition, i f a 
relationship can be found between the number density of a l l the 
quantum states under excitation conditions, then the t o t a l 
number density of the species can be deduced. Unfortunately, 
c o l l i s i o n a l decay process can cause redistribution of population 
from the excited l e v e l , complicating interpretation. 

0-8412-0570-1/80/47-134-061 $ 10.00/0 
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By examining the e x c i t a t i o n spectrum of a m o l e c u l a r s p e c i e s 
one can deduce a ground s t a t e Boltzmann temperature. A l s o , as 
w i l l be d i s c u s s e d below, i f one can p r e d i c t the p o p u l a t i o n 
d i s t r i b u t i o n i n the atom o r m o l e c u l e under e x c i t a t i o n c o n d i t i o n s , 
then one can use the observed f l u o r e s c e n c e spectrum t o r e c o v e r 
the gas temperature. 

F i n a l l y , energy t r a n s f e r and c h e m i c a l p r o c e s s e s can be 
s t u d i e d by o b s e r v i n g the t r a n s i e n t and steady s t a t e response 
of a m o l e c u l a r system to l a s e r e x c i t a t i o n . 

L a s e r s a r e used as an e x c i t a t i o n source f o r t h r e e reasons. 
Because the l a s e r output i s coherent i t o f f e r s s p e c i a l 
advantages i n d i r e c t i o n a l i t y and f o c u s i n g . Tunable l a s e r s 
a l l o w the p o s s i b i l i t y of examining s e v e r a l s p e c i e s . F i n a l l y , 
l a s e r s p r o v i d e s i g n i f i c a n t l y h i g h e r power l e v e l s than 
c o n v e n t i o n a l l i g h t s o u r c e s

I n the f o l l o w i n g
d e t a i l . The t h e o r e t i c a l f o u n d a t i o n s of l a s e r e x c i t a t i o n and 
f l u o r e s c e n c e are o u t l i n e d and such i s s u e s as d e t e c t a b i l i t y and 
dynamic range are d i s c u s s e d . F i n a l l y the s t a t u s of LIFS i s sum
marized and a p r o g n o s i s f o r f u t u r e development g i v e n . 

T h e o r e t i c a l C o n s i d e r a t i o n s 

As d i s c u s s e d above, a LIFS s i g n a l i s p r o p o r t i o n a l t o the 
e x c i t e d s t a t e number d e n s i t y of the s p e c i e s b e i n g e x c i t e d . T h i s 
i n f o r m a t i o n i s not i t s e l f n o r m a l l y u s e f u l . What i s d e s i r e d i s 
a measure of the t o t a l p o p u l a t i o n , o r the temperature. O f t e n 
one seeks the p o p u l a t i o n of i n d i v i d u a l ground s t a t e s . To be 
a b l e t o r e l a t e the observed s i g n a l t o v a r i a b l e s of i n t e r e s t one 
must be a b l e t o d e s c r i b e the dynamics of the e x c i t a t i o n p r o c e s s . 

The Rate E q u a t i o n s . As i l l u s t r a t e d i n F i g u r e 1, 
m o l e c u l e s a r e e x c i t e d by photon a b s o r p t i o n i n the process 

N k + hv JELl* N £ , I > k (2) 

where i s the E i n s t e i n B c o e f f i c i e n t f o r a b s o r p t i o n and P v 

i s the s p e c t r a l energy d e n s i t y due t o l a s e r e x c i t a t i o n . 
L i k e w i s e , m o l e c u l e s can be d e - e x c i t e d by the induced e m i s s i o n 
process 

B i _ P 

N £ + hv ^> N k , I > k (3) 

and by spontaneous e m i s s i o n t o lower l e v e l s 
h i 

N £ — U N + hv, I > 1 = 1,2,3 (4) 
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I n a d d i t i o n , c o l l i s i o n s can cause b o t h e x c i t a t i o n and 
d e - e x c i t a t i o n i n the p r o c e s s 

Q i i 
Nj + M -^=+ N ± + M , i + j . (5) 

C o l l i s i o n a l d e - e x c i t a t i o n i s c a l l e d quenching because i t 
competes w i t h spontaneous e m i s s i o n , and i f s i g n i f i c a n t the 
f l u o r e s c e n t s i g n a l w i l l be reduced, o r quenched. Chemical decay 
can a l s o be important i n some c i r c u m s t a n c e s . 

T a k i n g i n t o account these processes one may w r i t e r a t e 
e q u a t i o n s ( D a i l y , 1) f o r the i n d i v i d u a l energy l e v e l s . F o r a 
sim p l e t w o - l e v e l system one has 

"3T = ^12 + B12pv> N l 

" ( Q21 + A21 + B21pv> N2> ( 6 a ) 

and 

NTOT = N l + N2 • ( 6 b ) 

The steady s t a t e s o l u t i o n t o t h i s system i s ( u s i n g the 
d e t a i l e d b a l a n c e r e l a t i o n g^B-^ ~ ̂ 2B21^ : 

„ _ [^12 + B 1 2 % ] N T . 
2 [ Q 1 2 + Q 2 1 + + ( B 1 2 + B 2 1 ) p v ] 

The f i r s t term r e p r e s e n t s the e q u i l i b r i u m e x c i t e d s t a t e 
number d e n s i t y N 2*, when p = 0 . G e n e r a l l y N 2 » N 2* and 
Q 1 2 « Q 2 1 so t h a t V 

N2 * [ Q 2 1 + A N + ( B 1 2 + B 2 1 ) p v ] N T • ( 8 ) 

I t i s c o n v e n t i o n a l t o d e f i n e a " s a t u r a t i o n 1 1 energy d e n s i t y 

P v E ( Q12 + ^21 * A21 ) / ( B12 + B21> ( 9 ) 

so t h a t ( n o t i n g g ^ B ^ = §2B21^ 
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C i + g l / g 2 ) s 

D + D 

(10) 

There a r e two l i m i t s of i n t e r e s t . 
Low i n t e n s i t y l i m i t . I n t h i s case E q u a t i o n 10 becomes 

(1 + g 1 / g 2 ) 
(ID 

T h i s may be r e w r i t t e n as 

N, ( B

( B 1 2 / A 2 1 ) Y p V N T (12) 

so t h a t the c o l l e c t e d f l u o r e s c e n c e power becomes 

^ " S B 1 2 n c V c Y p V N T O T (13) 

Y i s c a l l e d the f l u o r e s c e n c e y i e l d , and f o r combustion c o n d i t i o n s 
i s t y p i c a l l y 10"^-10"^; t h a t i s , quenching i s s i g n i f i c a n t . 

Given knowledge of the atomic parameters B- 2̂
 a n d A 2 i and 

the c o l l i s i o n a l r a t e s , one can d i r e c t l y r e l a t e the observed N 2 

t o the t o t a l number d e n s i t y o f the s p e c i e s . I f c a l i b r a t i o n i s 
p o s s i b l e , o n l y the temperature dependence of the y i e l d , Y, 
need be known. 

The d i f f i c u l t y w i t h E q u a t i o n 13 i s t h a t under c o n d i t i o n s 
of t u r b u l e n t combustion the temperature and c o m p o s i t i o n , and 
thus Y, may v a r y i n an unknown manner. 

For c e r t a i n s p e c i a l c a s e s , g o i n g t o the h i g h i n t e n s i t y 
l i m i t p r o v i d e s a remarkably s i m p l e s o l u t i o n t o the quenching 
problem.. 

High i n t e n s i t y l i m i t ( s a t u r a t i o n ) . C o n s i d e r the r a t e 
e q u a t i o n f o r l e v e l 2 of our s i m p l e atom, E q u a t i o n 6a. I n the 
l i m i t of l a r g e energy d e n s i t y , t h i s e q u a t i o n reduces to 

N 2 = ( B 1 2 / B 2 1 ) N l (14) 

which because o f d e t a i l e d b a l a n c i n g ( g 1
B

1 2
 = 8 2 B 2 1 ^ b e c o m e s 

N 2 » ( g 2 / g 1 ) N 1 (15) 
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This remarkable result states that i f the laser intensity 
is high enough, then and N 2 w i l l occur i n a fixed, known 
ra t i o . Equation 10 also reduces i n this l i m i t to 

1 + g x/g 2 
TOT (16) 

Atomic Systems. Many atomic species may be modeled as 
three-level systems. Figure 2 i l l u s t r a t e s the energy l e v e l 
diagram for sodium. Other a l k a l i and alkaline metals behave i n 
a similar manner. 

For excitation from l e v e l 1 to 2 the steady state rate 
equations become 

Q13 N1 + Q23 N2 * %2  Q31 32 31> 3> 

( Q 1 2 + B 1 2 p v ) N l + %2 + V N3= ( Q21 + Q23 + A21 + B21 pv> N2' 
(17b) and 

N = N + N + N TOT 1 2 3 (17c) 

If one defines 
* 

( N 3 / N 2 ) = ( Q 1 3 + Q 2 3 ) / ( Q 3 2 + Q 3 1 + A 3 2 + A 3 1 ) (18) 

as a quasi-equilibrium population r a t i o , then one may show that 

N 
N 

2 [1 + g ; L / g 2 + N 3/N 2)*] s 
p + p 

(19) 

where 

s Q 2 1 + Q 2 3 - ( Q 3 2 + A 3 2 ) ( N 3 / N 2 ) 

B12 [ 1 + g l / g 2 + < W * ] 

(20) 

Because of the d i f f i c u l t y i n knowing (N 3/N 2) , experi
mentally one would measure N 2 and N^. Under saturation 
conditions ĝ N̂ ^ = g 2N 2 so that 

NT0T " ( 1 + H'ZJ N2 + N 3 ' (21) 
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Figure 2. Sodium energy-level diagram 
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These e x p r e s s i o n s can be e a s i l y g e n e r a l i z e d f o r m u l t i - l e v e l 
systems. 

M o l e c u l a r Systems. M o l e c u l e s p r e s e n t a c o n s i d e r a b l y 
more complex p i c t u r e . I l l u s t r a t e d i n F i g u r e 3 i s the energy 
l e v e l diagram f o r OH, the h y d r o x y l r a d i c a l . The s t r u c t u r e 
c o n s i s t s o f s e v e r a l e l e c t r o n i c s t a t e s , each of which s u p p o r t s 
a number of v i b r a t i o n a l s t a t e s . R o t a t i o n a l motion i s super
imposed on each e l e c t r o n i c - v i b r a t i o n a l s t a t e as i l l u s t r a t e d i n 
F i g u r e 3b. OH i s an a t t r a c t i v e m o l e c u l e f o r a n a l y s i s because 
of i t s dominant importance i n combustion k i n e t i c schemes and 
because i t s s t r u c t u r e , w h i l e more c o m p l i c a t e d than any atom's, 
i s f a i r l y s i m p l e compared t o many o t h e r m o l e c u l e s . 

The c o m p l e x i t y of a n a l y s i s depends on the r e l a t i v e v a l u e s 
of c o l l i s i o n a l r e l a x a t i o
v i b r a t i o n a l l e v e l s becom
e x c i t a t i o n c o n d i t i o n s . For OH i t i s advantageous t o pump 
i n t o the 2 £ + e l e c t r o n i c l e v e l t o e i t h e r the ground o r f i r s t 
e x c i t e d v i b r a t i o n a l l e v e l . 

The s t r a t e g y we have been f o l l o w i n g i s t o pump the V f f = 0 •+ 
V f = 0 v i b r a t i o n a l band i n the UV and observe the r e s u l t i n g 
f l u o r e s c e n c e . T h i s method reduces c o m p l e x i t y caused by 
e l i m i n a t i n g the need t o c o n s i d e r v i b r a t i o n a l r e l a x a t i o n and 
r e s u l t s i n most of the f l u o r e s c e n c e s i g n a l appearing i n the 0-0 
v i b r a t i o n a l band. Moreover, the energy l e v e l s , t r a n s i t i o n 
f r e q u e n c i e s and t r a n s i t i o n p r o b a b i l i t i e s f o r t h i s band have 
been s t u d i e d e x t e n s i v e l y and can be found i n the l i t e r a t u r e . 

We have assumed t h a t a l l v i b r a t i o n a l l e v e l s o t h e r than the 
two ground l e v e l s f o r t he ̂ TT and s t a t e s a r e not p r e s e n t . 
( T h i s i s not s t r i c t l y t r u e . At a flame temperature o f 2000°K 
about 10% o f the molec u l e s w i l l be i n the f i r s t e x c i t e d 
v i b r a t i o n a l s t a t e . ) S i n c e t he t r a n s i t i o n p r o b a b i l i t y f o r the 
v 1 = 0 t o V" = 1 i s r e l a t i v e l y s m a l l , we a l s o assume t h a t a l l 
t r a n s i t i o n s a r e between the two ground v i b r a t i o n s t a t e s o n l y . 

The r a t e e q u a t i o n s . The steady s t a t e r a t e e q u a t i o n s f o r 
the number d e n s i t y of any r o t a t i o n a l s t a t e i n the S s t a t e 
o t h e r than the one i n v o l v e d i n the l a s e r e x c i t a t i o n can be 
w r i t t e n as 

d N 2 ( i ) 
— 0 = - N 2 ( i ) [ Z Q 2 2 ( i , j ) + Q 2 1 ( i ) + A 2 1 ( i ) ] 

j ^ i 

(22) 
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Figure 3 a. OH energy-level diagram-electronic and vibrational structure 
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Figure 3b. OH energy-level diagram—rotational structure 
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W ^ 6 r e t h 2 + N^Ci) i s the number d e n s i t y i n the i l e v e l of the E 
s t a t e , 

Q ? 9 ( i , j ) i s the r o t a t i o n a l r e l a x a t i o n r a t e f o r t r a n s i t i o n 
i - j , t h 

Q2^(i) i s the t o t a l quenching r a t e of the i l e v e l , and 
A ^ ^ ( i ) i s the E i n s t e i n A c o e f f i c i e n t of the i * - * 1 l e v e l . 
The steady s t a t e r a t e e q u a t i o n f o r the l e v e l e x c i t e d by 

the l a s e r can be w r i t t e n as 

dN (e) 
d t - 0 - -N 2(e) [ E Q 2 2 ( e , j ) + Q (e) + A 2 1 ( e ) + B 2 1 p ] 

+ N (e) B 1 2 p v + E
j ^

where B 2 j i s the E i n s t e i n B c o e f f i c i e n t and p v i s the s p e c t r a l 
i r r a d i a n c e . A s i m i l a r s e t of e q u a t i o n s d e s c r i b e s the ground 
e l e c t r o n i c v i b r a t i o n a l - r o t a t i o n a l s t a t e s . 

These equations have been a n a l y z e d i n some d e t a i l by Lucht 
and Laurendeau (2) and Chan and D a i l y (3). When the l a s e r i s 
t urned on, m o l e c u l e s i n t h e ^TT s t a t e are pumped to the E s t a t e . 
S i n c e the l a s e r s e l e c t i v e l y pumps from one r o t a t i o n a l s u b l e v e l 
to a n o t h e r , the o t h e r r o t a t i o n a l s u b l e v e l s i n the E s t a t e can 
be p o p u l a t e d o n l y by r o t a t i o n a l r e l a x a t i o n . I f quenching, or 
e l e c t r o n i c d e - e x c i t a t i o n , i s f a s t compared t o r o t a t i o n a l 
r e l a x a t i o n , then o n l y the l a s e r c o u pled s t a t e w i l l be p o p u l a t e d . 
On the o t h e r hand, i f r o t a t i o n a l r e l a x a t i o n i s f a s t then a l l 
the r o t a t i o n a l s t a t e s w i l l be p o p u l a t e d and i n Boltzmann 
e q u i l i b r i u m . 

For OH, e x p e r i m e n t a l evidence i n d i c a t e s the i n t e r m e d i a t e 
case as i l l u s t r a t e d i n F i g u r e 4, which shows the d e v i a t i o n of 
each r o t a t i o n a l s u b l e v e l from i t s n o r m a l i z e d Boltzmann v a l u e . 
Not s u r p r i s i n g l y , the l a s e r coupled s t a t e i s o v e r p o p u l a t e d 
compared to o t h e r s t a t e s . 

For m o l e c u l e s , the energy d e n s i t y r e q u i r e d t o s a t u r a t e the 
e x c i t e d t r a n s i t i o n can be as much as t h r e e o r d e r s of magnitude 
h i g h e r than f o r atoms. T h i s may be seen from E q u a t i o n 23 i n 
terms of a s a t u r a t i o n s p e c t r a l energy d e n s i t y w i t h a r e s u l t 
s i m i l a r t o but more c o m p l i c a t e d than t h a t of E q u a t i o n 20. 
Both e x p r e s s i o n s may then be more c o n v e n i e n t l y w r i t t e n as 

P* = Q e"/B , 
ef f 

where Q i s an e f f e c t i v e quenching r a t e . 
S a t u r a t i o n . For the s i m p l e t w o - l e v e l model the 

s a t u r a t i o n energy d e n s i t y was shown to be 
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s <W B12 ( W X 3 ) ( Q 2 1 / A 2 1 ) 
p v 1 + g l / g 2 1 + 8 l / g 2 W 

3 3 
where the Einstein r e l a t i o n - c A^^/STrhv has been used to 
replace B-j^. F o r a laser beam, the relationship between power 
density and energy flux i s P/A = 47rcp v6v s, where 6v s i s the 
spectral width of the laser source. Thus the saturation energy 
flux i s 

( p / A ) s = i | 2 j W l 6 V s ( Q 2 i / A 2 i > ( 2 5 ) 

Typical tunable lase
for atoms Q2i/A 2 1 - 10
Likewise for molecules ( Q 2 l / A 2 i ) e f f ~ 10 3-10 6 so that ( P / A ) s o l e c f 
3 x 105-106w/cm2. 

There i s no d i f f i c u l t y i n focusing a laser beam to a 
diameter of 0.1 mm. A one-watt laser could then provide an 
irradiance of about 10^w/cm and a one-kilowatt laser an 
irradiance of about 10 MW/cm . Since one watt and one kilowatt 
are powers typ i c a l of CW and pulsed dye lasers respectively, i t 
may be seen that i f saturation i s 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 i s 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 i s that of a fluorescence energy or photon flux 

A 
P F " h V 4 F 1 ficVcN2 • ( 2 6 ) 

What we seek i s 

N 2 = /, \ (27) 
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The f r a c t i o n a l s t a t i s t i c a l u n c e r t a i n t y w i t h which N can 
be measured i s thus 

A 2 1 
c 

W 2 W 2 2 M + / v (28) 

The d e t e c t a b i l i t y l i m i t i s t h a t v a l u e of N 2 f o r which the 
f r a c t i o n a l u n c e r t a i n t y becomes too l a r g e , say 10%. 

The c r i t i c a l source of u n c e r t a i n t y w i l l be i n the 
measurement of Pp. For low v a l u e s of P F P o i s s o n s t a t i s t i c s 
a p p l y and the f r a c t i o n a l u n c e r t a i n t y i n Pp becomes 

The photon count may be w r i t t e n as 

en (TI1) n v A t N 0 (30) 

where e i s the d e t e c t o r e f f i c i e n c y , r) an o p t i c a l e f f i c i e n c y and 
At a measurement of time. 

Thus 

eri(A 0 1/47T) Q V AtN z l c c (31) 

E q u a t i o n 31 i s p l o t t e d i n F i g u r e 5 f o r t y p i c a l combustion 
c o n d i t i o n s and w i t h the combined u n c e r t a i n t y i n A2_. , ^ and 
as a parameter. The sample time i s 1 y s e c , t y p i c a l o f f l a s h -
lamp pumped dye l a s e r p u l s e s , and thus remarkably low 
d e t e c t a b i l i t y l i m i t s a r e a c h i e v a b l e w i t h s i n g l e p u l s e sampling. 

E q u a t i o n 31 i s used t o determine the s m a l l e s t c o n c e n t r a t i o n 
o f a s p e c i e s t h a t can be d e t e c t e d . The dynamic range of the 
i n s t r u m e n t w i l l then be determined by the e f f e c t s of r a d i a t i v e 
t r a p p i n g at l a r g e number d e n s i t i e s . 

I n t e r f e r e n c e s . There a r e a number of i n t e r f e r e n c e s 
t h a t must be taken i n t o account and which may l i m i t d e t e c t a b i l i t y 
or even d e s t r o y the p o s s i b i l i t y of u s i n g the d i a g n o s t i c . 

R a y l e i g h s c a t t e r i n g i s an ever p r e s e n t i n t e r f e r e n c e f o r any 
resonant f l u o r e s c e n c e component and w i l l s e t the u l t i m a t e lower 
l i m i t on d e t e c t a b i l i t y . I t i s g e n e r a l l y v e r y s m a l l though and 
and has the p r o p e r t y of b e i n g h i g h l y p o l a r i z e d . T h i s p r o p e r t y 
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can be used t o r e j e c t the R a y l e i g h s c a t t e r e d l i g h t w i t h a r a t i o 
of about 10~7. As a r e s u l t , R a y l e i g h s c a t t e r i n g i s r a r e l y a 
problem. 

Mei s c a t t e r i n g can be a severe i n t e r f e r e n c e , a l t h o u g h a l s o 
o n l y f o r resonance f l u o r e s c e n c e . The presence of s o l i d 
p a r t i c l e s can c o m p l e t e l y e l i m i n a t e the p o s s i b i l i t y o f u s i n g an 
o p t i c a l method. For s m a l l e r p a r t i c l e d e n s i t i e s , however, one 
may overcome p a r t i c l e problems w i t h o p t i c a l and p r o c e s s i n g 
t r i c k s . Each case must be examined i n d i v i d u a l l y . 

E c k b r e t h (4) has p o i n t e d out t h a t , when h i g h power l a s e r 
sources a r e b e i n g used, the l a s e r may heat s m a l l p a r t i c l e s i n 
the f l o w t o the p o i n t where they c o n t r i b u t e a s i g n i f i c a n t 
amount o f blackbody r a d i a t i o n t o the s i g n a l . A g a i n , the 
s e v e r i t y of the e f f e c t depends on l o c a l c i r c u m s t a n c e s , but i n 
s o o t i n g flames can be
ar e d i s c u s s e d i n d e t a i

R a d i a t i v e T r a p p i n g . The r a d i a t i v e t r a p p i n g problem i s 
i l l u s t r a t e d i n F i g u r e 6. 

When the e m i t t e d r a d i a t i o n l e a v e s the l a s e r f o c a l volume 
the p o s s i b i l i t y e x i s t s t h a t i t w i l l be absorbed, o r t r a p p e d , by 
gas m o l e c u l e s a l o n g the path t o the c o l l e c t i o n o p t i c s . T h i s 
e f f e c t w i l l m a n i f e s t i t s e l f as s e l f - r e v e r s a l o f i n d i v i d u a l 
f l u o r e s c e n c e l i n e s o r band a b s o r p t i o n o f the f l u o r e s c e n c e 
spectrum. 

I f t h e r m a l e m i s s i o n o u t s i d e the f o c a l volume i s i g n o r e d , 
the s p e c i f i c i n t e n s i t y observed o u t s i d e the flame i s 

—T 
I = e V I (0) , (32) 

V V 

where 1^(0) i s the s p e c i f i c i n t e n s i t y l e a v i n g the f o c a l volume, 
and 

T = f a (x)dx (33) 
V J Q V 

i s the o p t i c a l depth, where a (x) i s the l o c a l a b s o r p t i o n 
c o e f f i c i e n t . V 

The i n t e g r a t e d i n t e n s i t y f o r an i n d i v i d u a l l i n e i s then 

I L = fz ^ l v ( 0 ) d v (34) 
l i n e 

For bands, the e x p r e s s i o n f o r the i n t e g r a t e d band i n t e n s i t y i s 
i d e n t i c a l but w i t h the i n t e g r a t i o n over the whole band. 
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Figure 5. Detectability limits for typical flame conditions: At = lfisec. 
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Figure 6. The radiative trapping effect 
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I n the absence of i n t e r f e r e n c e s , a a r i s e s from the 
a b s o r p t i o n spectrum o f the t e s t s p e c i e s . F or atoms and c e r t a i n 
m o l e c u l e s , the a b s o r p t i o n spectrum c o n s i s t s o f i n d i v i d u a l l i n e s 
or s m a l l groupings of l i n e s i n which each l i n e i s d e s c r i b e d by 
a V o i g t - t y p e p r o f i l e . For most m o l e c u l e s , p r e s s u r e broadening 
causes a merging t o g e t h e r o f the l i n e s i n t o a b s o r p t i o n bands. 
The a b s o r p t i o n c o e f f i c i e n t f o r an i n d i v i d u a l l i n e may be 
w r i t t e n as 

a v = hvN kB k l<f>(v), (35) 

or 
N, e 2 f 

% =

where h i s the P l a n c k ' s c o n s t a n t , the E i n s t e i n c o e f f i c i e n t 
f o r a b s o r p t i o n , (f>(v) the n o r m a l i z e d a b s o r p t i o n l i n e shape 
parameter, e the e l e c t r o n charge, £Q the p e r m i t t i v i t y o f f r e e 
space, M e the e l e c t r o n mass, c the speed o f l i g h t , and f j ^ t h e 
o s c i l l a t o r s t r e n g t h f o r t he t r a n s i t i o n . 

The importance of t r a p p i n g must, o f c o u r s e , be asses s e d f o r 
each experiment and t e s t s p e c i e s c o n s i d e r e d . I f one adopts a 
c r i t e r i a f o r t h e maximum a b s o r p t i o n , an upper l i m i t i s p l a c e d 
on the number d e n s i t y o f the a b s o r b i n g energy l e v e l which can be 
a l l o w e d . We can r o u g h l y e s t i m a t e t h i s by assuming an o s c i l l a t o r 
s t r e n g t h o f u n i t y f o r atomic t r a n s i t i o n s , and of 10"~3 f o r 
m o l e c u l a r t r a n s i t i o n s . T h i s l e a d s t o l i n e c e n t e r ground s t a t e 
a b s o r p t i o n c o e f f i c i e n t s of the o r d e r o f o t a t O T n ~ 10" N(m" )m"^ 
and o t m o l ~ 1 0 " 1 9 N(m""3)m"1 f o r a 2000°K atmospheric p r e s s u r e 
flame. For a 1-m p a t h l e n g t h and an o p t i c a l depth of u n i t y , t h i s 
corresponds t o an upper l i m i t i n mole f r a c t i o n o f about 0.01 PPM 
and 10 PPM f o r atoms and m o l e c u l e s , r e s p e c t i v e l y . Of c o u r s e , 
f o r a b s o r p t i o n t h a t o r i g i n a t e s i n h i g h e r energy l e v e l s , b o t h the 
o s c i l l a t o r s t r e n g t h and the number d e n s i t i e s drop r a p i d l y . 

F i g u r e 7 i l l u s t r a t e s the t r a p p i n g e f f e c t f o r sodium ( 6 ) . 
The measurements were made a c r o s s the top o f a f l a t flame b u r n e r , 
and as can be seen, t r a p p i n g i s s i g n i f i c a n t f o r mole f r a c t i o n s 
l a r g e r than about 0.15 PPM. 

Near Resonant R a y l e i g h S c a t t e r i n g . One p o t e n t i a l 
method f o r overcoming the problem of r a d i a t i v e t r a p p i n g t h a t 
appears t o work w e l l f o r atoms i s near resonant R a y l e i g h 
s c a t t e r i n g ( 7 ) . I f an atom i s e x c i t e d near a resonant l i n e , 
p a r t o f the l i g h t i s s c a t t e r e d as enhanced R a y l e i g h s c a t t e r i n g . 
I f t h e atom b e i n g e x c i t e d a l s o undergoes c o l l i s i o n s then t he 
p o s s i b i l i t y e x i s t s t h a t a second component of l i g h t w i l l be 
e m i t t e d a t the resonant frequency. T h i s process i s c a l l e d 
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Figure 7. Radiative trapping of sodium in a methane-air flame 
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c o l l i s i o n a l r e d i s t r i b u t i o n . The importance of these processes 
i s t h a t the R a y l e i g h component i s o u t s i d e the a b s o r p t i o n l i n e 
and cannot be t r a p p e d . 

F i g u r e 8 shows a t y p i c a l f l u o r e s c e n c e spectrum f o r near 
resonant e x c i t a t i o n of sodium. The l a r g e peak a r i s e s from 
c o l l i s i o n a l r e d i s t r i b u t i o n , the o t h e r i s the enhanced R a y l e i g h 
component. The r e l a t i v e i n t e n s i t i e s agree w i t h the t h e o r y of 
Mollow ( 8 ) . Mollow's t h e o r y can a l s o be used t o p r e d i c t the 
r a t i o of the R a y l e i g h s i g n a l t o the resonant f l u o r e s c e n c e 
s i g n a l one would o b t a i n i f t h e r e were no t r a p p i n g . T h i s r a t i o 
i s shown i n F i g u r e 9 which i l l u s t r a t e s t h a t the R a y l e i g h 
component can be q u i t e l a r g e even at det u n i n g s s e v e r a l Angstroms 
from l i n e c e n t e r . 

F i g u r e 10 i l l u s t r a t e s the e f f e c t i n sodium, showing t h a t 
the R a y l e i g h componen

A p p l i c a t i o n s 

Use of S a t u r a t i o n . Because of the p o t e n t i a l f o r 
s i m p l i f i c a t i o n of the p o p u l a t i o n b a l a n c e e q u a t i o n s , much r e c e n t 
work has c o n c e n t r a t e d on s t u d y i n g s a t u r a t i o n phenomena. F i r s t 
proposed by Piepmeier ( 9 ) , and e l a b o r a t e d on by D a i l y ( 1 0 ) , 
s a t u r a t i o n i n atomic s p e c i e s can l e a d t o complete e l i m i n a t i o n 
of the need t o know any c o l l i s i o n a l r a t e s , and i n m o l e c u l a r 
s p e c i e s may p r o v i d e s u b s t a n t i a l s i m p l i f i c a t i o n of the b a l a n c e 
e q u a t i o n a n a l y s i s . 

The approach t o s a t u r a t i o n i n sodium has been s t u d i e d i n 
d e t a i l , w i t h s e v e r a l e a r l y workers r e p o r t i n g anomalous r e s u l t s . 
Such r e s u l t s seem to be e x p l a i n e d by t a k i n g account of the l a s e r 
beam i n t e n s i t y d i s t r i b u t i o n (11, j3, 12). I n c o n t r o l l e d measure
ments, van C a l c a r , et a l . (13) and B l a c k b u r n (14) have demon
s t r a t e d s a t u r a t i o n of sodium i n flames under p u l s e d and CW l a s e r 
o p e r a t i o n s r e s p e c t i v e l y . 

S a t u r a t i o n i n m o l e c u l a r s p e c i e s i s more d i f f i c u l t due t o 
syphoning of p o p u l a t i o n t o o t h e r l e v e l s . Thus h i g h e r l a s e r 
powers a r e r e q u i r e d . B a r o n a v s k i and McDonald (15) have s t u d i e d 
the approach t o s a t u r a t i o n of C£ and suggested means to use the 
s a t u r a t i o n c urve t o e x t r a c t c o l l i s i o n a l r a t e i n f o r m a t i o n . 
E c k b r e t h , e t a l . (16) have s t u d i e d s a t u r a t i o n i n CH and CN and 
v e r i f i e d t h a t under s a t u r a t i o n c o n d i t i o n s r e a s o n a b l e e s t i m a t e s 
of m o l e c u l a r number d e n s i t y can be o b t a i n e d . 

C u r r e n t l y i t appears t h a t t h e r e are no d i f f i c u l t i e s i n 
s a t u r a t i n g atomic s p e c i e s , w h i l e m o l e c u l a r s p e c i e s may be 
s a t u r a t e d w i t h s u f f i c i e n t l a s e r power. There a r e some d i f f i 
c u l t i e s a s s o c i a t e d w i t h s a t u r a t i o n . Because of c h e m i s t r y , the 
q u a s i - e q u i l i b r i u m p o p u l a t i o n of a s p e c i e s may change s u b s t a n t i a l l y 
when e x c i t e d . See, f o r example, D a i l y and Chan ( 7 ) , and M u l l e r , 
et a l . ( 1 7 ) . 
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Figure 8. Fluorescence spectrum resulting from near-resonant excitation 

DETUNING, A 

Figure 9. Ratio of Rayleigh to resonance fluorescence signal (Q is the Rabi fre
quency; at O = 1 A the radiation density is pv = 5 X 10~17 J/m3 ), 

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



3. DAILY Fluorescence Spectroscopy in Flames 

PATH LENGTH OF FLAME BETWEEN 
COLLECTION OPTICS a SCATTERING Figure 10. Comparison of Rayleigh and 
SCATTERING FOCAL VOLUME, mm fluorescence trapping in sodium 
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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 c o l l i s i o n a l rates. 

The choice of suitable species i s dictated to a large extent 
by the a v a i l a b i l i t y of rate data, and although a great deal of 
work has been done, l i t t l e 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 (21) have used 
pulsed fluorescence (22
pressure flames and thei
interest to higher pressure combustion applications. L i t t l e 
other work has appeared although physical chemists are increas
ingly becoming interested i n providing appropriate data. 

Concentration Measurements. The use of LIFS to measure 
atomic species 1 concentrations i n flames has been demonstrated 
repeatedly i n a n a l y t i c a l applications and the f i e l d i s well 
reviewed by Winefordner and Elser (23) and Winefordner (24). 

For atomic species the saturation approach appears to be 
most f r u i t f u l , 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 a l . 
(25) and Blackburn, et a l . (14) have done the same under CW laser 
excitation. 

Molecular measurements i n flames have been made of C£ by 
Baronavski and McDonald (15) and of CH and CN by Eckbreth, et a l . 
(16). Chan and Daily (3) have worked with OH and Chan (19) has 
done more extensive measurements i n OH. 

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

The f i r s t , called two-line fluorescence by Omenetto, et a l . 
(26) , involves seeding the flow with an appropriate atomic 
species, such as indium or thallium, which has two excited 
electronic states, one of which i s close to the ground state. 
The seed i s selectively and sequentially pumped with a l i g h t 
source at two wavelengths and the non-resonant fluorescence i s 
observed i n each case. The r a t i o of the two fluorescence 
signals i s related to the temperature. The method was f i r s t 
demonstrated by Haraguchi, et a l . (27), who measured temperatures 
in a variety of flames and whose work has been extended by 
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Bradshaw, et a l . (28). In their experiments, a continuum l i g h t 
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 i f there i s to be adequate signal 
noise to perform measurements i n turbulent flows. We are 
currently assembling a CW laser system for two-line fluorescence 
in our laboratory. 

The second promising method i s the use of the spectrum of 
a diatomic or larger molecule. As discussed i n Section II-C, 
i f one can describe accurately the population d i s t r i b u t i o n for 
the molecule under excitation conditions, then the temperature 
can be extracted from the measured spectrum. The d i f f i c u l t y 
l i e s i n capturing the spectrum i n a s u f f i c i e n t l y short time 
period. This can be accomplishe
detector array, or Optica
manufactured by Princeton Applied Research Co. (30). 

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

Summary and Conclusions 

We have examined the nature of LIFS i n some d e t a i l . The 
response of an atomic or molecular system i s described i n 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 c o l l i s i o n a l processes. 
Given the response of a system to laser excitation, one may use 
the rate equations to recover information about t o t a l number 
density, temperature and c o l l i s i o n parameters. 

The detectability l i m i t for any given measurement i s defined 
in terms of measurement uncertainty and for LIFS can be quite 
small. This l i m i t , however, can be affected by interferences of 
various kinds and care must be taken i n instrument design to 
avoid d i f f i c u l t i e s . The dynamic range for LIFS i s generally 
controlled by radiative trapping effects. 

The phenomena of saturation has also been examined and 
s a t i s f a c t o r i l y described. It has also been shown that LIFS i s 
suitable for studying excitation and c o l l i s i o n dynamics, and 
for measuring species concentrations and temperatures. 

LIFS i s now ready to begin being seriously applied to 
turbulent flows. For some species, s u f f i c i e n t information 
already exists to obtain quantitative results of direct 
a p p l i c a b i l i t y , although a major effo r t to c o l l e c t and co l l a t e 
c o l l i s i o n data must continue. Reliable equipment i s available 
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which can be used to build measuring systems that interface to 
conventional analog or d i g i t a l data processing systems. 

There are several areas i n which future development w i l l 
concentrate. Laser systems which provide more power and 
f l e x i b i l i t y 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 s a c r i f i c i n g 
d e tectability l i m i t s w i l l be useful i n studying ra d i c a l species. 

It seems inevitable that LIFS w i l l start to be used by 
more and more researchers. Combined with a technique such as 
coherent Anti-Stokes Raman Scattering (Eckbreth, et a l . , 16), 
which i s best suited fo
a common laser and detectio
measurement p o s s i b i l i t i e s . 
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4 
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 temperatur d specie  compositio
p r o f i l e s i n premixed, lamina
development of detaile  hydrocarbo
One of the few hydrocarbon fuels for which a detailed reaction 
mechanism with a i r has been postulated i s methane. The flame 
models for methane combustion include both species d i f f u s i o n and 
thermal conduction, and they are re s t r i c t e d to laminar propa
gation only GL-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 v e l o c i t i e s . These 
flames are usually much thicker than near-stoichiometric atmos
pheric pressure flames. Species concentration p r o f i l e s have 
been derived from sampling sonic microprobes ( 6 ), absorption 
spectroscopy, or supersonic molecular beam sampling with mass 
spectrometer detection (J7, 8 ) . Although molecular beam sampling 
with mass spectrometric analysis has very good s e n s i t i v i t y , 
recent results c l e a r l y demonstrate that these probes can s i g n i 
f i c a n t l y perturb the flame ( 9 ) . 

By contrast, laser scattering methods now permit temperature, 
composition and flow measurements that are both nonintrusive and 
give very high s p a t i a l resolution. These l i g h t scattering 
methods include laser Raman spectroscopy, laser-induced f l u o r 
escence, coherent Raman spectroscopy as well as laser velocimetry. 

One of the important aspects of these laser scattering 
methods i s the very high s p a t i a l 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 p r o f i l e s . These 
primary reaction zones are t y p i c a l l y only a fraction of a mm 
thick. This extension of combustion diagnostics to higher 
pressures w i l l give new insights into flames that have s i g n i 
f i c a n t l y different radical mole fractions and burning v e l o c i t i e s 
at different pressures. 

0-8412-0570-l/80/47-134-085$05.75/0 
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The experimental results that are presented here are temper
ature and species p r o f i l e s for premixed, laminar CH^-air flames. 
The k i n e t i c mechanism of CH^-air combustion can be schematically 
represented as a sequence of pathways for carbon evolution e.g., 
CH4->CH3->CH20->CHO->CO->C02. Each step i n this series evolves by 
various p a r a l l e l reactions, and a s p e c i f i c mechanism (1) i s 
given i n Table I. This i s only one possible scheme and a l t e r 
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 oxygen. The complexity of methane combustion i s demon
strated when i t i s realized that there are s t i l l many unresolved 
problems associated with methane-air flames. These include the 
fates of both the CH3 r a d i c a
of HO2, accurate rate constant
accurate high temperature species d i f f u s i v i t i e s . In spite of 
these uncertainties, models for methane-air flames have been 
developed, and the central objective of this contribution i s 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 i s the 
slot burner that supports the flame. A schematic diagram of 
this burner i s exhibited i n Figure 1. The geometry of the 
flame i s such that a focused laser beam can probe the center of 
the flame where the flame geometry i s approximately one-dimen
sional. Steady, laminar flows were maintained by metering both 
fue l and a i r through c r i t i c a l flow o r i f i c e s . 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 ym. 

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 p r o f i l e measurements were f a c i l i t a t e d 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 id e n t i c a l duration several microseconds after 
the laser pulse and detected only the background signal. The 
gatewidths were 300 ns and counts accumulated i n 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 ym even i n the region of maximum 
flame temperature gradients. Typical average laser powers were 
0.25 W. 
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TABLE I . P o s t u l a t e d mechanism f o r a methane-air f lame. 

No. Reaction Forward Rate Constant (cgs u n i t s ) * 
A n E 

c a l / g mol 

AT 
A2 
A3 

CH4+0H 
CH4+H 
CH4+0 

CH3+H20 
CH3+H2 

CH3+OH 

3 
2 
2 

X 

X 

X 

1 0 1 3 

1 0 1 4 

1 0 1 3 

0 
0 
0 

5,000 
11,900 

6,900 

Bl 
B2 

CH3+O 
C H 3 + 0 2 

•*• 
•*- CH20+H 

CH20+0H 
7 X 1 0 1 3 0 1,000 

CI 
C2 
C3 
C4 

CH20+M 
CH20+0H 
CH20+0 
CH20+H 

~¥ 4-

->• 

C0+H2+M 
CH0+H20 
CHO+OH 
CH0+H2 

2 
2 . 5 

3 
1.7 

X 

X 

X 

X 

1 0
1 0 1 3 

1 0 1 3 

1 0 1 3 

0 
0 
0 
0 

35,000 
1,000 

0 
3,000 

Dl 
D2 

CH0+02 

CHO+OH 

-V 

•+ 

C0+H02 

C0+H20 
3 
1 

X 

X 

1 0 1 3 

1 0 1 4 

0 
0 

0 
0 

D3 CHO+0 -*- CO+OH 5.4 X 1 0 1 1 1/2 0 
D4 CHO+M CO+H+M 2 X 1 0 1 2 1/2 28,800 

El CO+OH -*• C02+H 5 . 5 X 1 0 1 1 0 1,080 
E2 CO+O+M C02+M 3 . 6 X 1 0 1 8 -1 2,500 

F l 
F2 
F3 

H02+0 
H02+0H 
H02+H •4-

02+0H 
02+H20 
OH+OH 

2 . 5 
2 . 5 

2 

X 

X 

X 

1 0 1 3 

1 0 1 3 

1 0 1 4 

0 
0 
0 

0 
0 

2,000 
F4 
F5 

H02+H 
H+02+M 

02+H2 

H02+M 
6 

1.4 
X 

X 

1 0 1 3 

1 0 1 6 

0 
0 

2,000 
- 1 , 0 0 0 

Gl H+02 •4-0H+0 2 . 2 X 1 0 1 4 0 16,800 
G2 0+H2 OH+H 1.7 X 1 0 1 3 0 9,460 
G3 
G4 

0H+H2 

OH+OH 
H20+H 
H20+0 

2 . 2 
6 

X 

X 

1 0 1 3 

1 0 1 2 

0 
0 

5,200 
780 

HI H+OH+M •+ OH+M 7 X 1 0 1 9 -1 0 
H2 0+H+M •+ 

+• OH+M 4 X 1 0 1 8 -1 0 
H3 H+H+M -*• H2+M 2 X 1 0 1 9 -1 0 
H4 0+0+M •4- 02+M 4 X 1 0 1 8 -1 0 

*k=ATrTexp(-E/RT) g - m o l , s e c , K u n i t s 
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Applied Optics 

Figure 1. Schematic of the slot burner used in this experiment (13) 
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A l l data were processed by a central computer to derive 
both temperature and species concentrations. The details of 
these computer f i t s are i d e n t i c a l to those described elsewhere 
(10, 11) with the exception that a vibrational p a r t i t i o n function 
correction was included i n the analysis of the 1^0 data. The 
absolute mole fractions of f u e l , O2, CO, H2, CO2, a n d ^ 0 were 
determined by flowing known concentrations of these gases mixed 
with known concentrations of N2 through the burner. A compari
son of the intensity of the N2 Raman spectrum intensity to the 
Raman spectrum intensity of any of the other gases provided an 
absolute calibration for a l l laser Raman scattering flame studies. 

For the species p r o f i l e s obtained by laser Raman spectro
scopy several p r o f i l e s were measured i n a s p e c i f i c flame and the 
average mole fraction i s reported at a given flame position. 
For CO as many as fiv e
composite p r o f i l e . Th
the temperature and the number of composition p r o f i l e s that are 
averaged. The precision i s better i n the cooler, leading edge 
of the flame because the Raman scattering signal depends on the 
number of molecules/cm^. For a l l cases the precision was better 
than +0.01 mole fraction and much better than this both i n 
the leading edge of the flame and when several p r o f i l e s were 
averaged to obtain a composite f i n a l p r o f i l e for a s p e c i f i c 
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 l i n e was scaled to absolute concentrations by laser 
absorption measurements of the hydroxyl concentration along a 
homogeneous hydroxyl concentration path length i n the post 
combustion zone. The c o l l i s i o n a l quenching of the laser excited 
state was determined throughout the flame by mesuring the concen
trati o n of the major quenching species, by using l i t e r a t u r e 
values of quenching cross sections (12), and by determining the 
r e l a t i v e c o l l i s i o n v e l o c i t i e s of hydroxyl with the other species. 

The % ( v f ?=o) electronic ground state rotational tempera
ture was also measured by laser fluorescence. The laser f r e 
quency was tuned to various P and Q branch transitions of the 
^lI(v l f=o) + 2E +(v f=o) series (see Figure 2). The spectrometer, 
however, detected only the fluorescence of a large number of 
emission lines i n the R̂  and R2 bands. The temperature i s 
determined by plotting the fluorescence i n t e n s i t i e s of a given 
laser-excited transition divided by the transition strength for 
the absorption versus the energy of the absorbing rotational 
state i n the 2 I I ( v f , = o ) electronic state. A requirement for the 
v a l i d i t y of this method i s that the laser beam i s not s i g n i f i 
cantly attenuated before i t reaches the scattering or probed 
region. An example of such a plot i s given i n Figure 3. The 
temperature i s determined by the slope of the l i n e through the 
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Figure 2. Schematic of the energy levels 
for the OH molecule. The collision-
induced energy-transfer transitions are 
denoted by double-line arrows. The rota
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 2II(v" = 0) electronic state. The slope of' 

the line gives the OH rotational temperature (\3). 
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d a t a p o i n t s . A d d i t i o n a l e x p e r i m e n t a l d e t a i l s a re found e l s e 
where (13) . 

Theory 

The g e n e r a l procedure f o r t h e o r e t i c a l l y p r e d i c t i n g flame 
temperature and c o n c e n t r a t i o n p r o f i l e s has been d e s c r i b e d i n 
d e t a i l i n Ref. 1. I n t h i s method the unsteady c o n s e r v a t i o n 
e q u a t i o n s of t o t a l mass, momentum, s p e c i e s mass and energy are 
s i m u l t a n e o u s l y s o l v e d by f i n i t e d i f f e r e n c e methods. To s o l v e 
these coupled d i f f e r e n t i a l e q u a t i o n s s e v e r a l assumptions were 
made, and these assumptions a r e l i s t e d i n Table I I . The coupled 
c o n s e r v a t i o n e q u a t i o n s were s o l v e d i n a transformed c o o r d i n a t e 
system by a method s i m i l a r to t h a t used by S p a l d i n g et al. ( 1 4 ) . 
The program r e q u i r e d th
c a p a c i t i e s , thermal c o n d u c t i v i t i e s
r e a c t i o n r a t e c o n s t a n t s . The program t y p i c a l l y c o n t a i n e d 50 
g r i d p o i n t s i n the d i r e c t i o n of the flame, and a p p r o x i m a t e l y 600 
time i t e r a t i o n s were r e q u i r e d f o r a convergence to a steady 
s t a t e . 

S i n c e t h e r e are many i n p u t parameters a s s o c i a t e d w i t h these 
types o f computer programs, one needs an e s t i m a t e o f the t o t a l 
u n c e r t a i n t y of the t h e o r e t i c a l p r e d i c t i o n s . T h i s u n c e r t a i n t y 
was o b t a i n e d by combining the t h e o r e t i c a l p r o f i l e s of T s a t -
s a r o n i s ( 2 ) , K e l l y and K e n d a l l ( 3 ) , and those computed here f o r 
the 40 t o r r flame of P e e t e r s and Mahnen ( 5 ) . F i g u r e 4 demon
s t r a t e s t h a t the t h e o r e t i c a l u n c e r t a i n t y f o r CH^ CO, C0 2, H, 
HoO, 0, 0^, OH and temperature are a p p r o x i m a t e l y +10% and t h a t 
the e x p e r i m e n t a l r e s u l t s f a l l n e a r l y w i t h i n these bounds. T h i s 
i s not t r u e f o r the s p e c i e s HO2 and CHo. 

One should note t h a t some of the k i n e t i c r a t e c o n s t a n t s i n 
a l l of these models are d e r i v e d from P e e t e r s and Mahnen mass 
s p e c t r o m e t r i c r e s u l t s ; t h e r e f o r e , i t i s not s u r p r i s i n g t h a t the 
t h e o r e t i c a l f i t s to t h i s d a t a are r a t h e r good. I t i s r e a s s u r i n g 
t h a t the model of Ref. JL a l s o e x h i b i t s o v e r a l l good agreement 
w i t h the f o l l o w i n g l a s e r probe r e s u l t s t h a t are f r e e of mass 
spectrometer c a l i b r a t i o n e s t i m a t e s and flame p e r t u r b a t i o n . 

E x p e r i m e n t a l r e s u l t s 

The t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s f o r a f u e l - l e a n 
methane-air flame are g i v e n i n F i g u r e s 5-7. These r e s u l t s 
i n c l u d e temperature and major s p e c i e s c o m p o s i t i o n s . The e x p e r i 
mental and t h e o r e t i c a l r e s u l t s a re compared by matching the 
a b c i s s a s o f the temperature p r o f i l e s . The model v e r y a c c u r a t e l y 
p r e d i c t s the s l o p e o f the temperature p r o f i l e but p r e d i c t s a 
l a r g e r f i n a l flame temperature than i s measured. T h i s i s a 
consequence of heat l o s t to the c o o l e d , g o l d - c o a t e d burner w a l l 
t h a t i s 1.5 mm away from the p o s i t i o n s where d a t a were taken. 
One s h o u l d note t h a t i t has been c a l c u l a t e d t h a t t h e r e i s v e r y 
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Figure 4. Comparison of the predicted (shaded areas) and measured (heavy line) 
CHh-02 flame (P = 40 torr, 9.5% CHh) species concentrations and temperature. 
The shaded areas are the composite predictions hounded by the results of Refs. 1, 2, 
and 3. The experimental data are from Ref. 5(a) 02 and temperature; (b) CHit 

H20, C02, and CO; (c) OH, O, H, and H2; (d) CH3 and HO*. 
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Figure 5. Temperature, CH,„ and C02 profiles for a fuel-lean (<f> = 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 

code of Ref. 1 ( ), theory; (%), temperature (N2); (O), C02; (A), CHh. 
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Figure 6. Temperature, H20 and 02 profiles for a fuel-lean (<f> = 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 code 

of Ref. 1: ( ), theory; (%), temperature; (f), H20; 0 > 02. 
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Figure 7. Temperature, CO, and H2 profiles for a fuel-lean (<f> = 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 code 

of Ref. 1: ( ), theory; (%) temperature; (J^)f CO; ( 0 ), Hg. 
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TABLE I I . Assumptions made in flame model. 

97 

1. Laminar flow 

2. One dimensional 

3. Constant s t a t i c pressure 

4. Negligible viscous dissipation 

5. Negligible external forces 

6. Negligible radiative heat transfer 

7. Negligible hea

8. Negligible Soret and Dufour effects 

l i t t l e difference i n species p r o f i l e s for adiabatic and non-
adiabatic cases, even though the f i n a l temperatures d i f f e r by 
approximately 200 K (15). 

If one compares the composition p r o f i l e s i n 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 i n the 
data. 

For the CO and H2 p r o f i l e s some noticeable differences 
between experiment and theory occur. The experimental peak CO 
concentration i s systematically greater than the model pre
dic t i o n . This same qualitative feature i s 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 
i n s u f f i c i e n t formation rates for CO in this model. The CO 
disappearance rate i s determined almost t o t a l l y by reaction E l . 
The rate constant, although non-Arrhenius in temperature depen
dence, has been studied extensively, and more recent values 
suggest, i f anything, a s l i g h t l y larger rate constant should be 
used (17). This would decrease the theoretical p r o f i l e and also 
s h i f t i t s position. Moreover, the rate constant for reaction 
CI i s very large and shock tube results (18) indicate a smaller 
value i s more accurate. If one were to use the shock tube 
results for the rate constant for reaction CI, the disagreement 
between theory and experiment would also be enhanced. 

The p r o f i l e for H2 also shows a discrepancy between theory 
and experiment in the leading edge of the flame. The H2 concen
tration i s much greater than the model prediction. There are 
several possible explanations for this difference; however, a 
more accurate and complete treatment of d i f f u s i o n i s a d i s t i n c t 
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possible explanation. Tsatsaronis (2) has calculated p r o f i l e s 
for a stoichiometric CH^-air flame, and he shows larger preflame 
H2 concentrations than the corresponding p r o f i l e s using the 
predictions of Smoot et a l . (1) . A major difference between 
these two models i s that Tsatsaronis uses a more complete 
description of the multicomponent dif f u s i o n c o e f f i c i e n t s . 

The hydroxyl concentration p r o f i l e for a stoichiometric 
CH^-air flame i s presented i n 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
c a l l y predicted temperature equal to the measured hydroxyl 
rotational temperature. At a l l positions i n the flame the 
hydroxyl 2 n ( v f , = o ) state exhibited a Boltzmann d i s t r i b u t i o n of 
rotational states. Thi
N2 vibrational temperatur
laser induced fluorescence and laser Raman scattering experi
ments. An example of this comparison i s given i n Figure 9. 

One should parenthetically note that the measurement of OH 
concentration and temperature i n the flame recombination zone 
provides a method of determining the 0 atom concentration as 
well. The reactions Gl - G3 are usually fast; consequently, i f 
one assumes p a r t i a l equilibrium, 

r n l _ KG3 [OH] 2 . 

Here K^^ and KQ2 are the temperature-dependent equilibrium con
stants for reactions G3 and G2 respectively. 

In conclusion, laser probes have been demonstrated to give 
an excellent way of measuring species compositions and temper
atures i n laminar flames. The comparisons between a model and 
the concentrations of f u e l , O2, H2O, C02> and OH are in good 
agreement with the model predictions. The maximum i n the CO 
p r o f i l e i s , however, systematically larger than the model 
predictions for the fuel-lean flame. Moreoever, the H2 concen
tra t i o n i s also systematically larger i n the preflame region 
than the model prediction. F i n a l l y , 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 
p r o f i l e s of other dilute species as well. 
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Figure 8. Comparison of hydroxyl concentration as measured by laser-induced 
fluorescence and the theoretical predictions of Ref. 1. The hydroxyl concentration 
uncertainty is ±30%. Stoichiometric CHi-air flame. (%), Experiment; ( ), 

theory. 
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Figure 9. Comparison of OH and N2 temperatures in both primary reaction zone 
and recombination regions. The fuel-air equivalence ratio was <f> = 0.93. The 
probed region was 1.5 mm from the curved wall. The uncertainty in the hydroxyl 

temperature is ±100 K. CHk-air flame; (%), N2; (A), OH; (13). 
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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 reporte
between a model and th
H2O, CO2, 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 2 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. 

Literature Cited 

1. Smoot, L. D., Hecker, W. C. and Williams, G. A., Combust. 
Flame (1976) 26, 323. 

2. Tsatsaronis, G., Combust. Flame (1978) 33, 217. 
3. Kelly, J. T. and Kendall, R. M., Proceedings of the Second 

Stationary Source Combustion Symposium, Vol. IV. 
EPA-600/7-77-073d (1977) p. 311. 

4. Creighton, J. R. and Lund, C. M., Lawrence Livermore 
Laboratory preprint UCRL-80832 (unpublished). 

5. Peeters, J. and Mahnen, G., Fourteenth Symposium 
(International) on Combustion, (The Combustion Institute, 
Pittsburgh, 1973) p. 133. 

6. Fristrom, R. M. and Westenberg, A. A., Flame Structure 
(McGraw-Hill, New York, 1965). 

7. Lazzara, C. P., Biordi, J. C. and Papp, J. F., Combust. 
Flame (1973) 21, 371. 

8. Foner, S. N. and Hudson, R. L., J. Chem. Phys. (1953) 
21, 1374. 

9. Revet, J. M., Puechberty, D. and Cottereau, M. J., Combust. 
Flame (1978) 33, 5. 

10. Stephenson, D. A. and Blint, R. J., Appl. Spectrosc. (1979) 
32, 41. 

11. Blint, R. J., Stephenson, D. A. and Bechtel, J. H., J. Quant. 
Spectrosc. Radiat. Transfer (to be published). 

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



102 LASER PROBES FOR COMBUSTION CHEMISTRY 
12. Bechtel, J. H. and Teets, R. E., Appl. Opt. (to be 

published). 
13. Bechtel, J. H., Appl. Opt. (1979) 18, 2100. 
14. Spalding, D. B., Stephenson, P. L. and Taylor, R. G., 

Combust. Flame (1971) 17, 55. 
15. Smoot, L. D., Combust. Flame (1978) 31, 325. 
16. Fristrom, R. M., Grunfelder, C. and Favin, S., J. Phys. 

Chem. (1960) 64, 1386. 
17. Vandooren, J., Peeters, J. and van Tiggelen, P. J., 

Fifteenth Symposium (International) on Combustion, (The 
Combustion Institute, Pittsburgh, 1975), p. 745. 

18. Dean, A. M., Craig, B. L., Johnson, R. L., Schultz, M. C. 
and Wang, E. E., Seventeenth Symposium (International) 
on Combustion, (The Combustion Institute, Pittsburgh) (to 
be published). 

RECEIVED February 1, 1980. 

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



5 
Laser-Induced Fluorescence: A Powerful Tool for 
the Study of Flame Chemistry 

C. H. MULLER, III,1 KEITH SCHOFIELD, and MARTIN STEINBERG 

Quantum Institute, University of California, Santa Barbara, CA, 93106 

The recent availabilit  of tunable dye lasers has markedl
enhanced our ability t
of combustion systems.  hig  sensitivity, spectra
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/O2/N2) flames and demonstrate a 
simple rationale for taking quench effects into account. F l u o r e s 
cence measurements f o r S 2 , SH, S 0 2 , SO, and OH a l o n g w i t h measure
ments o f flame temperature and H-atom ( i n s u l f u r f r e e flames) 
have been employed t o develop a k i n e t i c model f o r t h e h i g h l y 
c o u p l e d flame c h e m i s t r y o f s u l f u r . The k i n e t i c a s p e c t s o f the 
study a l r e a d y have been p r e s e n t e d i n c o n s i d e r a b l e d e t a i l (6). 
T h i s p r e s e n t a t i o n w i l l a c c e n t the e x p e r i m e n t a l t e c h n i q u e s and 
r e s u l t s i n an e f f o r t t o complement the e a r l i e r r e p o r t . 

E x p e r i m e n t a l 

A s e r i e s o f f u e l r i c h H2/O2/N2 premixed flames were burned 
a t atmospheric p r e s s u r e on a 2 cm d i a . Padley-Sugden (7) b u r n e r 
c o n s t r u c t e d o f bundled s e c t i o n s o f s t a i n l e s s s t e e l hypodermic 

1Current Address: G e n e r a l Atomic Co., P.O. Box 81608, 
San Diego, CA 92138. 
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t u b i n g t o produce one-dimensional f l o w s i n the p o s t flame gases 
above the burner. The hypodermic tube bundle was m a n i f o l d e d so 
as t o a l l o w s e p a r a t e premixed s u p p l i e s t o an i n n e r tube bundle 
1 cm d i a . and t o t h e s u r r o u n d i n g a n n u l a r tube bundle. A s e c t i o n a l 
s k e t c h o f t h e burner i s shown i n F i g u r e 1. I d e n t i c a l H2/O2/N2 
m i x t u r e s were burned on the two burner s e c t i o n s and H2S o r a NaCl 
a e r o s o l was added t o the gases f l o w i n g t o the c e n t r a l burner c o r e . 
The o u t e r flame r i n g s e r v e s as a s h i e l d t o m a i n t a i n the one-
d i m e n s i o n a l c h a r a c t e r o f the c e n t r a l f l o w f o r s e v e r a l c e n t i m e t e r s 
above t h e burner. The H 2/02 and N2/O2 r a t i o s were v a r i e d t o 
generate a s e r i e s o f flames w i t h v a r y i n g c o m p o s i t i o n and tempera
t u r e . Flame temperatures v a r i e d from 1700 t o 2350 K w i t h b u r n t 
gas f l o w v e l o c i t i e s r a n g i n g from 4 t o 24 m s-1. 

A schematic o f the o p t i c a l system i s seen i n F i g u r e 2. A 
f l a s h - l a m p pumped t u n a b l
e x c i t e t h e f l u o r e s c e n c
equipped w i t h i n t r a c a v i t y d o u b l i n g c r y s t a l s t o c a r r y i t s o p e r a t i o n 
i n t o the u l t r a - v i o l e t (UV) down t o 265 nm. The a b s o r p t i o n bands 
o f S 2 f SH, SO, SO2 and OH a l l l i e i n the UV. The l a s e r l i n e -
w i d t h i n t h i s r e g i o n i s about 5.4 cm- 1. With an e t a l o n , b u i l t 
i n t o t he u n i t , t h e UV l i n e - w i d t h can be narrowed t o about 
0.27 cm-1, s l i g h t l y g r e a t e r than t h e d o p p l e r w i d t h s o f the i n d i 
v i d u a l l i n e s f o r the systems under study. The h i g h s e l e c t i v i t y 
o f the narrowed l i n e c o n f i g u r a t i o n was r e q u i r e d f o r use w i t h the 
SH and OH f l u o r e s c e n c e measurements t o mini m i z e e x c i t a t i o n o f 
i n t e r f e r i n g s p e c i e s . The l a s e r beam w i d t h was narrowed t o 0.1 cm 
f o r t h e study. The l a s e r p u l s e d u r a t i o n i s s l i g h t l y g r e a t e r than 
1 us a t t h e h a l f - i n t e n s i t y p o i n t and extends o u t t o about 2 us. 
In o r d e r t o a v o i d any i n f l u e n c e o f l a s e r induced c h e m i s t r y , l a s e r 
power was l i m i t e d t o about 1% o f the s a t u r a t i o n parameter f o r 
each o f the s p e c i e s m o n i t o r e d . The l a s e r beam passed h o r i z o n t a l l y 
through the flame and f l u o r e s c e n c e was monitored a t 90° t o t h e 
beam. The f l u o r e s c e n c e was c o l l e c t e d by a s p h e r i c a l m i r r o r , 
passed through a 90° image r o t a t o r and imaged w i t h u n i t m a g n i f i 
c a t i o n onto the entrance s l i t o f the monochromator. The 
c o l l e c t i o n o p t i c s were matched t o t h e monochromator a p e r t u r e . 
With a s l i t h e i g h t o f 1 cm and s l i t w i d t h o f 50 ym t h e d e t e c t i o n 
system monitored a 1 cm l e n g t h o f l a s e r beam c e n t e r e d on the burner 
c o r e w i t h a v e r t i c a l s p a t i a l r e s o l u t i o n , i n c l u d i n g depth o f f i e l d 
e f f e c t s , no g r e a t e r than .01 cm. The 50 ym s l i t w i d t h corresponds 
t o a s p e c t r a l r e s o l u t i o n o f 0.13 nm (FWHM). The monochromator 
ou t p u t was d e t e c t e d w i t h a p h o t o m u l t i p l i e r (EMI 9558 QBM) , the 
ou t p u t o f which was co u p l e d t o c u r r e n t / v o l t a g e and v o l t a g e / v o l t a g e 
a m p l i f i e r s and passed i n t o a boxcar a v e r a g e r . The l a s e r was 
oper a t e d a t 15 p u l s e s / s , and t h e boxcar was t r i g g e r e d t o c e n t e r a 
1 ys gate about the peak o f t h e f l u o r e s c e n c e p r o f i l e which matched 
the l a s e r p r o f i l e . Good s i g n a l t o n o i s e r a t i o s were o b t a i n e d 
w i t h a 3 s time c o n s t a n t f o r most t e s t c o n d i t i o n s . F l u o r e s c e n c e 
i n t e n s i t i e s were n o r m a l i z e d t o a c o n s t a n t l a s e r power t o c o r r e c t 
f o r any d r i f t s i n l a s e r power f o r which l a s e r dye decay was the 
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Figure 1. Sectional sketch of the burner 
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dominant cause. F l u o r e s c e n c e v a r i a t i o n s as a f u n c t i o n o f h e i g h t 
i n t he one-dimensional f l o w s above the burner were m o n i t o r e d by 
r a i s i n g o r l o w e r i n g the burner r e l a t i v e t o the o p t i c a l axes. 

Flame temperatures were m o n i t o r e d u s i n g t he sodium l i n e 
r e v e r s a l method (8). Sodium was added t o the c e n t r a l core f l o w 
as an a e r o s o l o f a sodium c h l o r i d e s o l u t i o n . The a e r o s o l , genera
t e d i n an u l t r a s o n i c n e b u l i z e r (90, was swept a l o n g w i t h a s m a l l 
f l o w o f a i r and passed through a pyrex tube heated t o 475 K t o 
dry the a e r o s o l b e f o r e i t was passed i n t o the gas stream l e a d i n g 
t o the burner c o r e . The NaCl a e r o s o l i s r a p i d l y d i s s o c i a t e d on 
passage through the flame f r o n t t o y i e l d e l e m e n t a l sodium. L i n e 
r e v e r s a l measurements were made u s i n g a tu n g s t e n r i b b o n lamp t h a t 
had been c a l i b r a t e d f o r b r i g h t n e s s temperature a t 589.3 nm as a 
f u n c t i o n o f lamp c u r r e n t . 

A b s o l u t e H-atom measurement
method (10) i n s u l f u r f r e
s o l u t i o n o f NaCl and L i C l was added t o the c e n t r a l c o r e f l o w 
through the n e b u l i z e r . R e l a t i v e i n t e n s i t y measurements were made 
of the Na 589.0 nm and L i 670.8 nm e m i s s i o n from which the H-atom 
c o n c e n t r a t i o n s were c a l c u l a t e d . The H-atom measurements c o u l d 
o n l y be made i n the s u l f u r f r e e f l a m e s . R e a c t i o n o f Na o r L i 
w i t h s u l f u r s p e c i e s would re n d e r the te c h n i q u e i n o p e r a t i v e . 

F l u o r e s c e n c e Measurements 

The f l u o r e s c e n c e i n t e n s i t i e s , under low power e x c i t a t i o n 
c o n d i t i o n s , have a complex dependence on s e v e r a l f a c t o r s which 
can be r e p r e s e n t e d i n the form 

where A i n c l u d e s g eometric and t r a n s m i s s i o n f a c t o r s through the 
flame and d e t e c t i o n system, F i s the f r a c t i o n o f the f l u o r e s c e n c e 
f a l l i n g w i t h i n the d e t e c t i o n bandpass, I L i s the l a s e r i n t e n s i t y , 
n^ i s the number d e n s i t y o f the s p e c i e s i n the p a r t i c u l a r quantum 
s t a t e i n v o l v e d i n the a b s o r p t i o n p r o c e s s , i s the e f f e c t i v e 
a b s o r p t i o n c r o s s s e c t i o n i n c l u d i n g e f f e c t s o f l a s e r and a b s o r b i n g 
l i n e o v e r l a p , and 1 i s the l e n g t h o f beam monitored by the d e t e c t 
i o n system. The f l u o r e s c e n c e e f f i c i e n c y e x p r e s s i o n , 
T " 1 / ( x " 1 + k c j + Z i / j k ^ j [ M j ] ) , i s a measure o f the f r a c t i o n o f the 
mole c u l e s e x c i t e d by the l a s e r which f l u o r e s c e . The terms a r e 
d e f i n e d as f o l l o w s w i t h A* r e p r e s e n t i n g the e x c i t e d s t a t e . 

(1) 

A* -> A + hV 
A? + M -* A* + M 
A* 4- M -** A + M 

A* B + C 

k M ( v i b . o r r o t . r e l a x a t i o n ) 
kg ( e l e c t r o n i c quenching) 
k^ ( p r e d i s s o c i a t i o n ) 

E x c i t a t i o n c o n d i t i o n s were s e l e c t e d t o a v o i d p r e d i s s o c i a t i o n 
e f f e c t s . The quenching term i n the f l u o r e s c e n c e e f f i c i e n c y sums 
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over a l l o f the c o l l i s i o n a l p a r t n e r s , M j , o f which N2, H2O, and 
H 2 are dominant i n the H 2/0 2/N 2 flames s t u d i e d . 

Under l a s e r e x c i t a t i o n c o n d i t i o n s i t i s o f t e n p o s s i b l e t o 
e x c i t e a s i n g l e t r a n s i t i o n and s e l e c t i v e l y p o p u l a t e p a r t i c u l a r 
v i b r a t i o n a l and r o t a t i o n a l quantum l e v e l s i n the e x c i t e d 
e l e c t r o n i c s t a t e . C o l l i s i o n a l quenching by v i b r a t i o n a l and 
r o t a t i o n a l r e l a x a t i o n d e c r e a s e s the p o p u l a t i o n o f t h i s s t a t e , 
r e d i s t r i b u t i n g the m o l e c u l e among a d j a c e n t v i b r a t i o n a l and 
r o t a t i o n a l s t a t e s which may r a d i a t e o r s u f f e r f u r t h e r quenching 
c o l l i s i o n s . Under such c o n d i t i o n s t h e f l u o r e s c e n c e e f f i c i e n c y 
i s dependent on the s p e c t r a l bandwidth o f the d e t e c t i o n system. 
With a broad band d e t e c t i o n system o f 10 t o 20 nm t h a t might be 
r e p r e s e n t e d by a f i l t e r - p h o t o m u l t i p l i e r c o m b i n a t i o n , c o l l i s i o n 
i n duced v i b r a t i o n a l o r r o t a t i o n a l r e l a x a t i o n i n the e x c i t e d s t a t e 
may s t i l l l e a d t o f l u o r e s c e n c
bandwidth. As the bandwidt
v i b r a t i o n a l and r o t a t i o n a l r e l a x a t i o n l e a d s t o r a d i a t i v e 
t r a n s i t i o n s t h a t f a l l o u t s i d e o f the d e t e c t i o n bandwidth. 
R o t a t i o n a l and v i b r a t i o n a l r e l a x a t i o n i n c r e a s i n g l y c o n t r i b u t e s 
t o t he quenching p r o c e s s . The quench term can be expanded t o 
i n c l u d e such c o l l i s i o n i n d u c e d v i b r a t i o n a l and r o t a t i o n a l 
t r a n s i t i o n s 

[ k . . [ M . ] = T (k j + k j +k j J [ M . ] . (2) . . 13 3 . q v i b r o t 3 
11 j J 

By d e c r e a s i n g the d e t e c t i o n bandwidth as much as p o s s i b l e , con
s i s t e n t w i t h m a i n t a i n i n g a good s i g n a l t o n o i s e r a t i o , a l i m i t i n g 
c o n d i t i o n can be approximated f o r which the quenching summation 
v a r i e s i n a s i m p l e manner from flame t o flame. I n the l i m i t i n 
which o n l y one t r a n s i t i o n i s m o n i t o r e d from the v ' J * s t a t e 
p o p u l a t e d by the l a s e r , a lmost every v i b r a t i o n a l o r r o t a t i o n a l 
r e l a x a t i o n from t h a t s t a t e i s an e f f e c t i v e quenching c o l l i s i o n . 
Under these c o n d i t i o n s t h e quench summation term approximates 
t o a gas k i n e t i c quench r a t e , 

( k j + k j
< v + k j J [M.] + 7 - k ,• 4.- t M - ] • ( 3 ) 

q v i b r o t j gas k i n e t i c j 
1/2 — 1 S i n c e k g a s k i n e t i c 0 0 T a n d a t a g i v e n p r e s s u r e [M..] <* T , the 

quenching r a t e v a r i e s from flame t o flame as T - 1 / 2 . 
The e x p e r i m e n t a l c o n d i t i o n s f o r the e x c i t a t i o n and d e t e c t i o n 

o f a l l t he s p e c i e s are l i s t e d i n Table I a l o n g w i t h t h e r a d i a t i v e 
l i f e t i m e s o f t h e e x c i t e d s t a t e s . Under the narrow d e t e c t i o n 
bandwidth c o n d i t i o n s f o r t h e s e measurements the quench term i s 
much g r e a t e r than T " 1 f o r t h e s p e c i e s s t u d i e d and t h e f l u o r e s c e n c e 
e f f i c i e n c y v a r i e s as T ^ T 1 / * . Thus w i t h f i x e d geometry, l a s e r 
e x c i t a t i o n wavelength, and d e t e c t i o n parameters, t h e f l u o r e s c e n c e 
i n t e n s i t y i n E q u a t i o n (1) s i m p l i f i e s t o 

I f = a i L n ^ T 1 (4) 
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where a i n c l u d e s a l l the i n v a r i a n t f a c t o r s . The a b s o r p t i o n 
c r o s s s e c t i o n , a^, v a r i e s s l i g h t l y from flame t o flame due t o 
changes i n the a b s o r p t i o n l i n e shape. T h i s e f f e c t i s almost 
n e g l i g i b l e i n the p r e s e n t study. The f a c t o r n^, the p o p u l a t i o n 
o f the a b s o r b i n g l e v e l i n the e l e c t r o n i c ground s t a t e , i s assumed 
t o be t h e r m a l l y e q u i l i b r a t e d . For a g i v e n m o l e c u l e o r r a d i c a l , 
r e l a t i v e v a l u e s o f n^ can be r e p r e s e n t e d by an a p p r o p r i a t e 
f u n c t i o n o f temperature from flame t o flame and p o i n t t o p o i n t 
w i t h i n each flame. When n o r m a l i z e d f o r l a s e r power v a r i a t i o n , 
a b s o r b i n g s t a t e p o p u l a t i o n , and temperature, the f l u o r e s c e n c e 
i n t e n s i t i e s a r e p r o p o r t i o n a l t o the number d e n s i t y o f the s p e c i e s 
under study. T h i s s i m p l i f i e d f l u o r e s c e n c e r e l a t i o n appears t o 
d e s c r i b e the c o n d i t i o n s e x i s t e n t i n the H2/O2/N2 f l a m e s . 

I f the quenching was dominated by some s i n g l e o r few c o l 
l i s i o n p a r t n e r s as migh
d i l u e n t , the f l u o r e s c e n c

T f " 6 l L n i a k T " l / 2 E [ M J ] ) _ 1 • ( 5 ) 

j 
The measurements are p l a c e d on an a b s o l u t e s c a l e by i n c l u d i n g 

a h i g h temperature flame (H2/O2/N2 = 4/1/2 w i t h 1% H 2S, 2350 K) 
which reaches t h e r m a l e q u i l i b r i u m r a p i d l y . Measurement o f the 
f l u o r e s c e n t i n t e n s i t y i n the e q u i l i b r i u m p l a t e a u a few c e n t i m e t e r s 
above the b u r n e r a l o n g w i t h a c a l c u l a t i o n o f the e q u i l i b r i u m con
c e n t r a t i o n o f each o f the s p e c i e s a t the temperature o f t h i s 
flame p e r m i t s e v a l u a t i o n o f the p r o p o r t i o n a l i t y c o n s t a n t a (or g ) . 
I n t h i s manner a b s o l u t e c o n c e n t r a t i o n s can then be c a l c u l a t e d 
u s i n g the r e l a t i v e f l u o r e s c e n c e i n t e n s i t y i n p u t s f o r each o f the 
s p e c i e s . 

R e s u l t s 

S e l e c t e d r e s u l t s i l l u s t r a t i n g the development o f the 
d i a g n o s t i c c o n d i t i o n s f o r making the r o u t i n e measurements on 
the flame s e r i e s w i l l be p r e s e n t e d i n the f o l l o w i n g d i s c u s s i o n 
t o g e t h e r w i t h examples o f the d a t a a c q u i s i t i o n f o r s e l e c t e d flame 
c o n d i t i o n s . 

Temperature Measurements. Sodium l i n e r e v e r s a l temperature 
p r o f i l e measurements were made on the flame s e r i e s w i t h v a r y i n g 
a d d i t i o n s o f H 2S. R e s u l t s f o r H 2/0 2/N 2 (3/1/4,5,6) are shown i n 
F i g u r e 3. The i n c r e a s e i n temperature w i t h d i s t a n c e above the 
burner i s due t o the slow r e c o m b i n a t i o n o f the r a d i c a l s H and OH. 
I n t h e s t o i c h i o m e t r i c flames the temperature reaches a p l a t e a u i n 
a few c e n t i m e t e r s above the burner. I n the r i c h e r flames the 
temperature g r a d i e n t i s s t e e p e r i n d i c a t i n g a l a r g e r d e p a r t u r e o f 
the r a d i c a l c o n c e n t r a t i o n from e q u i l i b r i u m v a l u e s . The e q u i l i 
brium temperatures decrease w i t h H 2S a d d i t i o n . However, the 
presence o f s u l f u r compounds enhances r a d i c a l r e c o m b i n a t i o n (6,11) 
p r o d u c i n g almost e q u i v a l e n t temperature p r o f i l e s , independent o f 
H 2S a d d i t i o n . 
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PM COOLER - ^ i - V 

AMPLIFIER 

BURNER - e -
TUNGSTEN 
LAMP 

/ 

LASER 
/ / P O W E R 

/ * METER 

BOXCAR 
INTEGRATOR 

Figure 2. Optical system for laser-fluorescence measurements in flames 
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Figure 3. Sodium line reversal temperature profiles above the burner surface in 
rich H2-02-N2 flames with added H2S: ( 0% H2S; ( ), 0.5% H2S; (- • 

1.0% H2S. 
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OH Measurements. (12) A d d i t i o n o f H 2S t o some o f the H 2/0 2/N 2 

flames e x h i b i t e d s t r o n g S 2 B 3Z^ - X 3£~ f l u o r e s c e n c e from 300 t o 
400 nm. To a v o i d p o s s i b l e S 2 i n t e r f e r e n c e w i t h the OH A 2 £ + - X 2J[ 
(0,0) band a t 306 nm i t was d e c i d e d t o e x c i t e i n the OH A-X (1,0) 
band a t 281 nm and m o n i t o r the f l u o r e s c e n c e i n the (1,1) band. 
L i t t l e d i f f i c u l t y was e x p e r i e n c e d i n i d e n t i f y i n g f a v o r a b l e 
c o n d i t i o n s f o r m o n i t o r i n g OH. Two e x c i t a t i o n scans o f the OH R i 
band head i n a s l i g h t l y r i c h C 2H 2/0 2/N 2 flame are shown i n 
F i g u r e 4 w i t h and w i t h o u t added H 2S. The scans e x h i b i t i d e n t i c a l 
f e a t u r e s , i n d i c a t i n g t h a t t h e r e i s no i n t e r f e r e n c e by S 2 under 
these c o n d i t i o n s . E x c i t a t i o n a t 281.14 nm w i t h d e t e c t i o n a t 
314.69 nm was found t o be f a v o r a b l e . F i g u r e 5 shows some OH 
f l u o r e s c e n c e decay p r o f i l e s f o r a r i c h H 2/0 2/N 2 flame w i t h v a r y i n g 
amounts o f added H 2S. I t c l e a r l y e x h i b i t s the c a t a l y t i c e f f e c t 
of s u l f u r on the OH deca

H-atom measurement
H 2/0 2/N 2 flames u s i n g the N a / L i method. By t h i s means i t becomes 
p o s s i b l e t o check on the method f o r t a k i n g account o f quenching 
w i t h the OH d a t a . The r a d i c a l b a l a n c e r e a c t i o n 

H 2 + OH = H 20 + H K = [H 20][H]/[H 2][OH] (6) 

i s known t o be e q u i l i b r a t e d i n microseconds a t flame c o n d i t i o n s 
(13). S i n c e H 2 and H 20 are major p r o d u c t s i n the r i c h H 2/0 2/N 2 

flames these c o n c e n t r a t i o n s are e s s e n t i a l l y c o n s t a n t i n each 
flame and e q u a l t o the thermodynamic e q u i l i b r i u m v a l u e s . The 
e q u i l i b r i u m c o n c e n t r a t i o n r a t i o s f o r R e a c t i o n 6 were e v a l u a t e d 
and are p l o t t e d a g a i n s t T" 1 i n F i g u r e 6 f o r s i x r i c h f l a m e s . The 
agreement o f the e x p e r i m e n t a l e q u i l i b r i u m r a t i o K e X p w i t h the v a l 
ues K e g , c a l c u l a t e d from the JANAF thermochemical t a b u l a t i o n (14), 
i s most g r a t i f y i n g and c o n s t i t u t e s a v a l i d a t i o n o f the OH 
measurements and the d a t a r e d u c t i o n method. 

R e c e n t l y Stepowski and C o t t e r e a u (15,16) measured the quench
i n g r a t e s o f OH A 2 Z + (v=0) i n s e v e r a l low p r e s s u r e propane/oxygen 
flames o f d i f f e r e n t s t o i c h i o m e t r y . They found t h a t the quenching 
r a t e remained n e a r l y c o n s t a n t through the flame f r o n t and w e l l 
i n t o the p o s t flame gases f o r each flame and d i d not v a r y much 
from flame t o flame. E x t r a p o l a t i o n o f t h e i r quenching r a t e s t o 
atmospheric p r e s s u r e g i v e s a v a l u e -10 9 s " 1 which approximates t o 
the gas k i n e t i c v a l u e . T h i s r e l a t i v e i n v a r i a n c e o f the OH quench
i n g i s an i n d i c a t i o n t h a t the e f f e c t i s caused by the major 
p r o d u c t s , the sum o f whose c o n c e n t r a t i o n s do not v a r y much. The 
minor c o n s t i t u e n t s , whose c o n c e n t r a t i o n s may v a r y markedly, appear 
t o make n e g l i g i b l e c o n t r i b u t i o n s t o quenching. 

S 2 Measurements. (17) The r i c h spectrum o f the S 2 B 3 E u - X 3 I g 
system o f f e r s many o p t i o n s f o r e x c i t a t i o n and d e t e c t i o n f r e e o f 
i n t e r f e r e n c e by o t h e r s p e c i e s . E x c i t a t i o n i n the B-X (5,0) band 
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Figure 4. Laser-excitation spectra for 
OH A2T - X2n in a C2H2-02-N2 

(1.2:2.5:10) flame with 0% and 0.5% 
H2S. Fluorescence detected at 314.69 nm. WAVELENGTH, nm 
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Figure 5. OH A2T — X2Ti fluorescence profiles above the burner surface in a 
H2-02-N2 (4:1:5) flame with added H2S: (a), 0%; (b), 0.25%; (c), 0.5%; and (d), 

1.0%. 
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a t 296 nm w i t h d e t e c t i o n i n the (5,1) band a t 302.5 nm appears t o 
be q u i t e s u i t a b l e . A p o r t i o n o f the S 2 B-X (v'=5) p r o g r e s s i o n i s 
seen i n F i g u r e 7. The background on which the S 2 p r o g r e s s i o n 
r i d e s i s due t o v i b r a t i o n a l l y r e l a x e d S 2 B 3Z^. The S 2 f l u o r e s 
cence i n t e n s i t i e s were measured from the b a s e l i n e . S 2 f l u o r e s 
cence p r o f i l e s f o r a r i c h H 2/0 2/N 2 flame w i t h v a r y i n g a d d i t i o n s 
o f H 2S are shown i n F i g u r e 8. 

SH Measurements (17). P r e d i s s o c i a t i o n o f SH A 2 Z + above v=0 
(18) l i m i t s f l u o r e s c e n c e m o n i t o r i n g o f SH A 2 E + - X 2 I I t o the (0,0) 
band w i t h e x c i t a t i o n i n one branch and d e t e c t i o n i n another. 
S t r o n g S 2 B-X bands o v e r l a y the SH system and s e v e r e l y c o m p l i c a t e 
the SH f l u o r e s c e n c e measurements. However, w i t h e x c i t a t i o n and 
f l u o r e s c e n c e scans u s i n g the narrow l i n e l a s e r output and w i t h 
the use o f deuterium s u b s t i t u t i o
t o i d e n t i f y a h i g h l y s e l e c t i v
SH. F i g u r e 9a shows a l a s e r e x c i t a t i o n s can, w i t h the d e t e c t o r 
s e t a t 328.0 nm, o f a r i c h H 2/0 2/N 2 flame c o n t a i n i n g 1% H 2S. The 
spectrum c o n s i s t s o f b o t h SH A-X and S 2 B-X c o n t r i b u t i o n s . Sub
s t i t u t i o n o f D 2 f o r H 2 as the f u e l produces the changes i n d i c a t e d 
i n F i g u r e 9b. The SD l i n e s are s h i f t e d out o f the 0.1 nm range 
o f the scan l e a v i n g the S 2 B-X bands. Four l i n e s are l a b e l l e d 
i n F i g u r e 9a t h a t can be a s s i g n e d t o SH. Of t h e s e , the R Q 2 i (6.5) 
t r a n s i t i o n a t 323.755 nm appears b e s t s u i t e d f o r e x c i t a t i o n o f 
the SH f l u o r e s c e n c e . The s m a l l peak a t the Q2\ (6.5) t r a n s i t i o n 
wavelength i n F i g u r e 9b i s p r o b a b l y caused by the use o f H 2S 
r a t h e r than D 2S. I n a d d i t i o n , f o r economy, D 2 was used o n l y i n 
the c e n t r a l core o f t h e b u r n e r . The p o s s i b i l i t y e x i s t s t h a t 
some H 2 d i f f u s e d i n t o the c o r e from the a n n u l a r guard flame and 
formed SH. Scans o f the f l u o r e s c e n c e s p e c t r a f o r SH are shown i n 
F i g u r e s 10a and 10b f o r t h e same flame c o n d i t i o n s as i n F i g u r e 9. 
A g a i n H 2 was used as the f u e l i n F i g u r e 10a and D 2 i n F i g u r e 10b. 
The s u b s t i t u t i o n o f D 2 f o r H 2 markedly decreases the SH f l u o r e s 
cence i n t e n s i t y a t 328.0 and 326.9 nm. The r e s i d u a l SH s i g n a l w i t h 
D 2 s u b s t i t u t i o n p r o b a b l y d e r i v e s from the H 2 sources as d i s c u s s e d 
above. 

A f l u o r e s c e n c e spectrum o f SH e x c i t e d a t 323.76 nm i s com
pare d i n F i g u r e 11 w i t h a s y n t h e t i c e m i s s i o n spectrum o f SH c a l 
c u l a t e d u s i n g Ramsay's (18) l i n e assignments and E a r l s ' (19) 
assessments o f l i n e s t r e n g t h s . Two p o i n t s are n o t a b l e . F i r s t , 
t h e r e are no f e a t u r e s i n the f l u o r e s c e n c e spectrum which do not 
appear i n the s y n t h e t i c e m i s s i o n spectrum, s t r o n g evidence t h a t 
S 2 i n t e r f e r e n c e has been e l i m i n a t e d . Secondly, the l a b e l l e d 
t r a n s i t i o n s i n the f l u o r e s c e n c e spectrum o r i g i n a t e from the 
d i r e c t l y pumped l e v e l SH A 2 E + (v'=0, J'=6.5). A l l o t h e r l i n e s 
r e s u l t from r a t h e r e x t e n s i v e r o t a t i o n a l r e l a x a t i o n which, however, 
i s i n c o m p l e t e over the d u r a t i o n o f the l a s e r p u l s e . I t s h o u l d 
be noted t h a t the s t r o n g f l u o r e s c e n c e l a b e l e d Q 2(6.5) and Q R i 2 
(5.5) a t 328 nm encompasses the Q 2 and Q R j 2 branch heads and thus 
i n c l u d e s c o n t r i b u t i o n s from Q 2 (0.5-6.5) and ^ R i 2 (0.5-6.5). 
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Figure 6. A test of the equilibrium of H2 + OH = H20 + / / in six fuel-rich 
H2-02-N2 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. 
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Figure 7. Fluorescence spectrum for S± B3%,~ — X3%ff~ in a H2-02-N2 (4:1:6) 
flame containing 1 % H2S. Laser excitation at 296.0 nm. 
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Figure 8. S2B3%t~ - X3X,~ fluorescence profiles above the burner surface in a 
Ht-02-N2 (4:1:6) flame with added H2S: (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 A2T - X2Ii laser-excita
tion spectra in flames with 1 % H2S added 
to the unburnt gas: (a), H2-02-N2 (4:1:6); 
(b), D2 substituted for H2 in the burner 
core. Fluorescence detected at 328.0 nm. 
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Figure 10. SH A2V — X2Ii fluorescence spectra in flames with 1% H2S added to 
the unburnt gas: (a), H2-02-N2 (4:1:6); (b) D2 substituted for H2 in the burner 

core. Laser excitation at 323.76 nm. 
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Figure 11. Comparison of SH A2X — X2U fluorescence and synthetic emission 
spectra for a C2Hg-02-N2 (2:2.5:10) flame with 0.5% H2S added to the unburnt 

gas. Fluorescence excited at 323.76 nm. 
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F l u o r e s c e n c e p r o f i l e s f o r SH i n a r i c h H2/O2/N2 flame 
c o n t a i n i n g v a r y i n g amounts o f H 2S are shown i n F i g u r e 12. The 
s i m i l a r i t y w i t h the p r o f i l e s f o r S2 i n F i g u r e 8 suggests t h a t S2 
and SH are c h e m i c a l l y c o u p l e d . 

SO and S 0 2 Measurements (20). The SO B 3Z~-X 3E~ a b s o r p t i o n 
system extends from 240 t o 400 nm w i t h the s t r o n g e s t t r a n s i t i o n s 
l y i n g i n the u l t r a v i o l e t where they o v e r l a y an S 0 2 a b s o r p t i o n 
continuum i n s u l f u r b e a r i n g f l a m e s . Our Chromatix CMX-4 l a s e r 
has a s h o r t wavelength l i m i t o f 265 nm. Thus i t was n e c e s s a r y t o 
e x c i t e the SO B-X (1,4) t r a n s i t i o n a t 266.5 nm. Under these 
c o n d i t i o n s the S 0 2 continuum a l s o was e x c i t e d . A t flame tempera
t u r e s , about 4% o f the SO p o p u l a t i o n i s i n the v"=4 l e v e l . A low 
r e s o l u t i o n f l u o r e s c e n c e spectrum f o r SO and S 0 2 i n a r i c h H 2/0 2/N 2 

flame w i t h added H 2S i
extends from 250 t o beyon
banded s t r u c t u r e i s an o v e r l a y o f the SO B-X system on the 
continuum. A f l u o r e s c e n c e spectrum a t h i g h e r r e s o l u t i o n 
( d e t e c t i o n bandwidth=0.13 nm) i s reproduced i n F i g u r e 14. A 
p o r t i o n o f the SO B-X (v'=l) p r o g r e s s i o n i s now c l e a r l y seen 
l y i n g on the continuum. D e t e c t i o n o f SO, f o r flame a n a l y s e s , was 
made a t 283.4 nm i n the SO B-X (1,6) band by measuring the 
amplitude above the continuum background. S 0 2 was m o n i t o r e d u s i n g 
the i n t e n s i t y o f the continuum a t 279.3 nm. 

The S 0 2 f l u o r e s c e n c e p u l s e shape matched t h a t o f the l a s e r 
i n d i c a t i n g t h a t the e x c i t e d s t a t e l i f e t i m e was s h o r t compared t o 
1 us. T h i s i m p l i e d t h a t the s h o r t l i v e d S 0 2 *B 2 ( T< 35 ns) s t a t e 
was b e i n g e x c i t e d by pumping ho t bands o f the SO2 l&\ ground 
s t a t e a t 266.5 nm. 

F l u o r e s c e n c e p r o f i l e s f o r SO i n a r i c h flame w i t h added H 2S 
are p r e s e n t e d i n F i g u r e 15. The c o r r e s p o n d i n g p r o f i l e s f o r S 0 2 

are shown i n F i g u r e 16. S i m i l a r i t y o f the SO and S 0 2 p r o f i l e s 
suggest t h a t they are c h e m i c a l l y c o u p l e d . 

C o n c e n t r a t i o n P r o f i l e s . The r e l a t i v e f l u o r e s c e n c e i n t e n s i t y 
p r o f i l e s f o r OH, S2, SH, SO, and SO2 were c o n v e r t e d t o a b s o l u t e 
number d e n s i t i e s a c c o r d i n g t o t h e method a l r e a d y o u t l i n e d . 
R e s u l t i n g c o n c e n t r a t i o n p r o f i l e s f o r a r i c h , s u l f u r b e a r i n g flame 
are e x h i b i t e d i n F i g u r e 17. H-atom d e n s i t i e s were c a l c u l a t e d 
from the measured OH c o n c e n t r a t i o n s and H2 and H2O e q u i l i b r i u m 
v a l u e s f o r each flame a c c o r d i n g t o E q u a t i o n 6. S i m i l a r b a l a n c e d 
r a d i c a l r e a c t i o n s were used t o c a l c u l a t e H 2S and S c o n c e n t r a t i o n s 
(6). Although s u l f u r was added as H 2S t o t h i s hydrogen r i c h flame, 
the dominant s u l f u r p r o d u c t a t e a r l y times i n the p o s t flame gas 
i s S 0 2 . 

D i s c u s s i o n 

These d a t a have a l r e a d y been employed t o develop a c h e m i c a l 
model o f the s u l f u r c h e m i s t r y i n f u e l r i c h H2/0 2/N 2 flames (6). 
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Figure 12. SH A2X — X2Tl fluorescence profiles above the burner surface for 
H2-02-N2 (4:1:6) flames with added H2S:(a),1.0%;(b),0.5%;(c),0.25%. Laser 

excitation at 323.76 nm with detection at 328.0 nm. 

Figure 13. Fluorescence spectrum for S02 and SO in a H2-02-N2 (3:1:5) flame 
with 1 % H2S added to the unburnt gas. Laser excitation at 266.5 nm. 
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Figure 15. SO B3T — X3X fluorescence profiles above the burner surface in 
H2-02-N2 (4:1:6) flames with added H2S: (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. S02 *B2 — 'A, fluorescence profiles above the burner surface in 
H2-02-N2 (4:1:6) flames with added H2S: (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 Nr-Oz-N* (4:1:6) flame with 1% HXS (6) 
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In t h a t e a r l i e r study an ex a m i n a t i o n o f the a v a i l a b l e s u l f u r 
c h e m i c a l k i n e t i c s l e a d t o the i d e n t i f i c a t i o n o f the f o l l o w i n g 
8 f a s t c o u p l e d r a d i c a l r e a c t i o n s t h a t c o u l d account f o r the 
measured c o n c e n t r a t i o n p r o f i l e s . 

H + S 2 = SH + S (7) 

S + H 2 = SH + H (8) 

SH + H 2 H 2S + H (9) 

S + H 2S = SH + SH (10) 

OH + H 2S = H 20 + SH (11) 

H + S 0 2 = SO + O

S + OH = SO + H (13) 

SH + 0 = SO + H (14) 

R e a c t i o n (7) cou p l e s S 2 and SH, as was noted from t h e i r f l u o r e s 
cence p r o f i l e s . S i m i l a r l y , r e a c t i o n (12) l i n k s SO t o S 0 2 . 
R e a c t i o n s (13) and (14) connect o x i d i z e d and reduced s p e c i e s , SO 
w i t h S 2 and SH. The model r e l a t e s a l l s u l f u r b e a r i n g s p e c i e s i n 
the flames. The n o n - e q u i l i b r i u m c o n c e n t r a t i o n s o f H and OH 
r a d i c a l s g e n e rated i n the flame f r o n t by the f a s t r a d i c a l c h a i n 
b r a n c h i n g r e a c t i o n s 

H + 0 2 = OH + O (15) 

O + H 2 = OH + H (16) 

c o n t r o l s the s p e c i f i c d i s t r i b u t i o n o f s u l f u r among the s u l f u r 
b e a r i n g s p e c i e s a t a p a r t i c u l a r flame p o s i t i o n . As H and OH 
recombine by slow 3-body r e a c t i o n s the d i s t r i b u t i o n among the 
s u l f u r b e a r i n g s p e c i e s c o r r e s p o n d i n g l y s h i f t s toward t h e i r thermo
dynamic e q u i l i b r i u m v a l u e s . 

We would expect the r a d i c a l b a l a n c e r e a c t i o n s (6) through (16) 
t o be e q u i l i b r a t e d a t a l l p o i n t s i n these flames. T e s t s o f the 
e q u i l i b r a t i o n have been made, as f o r example i n F i g u r e 6, by 
e v a l u a t i n g the e q u i l i b r i u m c o n c e n t r a t i o n r a t i o s u s i n g e x p e r i 
m e n t a l l y measured c o n c e n t r a t i o n v a l u e s . S i n c e O, H, S, and H 2S 
c o n c e n t r a t i o n s were not measured d i r e c t l y we can i n d i r e c t l y 
e v a l u a t e the e q u i l i b r a t i o n o f the r a d i c a l b a l a n c e p r o c e s s by u s i n g 
r e a c t i o n s t h a t a r e sums o f the above l i s t e d p r o c e s s e s . Four such 
r e a c t i o n s a r e l i s t e d below w i t h an i n d i c a t i o n o f a combination 
o f r e a c t i o n s (6) through (16) t h a t i s c h e m i c a l l y e q u i v a l e n t . 

S 2 + H 2 = SH + SH (7) + (8) 
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H 2 + S0 2 SO + H 20 (6) + (12) 

SH + OH SO + H 2 (13) - (8) 

S0 2 + 2H2 SH + OH + H 20 (6) + (8) + (12)-(13) 

As was noted e a r l i e r (6) , the combination o f r e a c t i o n s on the 
r i g h t i s not unique. Other r e a c t i o n p aths c o u l d connect the l e f t 
and r i g h t s i d e s o f th e f o u r e q u a t i o n s l i s t e d above. N o n e t h e l e s s , 
these r e a c t i o n s can serve our purpose. The e q u i l i b r i u m r a t i o s 
are e v a l u a t e d i n F i g u r e s 18 t o 21 u s i n g e x p e r i m e n t a l l y measured 
v a l u e s f o r T, [OH], [ S 2 ] , [SH] , [SO], and [SO2]. E q u i l i b r i u m 
flame c o n c e n t r a t i o n s were used f o r the major p r o d u c t s H 2

 a n ^ H2O. 
The e q u i l i b r i u m c o n s t a n t s e v a l u a t e d u s i n g JANAF thermodynamic d a t a 
are shown i n the f i g u r e

From F i g u r e s 6, 18
measurements f o r OH, SH, S 2, and SO a l o n g w i t h the method f o r 
d a t a r e d u c t i o n l e a d s t o re a s o n a b l e agreement w i t h the e q u i l i b r i u m 
e x p e c t a t i o n s . I n F i g u r e s 19 and 21 t h e r e i s a somewhat w i d e r 
spread o f the d a t a about the e q u i l i b r i u m e x p e c t a t i o n . T h i s i s 
pr o b a b l y caused by the use o f non-optimal measuring c o n d i t i o n s 
and d a t a r e d u c t i o n f o r SO2 which has a v e r y complex spectrum a t 
flame temperatures. We are e x p e c t i n g a Nd-Yag l a s e r s h o r t l y 
which w i l l o p e r a t e deeper i n t o the UV than our p r e s e n t f l a s h 
lamp pumped dye l a s e r and w i l l p e r m i t a more e x t e n s i v e c h a r a c t e r i 
z a t i o n o f SO2 f l u o r e s c e n c e i n the flame environment. 

Low power l a s e r f l u o r e s c e n c e measurements o f OH, S2/ SH, SO 
and SO2 have been made i n a s e r i e s o f s u l f u r b e a r i n g H2/O2/N2 
flames. A sim p l e g e n e r a l l y a p p l i c a b l e method f o r t a k i n g account 
of quench e f f e c t s has been employed t o c o n v e r t r e l a t i v e f l u o r e s 
cence d a t a i n t o a b s o l u t e c o n c e n t r a t i o n s . The te c h n i q u e has been 
employed t o develop a k i n e t i c model f o r the c o u p l e d c h e m i s t r y o f 
s u l f u r i n r i c h H2/O2/N2 flames (6). 

T h i s work i s p a r t o f an on-going program. A n a l y s i s o f the 
e f f e c t s o f s u l f u r on r a d i c a l decay, f u r t h e r e x a m i n a t i o n o f the 
s t o i c h i o m e t r i c H2/O2/N2 d a t a , and a n a l y s i s o f s u l f u r c h e m i s t r y i n 
r i c h C2H2/O2/N2 flames are underway. The l a b o r a t o r y program i s 
c o n t i n u i n g w i t h f l u o r e s c e n c e measurements o f NO, N02, NH, NH 2 and 
CN i n an e f f o r t t o develop a u n i f i e d k i n e t i c model f o r f u e l 
n i t r o g e n c h e m i s t r y i n flames. 
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Figure 18. A test of the equilibration of S2 + H2 = SH + SH in fuel-rich Ht-02-
N2 flames with 1 % H2S. Experimental points are based on S2 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 H2 + SO, = SO + HtO in fuel-rich 
H2-02-N2 flames with 1% H2S. Experimental points are based on SO and S02 

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 + H2 in fuel-rich 
H2-02-N2 flames with 1 % H2S. 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). 
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Figure 21. A test of the equilibration of S02 + 2H2 = SH + OH + H20 in 
fuel-rich H2-02-N2 flames with 1% H2S. Experimental points are based on S02, 
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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6 
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 problem
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 Uυ) is tuned on a rotational line 
of an electronic transition. If N1 is the population of the lower 
vibrational level, the population N2 of the excited vibrational 
level increases according to 

dN<? Ni No 
^ = ^ - B 1 2 U v - ^ B 2 i U V - N 2(A+Q) (1) 

where B12 and B21 are the p r o b a b i l i t y c o e f f i c i e n t s f o r s t i m u l a t e d 
a b s o r p t i o n and e m i s s i o n r e s p e c t i v e l y ; A and Q a r e the p r o b a b i l i t y 
c o e f f i c i e n t s o f the r a d i a t i v e and c o l l i s i o n a l r e l a x a t i o n f o r the 
e x c i t e d v i b r a t i o n a l l e v e l . The c o e f f i c i e n t s oti and a 2 take i n t o 
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account the redistribution among the neighbouring rotational le
vels not d i r e c t l y 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 
p a r t i t i o n function : 

a. 1 
R Ri 

Writing N1+N2 = No, we obtain 

N 2(t) = ^ B 1 2 U V (1L1 + BLL) U + A + Q ^ v a i a 2
 ; v _ 

-1 
1-exp-

u a i a2
J v * J J 

(2) 
The conditions to reach a saturated steady state with a pulse of 
duration At, 
2BU 2BU
( + A+Q] At » 1 and » A+Q 

are more d i f f i c u l t to achieve, because of the a factor, than for 
a simple two lev e l model. 

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

2BU 

A t ( — — + A + Q) « 1 
the expansion of the exponential in equ. 2 can be approximated by 
the f i r s t term and we have 

N 2 (At) 
N o B i 2 U V A t 

After the excitation the population N 2 decreases and the whole 
fluorescence decay, i f exponential, gives a mean quenching rate Q 
according to : 

>(t) = 
N QB 1 2U vAt VftA 

exp -(A+Q)t 
a i 4TT 

The l o c a l concentration No can be determined either by measu-^max ^ a t fc = 0) or by integrating the t o t a l number of fluo-ring 
rescence photons 
ber of photons in the laser pulse, we obtain 

F 

N p. In t h i s l a t t e r case, with N^ the t o t a l num-

N_ a 4TT(A+Q) C AX 
N ° N. Ax A B hv (3) 

L " ~12 
where Ax i s the l e n g t h o f the e x c i t e d d e t e c t e d zone. 
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Experimental 

We have studied f i r s t 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 i s 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 10" 1 2 m) closely matching the absorption l i n e . We have 
excited the Qx7 line (X = 308.9734 nm) of the 2Z +(v'=0) «- 2TI(v"=0) 
transition of OH. 

The f l a t flame i s set up by a porous burner (<|> = 2 cm) supplied 
with a premixed 0 2-C3H 8 flow. 

Quenching studies in low pressure flames (5_) 

The fluorescence signa
vels of the excited state i s 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 l i n e a r l y with the pressure. Beyond 
50 torr the observed deviation from linear dependence i s due to 
the exciting pulse duration i t s e l f . Extrapolation to 1 Atm. leads 
to a quenching rate Q = 10 9 s" 1 which i s close to the value found 
by Bonczyk and Shirley (6) for CH and CN in flames. 

On Fig. 2 we have plotted the quenching rate versus the height 
of the incident beam above the burner plane for several oxygen-
propane flames of different stochiometries. The quenching remains 
nearly constant through 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 i s surprisingly nearly 
constant. This result confirms f i r s t that the quenching i s not 
very sensitive to the temperature ; i t suggests secondly that wa
ter, the concentration of which ri s e s quickly in the reaction zone, 
remains the most e f f i c i e n t quencher ; i t s 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 s l i g h t l y higher than the quen
ching by H2O so as to compensate for the decrease of the tempera
ture. 

These experiments have been made using the Qi7 l i n e ; 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 re l a t i v e fluorescence i n t e n s i t i e s . 

[OH] measurement 

In a low pressure flame a direct l o c a l and instantaneous measu
rement of [OH] can be obtained by use of equ. 3. Fig. 3 shows a 
p r o f i l e of [OH] through a stochiometric C3H8-O2 flame at 20 to r r . 
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Figure 2. Quenching rate along flames of different stoichiometrics: Molar ratio 
|Cyj f l |/|0 f | = <f>; Flame l,<f> = 0.20; Flame 2,<f> = 0.11; Flame 3,<f> = 0.25. 
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Assuming t h a t the quenching b e h a v i o u r i n an atmospheric f l a 

me i s the same as i n a low p r e s s u r e flame, the f l u o r e s c e n c e e f f i 
c i e n c y may be deduced from t h i s low p r e s s u r e study and then [OH] 
may be measured. 

C o n c l u s i o n s 

The method proposed a l l o w s d i r e c t a b s o l u t e measurement o f 
l o c a l c o n c e n t r a t i o n a t the i n s t a n t o f the l a s e r p u l s e i n a low 
pr e s s u r e flame. We b e l i e v e t h a t t h i s method c o u l d be a p p l i e d t o 
h i g h e r p r e s s u r e flames by the use o f u l t r a s h o r t d u r a t i o n l a s e r 
p u l s e s w i t h t he new mode l o c k e d dye l a s e r t e c h n i q u e . But u n t i l 
the d e t e c t o r t e c h n o l o g y a l l o w s such s h o r t time r e s o l u t i o n s we 
t h i n k t h a t c o l l i s i o n a l l i f e t i m e s s t u d i e s must be pursued t o 
o b t a i n more p r e c i s e e v a l u a t i o
and t o have a b e t t e r u n d e r s t a n d i n
mena i n v o l v e d i n o p t i c a l pumping. For t h i s purpose we are now 
s t u d y i n g the decay o f r e s o l v e d f l u o r e s c e n c e l i n e s . 
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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
(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 N e : 

dNe/dt = O = BuINg - (BdI + Q + A)Ne, 

where the symbols are defined in Table 1; the fluorescence inten
sity S is proportional to Ne. The r a t i o N̂ /N , extrapolated to 
i n f i n i t e I , i s equal to t h e ^ a t i o of their defeneracies. The 
rat i o Q/A may be obtained from the slope-to-intercept r a t i o of a 
plot of S"^ vs. which i s linear (2>3) • Atomic sodium and 
several molecular systems have been investigated under saturation 
conditions i n flames. 

Any re a l molecule can only be approximated as a two-level 
system, since each electronic state involved i n the transition 
contains a number of vibrational and rotational l e v e l s . In the 
(probably u n r e a l i s t i c ) l i m i t where quenching d i r e c t l y back to the 
single lower level pumped by the laser i s much faster than rota
tional or vibr a t i o n a l relaxation, a two-level system with the 
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TABLE 1. NOTATION USED IN TEXT 

N^, N g . • . p o p u l a t i o n of e x c i t e d , ground s t a t e s i n t w o - l e v e l systems 
B u , B ^ . . . E i n s t e i n c o e f f i c i e n t f o r a b s o r p t i o n , s t i m u l a t e d e m i s s i o n 
A E i n s t e i n c o e f f i c i e n t f o r spontaneous e m i s s i o n 
Q, OQ....Quenching r a t e , c r o s s s e c t i o n ; e x c i t e d to ground s t a t e 
R, CJr. .. . R o t a t i o n a l t r a n s f e r r a t e , c r o s s s e c t i o n 
V, C y . . . . V i b r a t i o n a l t r a n s f e r r a t e , c r o s s s e c t i o n ; i n ground s t a t e 

c o r r e c t v a l u e of Q/A o b t a i n e d from the S ^ v s . I ^ p l o t would 
a p p l y . I n the o p p o s i t e l i m i t where R , V » Q , the p l o t would y i e l d 
an apparent quench r a t e e q u a l to Q/A times an upper s t a t e p a r t i 
t i o n f u n c t i o n . 

I n a c t u a l i t y , th
t r a n s f e r r e d among thes
g e n e r a l magnitude as the quenching, so t h a t an a p p r e c i a b l e f r a c 
t i o n of the o r i g i n a l p o p u l a t i o n of the two l e v e l s connected by the 
l a s e r can r e s i d e i n the remainder of the l e v e l s . The f r a c t i o n i n 
the upper laser-pumped l e v e l , and thus S, i s i n g e n e r a l dependent 
on the d e t a i l e d state-dependent r a t e s of t r a n s f e r w i t h i n and be
tween the two m a n i f o l d s of v i b r a t i o n a l and r o t a t i o n a l l e v e l s . 

The M u l t i l e v e l Model 

The p r e s e n t study i s a computer model of the time e v o l u t i o n 
o f i n d i v i d u a l l e v e l p o p u l a t i o n s of the OH molecule under the 
i n f l u e n c e o f l a s e r e x c i t a t i o n . The environment s i m u l a t e s t h a t of 
the b u r n t gases of an atmospheric p r e s s u r e me t h a n e - a i r flame a t 
2000°K. OH i s s t u d i e d because of i t s importance i n combustion 
c h e m i s t r y and s u i t a b i l i t y f o r L I F , which have made i t the most 
p o p u l a r m o l e c u l e f o r LIF i n v e s t i g a t i o n s i n f l a m e s ; i n a d d i t i o n , i t 
has a s m a l l enough number of s i g n i f i c a n t l y p o p u l a t e d l e v e l s to be 
c o m p u t a t i o n a l l y t r a c t a b l e . 

The model i n c l u d e s 30 r o t a t i o n a l l e v e l s (N=0-15) i n the v=0 
2 + 2 

v i b r a t i o n a l l e v e l i n each of the e x c i t e d A £ and ground X II e l e c 
t r o n i c s t a t e s . A s i n g l e "dummy11 v i b r a t i o n a l l y e x c i t e d l e v e l i s 
used to r e p r e s e n t a l l l e v e l s i n the X s t a t e not b e l o n g i n g to v=0. 
The pumping t r a n s i t i o n (Q^3 l i n e ) connects the N=3, J=7/2 l e v e l s 
of the v=0 l e v e l s . R e l a t i v e s t a t e - t o - s t a t e r o t a t i o n a l t r a n s f e r 
r a t e s i n the A - s t a t e are c o n s t r u c t e d from an i n f o r m a t i o n t h e o r e t i c 
a n a l y s i s o f e x p e r i m e n t a l v a l u e s , and t h i s same energy dependence 
of the X - s t a t e r o t a t i o n a l r e l a x a t i o n r a t e s i s assumed. The f i n a l -
s t a t e dependence of OQ i s c a l c u l a t e d assuming an a p r i o r i s t a t i s 
t i c a l d i s t r i b u t i o n of the r e l e a s e d energy among a l l a v a i l a b l e de
grees of freedom, assuming a quenching p a r t n e r h a v i n g o n l y t r a n s -
l a t i o n a l modes. T h i s r e s u l t s i n 44% of the m o l e c u l e s quenching 
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back to v=0. From a v a i l a b l e i n f o r m a t i o n on X - s t a t e v i b r a t i o n a l 
t r a n s f e r r a t e s , we e s t i m a t e a nominal e f f e c t i v e c r o s s s e c t i o n f o r 
v i b r a t i o n a l t r a n s f e r from the dummy l e v e l to v=0, a__, a t 0.4 A. 

e o • o V 

Nominal v a l u e s of OQ and are 14 A and 50 A , r e s p e c t i v e l y . 

R e s u i t s 
U s i n g t h i s s i n g l e l a s e r e x c i t a t i o n , the e q u a t i o n s have been 

i n t e g r a t e d f o r a v a r i e t y of v a l u e s o f I and of OQ, C y , near the 
nominal ones. The g o a l of the study i s n o t m e r e l y t o a t t a i n a de
s c r i p t i o n i n terms of these parameters, but to e x p l o r e the l i m i t s 
of a p p l i c a b i l i t y o f more s i m p l i f i e d approaches f o r OH and o t h e r 
m o l e c u l e s . I n p a r t i c u l a r , a t w o - l e v e l a p p r o x i m a t i o n i s found to 
be c l e a r l y inadequate f o
i n what f o l l o w s . 

1. Time Dependence. The pumped l e v e l p o p u l a t i o n does not 
s e t t l e to w i t h i n 9 0 % of i t s steady s t a t e v a l u e u n t i l > 3 0 nsec 
a f t e r the l a s e r i s turned on. Thus, w h i l e a steady s t a t e a p p r o x i 
m a t i o n i s v a l i d f o r a f l a s h l a m p pumped l a s e r w i t h a p u l s e l e n g t h 
of the o r d e r of 1 a-sec, the s i g n a l s u s i n g a Nd:YAG pumped dye 
( ~ 1 0 nsec) may e x h i b i t an o b s e r v a b l e time dependence. 

2. R o t a t i o n a l P o p u l a t i o n D i s t r i b u t i o n s . As e x p e c t e d , there 
i s an o v e r p o p u l a t i o n i n the A s t a t e l e v e l and an u n d e r p o p u l a t i o n 
i n the X s t a t e l e v e l connected by the l a s e r , compared to a thermal 
d i s t r i b u t i o n (see F i g . 1 ) . H i g h e r r o t a t i o n a l l e v e l s ( N ^ 6 ) i n the 
A - s t a t e are d e s c r i b e d by a Boltzmann d i s t r i b u t i o n w i t h T ~ 9 4 0 ° K , 
w e l l l e s s than the gas temperature and r e f l e c t i n g the energy de
pendence of the OR. The high-N l e v e l s of the X - s t a t e are d e s c r i b 
ed by a Boltzmann d i s t r i b u t i o n w i t h v e r y h i g h T (3200°K) but t h i s 
may be an a r t i f a c t of the model, due p r i n c i p a l l y to the assumed 
N-dependence of the OQ and C y . 

3. P o p u l a t i o n s as I Becomes L a r g e . The r a t i o of the popu
l a t i o n s i n the l e v e l s connected by the l a s e r , p l o t t e d v s . I * * , i s 
a s t r a i g h t l i n e w i t h u n i t i n t e r c e p t , as shown i n F i g . 2. P l o t s 

e O 

are made f o r t h r e e assumed OQ, shown i n A , w i t h a l l o t h e r t r a n s 
f e r r a t e s h e l d c o n s t a n t . A n a l y z e d as a t w o - l e v e l system, the ap
p a r e n t OQ i s c o n s i d e r a b l y l a r g e r than the OQ i n s e r t e d i n t o the 
model; see Table 2. The d i f f e r e n c e l e s s e n s as OQ i n c r e a s e s . T h i s 
i s i n a c c o r d w i t h the simple l i m i t i n g p i c t u r e noted e a r l i e r . 

However, as the upper pumped l e v e l p o p u l a t i o n i n c r e a s e s , 
t h a t of the lower pumped l e v e l d e creases (see F i g . 1 ) , and so does 
t h a t o f the p a i r as a whole. That i s , under the i n f l u e n c e of the 
l a s e r pumping, p o p u l a t i o n of the p a i r i s d e p l e t e d . The reason f o r 
t h i s i s t h a t the r a t e of energy t r a n s f e r out o f the upper pumped 
l e v e l ( d e p l e t i o n of the p a i r p o p u l a t i o n ) i s s i g n i f i c a n t l y f a s t e r 
than energy t r a n s f e r i n t o the lower pumped l e v e l ( r e p l e t i o n ) . 
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0 2 4 6 8 10 12 14 
R O T A T I O N A L Q U A N T U M N U M B E R 

Figure la. Fractional populations as a function of rotational quantum number; 
F2(3) is pumped. A2T state: (O), F2 levels, (%), Ft levels. 
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R O T A T I O N A L Q U A N T U M N U M B E R 

Figure lb. Fractional populations as a junction of rotational quantum number; 
Fx(3) is pumped. X2U state, Ft levels. 
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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 <rQ in square 

angstroms 
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Figure 3. Dummy (vibrationally excited)-level population, as a fraction of the 
total, as a function of assumed transfer cross section <rv (in square angstroms) to 

v = 0 of X2IL for three values of laser intensity 
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TABLE 2. VALUES OF OQ, FROM FIG. 2, A 2 

OQ, input to model OQ, from slope r a t i o 
3.7 97 .038 
7.4 140 .053 

14.8 183 .081 

Thus, at high I, the pair population i s a considerably 
smaller f r a c t i o n of the to t a l OH population than the i n i t i a l f rac
tion given by a Boltzmann d i s t r i b u t i o n at the flame temperature. 

e 

For example, for the nominal values of 14 and 0.4 A for OQ and Oy, 
the i n f i n i t e - i n t e n s i t y f r a c t i o n i s <1% of the tot a l while the 
zero-intensity value i  ~4%  Thi  resul  i  generall  v a l i d fo
the entire range of parameter
present physically r e a l i s t i c 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 d i f 
ferent set of rate constants and lev e l structure (j>) shows some 
similar features. 

4. Dummy level population. With no laser, the population 
of the dummy lev e l i s set at 11% of the t o t a l , the thermal equi
librium f r a c t i o n i n v=l at 2000°K. Because vibrational energy 
transfer rates are generally slow, the laser excitation causes a 
sizeable fr a c t i o n of the t o t a l to be pumped into the dummy l e v e l . 
F i g . 3 shows the dummy lev e l population for three laser i n t e n s i 
ties as a function of assumed c^. (In the ̂ imensionless notation 
used i n the computer, 1=1 corresponds to 10 erg sec"^" cm Hz'*, 
or that of the unfocussed output of the fundamental from an e f f i 
cient dye pumped by a powerful doubled Nd:YAG la s e r ) . At the nom
i n a l 0.4 A, nearly 40% of the population i s driven into the dummy 
leve l at high I. Clearly the value of a^, a poorly known param
eter, i s important for a quantitative description of fluorescence 
saturation. 
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8 
Saturated-Fluorescence Measurements of the 
Hydroxyl Radical 
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Laser-induced fluorescence is a sensitive  spatially re
solved technique for th
of flame radicals. In
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 E x c i t a t i o n Model 
A m o l e c u l a r f l u o r e s c e n c e model i s p r e s e n t e d which i s p a r t i 

c u l a r l y a p p r o p r i a t e f o r s h o r t p u l s e e x c i t a t i o n . The f r o z e n ex
c i t a t i o n model t r e a t s the two r o t a t i o n a l l e v e l s which a r e d i r e c t 
l y e x c i t e d by the l a s e r as an i s o l a t e d system w i t h c o n s t a n t t o t a l 
number d e n s i t y . C o n s i d e r t h e f o u r l e v e l m o l e c u l a r model i l l u s 
t r a t e d i n F i g . 1. The f o u r l e v e l model was s o l v e d by Berg and 
S h a c k l e f o r d (_5) f o r the case where steady s t a t e i s e s t a b l i s h e d 
throughout a l l m o l e c u l a r l e v e l s . L e v e l s l e and 2e are the s i n g l e 

0-8412-0570-l /80/47-134-145$05.00/0 
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2e 

W | 2 W 2 | T 2 | 

le 

Figure 1. Four-level molecular model Qi} is the collisional-transfer rate constant 
from level i to level j, 7^ is the sum of the electronic quenching and spontaneous 
emission rate constants, Wn is the absorption rate constant, and W21 is the stimu
lated emission rate constant. W12 and W21 are proportional to the laser power PL. 
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 r o t a t i o n a l l e v e l s which are d i r e c t l y connected by 
the l a s e r r a d i a t i o n . L e v e l s 3 and 4 i n c l u d e the r e s t o f the up
per and lower r o t a t i o n a l l e v e l s , r e s p e c t i v e l y . The r a t e e q u a t i o n s 
f o r t he l e v e l p o p u l a t i o n s N ar e 

N x(e) = -N x(e) [W 1 2+Q 1 4] + N 2 (e) [W 2 ]+T 2 1] + + 

N 2(e) = N 1 ( e ) W 1 2 - N 2 ( e ) [ W 2 1 + T 2 1 + T 2 4 + Q 2 3 ] + ^ 3 ^ 

N 3 = N 2 ( e ) Q 2 3 - N 3 [ T 3 1 + T 3 4 + Q 3 2 ] , 

N T = V 6 ) 0 - ^ 0 = ̂ ( e ) + N
2 < e ) + N

3
 + N

4 -

The s u p e r s c r i p t 0 r e f e r s t o l e v e l p o p u l a t i o n s p r i o r t o l a s e r 
i r r a d i a t i o n . The r a t e c o n s t a n t n o t a t i o n i s d e s c r i b e d i n F i g  1

At l a s e r i n t e n s i t i e
i t i o n , t he s t i m u l a t e d
c o u p l e t h e l e v e l s a r e f a s t r e l a t i v e t o c o l l i s i o n a l t r a n s f e r p r o 
c e s s e s , and a q u a s i - e q u i l i b r i u m b a l a n c e (e) /IS^ (e) ] g s i s q u i c k 
l y e s t a b l i s h e d . I f the t o t a l p o p u l a t i o n o f l e v e l s l e and 2e i s 
ap p r o x i m a t e l y c o n s t a n t d u r i n g t h e l a s e r p u l s e , t h e upper l e v e l 
p o p u l a t i o n N (e) can be r e l i a b l y r e l a t e d t o N 1(e)° u s i n g an 
a n a l y s i s s i m i l a r t o a two l e v e l atomic model 2_, 3) . 
A[N 1(e) + N 2 ( e ) ] , the net p o p u l a t i o n t r a n s f e r i n t o o r out o f 
l e v e l s l e and 2e d u r i n g the l a s e r p u l s e , w i l l be n e a r l y zero i f 
the l a s e r p u l s e l e n g t h TL i s l e s s than o r comparable t o the c h a r 
a c t e r i s t i c c o l l i s i o n a l t r a n s f e r time T c ~ (Q23 + T24^""^ ~ Ql4~^' 
s i m p l y because few c o l l i s i o n s w i l l o c c u r d u r i n g t h e l a s e r p u l s e . 
I f T L > T c A [ N i ( e ) + N 2 ( e ) ] w i l l s t i l l be much l e s s than N j j e ) 0 i f 
the p o p u l a t i o n t r a n s f e r r a t e i n t o l e v e l s l e and 2e, N3(Q3 2+T3i) + 
N4Q41r i s comparable t o the t r a n s f e r r a t e out o f l e v e l s l e and 2e, 
N l ( e ) Q l 4 + N 2(e)[T21+T24+Q23]• T h i s assumption can be j u s t i f i e d 
on the b a s i s o f d e t a i l e d b a l a n c i n g c o n s i d e r a t i o n s , p r o v i d e d t h a t 
the r o t a t i o n a l r e l a x a t i o n r a t e s i n t h e upper and lower s e t s o f 
r o t a t i o n a l l e v e l s a r e not g r e a t l y d i f f e r e n t . F or A [ N i ( e ) + 
N2(e)] - 0, N]_(e)° = Ni ( e ) + N2(e) throughout the l a s e r p u l s e , 
and Eq. (2) becomes 

N 2(e) = N 1 ( e ) 0 W 1 2 - N 2 ( e ) { W 1 2 + W 2 1 + T 2 1 + T 2 4 + Q 2 3 - [ N 3 / N 2 ( e ) ] Q 3 2 } . (5) 

For a Boltzmann d i s t r i b u t i o n i n t h e upper l e v e l s , N3Q32 = 
N2(e)Q23-* However, f o r a s h o r t l a s e r p u l s e , l e v e l 3 w i l l be 
s i g n i f i c a n t l y underpopulated. T h e r e f o r e , the f a c t o r [N3/N2(e)] 
Q32 i s n e g l i g i b l e compared t o Q23-

To show t h a t a q u a s i - e q u i l i b r i u m r a t i o [ N 2 ( e ) / N ^ ( e ) ] s s i s 
e s t a b l i s h e d v e r y q u i c k l y , Eq. (5) i s s o l v e d f o r a s t e p f u n c t i o n 
l a s e r p u l s e ( l a s e r power PL = 0, t < 0; P L = c o n s t a n t , t > 0 ) , 

N 2(e) = N 1(e)°W 1 2 T g s [ l - e x p ( - t / x s g ) ] , (6) 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, 0. C. 20036 
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T s s = [ W 1 2 + W 2 1 + T 2 1 + T 2 4 + C 2 3 ] " 1 ' ( ? ) 

At near s a t u r a t i o n c o n d i t i o n s f o r OH. T < 10 s. Thus, a f t e r 
ss 

a p p r o x i m a t e l y 100 ps, l e v e l s l e and 2e r e a c h steady s t a t e , and 
N 2(e) i s g i v e n by 

N 2(e) = N 1 ( e ) ° [ W 1 2 / ( W 1 2 + W 2 1 ) ] [ 1 + ( T 2 1 + T 2 4 + Q 2 3 ) / ( W 1 2 + W 2 1 ) ] " 1 . (8) 

At f u l l s a t u r a t i o n Eq. (8) becomes 

N 2(e) = V e ) 0 [ w
1 2 / ( W 2 i + W i 2 ) ] = V e ) ° [ 1 + V e ) / g 2 ( e ) 1 ~ l f ( 9 ) 

where g i ( e ) and g2(e) a r e t h e r o t a t i o n a l d e g e n e r a c i e s f o r l e v e l s 
l e and 2e. Steady s t a t e i s e s t a b l i s h e d much more s l o w l y t h r o u g h 
out t h e r e s t o f the l e v e l
f e r s . For a s h o r t l a s e
a b l y r e l a t e d t o a lower l e v e l p o p u l a t i o n . 

N ^ e ) 0 i s r e l a t e d t o N T by 

N T = N ^ e ) 0 + N 4 ° = N 1(e)°/FJ B(e), (10) 

where F J B ( e ) i s the Boltzmann f r a c t i o n f o r l e v e l l e . L e v e l l e 
can be chosen so t h a t F J B ( e ) i s a weak f u n c t i o n o f temperature 
(8 ) . Consequently, i f f l u o r e s c e n c e i s observed o n l y from l e v e l 
2e and the flame temperature can be e s t i m a t e d , N«p can be c a l 
c u l a t e d u s i n g a s i m p l e two l e v e l a n a l y s i s (1_, 2_, 3_) . 

E x p e r i m e n t a l System and R e s u l t s 
F l u o r e s c e n c e i s induced by a M o l e c t r o n NdrYAG pumped dye 

l a s e r . The l a s e r r e p e t i t i o n rate' i s 10 Hz, t h e bandwidth i s 
~0.01 nm, and the maximum p u l s e energy and peak power a t 309 nm 
are 3 mJ and .5 MW, r e s p e c t i v e l y . The l a s e r i s focused i n t o t h e 
flame by a 15 cm f o c a l l e n g t h l e n s ; t h e focused spot s i z e i s 
about 100 ym, as determined from burn p a t t e r n s on t h e r m a l paper. 
A m i r r o r i s p l a c e d p a s t the f o c u s i n g l e n s t o r e f l e c t t h e beam 
v e r t i c a l l y i n t o the flame and p a r a l l e l t o the spectrometer s l i t s . 
The f l u o r e s c e n c e i s c o l l e c t e d by a 10 cm f o c a l l e n g t h l e n s and 
f o c u s e d onto the entrance s l i t o f a Spex 1800-11 spectrometer 
o p e r a t e d i n second o r d e r . The s p e c t r a l r e s o l u t i o n i s -0.1 nm. 
A 1P28 p h o t o m u l t i p l i e r w i r e d f o r f a s t response (9) ( r i s e time 
- 2 ns) i s p l a c e d a t the e x i t s l i t . The p h o t o m u l t i p l i e r s i g n a l 
i s p r o c e s s e d by a T e k t r o n i x 5S14N sampler i n a 5440 mainframe. 
The f l u o r e s c e n c e spectrum i s a n a l y z e d by f i x i n g the sampling 
window of t h e o s c i l l o s c o p e a t a g i v e n p o i n t i n the p u l s e waveform 
and s c a n n i n g the s p e c t r o m e t e r ; the temporal b e h a v i o r o f f l u o r e 
scence from i n d i v i d u a l l i n e s i s i n v e s t i g a t e d by s e t t i n g t h e 
spectrometer a t t h e a p p r o p r i a t e wavelength and s c a n n i n g the 
sampler a c r o s s the p u l s e waveform. 

The i s o l a t e d Qi(4) l i n e of the (0,0) band o f the A 2 E + - X 2 I I 
e l e c t r o n i c t r a n s i t i o n o f OH i s d i r e c t l y e x c i t e d by the l a s e r . To 
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Time (ns) 

Figure 2. Normalized laser pulse and fluorescence signal from the directly excited 
upper level vs. time. The laser is tuned to the Qt(4) line (308.42 nm) and fluores
cence is observed from the Pj(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 f l u o r e s c e n c e from t h e d i r e c t l y e x c i t e d J 1 = 4.5, N 1 = 4 
upper r o t a t i o n a l l e v e l , t he spectrometer i s tuned t o the P i ( 5 ) 
l i n e . F i g . 2 i l l u s t r a t e s t y p i c a l e x p e r i m e n t a l r e s u l t s . The 
peaks and d i p s o f the l a s e r p u l s e and the f l u o r e s c e n c e p u l s e 
n e a r l y c o i n c i d e ; t h i s i n d i c a t e s t h a t a q u a s i - e q u i l i b r i u m between 
the d i r e c t l y e x c i t e d upper and lower r o t a t i o n a l l e v e l s i s e s t a b 
l i s h e d v e r y q u i c k l y . When f l u o r e s c e n c e power i s p l o t t e d v e r s u s 
l a s e r power, the f l u o r e s c e n c e s i g n a l e x h i b i t s c o n s i d e r a b l e s a t 
u r a t i o n , as shown i n F i g . 3. 

The f l u o r e s c e n c e spectrum i s found t o be markedly n o n - B o l t z -
mann and s h a r p l y peaked a t the d i r e c t l y e x c i t e d l e v e l throughout 
the l a s e r p u l s e . T h i s i s due t o two e f f e c t s : t h e c o m p e t i t i o n be
tween e l e c t r o n i c quenching and r o t a t i o n a l r e l a x a t i o n p r o c e s s e s (_4) 
and t h e s h o r t l e n g t h o f the l a s e r p u l s e . Because t h e p u l s e i s so 
s h o r t , steady s t a t e i
t a t i o n a l l e v e l s . The
which are not d i r e c t l y e x c i t e d by the l a s e r l a g the l a s e r p u l s e 
peaks by one t o f o u r nanoseconds, depending on the energy gap be
tween t h e g i v e n l e v e l and t h e d i r e c t l y e x c i t e d l e v e l . 

U s i n g t he f r o z e n e x c i t a t i o n model t o a n a l y z e t h e dat a shown 
i n F i g . 3, and c a l i b r a t i n g t h e system v i a R a y l e i g h s c a t t e r i n g {8), 
a t o t a l OH number d e n s i t y o f 4 x l()16 cm"3 was c a l c u l a t e d f o r an 
assumed flame temperature o f 2000 K i n the methane-air t o r c h . NT 
was not compared d i r e c t l y w i t h the r e s u l t s o f a b s o r p t i o n s t u d i e s ; 
f u t u r e f l a t flame burner s t u d i e s w i l l i n v o l v e d i r e c t comparison of 
a b s o r p t i o n and f l u o r e s c e n c e . 
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9 
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-Fluorescenc  technique  fo  NO f interest fo
studying the mechanism
chemical processes and pollutant formatio  i  flames. I  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) γ-band of NO in the range of 2250 to 
2270 Å. 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 γ-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 c o l l e c t i o n 
o p t i c was l o c a t e d at a dista n c e o f about 8 inches from the face o f 
the burner and used with an e f f e c t i v e aperature o f about f/2. An 
EMI 6256 SA p h o t o m u l t i p l i e r was used as a det e c t o r . The output 
s i g n a l from the d e t e c t o r was processed using an 0RTEC gated photon 
counting system that was synchronized to the l a s e r pulse. 

E x c i t a t i o n s p e c t r a f o r NO recorded by s e t t i n g the spectrome
t e r at s p e c i f i c wavelengths and continuously scanning the output 
wavelength of the dye l a s e r are presented i n Figures 2 and 3. 
Figure 2 shows a fluorescence e x c i t a t i o n spectrum f o r a tra c e o f 
NO i n nitr o g e n flowing from the face o f the burner at room tem
perature and no flame present. Figure 2 shows the same e x c i t a t i o n 
spectrum f o r NO i n the high-temperature zone of a CH4/O2/N2 flame. 
Both e x c i t a t i o n s p e c t r a were obtained at atmospheric pressure at 
the same p o s i t i o n above the face of the burner. In the case o f 
Figure 2, the spectrometer was s e t a t 2262.0 A f o r the (0,0) 
y-band, while i n Figure 3 the spectrometer was s e t at 2368.8 A f o r 
the (0,1) y-band. The spectrometer s l i t s were s e t at 3 mm which 

0-8412-0570-l/80/47-134-153$05.00/0 
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Figure 1. Dye laser system for nitric oxide fluorescence measurements in CHk-
02-N2 flame 
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i s e q u i v a l e n t to a s p e c t r a l bandpass of about 19.9 ft. In the case 
of the flame spectrum, a t r a c e of NO was added to the nitrogen to 
enhance the i n t e n s i t y o f the spectrum. I t was, however, p o s s i b l e 
to detect the natural l e v e l o f NO i n the flame which was measured 
p r e v i o u s l y with the same burner by Merryman and Levy (1_) using 
a quartz probe and chemiluminescence analyzer and found to 
be i n the range o f 20-30 ppm. In the case o f Figure 3, i t i s 
estimated that the l e v e l of NO i n the doped flame i s about 60 ppm. 
Scan times o f 60 minutes were required to record the e x c i t a t i o n 
spectra shown i n Figures 2 and 3. The c o n t r i b u t i o n of Rayleigh 
s c a t t e r i n g to the spectrum i n Figure 2 would be expected to be 
small because the cross s e c t i o n s f o r Rayleigh s c a t t e r i n g are 
several orders-of-magnitude smaller than f l u o r e s c e n c e cross 
s e c t i o n s . This was v e r i f i e d experimentally by comparing spe c t r a 
f o r the (0,0) y-band t r a n s i t i o n
e l e c t r o n i c v i b r a t i o n a l
l i n e s i n Figures 2 and 3 a l l correspond to i d e n t i f i e d r o v i b r o n i c 
t r a n s i t i o n s (2_93). 

In summary, the r e s u l t s i n t h i s paper demonstrate that l a s e r 
fluorescence can be used to detect NO i n atmospheric-pressure 
flames. Detection s e n s i t i v i t i e s i n the ppm range were observed 
with l a s e r pulse energies i n the range of about 3 y J . This 
s e n s i t i v i t y can be increased s i g n i f i c a n t l y by using a higher 
i n t e n s i t y l a s e r . 

This research was supported by the D i v i s i o n of F o s s i l Fuel 
U t i l i z a t i o n of the U. S. Department of Energy under c o n t r a c t 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 I. 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 flames1,2 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 concentrations4 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 i n the i n i t i a l s t a g e s o f the st u d y , e x c i t a t i o n and 
f l u o r e s c e n c e s p e c t r a were measured f o r i n d i v i d u a l s p e c i e s i n a 
c e l l (heated t o a p p r o x i m a t e l y 100 C t o p r o v i d e s u f f i c i e n t vapor 
p r e s s u r e ) to determine t h e i r (near) room temperature s p e c t r a . 
I n d i v i d u a l PCAH were then i n j e c t e d i n t o a flame t o determine'the 
e f f e c t s o f flame temperatures on the s p e c t r a and t o determine 
s e n s i t i v i t i e s . These s p e c t r a w i l l then be used as a da t a base 
to attempt t o deco n v o l u t e the complex s p e c t r a observed upon 
e x c i t a t i o n o f the flame i t s e l f . 
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E x p e r i m e n t a l Apparatus 

The equipment i n s t a l l e d f o r t h i s p r o j e c t c o n s i s t s of a 
t u n a b l e dye l a s e r and the f l u o r e s c e n c e d e t e c t i o n system. Both 
the l a s e r and the data a c q u i s i t i o n a re under computer c o n t r o l . 
The apparatus schematic i s shown i n F i g u r e 1. The l a s e r i s a 
Phase-R C o r p o r a t i o n DL-1400 flashlamp-pumped t u n a b l e dye l a s e r . 
Because of the h i g h g a i n a f f o r d e d by the c o a x i a l f l a s h l a m p , 
t h i s u n i t has the c a p a b i l i t y of l a s i n g d i r e c t l y throughout the 
350-760 nm wavelength range. A KDP d o u b l i n g c r y s t a l has been 
i n s t a l l e d , which can produce t u n a b l e u.v. r a d i a t i o n i n the 
290-350 nm range by f r e q u e n c y - d o u b l i n g . A d d i t i o n a l c r y s t a l s 
are a v a i l a b l e , which can extend t h i s range down to 200 nm. 
With the p r e s e n t arrangement, however, we a r e a b l e to cover 
the f l u o r e s c e n c e e x c i t a t i o
of i n t e r e s t . 

The l a s e r produces a p u l s e a p p r o x i m a t e l y 300 nsec l o n g 
w i t h peak powers of 1 Megawatt. P u l s e r e p e t i t i o n r a t e s up to 
10 per second a r e p o s s i b l e . The output bandwidth i s narrowed 
to 0.2 nm w i t h a double p r i s m o r i e n t e d a t B r e w s t e r ' s angle to 
produce a h o r i z o n t a l l y p o l a r i z e d beam. By t u n i n g the prisms 
( i . e . , changing the r e f l e c t i o n a n gle — see F i g u r e 1 ) , the 
output wavelength can be scanned over 30-50 nm f o r a g i v e n dye 
s o l u t i o n . The t u n i n g of the p r i s m s , frequency d o u b l e r ( i f used), 
and e t a l o n s ( i f used) are a l l c a r r i e d out by s t e p p i n g motors 
c o n t r o l l e d by the o n - l i n e computer. The output wavelength i s 
f u r t h e r s t a b i l i z e d by a feedback system i n the f l u i d pump l i n e 
which m a i n t a i n s a c o n s t a n t temperature d i f f e r e n c e between the 
c o o l i n g water and the dye s o l u t i o n , thus m i n i m i z i n g t u r b u l e n c e 
i n the dye. 

The l a s e r - i n d u c e d f l u o r e s c e n c e i s observed p e r p e n d i c u l a r 
to the beam a x i s w i t h a l o w - d i s p e r s i o n monochromator and photo
m u l t i p l i e r (PMT). The l a s e r p u l s e energy i s monitored w i t h a 
photodiode (PD) c a l i b r a t e d a g a i n s t a S c i e n t e c h Model 3600 power 
meter. The 300 nsec p u l s e s from the PMT and the PD a r e 
averaged w i t h d u a l gated i n t e g r a t o r s on a p u l s e - t o - p u l s e b a s i s . 
The i n t e g r a t o r o u t p u t s a r e then r e a d i n t o the PDP-8/L computer, 
through a p a i r of 1 0 - b i t A/D c o n v e r t e r s . The computer then 
performs p u l s e - t o - p u l s e a v e r a g i n g and n o r m a l i z a t i o n and 
s t a t i s t i c a l a n a l y s i s of the d a t a , as w e l l as s c a n n i n g the 
o p t i c a l components of the l a s e r i t s e l f . T y p i c a l l y , a v e r a g i n g 
10 p u l s e s y i e l d s s t a t i s t i c a l l y a c c e p t a b l e d a t a . 

R e s u l t s 

F i g u r e 2 shows f l u o r e s c e n c e s p e c t r a f o r pyrene and f l u o r -
anthene i n atmospheric p r e s s u r e c e l l s pumped a t e s s e n t i a l l y 
the same wavelength. These s p e c t r a a r e t y p i c a l o f the types 
o f p r o f i l e s o b t a i n e d f o r PCAH. The s p e c t r a are broad band w i t h 
no s i g n i f i c a n t f i n e s t r u c t u r e . Comparison of the two s p e c t r a 
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Figure 2. Fluorescence spectra—atmospheric pressure cell (air): upper figure, 
pyrene at 78°C,\ lower figure, fluoranthehe at 90°C; fluorescence-analyzing band

pass of 4 nm, 
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shows t h a t , a t l e a s t i n a low temperature (100 C) two component 
m i x t u r e o f pyrene and f l u o r a n t h e n e , the i n d i v i d u a l c o n c e n t r a t i o n s 
c o u l d be a s c e r t a i n e d by d e c o n v o l u t i n g the f l u o r e s c e n c e spectrum 
a l o n e . S i m i l a r r e s u l t s h o l d f o r the e x c i t a t i o n s p e c t r a . 

F i g u r e 3 shows the f l u o r e s c e n c e s p e c t r a f o r pyrene and 
f l u o r a n t h e n e i n j e c t e d i n t o the p o s t - r e a c t i o n zone of an e t h y l e n e -
a i r flame. I t was found t h a t the f l u o r e s c e n c e s i g n a l d i d not 
a t t e n u a t e a p p r e c i a b l y as t h e sample volume was moved downstream 
of the i n j e c t o r . T h i s i n d i c a t e s t h a t the s p e c i e s a r e not b e i n g 
consumed i n the flame. The temperature of the i n j e c t e d stream 
i s not known; however, the i n j e c t o r f l o w r a t e was kept low t o 
a l l o w more e f f i c i e n t h e a t i n g o f the stream. T h i s temperature 
w i l l be monitored i n f u t u r e measurements. Comparison of these 
s p e c t r a w i t h those i n F i g  2 i n d i c a t e s the e f f e c t o f i n c r e a s e d 
temperature. I n bot h c a s e s
but the q u a l i t a t i v e f e a t u r e
be a t t r i b u t e d t o the s p e c i e s i n j e c t e d . Thus, i t appears t h a t 
the e f f e c t of h i g h temperatures on the s p e c t r a i s not so gross 
t h a t i t p r e c l u d e s i d e n t i f i c a t i o n o f i n d i v i d u a l s p e c i e s . F u r t h e r , 
the s p e c t r a a t flame temperatures can be measured by i n j e c t i o n 
i n t o f l a m e s , p r o v i d i n g a means o f c a l i b r a t i n g the L I F method 
f o r b o t h s p e c t r a l s i g n a t u r e and s e n s i t i v i t y f o r i n d i v i d u a l PCAH. 

The d e t e c t i o n l i m i t s of i n d i v i d u a l PCAH w i l l be determined 
by i n j e c t i n g known amounts i n t o a flame. An e s t i m a t e of the 
l i m i t f o r pyrene can be o b t a i n e d from the atmospheric p r e s s u r e 
c e l l measurements. Pyreene was d e t e c t e d i n the c e l l a t 50°C 
and 1 atm of a i r , where i t s vapor p r e s s u r e i s about 0.1 m i l l i -
t o r r , o r about 0.1 ppm. Whil e t h i s l i m i t can be improved by 
o p t i m i z a t i o n o f the o p t i c s and e l e c t r o n i c s , i t i s s u f f i c i e n t t o 
d e t e c t pyrene i n t h e c o n c e n t r a t i o n s expected from probe measure
ments. 

C o n c l u s i o n 

PCAH have been observed i n a flame u s i n g l a s e r induced 
f l u o r e s c e n c e s p e c t r o s c o p y by i n j e c t i n g i n d i v i d u a l s p e c i e s i n t o 
the p o s t - r e a c t i o n zone. While the s p e c t r a a r e broadened by 
the e l e v a t e d temperature, the s p e c t r a a r e q u a l i t a t i v e l y s i m i l a r 
to low temperature (100 C) s p e c t r a and a r e i n d i c a t i v e of the 
p a r t i c u l a r s p e c i e s i n j e c t e d . Thus, the i n j e c t i o n procedure 
appears t o be a f e a s i b l e method of d e t e r m i n i n g PCAH s p e c t r a a t 
flame temperatures. These s p e c t r a w i l l be used as a d a t a base 
to determine i n d i v i d u a l PCAH c o n c e n t r a t i o n s i n flames from t h e i r 
L I F s p e c t r a . 
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Figure 3. Fluorescence spectra—sample injected in an ethylene-air flame: upper 
figure, pyrene 8 mm downstream of injection point; lower figure, fluoranthene 
13 mm downstream of injection point; fuel equivalence ratio of 1.7; fluorescence-

analyzing bandpass of4nm. 
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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 inventio
sistent problem has bee
mixing phenomena so that accurate modeling of these devices 
could be accomplished.1 The system efficiencies are controlled 
in great part by the mixing and, i f 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.2 Al l 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 opened 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 2 , which was made to fluoresce 
by an argon ion (Ar+) laser, gave us information on the mixing 
process. 
Theory: 

There is a fortuitous match between strong I2 absorption 
and the 51458 line of the Ar+ laser.*" This absorption is from 
the v" » 0 level of the X 1! state to the v ! - 43 level of the 
B 3 r i o state. The absorption can be made specific to one or two 
rotational levels of the v" s 0 level by insertion of an intra-
cavity etalon and forcing the Ar+ laser to oscillate on a single 
longitudinal mode. The absorption process then becomes very 
efficient and the resulting fluorescence becomes much brighter. 
The v' s 43 level of B 3flo state fluoresces to a multitude of v" 
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levels giving a characteristic yellow emission. The resulting 
fluorescence is extremely intense when produced this way. In a 
typical run, the Ar+ laser was properly tuned by maximizing the 
fluorescence in a sealed glass cell containing I2 vapor. The 
laser was stable enough that further tuning was not required. 

There are several advantages in using I2 as the seed for 
LIF studies. First, the vapor pressure of I2 is sufficiently 
high that I2 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 I2 can be injected through extremely small 
orifices. Secondly, the I 2 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 f i l t e r over 
the viewing port. Thirdly
excited state in I2 i
travel a significant distance (~1 cm) in the flow direction i f 
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 f i l l e d with I2 
crystals, was connected directly to the secondary He feed supply 
line of a supersonic chemical 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 level of the 1^ B 
state is on the order of a few microseconds. The pressure in 
the laser cavity was estimated to be only ~lm torr. The He 
pressure was less than 5 torr for a l l runs. At these conditions 
neither self-quenching nor electronic 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 105 cm/sec are typical. This 
means that the fluorescing I2 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 Vf=43 level 
to be relaxed to lower V*. This causes the visible fluorescence 
to become red shifted. 

He gas with the I2 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 F2 was added in the combustor. Hot flow 
conditions were imitated using N 2 and He gases. Hot flow experi
ments where I^ reacts with F to produce IF with subsequent LIF 
on IF will be complete
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 I2 (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 Art-
beam. In a l l 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 f i r s t 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 

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



170 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

Figure 1. Detailed description of the CL-II nozzle: Hg slit width — .002 in.; Ft 

throat width — .008 in.; F2 exit width — .151 in.; F2-Fg nozzle width — .191 in. 
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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 2 injection are minimized. Visual exami
nation of the fluorescence indicated no changes in the flow 
structure as the I 2 flow was reduced to zero; the only change 
was that the entire fluorescence intensity became weaker. As 
mentioned earlier, a pressure increased wi l l cause the fluores
cence to become red shifted. The characteristic bright yellow 
I2 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 demonstrat
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 I2* 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 enhances 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 numerou  experiment  hav  bee  reported
the fluorescence and energ
excited atoms. However, y 
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. 
Evaluation 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 a b s o r p t i o n 
A* + M A*"+ e~ + M c o l l i s i o n a l i o n i z a t i o n . 

Thus, t h e o v e r a l l i o n i z a t i o n s t a r t i n g from a g i v e n e x c i t e d s t a t e 
i s m o n i t o r e d . S i n c e the e f f i c i e n c y o f c o l l i s i o n a l i o n i z a t i o n i s 
h i g h e s t when the energy r e q u i r e d f o r i o n i z a t i o n i s l o w e s t , t h i s 
method i s p a r t i c u l a r l y s e n s i t i v e f o r d e t e c t i n g h i g h - l y i n g s t a t e s . 
We have found t h a t two-photon t r a n s i t i o n s a r e r e a d i l y o b s e r v a b l e 
f o r many atomic s p e c i e s . I f one s e l e c t s a p a r t i c u l a r atom and 
then m o n i t o r s t h e l a s e r - i n d u c e d c u r r e n t changes f o r a s e r i e s o f 
e l e c t r o n i c s t a t e s , the observed s i g n a l magnitudes a r e s e n s i t i v e 
t o t h e competing i o n i z a t i o n and quenching p r o c e s s e s . I n t h i s 
paper we compare our e x p e r i m e n t a l r e s u l t s on Na w i t h model 
c a l c u l a t i o n s which i n c o r p o r a t e s t a t e - s p e c i f i c i o n i z a t i o n and 
quenching r a t e s . 

E x p e r i m e n t a l R e s u l t s Two-photon t r a n s i t i o n s i n Na from the 3s 
ground s t a t e t o h i g h - l y i n g s and d s t a t e s have been observed 
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u s i n g s t e p w i s e e x c i t a t i o n (two l a s e r s o p e r a t i n g a t d i f f e r e n t 
w a v e l e n g t h s ) . Thus, we have (1) 3s + 3p a t X i and (2) 3p nd a t 
X 2 where n, t;he p r i n c i p a l quantum number, i s between 4 and 12. 
The t r a n s i t i o n p r o b a b i l i t i e s f o r each s t e p a r e w e l l known ( 8 ) . 

Two dye l a s e r s were e x c i t e d s i m u l t a n e o u s l y by a p u l s e d 
n i t r o g e n l a s e r ( p u l s e w i d t h - 7 n s ) , and t h e two unfocussed beams 
i r r a d i a t e d t h e flame i n a c o u n t e r - p r o p a g a t i n g , c o l l i n e a r geometry. 
W i t h 25% of t h e n i t r o g e n l a s e r pumping t h e dye l a s e r o p e r a t i n g a t 
X i , t y p i c a l l a s e r e n e r g i e s were 35-70 u J , and t h e f i r s t t r a n s i t i o n 
3s 3p was o p t i c a l l y s a t u r a t e d . However, f o r t h e 3p nd 
t r a n s i t i o n s c a r e was t a k e n t o a v o i d o p t i c a l s a t u r a t i o n ; t y p i c a l 
l a s e r e n e r g i e s a t X 2 were 1-300 u J . 

The flame was f u e l r i c h H 2 / a i r , b u r n i n g on a 5-cm l o n g s l o t 
b u r n e r ; t h e e s t i m a t e d temperature was 2000 K ( 7 ) . Aqueous Na 
s o l u t i o n s were a s p i r a t e
1 ppm f o r measuring th
th e s i g n a l u s i n g b o t h dye l a s e r s . The l a t t e r s o l u t i o n corresponds 
t o a Na number d e n s i t y o f ~ 1 0 9 cm" 3 i n t h e flame. 

F i g u r e 1 shows a p o r t i o n of t h e d a t a o b t a i n e d f o r t h e 
s t e p w i s e e x c i t a t i o n o f Na. F i g u r e 2 p l o t s t h e observed s i g n a l 
enhancement ( d e f i n e d as s i g n a l w i t h X i + X 2 d i v i d e d by t h e 
s i g n a l w i t h X i o n l y ) v e r s u s t h e a b s o r p t i o n c o e f f i c i e n t f o r the 
s t r o n g e r ( 3 p 3 / 2 nd) o f t h e two components. 

M o d e l l i n g t h e Data The p r e s e n t model extends an e a r l i e r v e r s i o n 
Here we seek t o e v a l u a t e the expected s i g n a l from a s e r i e s 

o f d s t a t e s i n Na by u s i n g a r a t e e q u a t i o n model which i n c l u d e s 
a b s o r p t i o n , s t i m u l a t e d e m i s s i o n , c o l l i s i o n a l i o n i z a t i o n , and 
quenching. The e s s e n t i a l f e a t u r e s a r e t h e f o l l o w i n g : (a) Only 
t h e s o - c a l l e d " n - m a n i f o l d " s t a t e s (I * 2) a r e c o n s i d e r e d , s i n c e 
t h e Na d s t a t e s mix v e r y r a p i d l y w i t h s t a t e s o f h i g h e r £ (k = 
1 0 1 0 - 1 0 n s " 1 ( 1 0 ) ) . T h i s m i x i n g i s assumed t o be complete 
b e f o r e i o n i z a t i o n and quenching o c c u r . The s and p s t a t e s a r e 
thus i g n o r e d . (b) Quenching i s assumed t o proceed v i a many s m a l l 
s t e p s o f An = - 1 ; i . e . nd •> ( n - l ) d ... 3d + 3p ( 1 1 , 1 2 ) . (c) A 
s t a t e - s p e c i f i c i o n i z a t i o n r a t e c o n s t a n t i s c a l c u l a t e d (see 
below) u s i n g t h e c r o s s s e c t i o n f o r Na 3s i o n i z a t i o n d e r i v e d by 
H o l l a n d e r ( 4 ) . (d) N 2 i s assumed t o be t h e c o l l i d e r i n the 
i o n i z a t i o n and quenching p r o c e s s e s (_4, 1(), 11) . A l t h o u g h charged 
s p e c i e s may have l a r g e quenching c r o s s s e c t i o n s f o r e x c i t e d Na, 
t h e i r c o n c e n t r a t i o n s a r e o r d e r s o f magnitude lower than t h a t o f 
N 2 and so t h e i r c o n t r i b u t i o n i s n e g l e c t e d . (e) The r a d i a l 
i n t e n s i t y d i s t r i b u t i o n s o f t h e two l a s e r s a r e d e s c r i b e d by a 
Gaussian f u n c t i o n . ( f ) A V o i g t l i n e a n a l y s i s i s r e q u i r e d f o r 
c a l c u l a t i n g t h e o p t i c a l t r a n s i t i o n r a t e s s i n c e t h e observed 
l i n e w i d t h s f o r t h e Na d s t a t e s a r e s e v e r a l times t h e nominal 0.01 
nm bandwidth o f t h e l a s e r . These l a r g e l i n e w i d t h s a r i s e from the 
l a r g e ^-changing (10) and e l a s t i c (13) c o l l i s i o n r a t e s . 
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Figure 1. Optogalvanic signal for stepwise excitation of sodium (3s -» 3p -» nd, 
ns) in an H2-air flame. Each transition is split into two components by the fast 
mixing of the fine structure states, 3p1/2 <—> 3ps/2. 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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Figure 2. Comparison of the stepwise excitation results (O) with the model cal
culation (*). The enhancement (the two-photon signal divided by the one-photon 
signal) normalized for laser energy is plotted against the absorption coefficient for 
the 3p -» nd transitions. For visual clarity a curve is drawn through the points of 
the model calculation and a dashed line of unit slope is drawn through the data at 

high principal quantum number, n. 
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The o p t i c a l t r a n s i t i o n r a t e s have been c a l c u l a t e d u s i n g the 
e x p e r i m e n t a l l y measured l a s e r e n e r g i e s . The next t a s k i s t o 
d e r i v e o v e r a l l g l o b a l quenching and i o n i z a t i o n r a t e s f o r each Na 
n - m a n i f o l d s t a t e . T h i s i s accomplished as f o l l o w s . Humphrey et 
al» (11) have measured t o t a l l o s s c r o s s s e c t i o n s from s e v e r a l n-
m a n i f o l d s t a t e s , and these show a steady decrease w i t h n. By 
d e t a i l e d b a l a n c i n g one can e s t i m a t e t h e f r a c t i o n o f energy 
t r a n s f e r c o l l i s i o n s which l e a v e the Na atom i n s t a t e s of h i g h e r 
and lower n ( t h i s c a l c u l a t i o n n e g l e c t s c h e m i c a l r e a c t i o n s ) . Once 
the s e b r a n c h i n g r a t i o s a r e e v a l u a t e d , an o v e r a l l quenching r a t e 
can be c a l c u l a t e d by summing a l l the downward r a t e s f o r nd ( n -
l ) d -> ... 3d •> 3p. The r a t e s a t each s t e p a r e g i v e n by k = o*Nv, 
where N i s the number d e n s i t y and v i s the average v e l o c i t y . 
T a b l e I l i s t s t h e r e s u l t s of these c a l c u l a t i o n s , t h e l o s s c r o s s 
s e c t i o n s o f Humphrey e
c r o s s s e c t i o n s f o r h i g h e

S i m i l a r l y , the o v e r a l l i o n i z a t i o n r a t e s can be e v a l u a t e d . 
At 2000 K and 1 atm, H o l l a n d e r ' s s t a t e - s p e c i f i c r a t e c o n s t a n t 
becomes = 1.46 x 1 0 1 0 exp(-AE/kT) s " 1 , where AE i s t h e 
energy r e q u i r e d f o r i o n i z a t i o n . For each n - m a n i f o l d s t a t e the 
f r a c t i o n i o n i z e d by c o l l i s i o n s i s determined, as w e l l as the 
f r a c t i o n t r a n s f e r r e d t o nearby n - m a n i f o l d s t a t e s i n s t e p s of An 
= ±1. Then the f r a c t i o n s i o n i z e d from these nearby n - m a n i f o l d 
s t a t e s a r e c a l c u l a t e d . I n t h i s way a t o t a l o v e r a l l i o n i z a t i o n 
r a t e i s e v a l u a t e d f o r each p h o t o - e x c i t e d d s t a t e . The t o t a l 
i o n i z a t i o n r a t e always exceeds the s t a t e - s p e c i f i c r a t e , s i n c e 
some of th e Na atoms t r a n s f e r r e d by c o l l i s i o n s t o the nearby 
n - m a n i f o l d s t a t e s a r e s u b s e q u e n t l y i o n i z e d . T a b l e I summarizes 
the v a l u e s used f o r the s t a t e - s p e c i f i c c r o s s s e c t i o n s and t h e 
d e r i v e d o v e r a l l i o n i z a t i o n and quenching r a t e c o n s t a n t s f o r each 
n - m a n i f o l d s t a t e . The r e q u i r e d o p t i c a l t r a n s i t i o n , i o n i z a t i o n , 
and quenching r a t e s can now be i n c o r p o r a t e d i n the r a t e e q u a t i o n 
model. F i g u r e 2 compares t h e r e s u l t s o f t h e model c a l c u l a t i o n 
w i t h the e x p e r i m e n t a l v a l u e s . 

D i s c u s s i o n (a) For h i g h p r i n c i p a l quantum numbers (n > 7) 
i o n i z a t i o n i s much f a s t e r than quenching (see T a b l e I ) , and so 
t h e d e t a i l s o f t h e p o s s i b l e quenching p r o c e s s e s a r e unimportant. 
E s s e n t i a l l y a l l of t h e atoms e x c i t e d t o a g i v e n nd s t a t e a r e 
i o n i z e d , and t h e observed s i g n a l i s s i m p l y p r o p o r t i o n a l t o the 
a b s o r p t i o n p r o b a b i l i t y of t h e second s t e p (X2)• 
(b) For n = 5 and 6 t h e r e i s keen c o m p e t i t i o n between i o n i z a t i o n 
and quenching p r o c e s s e s . I t i s here t h a t the r a t e e q u a t i o n model 
i s most s e n s i t i v e t o the a c t u a l s t a t e - s p e c i f i c r a t e c o n s t a n t s 
employed. U s i n g H o l l a n d e r ' s v a l u e s t o d e r i v e i o n i z a t i o n r a t e s 
(4) and the r e s u l t s of Humphrey et a l . f o r t o t a l l o s s r a t e s ( 1 1 ) , 
t h e agreement between t h e o r y and experiment i s good. I f i o n i z a t i o n 
r a t e s lOOx l a r g e r a r e employed, the d i r e c t p r o p o r t i o n a l i t y between 
the observed s i g n a l and t h e a b s o r p t i o n p r o b a b i l i t y i s m a i n t a i n e d 
down t o n = 4. C l e a r l y , t h i s does not agree w i t h t h e e x p e r i m e n t a l 
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r e s u l t s . However, f u r t h e r work i s needed t o a s c e r t a i n j u s t how 
s e n s i t i v e the model i s t o the s t a t e - s p e c i f i c i o n i z a t i o n r a t e s , 
(c) For n = 4 the model p r e d i c t s a s m a l l e r s i g n a l than a c t u a l l y 
observed. Some o f the model's assumptions a r e l e a s t t e n a b l e f o r 
low v a l u e s o f n. At n = 4 th e il-changing c o l l i s i o n r a t e c o n s t a n t 
i s " l O ^ s " 1 (10) and thus i s no l o n g e r much f a s t e r than quenching. 
A l s o , the quenching c r o s s s e c t i o n s have been assumed t o be 
independent o f temperature, which may w e l l be i n c o r r e c t ( 1 4 ) . 
D i f f e r e n c e s i n the quenching c r o s s s e c t i o n s would a f f e c t t he 
model e s t i m a t e s most s t r o n g l y f o r low n v a l u e s . F i n a l l y , a l t h o u g h 
quenching o f the 4d s t a t e p r e d o m i n a n t l y g i v e s 3d ( 1 2 ) , i t may be 
nec e s s a r y t o c o n s i d e r energy t r a n s f e r t o o t h e r nearby s t a t e s . 

C o n c l u s i o n s (1) H o l l a n d e r ' s "low" c r o s s s e c t i o n f o r c o l l i s i o n a l 
i o n i z a t i o n of Na i s s u f f i c i e n
magnitudes as a f u n c t i o
c r o s s s e c t i o n s a r e not r e q u i r e d . 
(2) E s s e n t i a l l y a l l (> 90%) o f th e Na atoms e x c i t e d t o n > 7 a r e 
i o n i z e d a t a flame temperature o f 2000 K. For n = 7 the energy 
needed f o r i o n i z a t i o n i s 2249 cm""1, which i s a p p r o x i m a t e l y 2 kT 
(kT = 1390 cm""1). 
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13 
Collisional Ionization of Sodium Atoms Excited 
by One- and Two-Photon Absorption in a 
Hydrogen-Oxygen-Argon Flame 

C. A. VAN DIJK1 and C. TH. J. ALKEMADE 

Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands 

In the past, much k ha  bee  don  electrical
ties of flames (1,2,3,4)
laser has revolutionized the scene. It has bee  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. In 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)/kT=106. 
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 n e g a t i v e probe 
was f i x e d i n p o s i t i o n i n the immediate neighborhood of the l a s e r 
e x c i t e d volume i n o r d e r t o c o l l e c t the i o n s ; the p o s i t i v e probe 
was movable and u s u a l l y a t a d i s t a n c e o f 10 mm from the n e g a t i v e 
probe. L a s e r beam and probes were w e l l o u t s i d e the flame f r o n t . 
A r e s i s t o r completed the c i r c u i t and s i g n a l s were measured 
a c r o s s the r e s i s t o r . The l a s e r was a f l a s h l a m p pumped t u n a b l e 
dye l a s e r w i t h a p u l s e d u r a t i o n of -1 ys and a peak power of 
s e v e r a l kW; the bandwidth was 0.014 nm i n the neighborhood of 
589 nm. We used a s t o i c h i o m e t r i c H2-02~Ar flame of 1800 K, 
s h i e l d e d w i t h a mantle flame of i d e n t i c a l c o m p o s i t i o n . I n the 
i n n e r flame a 2500 ug/ml NaCl s o l u t i o n was n e b u l i z e d . An e x t e n 
s i v e d e s c r i p t i o n of the experiment can be found elsewhere (7). 

S i m u l t a n e o u s l y w i t h the i o n i z a t i o n s i g n a l s we monitored 
f l u o r e s c e n c e s i g n a l s . Gated i n t e g r a t o r s p r o c essed both these 
s i g n a l s . We observed i o n i z a t i o n s i g n a l s w i t h the l a s e r tuned t o 

1Current address: Chemistry Department, Michigan State University, East Lansing, 
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the 3 S 1 / 2 - 3 P 1 / 2 , 3 S 1 / 2 - 3 P 3 / 2 , 3 P 1 / 2 - 5 S i / 2 , 3P3/2-5SX/2 one-
photon t r a n s i t i o n s and the 3Si/2~3D3/2 5/25 ^ ^ l / 2 ~ 5 S i / 2 , 3 S i / 2 ~ 
4D3/2 55/2 two-photon t r a n s i t i o n s of sodium. With the f i r s t two 
t r a n s i t i o n s , the l a s e r beam had a diameter of 3 mm and a power 
d e n s i t y of the o r d e r of 104 W/cm2; f o r the r e m a i n i n g f i v e t r a n s i 
t i o n s , the beam was focused t o a diameter of 100 ym and the power 
d e n s i t y was of the o r d e r of 104 kW/cm2. The i o n i z a t i o n p u l s e s 
as observed w i t h an o s c i l l o s c o p e c l o s e l y resembled the l a s e r 
p u l s e , which puts a lower l i m i t of s e v e r a l us on the time-con
s t a n t s i n v o l v e d . The t i m e - c o n s t a n t s of the c i r c u i t r y were n e g l i 
g i b l e . 

W i th the i r r a d i a t e d probe n e g a t i v e , the i o n i z a t i o n s i g n a l 
decreased by 10% when the d i s t a n c e between the probes was i n 
creased from 2 to 10 mm. However, a decrease i n i o n i z a t i o n s i g 
n a l by a f a c t o r of 5 o c c u r r e
p o l a r i t y of the probe
shows t h a t the c u r r e n t i s l i m i t e d by the sodium i o n s . C a l c u l a 
t i o n s , u s i n g l i t e r a t u r e v a l u e s (8,9) f o r the m o b i l i t y of sodium 
i o n s i n f l a m e s , support t h i s o b s e r v a t i o n . 

Scanning the l a s e r a c r o s s a sodium t r a n s i t i o n produces 
e x c i t a t i o n p r o f i l e s as shown i n F i g . 2. I r r e s p e c t i v e of whether 
a one- o r two-photon t r a n s i t i o n was i n v o l v e d , we found the w i d t h 
of the r e s u l t i n g i o n i z a t i o n p r o f i l e to exceed t h a t of the c o r r e 
sponding f l u o r e s c e n c e e x c i t a t i o n p r o f i l e . We account f o r t h i s 
f a c t by assuming t h a t the p r o c e s s 

k. 
Na* + Z t Na + e + Z (1) 

k 
r 

i s e q u i l i b r a t e d and t h a t the c o n c e n t r a t i o n s of the i o n s and 
e l e c t r o n s are e q u a l . Here Na* denotes the e x c i t e d atom, Z a 
flame gas atom o r m o l e c u l e , k^ the c o l l i s i o n a l i o n i z a t i o n r a t e 
c o n s t a n t and k r the r e c o m b i n a t i o n r a t e c o n s t a n t . As we d i d not 
observe s i g n i f i c a n t s a t u r a t i o n of the i o n i z a t i o n s i g n a l as a 
f u n c t i o n of probe v o l t a g e , the i o n i z e d r e g i o n i s e l e c t r i c a l l y 
n e u t r a l to a good a p p r o x i m a t i o n . A s i m p l e c a l c u l a t i o n , u s i n g 
[Na +] = [ e ] , shows t h a t under these c o n d i t i o n s the number den
s i t y [Na +] of the i o n s i s p r o p o r t i o n a l to the square r o o t of 
the e x c i t e d s t a t e d e n s i t y [Na*] which i s i n s e m i - q u a n t i t a t i v e 
agreement w i t h the observed b e h a v i o r of the p r o f i l e s . S a t u r a 
t i o n broadening i s seen to o c c u r ( 7 ) , because the f l u o r e s c e n c e 
e x c i t a t i o n p r o f i l e i n F i g . 2 i s much broader than e i t h e r the 
l a s e r p r o f i l e (0.014 nm) o r the f l u o r e s c e n c e e m i s s i o n p r o f i l e 
(0.0070 nm). 

We o b t a i n e d a measure of the degree of i o n i z a t i o n as a 
f u n c t i o n of the t o t a l sodium d e n s i t y i n the flame by p l o t t i n g 
the r a t i o of the i o n i z a t i o n s i g n a l t o sodium s o l u t i o n concen
t r a t i o n v e r s u s the l a t t e r c o n c e n t r a t i o n on double l o g a r i t h m i c 
s c a l e s as shown i n F i g . 3. For c o n c e n t r a t i o n s i n excess of 
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: o-
J - 2 0 -
- 4 0 -
- 6 0 -
- 8 0 -

8 1 0 
d(mm) 

Combustion and Flame 

Figure 1. Ionization charge as a function 

probe in contact with the laser beam 
("beamprobe") is kept in a fixed position. 
Upper curve, beamprobe negative; lower 
curve, polarity of probes reversed. Laser 
tuned to 3S1/2 - 3Ps/2 transition. Power 
density of the laser pulse is 7 X 104 W/ 
cm2; diameter of laser beam is 3 mm. 

detuning (&) 

Combustion and Flame 

Figure 2. Simultaneously recorded ionization profile (upper curve,) and fluores
cence excitation profile (lower curve,) of the 3S1/2-3Ps/2 transition. Fluorescence 
monitor: the 4P - 3S transition; ( ), the square root of the fluorescence curve. 
Power density of the laser pulse is 5 X 104 W/cm2; diameter of laser beam is 3 mm. 
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N a s o l u t i o n c o n c e n t r a t i o n ( p p m ) 

Combustion and Flame 

Figure 3. Ratio of ionization signal to sodium solution concentration plotted 
against the sodium solution concentration on double-logarithmic scales: ( ), the 
theoretically expected slope of — 0.5 for large sodium solution concentrations, which 
indicates that the degt ee of ionization is small. The laser was tuned to the 3S1/2 -
3P3/2 transition. Power density of the laser pulse is 4 X 104 W/cm2; diameter of 

laser beam is 3 mm. 

L a s e r p o w e r d e n s i t y ( k W / c m 2 ) 

Combustion and Flame 

Figure 4. Ionization signal as a function of the laser power density on double-
logarithmic scales. The laser was tuned to the 3S,/2 - 3Ps/2 transition; ( ), a 

slope of 0.5; diameter of the laser beam is 3 mm. 
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200 yg/ml a l i m i t i n g s l o p e of -0.5 was observed f o r both the 
3̂ 1/2""3Ρ3/2 one-photon t r a n s i t i o n and the 3S-5S two-photon 
t r a n s i t i o n . T h i s r e s u l t can a l s o be e x p l a i n e d on the b a s i s of 
eqn. (1) u s i n g 3 = [ N a + ] / [ N a ] t o t a l a s t n e d e f i n i t i o n of the 
degree o f i o n i z a t i o n , where [ N a ] t o t a l = [Na°] + [Na*] + [Na+] 
and [Na^] i s the c o n c e n t r a t i o n of the ground s t a t e . Because o f 
the s a t u r a t i o n [NaO] - [Na*], w i t h i n a f a c t o r o f the o r d e r of 
u n i t y due t o the d e g e n e r a c i e s o f the l e v e l s i n v o l v e d . Conse
q u e n t l y , one o b t a i n s 3 ̂  l / / [ N a ] t o t a l f ° r l a r g e sodium concen
t r a t i o n s . The l a t t e r r e l a t i o n s h i p s u p p o r t s the l i m i t i n g beha
v i o r observed i n F i g . 3. 

A l o g - l o g p l o t o f i o n i z a t i o n s i g n a l v e r s u s l a s e r power, 
as shown i n F i g . 4, shows an i n i t i a l s l o p e of 0.5 and tends to 
l e v e l o f f at h i g h e r d e n s i t i e s . T h i s a g a i n can be e x p l a i n e d by 
the e q u i l i b r a t e d p r o c e s
r e l a t i o n s h i p between i o n - d e n s i t
low l a s e r power where no s a t u r a t i o n o c c u r s . The i n i t i a l s l o p e 
of 0.5 a l s o shows t h a t m u l t i p h o t o n i o n i z a t i o n i s n e g l i g i b l e s i n c e 
the l a t t e r p rocess would g i v e r i s e t o a s t r o n g e r dependency of 
i o n i z a t i o n s i g n a l on the l a s e r power. 

S m a l l q u a n t i t i e s of excess oxygen had the e f f e c t of i n 
c r e a s i n g the degree o f i o n i z a t i o n o f sodium, whereas no such 
e f f e c t was observed when adding comparable q u a n t i t i e s o f N2 to 
the flame. We a s c r i b e t h i s d i f f e r e n c e t o the d i f f e r e n t e l e c t r o n 
a f f i n i t i e s , which are 0.44 eV f o r O2 and -1.5 eV f o r N2. 

Laser-enhanced i o n i z a t i o n has a l s o been observed by o t h e r 
workers and i s sometimes c a l l e d the ' o p t o - g a l v a n i c e f f e c t 1 (10). 

In c o n c l u s i o n , we have p r e s e n t e d t h r e e independent e x p e r i 
mental r e s u l t s which can be e x p l a i n e d on the b a s i s of e q u i l i b r a 
ted c o l l i s i o n a l i o n i z a t i o n u s i n g a l a s e r - s a t u r a t e d l e v e l and 
e l e c t r i c a l n e u t r a l i t y of the probed volume. 

P o s s i b l e a p p l i c a t i o n s of l a s e r enhanced i o n i z a t i o n i n flame 
d i a g n o s t i c s a r e : 1. simultaneous o b s e r v a t i o n o f i o n i z a t i o n and 
f l u o r e s c e n c e s i g n a l s from v a r i o u s l e v e l s might p r o v i d e more i n 
f o r m a t i o n on the sequence of proc e s s e s l e a d i n g to and from the 
i o n i z a t i o n continuum; 2. the measurement of i o n m o b i l i t i e s , 
r e l a t i n g t o c r o s s - s e c t i o n s f o r e l a s t i c c o l l i s i o n s between i o n s 
and flame p a r t i c l e s ; 3. measurement of i o n i z a t i o n r a t e c o n s t a n t s 
r e l a t i n g to c r o s s - s e c t i o n s f o r i n e l a s t i c c o l l i s i o n s between 
e x c i t e d atoms and o t h e r flame p a r t i c l e s ; 4. measurement of 
re c o m b i n a t i o n r a t e c o n s t a n t s , r e l a t i n g to c r o s s - s e c t i o n s f o r i n 
e l a s t i c c o l l i s i o n s between i o n s , e l e c t r o n s and n e u t r a l s . 
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14 
On Saturated Fluorescence of Alkali Metals in 
Flames 

C. H. MULLER, III1, MARTIN STEINBERG, and KEITH SCHOFIELD 

Quantum Institute, University of California, Santa Barbara, CA 93106 

The
pears attractive in tha
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 absolutely flame concentrations 
of Na (1-4), OH (5), C 2 (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 H2/O2/N2 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 Η-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 μs 
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 w i t h l i t h i u m a l s o show a change i n b e h a v i o r . T h i s 
i s not as d i r e c t l y o bvious due t o the flame d i s t r i b u t i o n o f 
l i t h i u m between L i and LiOH which o c c u r s v i a the c o n t r o l l i n g r e a c 
t i o n L i + H 20 = LiOH + H and which r e l a t e s L i t o Η-atom concen
t r a t i o n s under normal n o n - r a d i a t e d c o n d i t i o n s . However, i t i s ap
pa r e n t t h a t a s i m i l a r b e h a v i o r t o sodium i s e x h i b i t e d b u t i s d i s 
g u i s e d t o a l a r g e e x t e n t by the normal l i t h i u m flame c h e m i s t r y . 

These a d d i t i o n a l l o s s p r o c e s s e s have been i d e n t i f i e d and cha
r a c t e r i z e d i n t h i s work. T h e i r n e g l e c t w i l l n e c e s s a r i l y l e a d t o 
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a b s o l u t e c o n c e n t r a t i o n measurements t h a t are too low by e x t e n t s 
t h a t depend on the s p e c i f i c flame and l o c a t i o n . 

I n t e r p r e t a t i o n . The d a t a f o r hydrogen r i c h flames i s most 
s a t i s f a c t o r i l y e x p l a i n e d by i n v o k i n g l a s e r i nduced r e a c t i o n s be
tween the e x c i t e d s t a t e s o f the a l k a l i m e t a l and H 20 and H 2 which 
c o n s t i t u t e the major flame s p e c i e s , 

k 2 I t _1 
N a ( 2 P 1 / 2 f 3 / 2 ) + H 2 0 « = ^ N a O H + Η Δ Η 2 0 0 0 Κ = ~ 2 7 * 5 k J m o 1 

k 2 5 
N a ( 2 P ! / 2 f 3/ 2) + Η 2 « η — NaH + Η = +40.6 k J m o l " 1 . 

For sodium, such r e a c t i o n s become e n e r g e t i c a l l y f a v o r a b l e f o r the 
e x c i t e d s t a t e s . Moreover, they appear t o be s u f f i c i e n t l y f a s t k i -
n e t i c a l l y t o reach a stead  d u r i n  th  i n i t i a l f th
l a s e r p u l s e . T h e i r o v e r a l
o r l i t h i u m from the dynami  e x c i t a t i o n / p h y s i c a  quenching c y c l
i n t o these c h e m i c a l s i n k s . The a c t u a l e x t e n t depends on the r e l a 
t i v e magnitudes o f the p r o d u c t i o n and l o s s f l u x e s . 

P a r t i c i p a t i o n o f b o t h the h y d r o x i d e and h y d r i d e i s found t o be 
t h e case f o r both a l k a l i s . The a n a l y s i s i s u n s a t i s f a c t o r y w i t h the 
i n c l u s i o n o f s o l e l y the h y d r o x i d e o r the h y d r i d e . An e x t e n s i o n o f 
the u s u a l 2 o r 3 - l e v e l atomic model (2,12-14) t o i n c o r p o r a t e these 
c h e m i c a l schemes i s i n d i c a t e d i n F i g s . 1 and 2 and has been ana
l y z e d i n d e t a i l . Assuming s u f f i c i e n t time f o r the a t t a i n m e n t o f a 
s teady s t a t e d i s t r i b u t i o n , and r a p i d c o u p l i n g o f the 2Ρχ/ 2 and 
P 3 / 2 s t a t e s , the model p r e d i c t s t h a t f o r sodium under s a t u r a t e d 

c o n d i t i o n s , the f l u o r e s c e n c e i n t e n s i t y , I f , w i l l v a r y as 
"o = _ 4 _ + 3 i k 2 l tCH 2Q] k 2 5 [ H 2 ] ) 1 
I f A 2 i A 2 1 \(k t t l+k H 2+k i t 3) ( k 5 1 + k 5 2 + k 5 3 ) f [H] ' 

where n Q i s the t o t a l m e t a l c o n c e n t r a t i o n . The s u b s c r i p t numbers 
r e f e r t o p r o c e s s e s c o n n e c t i n g l e v e l s ; 1, 2 and 3 r e p r e s e n t i n g the 
ground and e l e c t r o n i c a l l y e x c i t e d s t a t e s o f the m e t a l , and 4 and 5, 
the h y d r o x i d e and h y d r i d e s p e c i e s . A v e r y s i m i l a r e x p r e s s i o n can 
be d e r i v e d f o r l i t h i u m . T h i s r e l a t i o n s h i p p r e d i c t s the c o r r e c t 
dependence on [H] and shows s t r a i g h t l i n e dependence f o r p o i n t s 
throughout each flame. A l s o , i t i n d i c a t e s t h a t i n s p i t e o f t h e 
p a r t i c i p a t i o n o f c h e m i s t r y , a l i n e a r curve o f growth w i l l s t i l l be 
e v i d e n t a t a f i x e d p o i n t i n the flame. U s i n g r e l a t i v e v a l u e s o f 
the f l u o r e s c e n c e i n t e n s i t i e s and a b s o l u t e measures o f [H] d e r i v e d 
by the N a / L i method (15), and e q u i l i b r i u m c o n c e n t r a t i o n v a l u e s f o r 
the major p r o d u c t s H 20 and H 2, i t has been p o s s i b l e t o d e r i v e , f o r 
sodium, v a l u e s o f k 2 t t / ( k i f l + k i t 2 + k i t 3 ) =0.016 and k 2 5 / ( k 5 i + k 5 2 + k 5 3 ) = 
0.036, c o n s i d e r e d a c c u r a t e t o w i t h i n a f a c t o r o f two. 

These r e s u l t s are p a r t i c u l a r l y i n t e r e s t i n g i n t h a t on c l o s e r 
e x a m i n a t i o n they i n d i c a t e by comparison w i t h c o n v e n t i o n a l quench 
c r o s s s e c t i o n measurements (16), which r e f e r t o a l l l o s s c h a n n e l s , 
t h a t the c h e m i c a l r e a c t i o n f l u x i s q u i t e minor. The i n t e r a c t i o n 
between e x c i t e d Na o r L i w i t h e i t h e r H 20 o r H 2 proceeds predomi
n a t e l y and q u i t e e f f i c i e n t l y v i a a p h y s i c a l n o n - a d i a b a t i c quench-
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+H 2 +H20 

NoH (5) 

Na( 2S t / 2) (I) 

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(2PS/g) level, together 
with the chemical coupling to NaOH and NaH by reactions with HgO and H2, 

respectively 
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i n g p r o c e s s . N e v e r t h e l e s s , even though the c h e m i c a l c o n t r i b u t i o n 
i s s l i g h t , amounting t o about 2% and 0.5% o f the t o t a l i n t e r a c t i o n 
c r o s s s e c t i o n s f o r sodium w i t h H 20 and H 2, r e s p e c t i v e l y , because 
the o v e r a l l f l u x e s are so l a r g e , these r a t e s s t i l l are s u f f i c i e n t 
t o e s t a b l i s h a s t e a d y s t a t e d i s t r i b u t i o n over the h y d r o x i d e and 
h y d r i d e s t a t e s i n a f r a c t i o n o f a y s . 

The c a l c u l a t e d steady s t a t e d i s t r i b u t i o n s i n a t y p i c a l case 
are i n d i c a t e d i n F i g u r e 3. T h i s more c l e a r l y summarizes the 
d r a s t i c changes t h a t o c c u r on l a s e r i r r a d i a t i o n . 

L a s e r Induced I o n i z a t i o n . A l t h o u g h . l a s e r induced i o n i z a t i o n 
e f f e c t s now are w e l l documented and form the b a s i s f o r o p t o - g a l v a -
n i c a n a l y s i s t e c h n i q u e s (Γ7,1£) , we f i n d no i n d i c a t i o n f o r any 
s i g n i f i c a n t i o n i z a t i o n i n these flames on our c o n c e n t r a t i o n s c a l e s 
w i t h e i t h e r sodium o r l i t h i u m
which i n d i c a t e t h a t a l t h o u g
c o n s t r a i n t s are expected t o p r e v e n t the i o n i z a t i o n from p r o c e e d i n g 
t o an i m p o r t a n t e x t e n t on a ys time s c a l e f o r e i t h e r t h e r m a l o r 
a l t e r n a t e i o n i z i n g schemes. There appears t o be no s u p p o r t f o r 
Van D i j k and Alkemade's (19) c o n t e n t i o n t h a t a s t a t e o f i o n i z a t i o n 
e q u i l i b r i u m e x i s t s . I n d i c a t i o n s suggest the p o s s i b l e p a r t i c i p a t i o n 
o f dimers t h a t might be a c o m p l i c a t i o n i n t h e i r s t udy. S e q u e n t i a l 
two-photon t r a n s i t i o n s a t the D - l i n e l a s e r wavelengths a r e not 
f a v o r e d due t o an absence o f s u i t a b l y l o c a t e d h i g h e r l y i n g l e v e l s . 

I m p l i c a t i o n s . F o r sodium and l i t h i u m i t i s apparent t h a t under 
s a t u r a t i n g c o n d i t i o n s a s t e a d y s t a t e d i s t r i b u t i o n i s a c h i e v e d over 
the 5 - l e v e l c h e m i c a l model on a ys time s c a l e . T h i s i s m a r g i n a l l y 
so f o r sodium and w i l l not be the case w i t h s h o r t p u l s e d u r a t i o n 
l a s e r s . Consequently, a p p l i c a t i o n s of q u a n t i t a t i v e s a t u r a t e d l a s e r 
f l u o r e s c e n c e must make al l o w a n c e f o r such p o t e n t i a l c o m p l i c a t i o n s . 
T h i s has been o v e r l o o k e d p r e v i o u s l y . I t s consequences are e v i d e n t 
where such r e s u l t s have been compared w i t h c o n v e n t i o n a l a b s o r p t i o n 
measurements which a l l g i v e c o n s i s t e n t l y l a r g e r v a l u e s . F o r example, 
P a s t e r n a c k e t a l . (4) found 5 and 7 - f o l d d i s c r e p a n c i e s f o r Na and 
MgO measurements and Bonczyk and S h i r l e y (8) f a c t o r s of 2 and 5 f o r 
CH and CN, r e s p e c t i v e l y . A r e a n a l y s i s o f the Na d a t a (4) i n d i c a t e s 
a need t o i n c r e a s e t h e i r c o n c e n t r a t i o n and quenching r a t e d a t a by 
a f a c t o r o f [1+0. 75 [H] _ 1 { k 2 h [H 20]/(k.,i+ki,2+k,» 3) + k 2 5 [H 2] / ( k 5 i + k 5 2 + 
k 5 3 ) } l which we have found t o be a t l e a s t a f a c t o r o f 2 o r more. 
S i m i l a r c o r r e c t i o n s are n e c e s s a r y t o the work o f Gelbwachs e t a l . 
(1) and Smith e t a l . (̂ 2) . A l t h o u g h t h i s i s not a l a r g e c o r r e c t i o n 
i n t hese p a r t i c u l a r cases t h e r e i s no reason why i t might not be 
i n o t h e r s i t u a t i o n s . 

Summary. I n s a t u r a t e d l a s e r f l u o r e s c e n c e s t u d i e s o f sodium 
and l i t h i u m i n a s e r i e s o f f u e l r i c h H 2/0 2/N 2 flames t h e r e i s 
e vidence f o r the involvement o f l a s e r induced c h e m i c a l r e a c t i o n s 
w i t h H 20 and H 2. A l t h o u g h t h e i r r e a c t i v e p r o b a b i l i t i e s have been 
shown t o be s m a l l r e l a t i v e t o the c o r r e s p o n d i n g p h y s i c a l quenching 
i n t e r a c t i o n s they a r e s t i l l s u f f i c i e n t t o e s t a b l i s h s i g n i f i c a n t 
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Figure 3. Fractional distribution of sodium and lithium over the various atomic 
and molecular states in α Η2-Ο^Ν2 flame of unburnt volume ratios 3:1:5 as a 
function of downstream location under normal or saturation laser radiation: (O), 

near saturation; (X), without laser excitation. 
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steady s t a t e c o n c e n t r a t i o n s o f the c o r r e s p o n d i n g h y d r o x i d e and 
h y d r i d e w i t h i n the y s p u l s e d u r a t i o n . T h i s e x p l a i n s the p r e v i o u s l y 
r e p o r t e d 'low 1 e s t i m a t e s r e s u l t i n g f o r such measurements. Because 
a s i m p l e g e n e r a l t e s t o f the p a r t i c i p a t i o n o f such c h e m i c a l e f f e c t s 
i s not apparent, i t w i l l o b v i o u s l y be nec e s s a r y t o r e s t r i c t a p p l i 
c a t i o n s o f q u a n t i t a t i v e s a t u r a t e d mode measurements t o systems 
u t i l i z i n g nanosecond p u l s e l e n g t h s and s h o u l d be o f p a r t i c u l a r 
v a l u e a t reduced p r e s s u r e . 
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Saturation Broadening in Flames and Plasmas As 
Obtained by Fluorescence Excitation Profiles 

Ν. 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 bot
ton transitions of atom  atmospheri  pressure
sides the attainment of a saturation plateau as the source spec
tral irradiance is increased, it is well-known1-3 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 us4. 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. I n a d d i 
t i o n , the l a s e r beam i s assumed t o be s p a t i a l l y u n i f o r m . The atom 
p r o f i l e can be c o n s i d e r e d homogeneous i f t h e f o l l o w i n g c o n d i t i o n s 
h o l d : (1) Doppler broadening i s n e g l i g i b l e compared t o c o l l i s i o n a l 
b r o a d e n i n g ; and (2) i n t h e case o f combined D o p p l e r - c o l l i s i o n e d 
b r oadening, v e l o c i t y changing c o l l i s i o n s a r e so f a s t t h a t atoms 
cannot be c o n s i d e r e d t o belo n g t o any p a r t i c u l a r Doppler i n t e r n a l 
d u r i n g the time o f i n t e r a c t i o n w i t h t h e l a s e r beam. Assuming the 
steady s t a t e l i m i t f o r the 2 - l e v e l atom and i n t r o d u c i n g a L o r e n t 
z i a n d i s p e r s i o n f u n c t i o n f o r the atomic a b s o r p t i o n p r o f i l e - , t h e 
r a t i o o f c o n c e n t r a t i o n s η2/η·ρ (2=upper s t a t e , T = t o t a l p o p u l a t i o n 
d e n s i t y , n T + ηχ + n 2) can be e v a l u a t e d . E v a l u a t i o n o f t h e f l u o 
r e scence r a d i a n c e , Bp * f o r the case where the atomic d e n s i t y i s 
low and s u b s t i t u t i o n f o r n 2 a l l o w s ! e v a l u a t i o n o f the FWHM o f the 
e x c i t a t i o n p r o f i l e , <$X e x c, / 1 

δλ, exc δλ. (1) 

0-8412-0570-l /80/47-134-195$05.00/0 
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where 6A L i s the FWHM o f the L o r e n t z i a n broadened a b s o r p t i o n l i n e 
p r o f i l e , ρ(λ^) i s the i n t e g r a t e d s p e c t r a l energy d e n s i t y o f the 
l a s e r a t the l a s e r e x c i t a t i o n wavelength, / and ps(X#,) i s the 
s a t u r a t i o n energy d e n s i t y d e f i n e d by 

s n
 A 2 1 6 X e f f (2) 

B 1 2 Y 2 1 

where <5X eff i s the e f f e c t i v e w i d t h (FWHM) o f the a b s o r p t i o n p r o 
f i l e , i n m, t h e g*s (d i m e n s i o n l e s s ) a r e the s t a t i s t i c a l w e i g h t s 
o f the 2 l e v e l s i n v o l v e d i n the e x c i t a t i o n p r o c e s s , A 2^ i s the 
E i n s t e i n e m i s s i o n p r o b a b i l i t y , i n s"" 1, B 1 2 i s the indu c e d absorp
t i o n t r a n s i t i o n p r o b a b i l i t y , i n J-inr^s-l-m, and Y 2 1 i s the f l u o r e 
scence quantum e f f i c i e n c
e x c i t a t i o n p r o f i l e w i d t
a p l o t o f 6 A e x c vs Ρ(λβ) s h o u l d g i v e a s t r a i g h t e w i t  a s l o p e 
and an i n t e r c e p t which can be used t o e s t i m a t e p s(Ao) and δλτ,, 
r e s p e c t i v e l y . Of c o u r s e , a t the l i m i t o f ρ(λ^)-^0, ô X e x c •> ÔA L. 

Gaussian L a s e r P r o f i l e - V o i g t Atom P r o f i l e . T h i s case t u r n s 
out t o be a b e t t e r a p p r o x i m a t i o n o f our e x p e r i m e n t a l s i t u a t i o n , 
i . e . , t h e l a s e r FWHM i s f a i r l y b road compared t o the a b s o r p t i o n 
l i n e w i d t h and the a b s o r p t i o n p r o f i l e o f atoms i n an atmospheric 
combustion flame i s d e s c r i b e d by a V o i g t p r o f i l e . Here the l a s e r 
i s assumed t o have a Gaussian s p e c t r a l p r o f i l e as w e l l as a Gaus
s i a n atomic a b s o r p t i o n p r o f i l e . I n t h i s c a s e , c o n v o l u t i o n o f two 
Gaussian f u n c t i o n s i s s t i l l a Gaussian f u n c t i o n . E v a l u a t i o n o f 
th e r a t i o n 2 / n T , and the f l u o r e s c e n c e r a d i a n c e , Bp, a l l o w s d e t e r 
m i n a t i o n o f the h a l f w i d t h o f the f l u o r e s c e n c e e x c i t a t i o n p r o f i l e , 

as 
/δλ£ + δλ| 

Ô À e x c = . ^ n ( 2 + 2—) (3) 
Λ η 2 p s 

where δλ^ i s the l a s e r FWHM, δλ & i s t he atomic a b s o r p t i o n l i n e 
FWHM, ρ i s the i n t e g r a t e d energy d e n s i t y o f the l a s e r a t the ex
c i t a t i o n peak, i n J πΓ^πΓ 1, and p s i n the saturation s p e c t r a l den
s i t y f o r the atomic p r o c e s s o f concern, i n J irT^m , and i s g i v e n 
by 

s ^ 4 + s\2
a / κ ( 4 ) 

δ λ θ χ α 

V g 2 / 12 °2 
where a l l terms have been d e f i n e d above except τ which i s the e f 
f e c t i v e l i f e t i m e o f the e x c i t e d s t a t e , (Α 2χ + k 2 1 ) - 1 . I n t h i s 
c a s e , i t i s c l e a r t h a t δ λ θ χ σ v a r i e s a t a slo w e r r a t e w i t h ρ than 
i n t he p r e v i o u s l i m i t i n g c a s e . I t i s a l s o c l e a r t h a t h i g h quan
tum e f f i c i e n c y flames w i l l be more s e n s i t i v e f o r o b s e r v a t i o n o f 
broadening e f f e c t s . A t the l i m i t , when p->0, δ λ θ χ α ·> /^^2 + §χ2 
which i s t o be expected. F i n a l l y i f p » p s , then a 
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δλ 
_ /<δλ £) 2+ ( 6 X a ) 2 V l n £ 

exc 

and so by p l o t t i n g (ôX e x c) vs £np, a s t r a i g h t l i n e r e s u l t s where 
the s l o p e g i v e s 

ί δ λ - ) 2 
and the i n t e r c e p t g i v e s 

E x p e r i m e n t a l . The e x p e r i m e n t a l s e t up c o n s i s t e d o f a N2-pum-
ped-dye l a s e r ( M o l e c t r o n UV-14, DL-400), s p a t i a l f i l t e r s t o i s o l 
a t e t h e c e n t r a l p a r t o f t h e dye l a s e r beam, a H 2-0 2-Ar o r N 2 

flame supported by a c a p i l l a r y b u r n e r w i t h A r o r N 2 s h e a t h , and 
a f l u o r e s c e n c e d e t e c t i o n system a t r i g h t a n g l e s (a JY-H-10 mono-
chromator, a p h o t o m u l t i p l i e r , and a PAR 162-164 bo x c a r a v e r a g e r ) . 
A l l measurements were taken 1 cm above the burner t o p ; the con
c e n t r a t i o n o f Ca, S r , I n , and Na was low ( 1 y g / m l ) . The f l u o r e s 
cence waveform was m o n i t o r e
The l a s e r s p e c t r a l bandwidt
monochromator (δλ 5 = 0.1 Â ). 

R e s u l t s . E x p e r i m e n t a l and t h e o r e t i c a l f l u o r e s c e n c e e x c i t a t i o n 
h a l f w i d t h s were o b t a i n e d . I n Table I , the r a t i o of t h e maximum 
v a l u e o f δ λ θ χ α ( c o r r e s p o n d i n g t o t h a t o b t a i n e d w i t h f u l l l a s e r 
power) and the minimum v a l u e o f δ λ θ χ α ( c o r r e s p o n d i n g t o t h a t ob
t a i n e d a t p « p s , where δ λ θ χ α = /(δλ£) 2+ (δλ 9" T h e s a t u r a t i o n 

power was e v a l u a t e d f o r each element from trie e x p e r i m e n t a l s a t u r a 
t i o n c u r v e . I n Table I I , a comparison i s g i v e n between e x p e r i 
mental v a l u e s o f the l a s e r s p e c t r a l bandwidth o b t a i n e d by d i r e c t 
measurement (JY-HR1000), and by 2 v a l u e s based on l a s e r e x c i t e d 
f l u o r e s c e n c e . A p a r t from s e v e r a l u n e x p l a i n e d d i s c r e p a n c i e s , the 
agreement between experiment and t h e o r y was e x c e l l e n t . 

TABLE I 
COMPARISON BETWEEN THE THEORETICAL AND THE EXPERIMENTAL VALUES OF 
THE FLUORESCENCE EXCITATION PROFILE HALFWIDTHS FOR THE A r / 0 2 / H 2 

FLAMES. ( a ) 

[(δλ ) /(δλ ) . ] exc max exc mm 
(b) 

Element T h e o r e t i c a l ^ E x p e r i m e n t a l 

A r / 0 2 / H 2 N 2/0 2/H 2 A r / 0 2 / H 2 N 2/0 2/H 2 

Ca 2.5 2.4 3.0 2.2 

S r 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) v a l u e s are c o n s i d e r e d t o be w i t h i n + 10%. 
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(b) 
(δλ) r e f e r s t o t h e v a l u e o b t a i n e d w i t h the l a s e r a t f u l l max 

power w h i l e ( < 5 X ) m i n r e f e r s t o t h a t o b t a i n e d when t h e l a s e r i s a t 
te n u a t e d w i t h n e u t r a l d e n s i t y f i l t e r s u n t i l t h e f l u o r e s c e n c e s i g 
n a l i s l i n e a r l y r e l a t e d t o the l a s e r i r r a d i a n c e (see v a l u e s r e p o r t 
ed i n T a b l e I I ) . 
(c) c a l c u l a t e d a c c o r d i n g t o E q u a t i o n 3 i n the t e x t . 

TABLE I I 
COMPARISON BETWEEN THE VALUES OF THE LASER SPECTRAL BANDWIDTH AS 
OBTAINED BY DIFFERENT METHODS. 

Element Element D i r e c t 
Measure
ment 

F l u o r e s c e n c e v w 

E x c i t a t i o n 
S a t u r a t i o n 
Broadening 

Element D i r e c t 
Measure
ment 

A r / 0 2 / H 2 N2/0 2/H 2 A r / 0 2 / H 2 N 2/0 2/H 2 

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 

v a l u e s a r e w i t h i n + 10%. (a) 

^ v a l u e s o b t a i n e d by sc a n n i n g t h e l a s e r beam through a 1-m g r a t 
i n g monochromator (Δλ r e s o l u t i o n = 0.12 A ) . V a l u e s a r e n o t c o r 
r e c t e d f o r the i n s t r u m e n t a l p r o f i l e , 
(c) 

v a l u e s o b t a i n e d by sca n n i n g the a t t e n u a t e d l a s e r beam through 
the atomic vapor i n the flame. 
^ v a l u e s c a l c u l a t e d from the s l o p e o f the p l o t o b t a i n e d from Eq
u a t i o n 3 i n the t e x t . 
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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, 
Ν. OMENETTO, and J. D. WINEFORDNER 

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

The fluorescence technique  like other methods based on 
scatter (elastic or inelastic)
to be a reliable unperturbing g 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 
quenching 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 Tl) aspirated into combustion flames and plasmas. 
Concepts and Methods 

The temperature of a flame, plasma, or hot gas can be esti
mated by using the steady state fluorescence expressions derived 
by Boutilier, et al1 for spectral continuum excitation. Several 
unique methods which can be used to measure soatial temoeratures 
(volumes < 10 mm2) have been developed by us and will be reported 
in detail in a oaper to be submitted for oublication.4 The 
methods are generally based uoon the introduction of inorganic 
3-level orobes (Tl 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 oubli shed paper! concern
ing these new methods, we will here only give the aooroaches and 
several flame temperatures measured by the described methods. 

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

h3+2 h3+l 
1+3 2+3 

scripts represents the measured fluorescence transition and the 
lower subscripts reoresents the excitation transitions), is 

0-8412-0570-l/80/47-134-199$05.00/0 
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measured. By c a l i b r a t i o n of the spectrometric system and measur
ing the r a t i o of fluorescence and e x c i t a t i o n i n t e n s i t y r a t i o s , 
the flame temperature can be determined from a simple expression. 
This method re q u i r e s c a l i b r a t i o n , l i n e a r behavior of the f l u o r e s 
cence i n t e n s i t y with e x c i t a t i o n i n t e n s i t y and e x c i t a t i o n beam 
matching. In a d d i t i o n , e f f i c i e n t quenching species i n some flames 
(hydrocarbon f u e l s ) and ore- and p o s t - f i l t e r e f f e c t s lead to 
d e t e r i o r a t i o n of the s i g n a l - t o - n o i s e r a t i o s . Laser e x c i t a t i o n 
i s advantageous f o r s p a t i a l measurements and improved s i g n a l - t o -
noise r a t i o s . 

Method 2. S a t u r a t i o n Method f o r Sequential Pumping. In t h i s 
method, atomic fluorescence of the i n o r g a n i c probe i s oroduced 
at 3+1 and at 3+2 a f t e r e x c i t a t i o n at 1+3 and/or 2+3 r e s p e c t i v e l y . 
However, i n t h i s case, i t i  t  "saturate" th  e x c i t e d 
l e v e l , 3, i n order to us
f o r the flame temnerature to be evaluated i t i s necessary f o r the 
mixing f i r s t order rate constant, 1<2χ, between the metastable, 2, 
and ground s t a t e , 1, to be much greater (> 20X) than the sum of 
the t o t a l d e a c t i v a t i o n rate constants between l e v e l s 3 and 1 and 
a l s o between 3 and 2. This method a l s o r e q u i r e s c a l i b r a t i o n of 
the spectrometric measurement system, s a t u r a t i o n of l e v e l 3, 
co r r e c t i o n s or minimization o f s c a t t e r and post f i l t e r e f f e c t s , 
and beam matching of 2 dye l a s e r beams are needed f o r the e x c i t a 
t i o n orocess. 

Method 3. Sa t u r a t i o n Method With Peak Detection. In t h i s 
method, develoDed by Omenetto and Winefordnerî^, i t i s necessary 
to e x c i t e fluorescence 3+1 with 1+3 and a short time l a t e r 
(< 1 ys) e x c i t e 3+1 with 2+3. In t h i s case the atomic system 
e f f e c t i v e l y acts on a 2-le v e l atom sin c e e x c i t a t i o n and measure
ment of fluor e s c e n c e i s done at the peak of the e x c i t a t i o n pro
f i l p r i o r to r e l a x a t i o n of the system to a 3-level steady s t a t e 
process^ The temperature here i s r e l a t e d simply to the r a t i o 
Br /Br and s t a t i s t i c a l weights of the l e v e l s and i s independ-

r3+l ""3+1 
1+3 2+3 

ent of no n - r a d i a t i o n a l rate constants as i n the preceeding case 
and of c a l i b r a t i o n as i n the two preceeding cases. On the other 
hand, t h i s method requires the use of a f a s t r i s i n g l a s e r pulse 
to oerturb the ino r g a n i c orobe to reach a 2-level steady s t a t e 
and the use of f a s t e l e c t r o n i c s to measure the fluor e s c e n c e p r i o r 
to r e l a x a t i o n of the system to a steady s t a t e i n v o l v i n g a l l three 
l e v e l s (1,2,3). This method a l s o requires 2 s o a t i a l l y and geo
m e t r i c a l l y matched dye l a s e r beams which w i l l cause the Drobe to 
be r a p i d l y s a t u r a t e d . 

Methods 4 and 5. Two other novel methods f o r flame temper-
ature measurement w i l l be reported uoon i n the f u l l paper to be 
published,4 but no r e s u l t s w i l l be given here. One o f these 
methods (Method 4) involves s a t u r a t i o n of l e v e l 3 v i a simultaneous 
pumping of bo t h l-*3 and 2+3 and t a k i n g the r a t i o of the r e s u l t i n g 
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3+1 f l u o r e s c e n c e and the 3+1 f l u o r e s c e n c e r e s u l t i n g when e x c i t i n g 
2+3. This method has most of the same p o t e n t i a l d i f f i c u l t i e s of 
Method 2. Method 5 involves the use of one l a s e r beam and l i n e a r 
or s a t u r a t i o n behavior: i n t h i s case, the r a t i o of the probe 
fluor e s c e n c e r e s u l t i n g at 3+1 with 2+3 e x c i t a t i o n and the l a s e r 
induced emission r e s u l t i n g at i+1 (i>3) with 2+3 e x c i t a t i o n . 
This method has a number of advantages: ( i ) s a t u r a t i o n i s not 
necessarv; ( i i ) only one l a s e r wavelength i s needed; ( i i i ) no 
need to s n a t i a l l y match l a s e r beams: ( i v ) c a l i b r a t i o n of the 
fluorescence spectrometer i s s t i l l needed but there i s no need to 
c a l i b r a t e the e x c i t a t i o n i n t e n s i t y : post f i l t e r and s c a t t e r 
e f f e c t s are minimal, and (v) temporal ( s i n g l e pulse) measurements 
of temoeratures are f e a s i b l e . 

In Method 1-4, by measurin
together (sav 1 y s ) , the
"frozen" flame c o n d i t i o n s are o b t a i n a b l e . We are c u r r e n t l y 
i n the process of making such temporal temperature measurements; 
these r e s u l t s w i l l be published at a l a t e r date. By beam expan
sion of the l a s e r beam(s) and i s o l a t i o n of the c e n t r a l homogeneous 
s e c t i o n , i t i s a l s o p o s s i b l e to r e s o l v e s p a t i a l l y small flame 
volumes, e.g., depending upon the spectrometer entrance s l i t or 
s l i t aperature, < 10 mnr. 

S o a t i a l d e n s i t y p r o f i l e s of atomic (and molecular) soecies 
can a l s o be made v i a s a t u r a t i o n f l u o r e s c e n c e approaches. For a 
" 2 - l e v e l " atom, l i k e Sr, a o l o t of 1/B F vs 1/Ε λ (Bp i s the 
f l u o r e s c e n c e radiance, i n J s~lm-2sn-l, and Ε λ i s the e x c i t a t i o n 
s p e c t r a l i r r a d i a n c e , i n J s _lm"^nm-l) allows e s t i m a t i o n of the 
quantum e f f i c i e n c y , Y of the f l u o r e s c e n c e process (and thsu 
estimation of " r a d i a t i o n l e s s " rate constants) and the t o t a l num
ber d e n s i t y n j , of the species of i n t e r e s t by means of 

where: ι i s the fluorescence path l e n g t h , hv i s the f l u o r e s c e n c e 
(or e x c i t a t i o n photon energy) i n J , A i s the emission p r o b a b i l i t y , 
i n s-1, the g's are the s t a t i s t i c a l weights of the 2 l e v e l s , h i s 
Planck's constant, and c i s the soeed of l i g h t . The o l o t of 1/Bp 
vs 1/Ε λ has a slooe which includes ( n y Y ) - l and an i n t e r c e p t 
which includes n y l . I f both Bp and Ε λ are measured i n absolute 
u n i t s , then ny and Y can be obtained. Even i f Bp i s measured i n 
r e l a t i v e u n i t s Y can be determined by m u l t i p l y i n g through by C 
and then c a l i b r a t i n g ordinate i n u n i t s of (g^ + 9^)/92- ^ t ' i e 

atom i s a 3 (or multi) l e v e l system, then the r a d i a t i o n l e s s rate 
constants must be known and included i n the expression f o r 1/Bp 
as a f u n c t i o n of 1/Ε λ unless the f o r t u n a t e circumstances a r i s e s 
where two of the 3 l e v e l s e s s e n t i a l l y coalesce i n t o a s i n g l e l e v e l 
and once again we have e s s e n t i a l l y a 2-l e v e l atom. In t h i s case 
absolute measurement of both Bp and Ε λ i s necessary. 
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Table I. Measured Flame Temperatures 
H 2 / 0 2 / A r a » b » c H 2/0 2>N 2

a ,b,c 

L i n e a r 2 l i n e Method 
(Source SDeçtral Radiance 
was 5 to 1(P !»!/cnr nm) 
Ratio taken was B F 

r 3+2/1+
r 3 1/2 3 

2200 + 30 K d 1980 + 30 K d 

S a t u r a t i o n Method-Sequential 
Pumoinq (Xf| = same i n both 
cases) (Source S p e c t r a l 
Radiance was 1 χ 107 W/cm2 nm) 
Ratio taken was B F 

h 3+1/1+3 
r3+1/2-3 

2120 + 30 K 3 1990 + 30 K d 

a. L i j n s e and Elsenaar (P.L. L i j n s e and R.J. Elsenaar, J_. Quant. 
Spectrosc. Radiât. T r a n s f e r , 12 (1972) 1115.) obtained 
temperatures of 2136 Κ f o r H 27U?/Ar, 2/1/4 and 1970 Κ f o r 
H 2/0 2/N 2 1.9/0.95/4. 

b. Hoomayers (H.P. Hoomayers, Ph.D. T h e s i s , U n i v e r s i t y of Utrecht, 
1966.) obtained temneratures of 2350 Κ f o r H 2/0 2/Ar, 1.72/0.85/3.45 and 2160 Κ f o r H 2/0 2/N 2, 1.72/0.85/3.45. 
The source of the systematic e r r o r s i n the values measured by 
L i i n s e and Elsenaar, by Hoomayers, and by us i s not known. 

c. Line r e v e r s a l temperature measurements by us f o r the same 
flames were 50-100 Κ higher than our fluorescence values. 

d. The random e r r o r of + 30 Κ was due to shot noise on the s i g n a l . 

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



16. BRADSHAW ET AL. Laser-Excited Fluorescence 203 

EXPERIMENTAL SYSTEM 
Out experimental system c o n s i s t e d of a ̂ -pumped dual dye 

l a s e r (Molectron UV-14 with Molectron DL-400 and Lambda-Physik 
FL-2000), operated at 20Hz, s o a t i a l f i l t e r s to i s o l a t e the cen
t r a l n o r t i o n of the dye l a s e r beams, H2-02-Ar and H2-O2-N2 flames 
supported on a Meker type flame s h i e l d e d flame with Ar or N2 
outer sheaths, and a fluores c e n c e d e t e c t i o n system c o n s i s t i n g of 
a 0.1 m g r a t i n g monochromator, a Hamamatsu R928 p h o t o m u l t i p l i e r 
tube, and a Tektronix 151 sampling o s c i l l o s c o p e with 0.5 s 
averaging time constant. A l l measurements were taken 1.5 cm 
above the burner too (previous s t u d i e s i n d i c a t e d the flame to be 
nearly constant i n temperature with height, 1-3 cm, and with 
width. The flames s t u d i e d i n t h i s r e p o r t i n c l u d e d : H2/02/Ar, 
2/1/4 and H2/O2/N2, 2/1/4: the flows are r e l a t i v e volume r a t i o s 
at standard temperature
RESULTS AND DISCUSSION 

Flame temperatures were determined by both the l i n e a r 2 - l i n e 
method and by the s a t u r a t i o n method with sequential pumping f o r 
both flames. The measured values are qiven i n Table I. 

Assuming the sum of the r a d i a t i o n l e s s and r a d i a t i o n a l r a t e 
constants between l e v e l s 3 and 2 f o r i n o r g a n i c probe, l i k e T l , 
are much l e s s than the no n - r a d i a t i o n a l mixing constant k 2 i , then 
the 2 - l e v e l expression r e l a t i n g 1/Bp to 1/Ε λ a p p l i e s . Using t l r 
r e l a t i o n s h i p and the f o l l o w i n n measured parameters: s l i t area, 
0.5 χ 1.5 mm2: s o l i d anale, 0.26 s r : fluo r e s c e n c e deoth, l = 0.4 cm; 100 pom T l a s p i r a t e d ; 3 (H2/O2/N2) = 1.1 x 
10-1 w / c m 2 s r a n d B f ^ H2/02/Ar) = 1.8 χ 10" 1 W/cm2 s r , an< 
using A 3 1 = 0.41 χ 108 s * 1 (taken from Wade, et a l 8 ) , then n j = 
1.0 χ 10* 1 cm"3 f o r the H 2/02/Ar flame. These values compare 
fa v o r a b l y with population d e n s i t i e s measured f o r s i m i l a r flames 
and s i m i l a r a s p i r a t i o n c o n d i t i o n s . 
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17 
Raman-Scattering Measurements of Combustion 
Properties 

MARSHALL LAPP 

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

Laser light-scatterin  technique  fo  measurin  flam
properties have advance
ployed to determine key flow d combustio  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 v a r i e t y o f i n f o r m a t i o n can be o b t a i n e d from s c a t t e r 
i n g probes, i n c l u d i n g f l u i d v e l o c i t y , gas temperature, t o t a l gas 
d e n s i t y , and c o n s t i t u e n c y ( i . e . , s p e c i e s d e n s i t i e s ) ( 1-6) . A 
convenient o v e r v i e w o f the s e d i a g n o s t i c methods i s p r o v i d e d by 
groupi n g them i n t o c a t e g o r i e s o f e l a s t i c , o r u n s h i f t e d s c a t t e r 
i n g and i n e l a s t i c , or s h i f t e d , s c a t t e r i n g . I n T a b l e I , t h i s 
g r o u p i n g r e v e a l s t h a t t h e e l a s t i c p r o c e s s e s a r e focu s e d m a i n l y 
upon v e l o c i t y d a t a , which r e q u i r e o b s e r v a t i o n s of l i g h t s c a t t e r e d 
from p a r t i c l e s e i t h e r seeded i n t o t h e f l o w o r n a t u r a l l y p r e s e n t , 
and upon t o t a l gas d e n s i t y . Temperature measurements, w h i l e 
p o s s i b l e , a r e d i f f i c u l t t o o b t a i n i n t h i s f a s h i o n . (Note t h a t 
these " e l a s t i c " methods a r e a c t u a l l y s l i g h t l y i n e l a s t i c - as, i n 
f a c t , i s i m p l i e d by the u s u a l name " l a s e r Doppler v e l o c i m e t r y " 

0-8412-0570-1 /80/47-134-207$06.00/0 
© 1980 American Chemical Society 
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(LV) f o r v e l o c i t y measurement - but the dominant c h a r a c t e r of t h e 
s c a t t e r e d s i g n a t u r e i s t h a t i t i s c o n c e n t r a t e d about t h e i n c i d e n t 
frequency.) 

The i n e l a s t i c p r o c e s s e s - spontaneous Raman s c a t t e r i n g 
( u s u a l l y s i m p l y c a l l e d Raman s c a t t e r i n g ) , n o n l i n e a r Raman process
es, and f l u o r e s c e n c e - permit d e t e r m i n a t i o n of s p e c i e s d e n s i t i e s 
as w e l l as temperature, and a l s o a l l o w one, i n p r i n c i p l e , t o de
ter m i n e the temperature f o r p a r t i c u l a r s p e c i e s whether or not i n 
the r m a l e q u i l i b r i u m . I n Ta b l e I I , we c a t e g o r i z e t h e s e i n e l a s t i c 
p r o c e s s e s by the type of t h e i n f o r m a t i o n t h a t they y i e l d , and 
i n d i c a t e the types of combustion sources t h a t can be probed as 
w e l l as an e s t i m a t e of the s t a t u s of the method. The work t h a t 
we c o n c e n t r a t e upon here i s t h a t i n d i c a t e d i n these f i r s t two 
c a t e g o r i e s , v i z . , temperature and major s p e c i e s d e n s i t i e s d e t e r 
mined from v i b r a t i o n a l
- f l u o r e s c e n c e and n o n l i n e a
Stokes Raman s p e c t r o s c o p y - a r e d i s c u s s e d i n d e t a i l elsewhere 
( 5 ) . 

F u r t h e r breakdown of v i b r a t i o n a l Raman s c a t t e r i n g (RS) 
methods f o r temperature and d e n s i t y measurement can be a c h i e v e d 
by c l a s s i f i c a t i o n a c c o r d i n g t o the c h a r a c t e r of the l a s e r source 
used (2) . I n Tab l e I I I , we show such a c l a s s i f i c a t i o n a c c o r d i n g 
t o t he e x p e r i m e n t a l c a p a b i l i t i e s p r o v i d e d through use of these 
v a r i o u s s o urces. Here, we v i e w these c a p a b i l i t i e s i n terms of 
those f e a t u r e s t h a t can be p r o v i d e d by o p t i c a l s c a t t e r i n g 
d i a g n o s t i c s , t h a t a r e of most v a l u e t o flame a n a l y s e s . These 
i n v o l v e t he a b i l i t y t o determine p r e c i s e t e m p o r a l l y - and 
s p a t i a l l y - r e s o l v e d d a t a l e a d i n g t o p r o b a b i l i t y d e n s i t y f u n c t i o n s 
( p d f f s , o r his t o g r a m s o f flame p r o p e r t i e s , which g i v e the proba
b i l i t y t h a t any p a r t i c u l a r i n s t a n t a n e o u s measurements of a s t a t e 
v a r i a b l e w i t h i n a l a r g e ensemble of measurements w i l l be found 
between s p e c i f i e d l i m i t s ) , f r e q u e n c y s p e c t r a , and s p a t i a l mapping. 
We n o t e t h a t a t t h i s t i m e , no l a s e r source ( i . e . , no s i n g l e RS 
method) can p r o v i d e s i m u l t a n e o u s l y i n f o r m a t i o n of h i g h q u a l i t y 
f o r p d f f s , complete f r e q u e n c y s p e c t r a , and s p a t i a l g r a d i e n t s . 

The work t o be d e s c r i b e d f u r t h e r i n the next s e c t i o n i s t h a t 
i n d i c a t e d i n the f i r s t e n t r y o f Table I I I - RS d a t a f o r p d f f s 
(and p o t e n t i a l l y , f o r s p a t i a l gradients) o b t a i n e d t h r o u g h use of 
sh o r t time d u r a t i o n , e n e r g e t i c l a s e r p u l s e s . T h i s work has been 
m o t i v a t e d by an exam i n a t i o n of t h e q u e s t i o n s : What a r e t h e key 
f l u i d q u a n t i t i e s n e c e s s a r y t o model t u r b u l e n t flames? And what 
methods a r e w e l l enough developed t o produce t h e r e q u i r e d d a t a 
w i t h c o n f i d e n c e and w i t h o u t s u b s t a n t i a l a d d i t i o n a l p r o o f - o f - p r i n -
c i p l e experiments? These q u e s t i o n s l e a d one to r e c o g n i z e t h a t , 
i n i n c r e a s i n g degrees of measurement d i f f i c u l t y , we a r e concerned 
w i t h f l o w f i e l d q u a n t i t i e s , combustion f i e l d q u a n t i t i e s , and 
f i n a l l y , p u l l u t a n t f i e l d q u a n t i t i e s (19). I n terms of the most 
b a s i c needs of combustion modelers, t h i s l i s t i n g i s a l s o o r g a n i z e d 
i n d e c r e a s i n g importance f o r d e t e r m i n i n g the fundamental q u a l i t i e s 
of f l a m e s . (Of c o u r s e , i f one's g o a l i s t o model t h e n i t r i c 
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o x i d e e m i s s i o n of a p a r t i c u l a r combustion source, then d e t e r m i n a 
t i o n of t h e p o l l u t a n t f i e l d q u a n t i t i e s i s of prime importance. 
However, i n d e t e r m i n i n g the o v e r a l l c h a r a c t e r i s t i c s of f l a m e s , the 
above o r d e r i n g of q u a n t i t i e s r e p r e s e n t s a r e a s o n a b l e p r i o r i t y l i s t 
f o r modelers.) 

I n T a b l e IV, we see t h a t e s t a b l i s h e d t e c h n i q u e s f o r v e l o c i t y 
measurement a l l o w us t o determine the average momentum f l u x , 
average v e l o c i t y , t u r b u l e n t i n t e n s i t i e s , and shear s t r e s s . Next 
on the l i s t , t o complete the f l o w f i e l d d e s c r i p t i o n , i s t h e f l u c 
t u a t i o n mass f l u x , and f i r s t on the combustion f i e l d l i s t i s the 
temperature and major s p e c i e s d e n s i t i e s of the flame gases. 
These a r e t h e q u a n t i t i e s t o which we a r e g i v i n g our a t t e n t i o n . 
V i b r a t i o n a l Raman s c a t t e r i n g i s b e i n g used f o r t h e temperature and 
d e n s i t y d a t a , and, when taken s i m u l t a n e o u s l y w i t h v e l o c i t y d a t a 
from c o u p l e d LV i n s t r u m e n t a t i o
mass f l u x t h r o u g h use o
gas law f o r atmospheric p r e s s u r e f l a m e s . 

Raman S c a t t e r i n g D i a g n o s t i c s 

The fundamentals of the Raman e f f e c t can be understood by 
c o n s i d e r a t i o n of a c l a s s i c a l model, i n which an i n c i d e n t beam of 
r a d i a t i o n ( i . e . , l a s e r beam, f o r a l l p r a c t i c a l purposes, i n flame 
d i a g n o s t i c s ) passes through an ensemble of m o l e c u l e s . The r e s u l 
t a n t l a s e r beam e l e c t r i c f i e l d d i s t o r t s the e l e c t r o n i c c l o u d 
d i s t r i b u t i o n of each m o l e c u l e , c a u s i n g o s c i l l a t i n g d i p o l e s ; t h e se 
induced d i p o l e s a r e r e l a t e d t o the i n c i d e n t l a s e r beam e l e c t r i c 
f i e l d by the m o l e c u l a r p o l a r i z a b i l i t y . The d i p o l e s , i n t u r n , 
produce a secondary r a d i a t i n g f i e l d a t e s s e n t i a l l y t h e same f r e 
quency as t h a t f o r the i n c i d e n t beam. T h i s r a d i a t i o n i s termed 
R a y l e i g h s c a t t e r i n g . 

S i n c e d i f f e r e n t o r i e n t a t i o n s of the r o t a t i n g and v i b r a t i n g 
m o l e c u l e s produce d i f f e r e n t p o l a r i z a b i l i t i e s , t h e s e m o l e c u l a r 
motions modulate the p o l a r i z a b i l i t y a t the r o t a t i o n a l and v i b r a 
t i o n a l f r e q u e n c i e s . Sidebands a r e t h e r e b y c r e a t e d which a r e 
d i s p l a c e d from t h e i n c i d e n t l a s e r beam freque n c y by s h i f t s 
c o r r e s p o n d i n g t o the m o l e c u l a r v i b r a t i o n a l and r o t a t i o n a l f r e 
q u e n c i e s . These s h i f t s can be understood from t h i s t y p e of c l a s s i 
c a l argument; t h e s c a t t e r i n g i n t e n s i t i e s and s e l e c t i o n r u l e s f o r 
the appearance o f s p e c i f i c bands, however, can come o n l y from the 
i n t r o d u c t i o n of quantum m e c h a n i c a l c o n s i d e r a t i o n s . Thus, f o r 
example, the u n d e r s t a n d i n g of m o l e c u l a r v i b r a t i o n a l and r o t a t i o n a l 
energy l e v e l s t r u c t u r e l e a d s t o an u n d e r s t a n d i n g o f how Raman 
s c a t t e r i n g band a n a l y s e s a r e r e l a t e d t o the d e t e r m i n a t i o n of 
m o l e c u l a r v i b r a t i o n a l and r o t a t i o n a l " p o p u l a t i o n " temperatures, 
i . e . , t o the d e t e r m i n a t i o n of w e l l - d e f i n e d gas temperatures even 
i n t h e absence of e q u i l i b r i u m between m o l e c u l a r i n t e r n a l modes 
and t r a n s l a t i o n . (However, e q u i l i b r i u m w i t h i n each i n t e r n a l mode 
i s n e c e s s a r y i n o r d e r t o a s c r i b e a m e a n i n g f u l p o p u l a t i o n tempera
t u r e t o t h a t mode.) 
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T a b l e IV: O r d e r i n g of P r e d i c t i v e Needs f o r Combustion 
M o d e l i n g w i t h Measurement C a p a b i l i t i e s ( I n I n c r e a s i n g 

E x p e r i m e n t a l D i f f i c u l t y ) . 
a* — 

Here, In s t a n t a n e o u s V a l u e X = Mean V a l u e X + F l u c t u a t i o n V a l u e X T; 
LV denotes l a s e r v e l o c i m e t r y ; RS, Raman s c a t t e r i n g , RayS, Ray-
l e i g h s c a t t e r i n g ; and pdf, p r o b a b i l i t y d e n s i t y f u n c t i o n . 

Flow F i e l d Q u a n t i t i e s 
Average Momentum F l u x 

Average V e l o c i t y 

T u r b u l e n t I n t e n s i t y 

Shear S t r e s s 

F l u c t u a t i o n Mass F l u x 

pu 

<u f 2> 

<u fv'> 

<p fu f> 

Measurement Techniques 
P i t o t Tube 

LV 

LV 

LV + RS o r RayS 

Combustion F i e l d 
Q u a n t i t i e s 

Temperature ΐ 
and Major S p e c i e s 
Mass F r a c t i o n s M^ 

D e n s i t y 

Mean and 
£ar^.ance of 

RS; RayS f o r ΐ 

¥ 
pdf f o r T, K± RS; RayS f o r Ϋ 

[Thermocouples (mean)] 

[Gas Sampling (mean)] 

[Absorp./Emission 
S p e c t r o s c o p y (not 3-
d i m e n s i o n a l ) ] 

ρ RayS, knowing c o m p o s i t i o n 
and c r o s s s e c t i o n s ; RS 
u s i n g ΣΜ ±, o r Τ w i t h 
f a s t chem. and i d e a l 
gas law 
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A d d i t i o n a l p r o p e r t i e s of Raman s c a t t e r i n g r e l a t e d t o i t s 
fundamental c h a r a c t e r t h a t a r e of s i g n i f i c a n t importance t o i t s 
use i n flame d i a g n o s t i c s i n c l u d e a l i n e a r , s p e c i e s - s p e c i f i c de
pendence on m o l e c u l a r number d e n s i t y , independent o f o t h e r spe
c i e s p r e s e n t (of c r i t i c a l importance f o r d e n s i t y measurements); 
n o n p e r t u r b i n g n a t u r e f o r i n c i d e n t l a s e r beam i n t e n s i t i e s s u f f i 
c i e n t l y s t r o n g t o produce u s e f u l combustion measurements; s e n s i 
t i v i t y t o a wide range of m o l e c u l a r s p e c i e s , i n c l u d i n g homo-
n u c l e a r m o l e c u l e s ( s u c h as Ν and 0£) t h a t a r e important f o r 
flame d i a g n o s t i c s and which do not possess i n f r a r e d s p e c t r a ; and, 
as was mentioned i n t h e I n t r o d u c t i o n , e f f e c t i v e l y i n s t a n t a n e o u s 
time response ( l i m i t e d o n l y by the i n c i d e n t l a s e r p u l s e w i d t h , 
o f t e n i n the microsecond range, but a c h i e v a b l e i n the nanosecond 
range or l e s s ) , e x c e l l e n t t h r e e - d i m e n s i o n a l s p a t i a l résolutio^ 
(demonstrated t o l e s s tha
r a n g e ) , and remote, i n
p r o p e r t i e s a r e , one must keep c l e a r l y i n mind t h a t the spontaneous 
Raman e f f e c t i s weak, and t h a t i t s use i s t h e r e f o r e l i m i t e d t o 
measurements on major and i n t e r m e d i a t e d e n s i t y flame s p e c i e s . 
Some p e r s p e c t i v e on the r e l a t i v e s t r e n g t h of Raman p r o c e s s e s 
compared w i t h more f a m i l i a r s c a t t e r i n g e f f e c t s can be gai n e d from 
i n s p e c t i o n of Ta b l e V. That t h i s i n h e r e n t weakness can be o v e r 
come by c u r r e n t e x p e r i m e n t a l methods can be seen by r e f e r e n c e t o 
Ta b l e I I , which suggests the main d i a g n o s t i c a p p l i c a t i o n s of 
thes e p r o c e s s e s and the p r e s e n t degree of accomplishment. 

In F i g . 2 we see a schematic of the p r i m a r y m o l e c u l a r s c a t 
t e r i n g p r o c e s s e s p r e s e n t when a l a s e r beam impinges upon n i t r o g e n 
t e s t gas. The pure v i b r a t i o n a l Raman s c a t t e r i n g i s s h i f t e d from 
the i n c i d e n t l a s e r l i n e (and t h e r e f o r e , from the R a y l e i g h s c a t t e r 
i n g and from the c e n t e r of th e pure r o t a t i o n a l Raman spectrum, 
shown here as an envelope of i n d i v i d u a l l i n e s ) by 2331 cm f o r 
n i t r o g e n . These sharp bands, termed Q-branches t o d e s i g n a t e no 
change of r o t a t i o n a l quantum number, correspond t o Δν = +1, where 
ν i s the v i b r a t i o n a l quantum number (Stokes band), and t o Δν = -1 
( a n t i - S t o k e s band). S i n c e t h e Stokes bands a r i s e from 'lower" 
v i b r a t i o n a l energy l e v e l s , w h i l e the a n t i - S t o k e s bands a r i s e from 
"upper" l e v e l s , t h e r a t i o o f these i n t e n s i t i e s can be a s e n s i t i v e 
i n d i c a t o r of temperature (1-5.) · T h i s can be seen i n F i g . 2 from 
t h e i r c o r r e s p o n d i n g i n t e n s i t i e s a t d i f f e r e n t temperatures. I n 
a d d i t i o n , t h e d e t a i l e d c o n t o u r s of th e s e bands, shown a t h i g h e r 
r e s o l u t i o n i n the i n s e t diagrams i n F i g . 2, present f u r t h e r oppor
t u n i t i e s f o r temperature d e t e r m i n a t i o n . Here, t h e s u c c e s s i v e 
peaks i n the 1500 Κ Stokes p r o f i l e correspond t o s u c c e s s i v e bands 
- the ground s t a t e band (ν = 0 ν = 1) and t h e upper s t a t e bands 
(v = l - > v = 2 , v = 2 - * v = 3, . . . ) , A s i m i l a r p r o f i l e e x i s t s on 
the a n t i - S t o k e s s i d e . Thus, temperature can be determined from 
contour f i t s , u s i n g a sp e c t r o m e t e r , r a t i o s of contour peak h e i g h t 
i n t e n s i t i e s u s i n g a spe c t r o m e t e r , p o l y c h r o m a t o r , o r s p e c t r a l 
f i l t e r s , e t c . (20) 

In a s i m i l a r f a s h i o n , pure r o t a t i o n a l Raman s c a t t e r i n g can 
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T a b l e V: T y p i c a l C r o s s S e c t i o n V a l u e s f o r S c a t t e r i n g P r o c e s s e s 

D i f f e r e n t i a l 
S c a t t e r i n g P r o c e s s C r o s

P a r t i c l e S c a t t e r i n g (Mie) - 10 ym diam. 10 7 

-13 
P a r t i c l e S c a t t e r i n g (Mie) - 0.1 ym diam. 10 

—13 —18 
Atomic F l u o r e s c e n c e - S t r o n g , V i s i b l e 10 - 10 

-19 -24 
M o l e c u l a r F l u o r e s c e n c e - Simple M o l e c u l e s 10 - 10 

-27 
R a y l e i g h S c a t t e r i n g - N 2 (488 nm) 10 

-29 
R o t a t i o n a l Raman S c a t t e r i n g - N~ ( A l l L i n e s , 10 

488 nm) 
-31 

- N 2 ( S t r o n g L i n e , 6 χ 10 
I n c l u d i n g F r a c t i o n a l 
P o p u l a t i o n F a c t o r , 
488 nm) 

-31 
V i b r a t i o n a l Raman S c a t t e r i n g - N 2 (Stokes Q-Branch, 5. χ 10 

488 nm) 
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FOCUSSING 
LENS 

INCIDENT 
LASER BEAIVHI 

Figure 1. Geometry for typical Raman-scattering measurement 

LOG 

L L J —ι 1—1- J — ι — H L _ L I 
2400 2200 400 0 400 2200 2400 

RAMAN SHIFT (cm-1) 

WAVELENGTH 
Figure 2. Raman and Rayleigh scattering from N2 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 N2 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'1 (~ 0.18 nm) FWHM. 
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be used as a s e n s i t i v e temperature i n d i c a t o r (20) w i t h the advan
tage of s t r o n g e r s i g n a l i n t e n s i t i e s (See T a b l e V ) , but w i t h the 
d i s a d v a n t a g e t h a t the s p e c t r a l s i g n a t u r e s of many of the impor
t a n t flame m o l e c u l e s a l l f a l l i n the same g e n e r a l s p e c t r a l r e g i o n , 
thus c o m p l i c a t i n g b o t h d e n s i t y and temperature d e t e r m i n a t i o n s . 
However, c a r e f u l a p p l i c a t i o n of t h i s t e c h n i q u e has r e s u l t e d i n 
s i g n i f i c a n t a p p l i c a t i o n s t o flame a n a l y s e s (21,22) . 

Recent R e s u l t s f o r pdf Data 

F o l l o w i n g t h e d i s c u s s i o n i n the I n t r o d u c t i o n of the v a r i o u s 
p o s s i b l e approaches to flame measurements - b o t h from the p o i n t s 
of v i e w of the needs of combustion modelers as w e l l as from t h e 
c a p a b i l i t i e s of flame s p e c t r o s c o p i s t s - we d e s c r i b e here one such 
avenue of r e s e a r c h . I
p e r - p u l s e l a s e r source
i t y d e n s i t y f u n c t i o n s (where each datum t h a t c o n t r i b u t e s t o the 
pdf i s a s t a t i s t i c a l l y - i n d e p e n d e n t measurement r e s u l t i n g from a 
s i n g l e l a s e r pulse)°f the most important s t a t e v a r i a b l e s , v i z . , 
temperature, and major flame s p e c i e s d e n s i t i e s . These d a t a a r e 
combined w i t h concommitant measurements of f l o w v o l o c i t y u s i n g 
l a s e r v o l o c i m e t r y apparatus t o form n e a r - s i m u l t a n e o u s d a t a s e t s 
or c o r r e l a t i o n s of s i g n i f i c a n t p a i r s of v a r i a b l e s . They a r e of 
prime importance i n c o n t r i b u t i n g t o t h e u n d e r s t a n d i n g of b o t h the 
f l u i d mechanic and flame c h e m i s t r y p o r t i o n s of combustion systems, 
s i n c e t u r b u l e n t f l u c t u a t i o n s can occur over v e r y s m a l l s p a t i a l 
s c a l e s and over s h o r t time d u r a t i o n s , and s i n c e c h e m i c a l r e a c 
t i o n s a r e s t r o n g l y dependent upon the i n s t a n t a n e o u s v a l u e s of 
temperature as w e l l as v a r i o u s s p e c i e s d e n s i t i e s . 

The o v e r a l l c o m b u s t o r / o p t i c a l l a y o u t i s shown i n F i g . 3, 
which i l l u s t r a t e s temperature measurement by the S t o k e s / a n t i -
Stokes method. T y p i c a l r e s u l t s f o r temperature p d f T s a t f o u r 
r a d i a l p o s i t i o n s (2_9J)- near t h e c e n t e r l i n e t o near the flame 
boundary - and a t an a x i a l d i s t a n c e 50 f u e l - t i p d i a m e t e r s down
stream of t h e f u e l l i n e t i p a r e shown i n F i g . 4. The shaded p a r t s 
of the pdf c o n t o u r s (from 300 t o 800°K), which i n c r e a s e i n area 
near t h e flame boundary, c o r r e s p o n d s u b s t a n t i a l l y to s c a t t e r i n g 
from ambient temperature a i r , and t h e r e f o r e p r o v i d e a measure of 
f l o w i n t e r m i t t e n c y . The upper l i m i t of t hese b i n s was chosen t o 
be 800°K because the a c c u r a c y p o s s i b l e f o r the S t o k e s / a n t i - S t o k e s 
temperature measurement method degrades r a p i d l y a t temperatures 
below r o u g h l y t h a t v a l u e (2>Z) · Thus, t r e a t i n g the f l u c t u a t i o n 
temperature data f o r Τ < 800 ΘΚ i n any g r e a t e r d e t a i l was un
warranted. 

The d a t a shown i n F i g . 4 g i v e an e s t i m a t e of t h e s p a t i a l 
v a r i a t i o n of the temperature p d f ' s , and t h e r e f o r e of the average 
v a l u e and of h i g h e r moments, but not of i n s t a n t a n e o u s v a l u e s of 
the g r a d i e n t s . Data a c q u i r e d s i m u l t a n e o u s l y i n space (as w e l l as 
i n time) i s r e q u i r e d f o r t h e determination of i n s t a n t a n e o u s 
g r a d i e n t s ; i n f o r m a t i o n y i e l d i n g such r e s u l t s has been o b t a i n e d by 
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PROBABILITY DENSITY FUNCTIONS 
(HISTOGRAMS) FOR TEMPERATURE 
AT POSITIONS: II: 

SCATT. 
INTEN. 

TEMPERATURE 

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 N2 concentration were made also with this 
apparatus, based on the integrated Stokes vibrational Q-branch intensities. These signals 

were related to N2 gas densities by calibration against ambient air signals. 
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X = 134 mm 
= 50D 

300 800 1600 2400 
T E M P E R A T U R E Τ ( ° K ) 

Figure 4. Probability density junctions of temperature for H2-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 r on the scale at the RHS. 

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



220 LASER PROBES FOR COMBUSTION CHEMISTRY 

H a r t l e y (9) and B r i d o u x et a l (10,11). Time-averaged d a t a demon
s t r a t i n g t h e f e a s i b i l i t y of i n s t a n t a n e o u s g r a d i e n t d a t a a c q u i s i 
t i o n have a l s o been p r e s e n t e d by B l a c k and Chang (2 3 ) . A t the 
same a x i a l p o s i t i o n as t h a t c o r r e s p o n d i n g t o F i g . 4, we show i n 
£ig. 5 the jo^.nt pdf f o r i n s t a n t a n e o u s ^ u e s of temperature 
Τ χ v e l o c i t y u, i . e . , the c o r r e l a t i o n <T»u>. F u r t h e r d e t a i l s of 
the l a t t e r measurement a r e p r e s e n t e d i n Ref. 4_. 

A l s o d e s c r i b e d i n Ref. 4 i s a new o p t i c a l l a y o u t f o r LV da t a 
a c q u i s i t i o n which p e r m i t s a s i g n i f i c a n t i n c r e a s e i n the o v e r l a p 
between the Raman and LV probe t e s t volumes. The worth of t h e 
v a r i o u s c o r r e l a t i o n s of d e n s i t y and temperature w i t h v e l o c i t y i s 
c r i t i c a l l y dependent upon the a c c u r a c y of t h i s o v e r l a p a t a l l 
flame measurement p o s i t i o n s . Thus, one must e i t h e r l o c k the 
Raman and LV probes t o g e t h e r i n a p r e c i s e but movable f a s h i o n -
a r a t h e r d i f f i c u l t procedur
'bench s c a l e " l a b o r a t o r
We have chosen the l a t t e r approach, and show i n F i g . 6 a s k e t c h 
of a movable f a n - i n d u c e d c o - f l o w i n g t u r b u l e n t j e t combustion 
t u n n e l . The working s e c t i o n i s a 15 cm χ 15 cm square p i p e w i t h 
l a r g e g l a s s windows g i v i n g c l e a r o p t i c a l a c c e s s t o the t u r b u l e n t 
d i f f u s i o n flame produced on a 3-mm-diameter f u e l tube. 

The a c c u r a c y of the temperature pdf d a t a o b t a i n e d w i t h t h e 
Raman S t o k e s / a n t i - S t o k e s t e c h n i q u e has been asse s s e d by t e s t s 
made on a known and w e l l - c a l i b r a t e d l a m i n a r premixed flame s o u r c e , 
v i z . , a porous p l u g burner ( 2 0 ) . These d a t a , which were checked 
by a n a l y t i c a l c a l c u l a t i o n s based upon the o p t i c a l and e l e c t r o n i c 
p r o p e r t i e s of our d e t e c t i o n system, showed a r o u g h l y 5-7% 
sta n d a r d d e v i a t i o n , which has been c o n s i d e r e d a c c e p t a b l e f o r 
p r e s e n t measurement purposes (2,7) · However, a d d i t i o n a l problems, 
not c o n s i d e r e d i n t h i s t ype of t e s t , can e x i s t . For example: 
Does our t u r b u l e n t flame t e s t volume (an approximate c y l i n d e r , 
0.7 mm h i g h , w i t h a volume l e s s than 0.1 mm ) correspond e s s e n 
t i a l l y t o i s o t h e r m a l c o n d i t i o n s a t a l l times? Are t h e flame 
gases i n t h e t e s t volume a t c h e m i c a l e q u i l i b r i u m ? Are assumptions 
such as Lewis number Le ( r a t i o of th e r m a l d i f f u s i v i t y t o mass 
d i f f u s i v i t y ) e q u a l t o one v a l i d i n modeling t h e flame gases? And 
so f o r t h . 

I n o r d e r t o probe some o f th e s e q u e s t i o n s - an e s s e n t i a l 
endeavor i n f o r m i n g a c l e a r i n t e r p r e t a t i o n of our r e s u l t s - we 
w i s h t o compare our e x p e r i m e n t a l l y - d e t e r m i n e d d a t a w i t h p r e d i c 
t i o n s from a si m p l e model. The e x p e r i m e n t a l d a t a a v a i l a b l e (See 
F i g . 3) a r e i n s t a n t a n e o u s v a l u e s o f flame temperature from the N 2 

S t o k e s / a n t i - S t o k e s i n t e n s i t y r a t i o ( p l o t t e d as hi s t o g r a m s i n F i g , 
4) and s i m u l t a n e o u s l y - o b t a i n e d v a l u e s of N 9 d e n s i t y (determined 
from t h e a b s o l u t e v a l u e of the N« Stokes i n t e n s i t y 
c a l i b r a t e d a g a i n s t the v a l u e o b t a i n e d f o r N 2 i n ambient a i r ) . 
A c c o r d i n g l y , we have produced "comparison" p l o t s u s i n g t h e f o l 
l o w i n g scheme ( 2 4 ) : I f we c a l c u l a t e flame gas d e n s i t y and tem
p e r a t u r e as a f u n c t i o n of flame s t o i c h i o m e t r y ( i . e . , as a f u n c 
t i o n of the f u e l / a i r e q u i v a l e n c e r a t i o φ; see F i g . 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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Y- AND Z-TRANSLATIONS +Y 

CONVERGING INLET 
SECTION WITH LV 

SEEDER 

FAN INDUCED COMBUSTION TUNNEL 
SKETCH WITH MOVABLE TEST SECTION 

FULLY INSERTED IN X-DIRECTION 

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. 

ι 1 1 1 1 1 1 1 1 Γ 

ψ FUEL/AIR EQUIVALENCE RATIO 

Figure 7. Plots of major flame species and temperature for H2-air flame as a func
tion of flame stoichiometry (i.e., fuel-air equivalence ratio φ) for adiabatic condi

tions 
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c r o s s - p l o t t h e d e n s i t y v s . temperature f o r any p a r t i c u l a r s p e c i e s , 
w i t h φ as a parameter a l o n g t h e c u r v e . T h i s i s shown f o r n i t r o g e n 
i n F i g . 8, where the s o l i d c u r v e corresponds t o c a l c u l a t e d v a l u e s 
of n i t r o g e n c o n c e n t r a t i o n p l o t t e d as a f u n c t i o n of the flame tem
p e r a t u r e f o r the assumptions suggested i n t h e p r e c e e d i n g paragraph, 
i . e . , i s o t h e r m a l t e s t volume, a d i a b a t i c flame c o n d i t i o n s w i t h 
c h e m i c a l e q u i l i b r i u m , Le = 1, e t c . Here, the upper branch of 
the curve ( i . e . , t h a t p a r t of t h e curve c o r r e s p o n d i n g t o v a l u e s of 

c o n c e n t r a t i o n g r e a t e r than t h a t f o r φ = 1 - t h e s t o i c h i o m e t r i c 
p o i n t ) corresponds t o f u e l - l e a n c o n d i t i o n s , and t h e lower branch 
to f u e l - r i c h c o n d i t i o n s . Thus, any e x p e r i m e n t a l datum f o r n i t r o 
gen c o n c e n t r a t i o n and temperature (shown as a box symbol i n F i g . 
8) s h o u l d , t o a degree a c c o r d i n g t o i t s s a t i s f a c t i o n o f t h e i d e a l 
assumptions, f a l l a l o n g or nearby t h e t h e o r e t i c a l c u rve - i . e . , 
c o r r e s p o n d , t o w i t h i n t h
r a c y , t o some v a l u e of
r e t i c a l c u r v e then i n d i c a t e e i t h e r spread i n t h e e x p e r i m e n t a l d a t a 
- caused by random o r s y s t e m a t i c e r r o r s - o r a f a i l u r e i n our 
s i m p l e a d i a b a t i c model t o account f o r t h e observed d a t a . 

The d a t a p l o t t e d i n F i g . 8 were taken near the flame bound
a r y , 50 f u e l - t i p d i a m e t e r s downstream, w i t h no o p t i c a l background 
c o r r e c t i o n s made t o the v i b r a t i o n a l Raman raw d a t a . W i t h such 
c o r r e c t i o n s , t h e d a t a appear as i n F i g . 9. ( I t i s th e s e d a t a that 
a r e p l o t t e d i n F i g . 4 i n t h e top h i s t o g r a m , c o r r e s p o n d i n g t o r = 
14.5 mm.) S i m i l a r l y , F i g s . 10 and 11 show da t a t a k e n near the 
flame a x i s ; t h e d a t a i n F i g . 11 appear i n F i g . 4 i n t h e bottom 
h i s t o g r a m , c o r r e s p o n d i n g t o r = 1 mm. What do we l e a r n from 
these p l o t s ? 

F i r s t l y , t h e rough agreement of t h e coneentrâtion-vs-
temperature d a t a w i t h a d i a b a t i c c a l c u l a t i o n s i m p l i e s t h a t g r o s s 
e r r o r s a r e u n l i k e l y i n t h e Raman d a t a a c q u i s i t i o n , and t h a t the 
b a s i c a n a l y t i c a l and e x p e r i m e n t a l assumptions a r e r e a s o n a b l e . 
S e c o n d l y , the s c a t t e r of t h e d a t a i n th e s e p r e l i m i n a r y runs 
appears t o exceed t h a t expected from the photon s t a t i s t i c s , and 
i n d i c a t e s , most l i k e l y , t h a t g r e a t e r c o n t r o l o ver e x p e r i m e n t a l 
" c a l i b r a t i o n " parameters ( s u c h as ambient a i r N~ Stokes s i g n a l s ) 
i s r e q u i r e d , as a r e g r e a t e r amounts of d a t a t o d e f i n e b e t t e r t h e 
e x p e r i m e n t a l r e s u l t s . Furthermore, i n s p e c t i o n of th e s e p a i r s of 
cur v e s does not per m i t one t o d e c i d e c l e a r l y between t h e p r o 
cedures of u t i l i z i n g o r not u t i l i z i n g background r a d i a t i o n 
c o r r e c t i o n s ( t h e c l e a r measurement of which i s d i f f i c u l t ) ; a l t e r 
n a t e l y , one can i n t e r p r e t t h i s r e s u l t a s a rough i n d i c a t i o n t h a t 
p r e c i s e o p t i c a l background measurements a r e not i n o r d i n a t e l y 
c r i t i c a l t o t h e i n t e r p r e t a t i o n of t h e d a t a . 

F i n a l l y , we note what may t u r n out t o be a s i g n i f i c a n t de
p a r t u r e i n the f u e l - r i c h d a t a . I n F i g s . 10 and 11, t h e con
c e n t r a t i o n s appear t o d e v i a t e from the t h e o r e t i c a l c u r v e i n c r e a s 
i n g l y as φ i n c r e a s e s . No d e t a i l e d e x p l a n a t i o n f o r t h i s b e h a v i o r 
has emerged y e t , but p o s s i b l e d e p a r t u r e o f Le from u n i t y f o r 
a H ^ - r i c h flame may l e a d t o a n e x p l a n a t i o n i n terms of "non-
i d e a l " b e h a v i o r of mass and heat t r a n s p o r t . 
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Figure 8. Nitrogen concentration vs. temperature, determined from Raman data 
at position shown in H2-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 (φ = 1) is shown 
on this curve as a fllled-in circle. These Raman data were not corrected for optical 

background at the Raman spectral band position. 
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Figure 9. Nitrogen concentration vs. temperature, determined from Raman data 
at position shown in H2-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 H2-air turbulent diffusion flame. These Raman data were 

not corrected for optical background at the Raman spectral band position. 
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Figure 11. Nitrogen concentration vs. temperature, determined from Raman data 
at position shown in H2-air turbulent diffusion flame. These data were corrected 

approximately for optical background at the Raman spectral band position. 
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The emphasis i n t h i s work has been on the a c q u i s i t i o n o f 
s i m u l t a n e o u s l y - o b t a i n e d i n s t a n t a n e o u s v a l u e s of temperature and 
c o n c e n t r a t i o n , w i t h as h i g h a s p a t i a l r e s o l u t i o n as p r a c t i c a l 
f o r such experiments. The temporal and s p a t i a l r e s o l u t i o n r e 
quirements r e s u l t from the n e c e s s i t y t o probe w i t h i n ( i f a t a l l 
p o s s i b l e ) c h a r a c t e r i s t i c t u r b u l e n c e time and l e n g t h s c a l e s . The 
ac c u r a c y of our experiments (which, i n any case, u t i m a t e l y depends 
upon a t r a d e - o f f w i t h r e s o l u t i o n (_1)), i s c o n s i d e r e d t o be ade
quate t o a c h i e v e t h e d i a g n o s t i c g o a l o f p r o v i d i n g d a t a of v a l u e t o 
flame modelers; t h i s can be seen by comparison of the f l u c t u a t i o n 
temperature measurement u n c e r t a i n t y ( c h a r a c t e r i z e d by a 5-7% 
stan d a r d d e v i a t i o n ) w i t h the broad temperature spread of the 
measured p d f T s ( e x t e n d i n g , i n F i g . 4, from v a l u e s near ambient 
temperature t o v a l u e s i n t h e v i c i n i t y o f the a d i a b a t i c flame tem
p e r a t u r e ) . 

C o n c l u s i o n 

Time- and s p a c e - r e s o l v e d f l u c t u a t i o n d a t a f o r flame gas tem
p e r a t u r e and major s p e c i e s d e n s i t i e s have been o b t a i n e d from Raman 
s c a t t e r i n g and from s t r o n g e r i n e l a s t i c s c a t t e r i n g p r o c e s s e s . When 
combined w i t h i n f o r m a t i o n about v e l o c i t y from l a s e r v e l o c i m e t r y , 
t h e s e d a t a and t h e i r c o r r e l a t i o n s p r o v i d e key new i n f o r m a t i o n f o r 
f l o w f i e l d and combustion f i e l d m o deling. 
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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 determination 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 N2, O2 and H2. For pure rotational Raman scattering 
the factors considered are intensity corrections for centrifugal distortion 
(foo) and for rotational scattering from vibrationally excited molecules 
(η). 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 N 2 , 
O2, and H2 has been used to determine temperatures in premixed 
laboratory flames (1,2). Temperatures based upon rotational Raman 
scattering from N2 and O2 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 o f r o t a t i o n a l and v i b r a t i o n a l R a m a n intensit ies is 
discussed i n d e t a i l elsewhere (e.g., R e f e r e n c e s 1-6). R e l a t i v e r o t a t i o n a l 
R a m a n intensit ies are proport ional to R a m a n l ine strength f a c t o r s (S1). 
F o r r i g i d r o t a t o r , harmonic osci l lator d i a t o m i c molecules 
S ' (J . fJ f ) = 3(^+1)^+2)7(2(2^+3)) where J is a r o t a t i o n a l quantum 
number . However , r e a l molecules are not r i g i d rotators and S 1 must be 
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multipl ied by a c o r r e c t i o n factor f to account for c e n t r i f u g a l -
d is tort ion . Prom J a m e s and Klemperer^9) 

f ( J ) o o = [ l + ( V x ) ( B e . ^ e ) 2 ( J 2 + 3 J + 3 ) ] 2 

where χ - ( α „ - α χ ) e / { r e [3 ( a / r - a ^ / S r ] ^ 

E x p e r i m e n t a l l y determined values o f X for Η (0.38+0.01), Ν 2 ( 0 . 4 5 + 0 . 0 9 ) , 
and 0 2(0.23+0.07) have r e c e n t l y been reported (8) and are used here to 
c a l c u l a t e f ^ values for H 2 and N 2 shown i n Figure 1. The f ^ values for 
N 2 (and 0 2 ) are s m a l l but are much larger for H 2 because Β / ω ^ is 
about an order o f magnitude larger for Η 2 · The inclusion o f % h e e f 
f a c t o r lowers temperatures c a l c u l a t e d from N 2 r o t a t i o n a l spectra by 1% 
and temperature c a l c u l a t e d from H ? r o t a t i o n a l spectra by 7% for 
temperatures near 2000Κ
values o f f for H 2 transit ion
this f i r s t order l inestrength c o r r e c t i o n f a c t o r is suf f ic ient ly a c c u r a t e for 
quant i tat ive intensity analysis . F u r t h e r experiments are in progress to 
elucidate this p o t e n t i a l l i m i t a t i o n o f H 2 r o t a t i o n a l R a m a n intensi ty 
analysis . 

T e m p e r a t u r e s measured from N 2 (and 0 2 ) r o t a t i o n a l R a m a n 
s p e c t r a are considerably more precise than those from H 2 because o f the 
l a r g e r , more uncertain f c o r r e c t i o n for H 2 and because many fewer 
l ines are measured with 8°.. However , when e x c i t e d v i b r a t i o n a l states 
are suf f ic ient ly populated ( T ^ I O O O K for N 2 or 0 2 ) , an addi t ional 
c o r r e c t i o n f a c t o r η is needed to c o r r e c t measured r o t a t i o n a l R a m a n 
peak intensit ies for the contr ibut ion from pure r o t a t i o n a l R a m a n s c a t 
ter ing from molecules i n vibrat ional ly e x c i t e d states . This c o r r e c t i o n is 
necessary because transit ions involving given r o t a t i o n a l l e v e l s in 
di f ferent v i b r a t i o n a l leve ls over lap to a substant ia l degree at low J but 
are displaced at high J . The displacement δ ν is easi ly determined from 
known molecular energy levels from 

6 v = 4 ( J l o w e r - 3 / 2 ) V 

where ote is the usual spectroscopic r o t a t i o n a l v ibrat ion i n t e r a c t i o n 
constant . A l though the e f f e c t o f the vibrat ional ly exc i ted molecules (η 
correction) is i m p o r t a n t for and 0 2 , i t is not required for H 2 s p e c t r a l 
analysis since <*e for H 2 is suf f ic ient ly large that r o t a t i o n a l transit ions 
i n d i f ferent v i b r a t i o n a l l e v e l s are easily resolved by convent ional s p e c -
t r o m e t e r s . Since the η c o r r e c t i o n f a c t o r for N 2 and 0 2 is a strong 
funct ion o f temperature (vibrational population) and o f spectrometer 
resolution (experimental s l i t function) , i t introduces addi t ional c o m p l e x 
i t ies and uncertaint ies into N 2 and 0 2 r o t a t i o n a l temperature 
ca lculat ions . The η correct ions raises c o m p u t e d temperatures over 
ca lculat ions which neglect i t - by 8 % for Ν r o t a t i o n a l s p e c t r a at 2000 Κ 
for tr iangular s p e c t r o m e t e r s l i t widths o f 2.6 c m " f w h m . 

The e f f e c t o f the η c o r r e c t i o n is demonstrated i n Figure 2 i n 
which an analysis o f exper imenta l ly measured r o t a t i o n a l R a m a n i n t e n 
s i t ies from 0 2 i n a H 2 ~ 0 2 P r e m i x e < 3 f lame is presented. The c a l c u l a t e d 
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500 1000 1500 2000 2500 
Fo(Ji)/B0 

Figure 2. Temperature-analysis plot for rotational Raman scattering from Og in 
an Hg-Ot premixed flame. The experimental spectrum is in Figure 5 of Réf. 1. 
All data are corrected for centrifugal distortion: ( ), analysis without consid
eration of rotational transitions from vibrationally excited 02 molecules (η correc
tion); ( ), results from the more accurate analysis including the η correction. 
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t e m p e r a t u r e is 1988K without the Π c o r r e c t i o n and 2162K with the η 
c o r r e c t i o n . N o t withstanding the scat ter i n the d a t a f the f i t is c l e a r l y 
better using the n c o r r e c t i o n . 

V i b r a t i o n a l R a m a n S c a t t e r i n g 

V i b r a t i o n a l R a m a n s c a t t e r i n g from d i a t o m i c molecules is d o m i n 
ated by Q ( A j = 0 ) branch transit ions although weaker 0 ( A j = - 2 ) and 
S( ÀJ=+2) side branches do o c c u r . The Q branch l i n e strength [S ' f rJ . fJJ* 
α o (2J+l)+J(J+l)(J+2)/(2(2J-l)(2J+3) ] includes an isotropic p a r t (the α 
term) and a smal ler anisotropic contr ibut ion . V i b r a t i o n a l R a m a n band 
prof i les for N 2 and H 2 t h a t were c a l c u l a t e d previously i n order t o 
determine f l a m e temperatures inc luded only the isotropic part o f the Q 
branch (see, for example , R e f e r e n c e s 5 and 6). Here a d d i t i o n a l f a c t o r s 
o f 0 - and S -branch s c a t t e r i n g
v i b r a t i o n a l - r o t a t i o n a l i n t e r a c t i o
been i n c l u d e d . F igure 3 shows the e f f e c t o f these factors on N 2 

v i b r a t i o n a l R a m a n s p e c t r a a t 2 0 0 0 Κ . In the Q branch region the two 
curves are very s imi lar but depart measurably for the high v i b r a t i o n a l 
l e v e l transit ions . The t e m p e r a t u r e errors which would result from not 
inc luding the factors discussed i n this paper for N 2 at 2000 Κ would e q u a l 
zero for temperatures determined from Stokes-antiStokes intensi ty 
rat ios , <5K for temperatures determined from Stokés intensity rat ios 
for ν = 1-* 2 and ν = 0 ->1, and < 20Κ for temperatures d e t e r m i n e d from a 
complete Stokes v i b r a t i o n a l band profi le f i t . Thus these c o r r e c t i o n 
factors have l i t t l e e f f e c t on temperatures determined from N 2 or 0 2 

v i b r a t i o n a l R a m a n s p e c t r a . 

H o w e v e r , those same c o r r e c t i o n factors are i m p o r t a n t i n H 2 

v i b r a t i o n a l R a m a n intensi ty analyses p r i m a r i l y because o f the l a r g e 
values o f f ( H J given i n F i g u r e 1. F o r a Stokes v i b r a t i o n a l R a m a n 
spectrum OF H 2 at 2000K the c a l c u l a t e d t e m p e r a t u r e would be 1935K i f 
only the i sotropic part o f the Q branch were inc luded and 1989 Κ i f the 
l ine strength c o r r e c t i o n f a c t o r f Q l were added. 

S u m m a r y 

T e m p e r a t u r e correct ions arising from higher orders e f fects i n 
R a m a n intensi ty analysis are sum marized i n Table 1. A t 30OK a l l o f the 
correct ions are negligible but at e levated temperatures the ef fects can 
be l a r g e . P a r t i c u l a r l y i m p o r t a n t for r o t a t i o n a l R a m a n s p e c t r a from N 2 

and 0 2 are correct ions ( η ) for v ibrat ional ly e x c i t e d molecules . Because 
these correct ions are strongly dependent on the spectrometer s l i t 
f u n c t i o n , t h e y are d i f f i c u l t to determine r e l i a b l y and may l i m i t the 
appl icabi l i ty o f spontaneous r o t a t i o n a l R a m a n s p e c t r a for these 
molecules to <2200K. A b o v e these temperatures v i b r a t i o n a l R a m a n 
s p e c t r a from N 2 and 0 2 probably would provide more a c c u r a t e 
temperatures . The much higher s p e c t r a l resolution avai lable using 
r o t a t i o n a l C A R S (coherent antiStokes R a m a n spectroscopy) may m a k e n 
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Q. S. +0 

S h i f t ( c m - 1 ) 

Figure 3. Calculated band profiles of Stokes vibrational Raman scattering from Ng 

at 2000 Κ assuming a triangular slit function with FWHM = 5.0 cm'1. The bottom 
curve includes the isotropic part of the Q-branch only. The top curve is a more 
exact calculation including O- and S-branch scattering, the anisotropic part of the 
Q-branch and line-strength corrections owing to centrifugal distortion. The base 

lines have been shifted vertically for clarity. 

Table I. Temperature Corrections Caused by 
Higher-Order Effects 

η f 
0,S, and 

Q.n, 

300K 2000K 300K 2000K 300K 2000K 

Rotational Raman 
N2 and 0 2 

H2 

0 
0 

+(8-10)% 
0 

r\j 0 
- 1 % 

- 1 % 
-7% 

- -
Vibrational Raman 

N2 and 0 2 

H2 - — 0 Π-Ι 0 
+3% 

0 
Oj 0 

r>uQ 

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



18. DRAKE ET AL. Vibrational-Rotational Interactions 237 

correct ions much smal ler for this technique and extend i t s useful upper 
temperature range . Temperatures from H 2 r o t a t i o n a l (or vibrational) 
R a m a n s p e c t r a may be in error because o f the large and possibly 
inadequate f (and f 1 ) correct ions , p a r t i c u l a r l y for transitions i n v o l 
ving J > 5 . ^Final ly , t e m p e r a t u r e s determined from v i b r a t i o n a l R a m a n 
spectra from ^ and 0^ are not strongly inf luenced by the f a c t o r s 
considered here ( <20K error a t T=2000K). 
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Raman scattering flam
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 
velocity) 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 <p'u'> provides key data needed for developing 
improved combustion models. 

For t h e s e experiments, a w e l l - d e f i n e d H 2«air d i f f u s i o n flame 
was produced i n a c o - f l o w i n g j e t combustor (8 ). The ax i s y m m e t r i c 
c o n f i g u r a t i o n was chosen and implemented w i t h c a r e i n o r d e r t o 
produce w e l l - d e f i n e d flame c o n d i t i o n s s u i t a b l e f o r t e s t i n g 
a n a l y t i c a l modeling concepts. The 3-mm-diameter f u e l tube was 
ce n t e r e d w i t h i n a 100-mm-diameter g l a s s p i p e t e s t s e c t i o n , ' 
t h r o u g h which a i r was d r i v e n by a f a n . A i r f l o w speeds were 
r o u g h l y 10 m/s. Using a f u e l - t o - a i r speed r a t i o o f 11:1, 0.5-m-
lo n g d i f f u s i o n flames were produced. 
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The flame gas temperature was determined u t i l i z i n g v i b r a 
t i o n a l Raman s c a t t e r i n g from n i t r o g e n . A 1J, l y s d u r a t i o n t u n a b l e 
dye l a s e r was used as t h e probe source. M u l t i p l e p h o t o m u l t i -
p l i e r s mounted i n a polychromator monitored n i t r o g e n Stokes and 
a n t i - S t o k e s Raman s i g n a l s , as w e l l as s i g n a l s from o t h e r major 
flame c o n s t i t u e n t s , v i z . , water vapor and hydrogen. The temper
a t u r e was found from the r a t i o R of n i t r o g e n v i b r a t i o n a l Stokes 
s c a t t e r e d i n t e n s i t y t o the c o r r e s p o n d i n g anti-Stok,es s i g n a l : 
R = Κ exp (Q/T), where the c o n s t a n t Κ i n c o r p o r a t e s s p e c t r o s c o p i c 
and o p t i c a l system c o n s t a n t s . The v a l u e of Κ was e x p e r i m e n t a l l y 
determined by c a l i b r a t i o n a g a i n s t a premixed l a m i n a r flame w i t h 
a known temperature produced on a porous p l u g burner. The 
c h a r a c t e r i s t i c v i b r a t i o n a l temperature Q = hca)/k = 3374°K f o r 
n i t r o g e n . Here, h i s P l a n c k ' s c o n s t a n t , c i s t h e speed of l i g h t , 
ω i s t h e v i b r a t i o n a l c o n s t a n t
i s t h e temperature i n K e l v i n

The s t a t i s t i c a l n a t u r e of t h e t u r b u l e n t flame r e q u i r e d the 
a n a l y s i s of many temperature and d e n s i t y d a t a p o i n t s from sepa
r a t e p u l s e s f o r a c c u r a t e r e s u l t s . Thus, an o v e r a l l computer 
system was used t o c o n t r o l t h e v a r i o u s components of t h e com
b u s t i o n probe a p p a r a t u s , and t o c o l l e c t and i n t e r p r e t t h e r e s u l 
t a n t d a t a i n an a c c u r a t e and t i m e l y f a s h i o n . T h i s system 
produced a b l o c k of d a t a f o r each l a s e r shot t h a t i n c l u d e d i n 
f o r m a t i o n about the Raman s i g n a l s , LV r e a d i n g s , and a n c i l l a r y 
d a t a such as an i d e n t i f y i n g shot number and c o r r e s p o n d i n g dye 
l a s e r p u l s e energy. T y p i c a l c u r r e n t o p e r a t i o n p e r m i t s about 
twenty e x p e r i m e n t a l run c o n d i t i o n s d a i l y , w i t h up t o s e v e r a l 
hundred s h o t s per r u n . 

I n F i g . 1 we show t h e system c o n t r o l f l o w c h a r t . The l a s e r 
and computer system, a f t e r r e c h a r g i n g from t h e p r e v i o u s l a s e r 
s h o t , was armed and r e a d i e d f o r a seed p a r t i c l e t o f l o w through 
the LV probe r e g i o n . E i t h e r 1 ym diameter alumina or 0.25 ym 
t i t a n i u m d i o x i d e was used t o seed t h e flame. The p a r t i c l e count 
r a t e was c o n t i n u o u s l y a d j u s t a b l e from 0.2 t o 1000 v a l i d v e l o c i t y 
measurements per second. For i n i t i a l development purposes, an 
average 0.5 s p a r t i c l e i n t e r a r r i v a i d e l a y was chosen. 

The v i r t u a l l y s i m u l t a n e o u s LV and Raman measurements do not 
m a t e r i a l l y i n t e r f e r e w i t h each o t h e r . When a p a r t i c l e e n t e r s the 
probe r e g i o n , t h e l i g h t from r e a l f r i n g e s i s M i e - s c a t t e r e d . The 
s c a t t e r e d l i g h t i n t e n s i t y appears as a s i n e wave w i t h a G a u ssian 
envelope r e p r e s e n t i n g t h e f i n i t e beam o v e r l a p r e g i o n . I n F i g . 2 
the p a r t i c l e f l i g h t time through a p r e s e t number of f r i n g e s of 
known s p a c i n g i s shown. I f the measurement meets a minimum 
ac c u r a c y c r i t e r i o n , based on comparison of p a r t i c l e f l i g h t time 
through 5 and 8 f r i n g e s , then t h a t v e l o c i t y v a l u e i s h e l d and the 
dye l a s e r source f o r Raman s c a t t e r i n g i s t r i g g e r e d . The v e l o c i -
meter i n s t r u m e n t a t i o n r e q u i r e d a minimum 4 ys d e l a y a f t e r t h e 
r e q u i r e d number of f r i n g e c r o s s i n g s t o v a l i d a t e t h e v e l o c i t y 
r e a d i n g . An a d d i t i o n a l d e l a y o c c u r s between v a l i d a t i o n and t h e 
dye l a s e r p u l s e . T h i s a d j u s t a b l e time d e l a y i s s u f f i c i e n t t o 
sweep the p a r t i c l e out o f t h e volume so t h a t t h e p a r t i c l e does 
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INITIALIZE SYSTEM. 
SAFETY INTERLOCK CHECK 

INPUT GROUP IDENTIFIER AND NUMBER 
OF SHOTS PER GROUP REQUIRED 

INITIALIZE EQUIPMENT BEFORE EACH SHOT 

ENABLE LASER VELOCIMETER TRIGGER 

FIRE RAMAN DYE LASER 

INPUT DATA, AND COMPUTE TEMPERATURE 

DATA AND TEMPERATURE PRINTED 
AND RECORDED ON CASSETTE 

OPERATOR VERIFIES DATA 

Good Data f~ 

INCREMENT SHOT COUNTERS. 
COMPUTE RUNNING STATISTICS 

FOR THIS GROUP 

Bad Data 

SOUND WARNING BELL. 
PRINT FAILURE CAUSE. 

ARBITRARY DELAY TO FIX 
ERROR CONDITION 

Bad Data 

FLAG DATA JUST ENTERED ON 
CASSETTE AS BAD DATA TO BE 
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ENTER NEW GROUP? 
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Figure 1. System control flow chart 
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not s c a t t e r t h e p u l s e d dye l a s e r l i g h t . A 10 ys d e l a y was 
a c t u a l l y used i n t h i s experiment; w i t h flame gas v e l o c i t i e s 
c o r r e s p o n d i n g t o our measurement p o s i t i o n s f o r t h i s experiment (8), 
t h i s d e l a y produced data w e l l w i t h i n t he s p a t i a l r e s o l u t i o n g o a l 
of a cube of 1 mm dimension. Note t h a t the r i g h t - a n g l e Mie 
s c a t t e r i n g of a 1 W cw argon l a s e r beam from a 1 ym p a r t i c l e i s 
not s t r o n g enought t o s i g n i f i c a n t l y a l t e r t h e background l e v e l of 
the p h o t o m u l t i p l i e r d e t e c t o r s i n t h e spectrometer f o c a 1 pla n e a t 
ot h e r than t h e p o s i t i o n s c o r r e s p o n d i n g t o 488 o r 514 nm. I f the 
seeding i s too heavy, i t i s p o s s i b l e t h a t the dye l a s e r p u l s e 
c o u l d occur d u r i n g the passage of a second seed p a r t i c l e i n the 
r e g i o n , thus c a u s i n g a non-damaging s a t u r a t i o n o f the Raman 
p h o t o m u l t i p l i e r s , the s i g n a l from which i s a u t o m a t i c a l l y r e j e c t e d 
by t h e computer. 

E l e c t r o n i c s i g n a l
c a p t u r e and h o l d t r a n s i e n
i n g p r o c e s s because the ana l o g b a s e l i n e s i g n a l was observed t o 
f l u c t u a t e w i t h ground n o i s e and temperature d r i f t . I n i n i t i a l 
e x p e r i m e n t s , p h o t o g r a p h i c r e c o r d i n g s were made of o c i l l o s c o p e 
r e c o r d s of t h e p h o t o m u l t i p l i e r a n a l o g s i g n a l s , which were then 
reduced manually. I n i t s c u r r e n t o p e r a t i o n a l form, d u a l sample-
and-hold (S/H) c i r c u i t s c a p t u r e the a n a l o g s i g n a l from each 
p h o t o m u l t i p l i e r b e f o r e and a f t e r t he nominal 1 - y s - d u r a t i o n dye 
l a s e r p u l s e . The de l a y e d S/H c a p t u r e s i t s s i g n a l an a d j u s t a b l e 
10 ys a f t e r t he dye l a s e r t r i g g e r p u l s e - l o n g enough f o r the dye 
l a s e r n o i s e t o have abated. A l l of the channels a r e a c q u i r e d i n 
p a r a l l e l but a r e sampled s e q u e n t i a l l y by the computer. 

P r o b a b i l i t y d e n s i t y f u n c t i o n s , o r h i s t o g r a m s , of t h e product 
of i n s t a n t a n e o u s temperature χ v e l o c i t y were o b t a i n e d through use 
of t h i s combustion probe system f o r a v a r i e t y of downsteam and 
r a d i a l flame t e s t p o s i t i o n s . A t y p i c a l h i s t o g r a m i s shown i n 
F i g . 3, w h i l e F i g . 4 d i s p l a y s the same dat a (as w e l l as data f o r 
a t e s t p o s i t i o n f u r t h e r downsteam) i n a " s c a t t e r g r a m 1 1 format; 
i . e . , i n a p l o t of v e l o c i t y v s . temperature. Here, each datum 
corresponds t o a s p e c i f i c s h o t , w h i l e t h e h i s t o g r a m b i n s c o r r e 
spond t o i n t e g r a t e d r e s u l t s from numbers of s h o t s . 

The d a t a p r e s e n t e d i n t h i s paper were taken on a l e s s than 
optimum b u r n e r - o p t i c a l geometry setup. The flame, Raman source 
l a s e r beam, and a n g l e b i s e c t o r of the l a s e r v e l o c i m e t e r probe 
beams were o r t h o g o n a l t o each o t h e r , p e r m i t t i n g o n l y r o u g h l y 20% 
s p a t i a l o v e r l a p between the r e g i o n s probed by the Raman and LV 
methods. Thus, t h e s t a t i s t i c a l c o r r e l a t i o n of t u r b u l e n t v e l o c i t y 
w i t h temperature c o u l d w e l l be masked by the l a r g e n o n - o v e r l a p 
r e g i o n . A d d i t i o n a l l y , s e p a r a t e c o l l e c t i o n o p t i c s caused d i f f i 
c u l t i e s i n the simultaneous alignment o f the LV and Raman probe 
r e g i o n s . These sources of e r r o r were c o r r e c t e d i n our c u r r e n t 
o p t i c a l l a y o u t geometry where the LV beams 1 b i s e c t o r i s c o l i n e a r 
w i t h t he i l l u m i n a t i n g l a s e r f o r Raman s c a t t e r i n g , a l l o w i n g f o r 
more than 90% o v e r l a p . (See F i g . 5.) A l s o , we can now l o o k a t 
the s c a t t e r e d LV l i g h t through the Raman c o l l e c t i o n o p t i c s . T h i s 
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Figure 2. LV-Raman scattering timing sequence. The LV signal, both raw and 
with conditioning and the LV validation pulse, are shown on the time scale 0-7 
μsec. The resultant laser pulse occurs after an additional adjustable delay, which 
was set for these experiments at about 10 ^ec in order to allow slow seed particles 

to escape from the test volume. 
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Figure 3. 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 4. Scattergram of temperature and velocity for same measurement position 
in the turbulent diffusion flame corresponding to Figure 3 and for a position twice 

as far downstream 
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c l e a r l y d e f i n e s t h e c y l i n d r i c a l r e g i o n s f o r t h e Raman and LV 
probes, u t i l i z i n g t he same axes and a p e r t u r e s . 

The b a s i c l i m i t a t i o n s t o the o v e r a l l a c c u r a c y o f the d a t a 
p r e s e n t e d here l i e i n t h e Raman measurement p r o c e s s - i n h e r e n t l y 
weak, but p o s s e s s i n g s u f f i c i e n t i n t e n s i t y as u t i l i z e d here t o 
produce, f o r example, o n l y 5-7% s t a n d a r d d e v i a t i o n s f o r i n s t a n 
taneous temperature d e t e r m i n a t i o n s i n a " c a l i b r a t e d ' 1 premixed 
l a m i n a r flame ( 9 ) . F u r t h e r development of t h i s l i g h t s c a t t e r 
i n g measurement t e c h n i q u e - i n c l u d i n g b e t t e r treatment o f back
ground r a d i a t i o n and o p t i c a l c a l i b r a t i o n problems, g r e a t l y i n 
c r e a s e d amounts of dat a c o n t r i b u t i n g t o p d f s and moments, and, 
when p o s s i b l e , use of f i x e d - b e d o p t i c a l probes and movable com-
b u s t o r s - w i l l l e a d t o improved a c c u r a c y , and t o i n c r e a s e d u t i l i t y 
f o r combustion modeling u s i n g t h e s e d a t a . 
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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 turbulen
tion of Raman scatterin
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. B i r c h e t a l (β) have d i s c u s s e d t h e c a l c u l a t i o n o f PDF's 
from o b s e r v a t i o n s o f s c a t t e r i n g from a c o n t i n u o u s l a s e r beam by 
the f l u c t u a t i n g flame gases. I n t h i s paper, we show t h a t u s e f u l 
i n f o r m a t i o n about a PDF d e s c r i b i n g t h e f l u c t u a t i o n s o f t h e 
i n s t a n t a n e o u s c o n c e n t r a t i o n o f a gas c o n s t i t u e n t can be o b t a i n e d 
even i n cases where an average o f o n l y one, o r a few photons a r e 
d e t e c t e d p e r r e s o l u t i o n p e r i o d . S i n c e the number o f d e t e c t e d 
photons i s p r o p o r t i o n a l t o t h e r e s o l u t i o n p e r i o d , t h e f o c u s o f 
our work i s on the l i m i t s o f time r e s o l u t i o n o f t h i s t e c h n i q u e 
f o r any s p e c i f i e d e x p e r i m e n t a l c o n f i g u r a t i o n . 

The c a l c u l a t i o n o f a PDF beg i n s w i t h e x p e r i m e n t a l d a t a i n 
the form o f a photon count d i s t r i b u t i o n F ( j ) , d e f i n e d i n Table 1 
al o n g w i t h t h e o t h e r f u n c t i o n s d i s c u s s e d here. 

The f a c t o r i a l moments d e r i v e d from t h e count d i s t r i b u t i o n 
a r e e q u a l t o t h e z e r o moments, Zm, o f t h e PDF, and s i m p l y r e l a t e d 
t o t h e moments about i t s average v a l u e , C m. (Table 1 ) . The 
moments a l o n e p r o v i d e s i g n i f i c a n t i n f o r m a t i o n about t h e concen-
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t r a t i o n f l u c t u a t i o n s . F o r example, i f t h e c o n c e n t r a t i o n i s 
c o n s t a n t , then P(x) t a k e s the form o f a d e l t a f u n c t i o n , and a l l 
the z e r o moments e q u a l u n i t y . The second c e n t r a l moment y i e l d s 
the mean square d e v i a t i o n o f t h e PDF, and a l l t h e odd c e n t r a l 
moments are z e r o i f the PDF i s symmetric about i t s average. 
Furthermore, t h e e x p e r i m e n t a l moments can be used t o c o r r e c t f o r 
moderate dead time e f f e c t s , which can be s i g n i f i c a n t when f a s t 
time r e s o l u t i o n i s r e q u i r e d . The d e t a i l s o f t h i s c o r r e c t i o n 
w i l l be p r e s e n t e d i n a subsequent paper. 

A l t h o u g h t h e s e and o t h e r c h a r a c t e r i s t i c s p r o v i d e d by t h e 
moments a r e u s e f u l , a p r i m a r y o b j e c t i v e i s t o c a l c u l a t e t he 
a c t u a l shape o f the PDF. A s t r a i g h t f o r w a r d approach i s a s t a n 
dard l e a s t mean squares (LMS) f i t (IB) o f a d j u s t a b l e parameters 
i n a t r i a l f u n c t i o n f o r t h e PDF, such as the one d e f i n e d i n 
Table 1. However, t h i
p h y s i c a l l y m e a n i n g f u l PD
d e r i v e d i n the LMS f i t t u r n out t o be n e g a t i v e . One cause o f 
n e g a t i v e c o e f f i c i e n t s i s u n a v o i d a b l e s t a t i s t i c a l f l u c t u a t i o n s i n 
the count d i s t r i b u t i o n F ( J ) , which appear as d e v i a t i o n s from the 
i d e a l d i s t r i b u t i o n t h a t would be o b t a i n e d f o r t h e a c t u a l PDF i n 
an u n l i m i t e d d a t a a c q u i s i t i o n t i m e . Another cause, which can be 
shown t o produce n e g a t i v e c o e f f i c i e n t s even f o r an i d e a l count 
d i s t r i b u t i o n , i s an in o p p o r t u n e c h o i c e o f t r i a l components x^. 
Even when a l l the A k c o e f f i c i e n t s a r e p o s i t i v e f o r two d i f f e r e n t 
c h o i c e s o f the xj^, t h e a c t u a l f i t s may show c o n s i d e r a b l y d i f f e r 
ent shapes. Thus, i f the c h o i c e o f Κ and the x^ f o r a t r i a l 
f u n c t i o n i s regarded as an i n i t i a l b i a s , even p h y s i c a l l y accep
t a b l e f i n a l f i t s a r e bias-dependent. Furthermore, a l t h o u g h 
l i n e a r o p t i m i z a t i o n r o u t i n e s (9) can p r o v i d e a LMS f i t w i t h 
c o e f f i c i e n t s c o n s t r a i n e d t o be p o s i t i v e , t h e s e r o u t i n e s a r e not 
always s u c c e s s f u l , and they a l s o are bias-dependent. 

We have found an a l t e r n a t i v e procedure which p r o v i d e s f i t s 
w i t h p o s i t i v e c o e f f i c i e n t s which show c o n s i s t e n t s t a b i l i t y w e l l 
w i t h i n u s e f u l a c c u r a c y bounds when t e s t e d over a wide range o f 
a c t u a l and s i m u l a t e d e x p e r i m e n t s . The procedure i n v o l v e s a 
l a r g e number (100-400) o f LMS f i t s o f a t r i a l f u n c t i o n o f the 
form o f Eq.(5) i n Table 1. S e v e r a l d i f f e r e n t v a l u e s o f Κ are 
used, t y p i c a l l y r a n g i n g from f o u r t o e i g h t , and the xjç are 
v a r i e d randomly o v e r a l i m i t e d range between each f i t . T y p i c a l l y 
about one q u a r t e r o f th e s e f i t s produce count d i s t r i b u t i o n s 
w i t h i n t he expected s t a t i s t i c a l f l u c t u a t i o n s o f t h e o r i g i n a l 
d a t a , and c o n t a i n no s i g n i f i c a n t n e g a t i v e c o e f f i c i e n t s . A l l o f 
the s e s u c c e s s f u l f i t s a r e combined t o produce a composite d i s t r i 
b u t i o n f o r t h e PDF which can be e x p r e s s e d , f o r example, as a 
h i s t o g r a m . The s t a b i l i t y o f t h i s type o f f i t f o r r e p e a t e d 
experiments w i t h the same PDF, and r e p e a t e d a n a l y s i s o f the same 
d a t a w i t h independent random c h o i c e s f o r the x^, suggest t h a t 
t h i s p r o c e s s , i n e f f e c t on average over b i a s , reduces i t s i n f l u 
ence t o a low l e v e l . 

The f i t t i n g procedure has been t e s t e d on computer s i m u l a t e d 
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data, time-varying signals generated by a light-emitting diode 
(LED) and Raman scattering from an oxygen j e t . The LED results 
are described here because they combine a source whose time 
variation could be v e r i f i e d d i r e c t l y , and a photomultiplier 
detector viewing l i g h t at t y p i c a l Raman scattering l e v e l s . The 
experimental arrangement used with the LED i s shown in Fig. 1. 

In operation, the stop i n the l i g h t path i s adjusted so 
that the count rate with no ND f i l t e r i s s u f f i c i e n t (about 2.5 
MHz) to provide an accurate time record of the LED source v a r i a 
tion on the oscilloscope. At lower count rates obtained using 
various ND f i l t e r s , the gated counter (Tennelec Model TC592P) i s 
used to record the number of counts detected during consecutive 
400 μsec periods. At the end of each period the counter provides 
a voltage pulse whose height i s proportional to the number of 
counts recorded during
voltages, accumulated ove
multichannel analyzer, gives the pulse count d i s t r i b u t i o n F ( J ) . 
(Periods shorter than 400 μsec were not used for t h i s demonstra
tion because the counter analog output contained transients 
which prevented r e l i a b l e 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 f i l t e r s (average 
counts per 400 \isec channel of 100 and 1, respectively). Also 
shown i n th i s figure are two t y p i c a l PDF f i t s to the l a t t e r data 
(average count per cycle = 1), compared to the PDF calculated 
from the LED signal variation displayed on the oscilloscope. 
The figure i l l u s t r a t e s that the 100 count per period count d i s 
t r i b u t i o n reproduces the shape of the PDF f a i r l y well, whereas 
the 1 count per period d i s t r i b u t i o n displays no obvious resem
blance to the PDF. However, the t y p i c a l f i t s calculated from 
two independent sets of 1 count per period data, shown i n Figs. 
(2D) and (2E), reproduce the PDF to an accuracy which approaches 
that of the 100 count per period resu l t . The unoptimized For
tran program which produced these f i t s requires approximately 20 
seconds per run 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 r e l i a b l y , though some ambiguity i s found i n the finer d e t a i l s 
at average counts as low as one per period. As the average 
count i s increased to two or four per period, the resolution 
improves steadily. 

A s i g n i f i c a n t advantage of the technique i s that the equip
ment requirements are r e l a t i v e l y modest and share a strong com
monality with equipment and data analysis required for correla
tion or spectral density measurements, and laser velocimetry. 
In p a r t i c u l a r , i f the number of photons detected during each 
period i s recorded as a sequential record (instead of the sim
pler data recording mode u t i l i z e d for t h i s work) then auto
correlation functions and spectral densities of concentration 

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

file:///isec


PENNEY ET AL. Fast Turbulent Mixing in Gases 251 

ND 
FILTER 

LED 

STOP 

VOLTAGE 
SUPPLY 

I I 
I I 
II 
u 

SIG. 
GEN. 

500 HZ 

MULTI
CHANNEL 
ANALYZER 

SIG. 
GEN. 

2500 HZ 

PHOTO-
MULTIPLIER 

OSCILLOSCOPE 

Θ 

PRE-AMP 

ANALOG 
OUTPUT 

GATE 

PULSE 
SHAPING 

AMPLIFIER 

GATED 
COUNTER 

Figure 1. Experimental configuration to obtain detected photon-count distribu
tions using a LED source 
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20 40 60 80 100 120 140 160 180 200 
COUNTS/400 μ SEC 

CONCENTRATION (IN TERMS OF 
EQUIVALENT COUNTS/400 μ SEC) 

CONCENTRATION 

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 Β 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 photons 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 filter, giving an average 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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f l u c t u a t i o n s , as w e l l as PDF's, can be c a l c u l a t e d from the same 
d a t a s e t . 

I n comparison t o the p u l s e d l a s e r Raman t e c h n i q u e which has 
been used f o r PDF measurements i n flames (1_,2_) the CW l a s e r 
t e c h n i q u e i s more s e n s i t i v e t o background l i g h t and p r o b a b l y 
l e s s a c c u r a t e when ex t r e m e l y f a s t time r e s o l u t i o n (<ζ μ sec) i s 
r e q u i r e d . However, i t s r e l a t i v e ease o f a p p l i c a t i o n , and the 
o t h e r advantages we have d i s c u s s e d , make t h i s t e c h n i q u e a good 
c a n d i d a t e f o r c o n c e n t r a t i o n PDF measurements i n non-luminous 
t u r b u l e n t f l o w s , and low l u m i n o s i t y flames. For h i g h l y luminous 
s u b j e c t s , a v a r i a t i o n o f t h i s t e c h n i q u e u s i n g a h i g h frequency 
p u l s e d l a s e r and gated d e t e c t o r can be used t o p r o v i d e s t r o n g 
background d i s c r i m i n a t i o n . T h i s a l t e r n a t i v e may be advantageous 
f o r example, i n measurements w i t h i n s o o t i n g r e g i o n s o f a flame, 
where s i n g l e p u l s e Rama
the n e c e s s a r i l y l a r g e l a s e
c l e s . (10) 
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A N d : Y A G Laser Multipass Cell for Pulsed 
Raman-Scattering Diagnostics 

DOMENIC A. SANTAVICCA 

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

Spontaneous Raman scatterin  i  attractiv  diagnosti
technique for measurin
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 environments 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 correlations.(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. 

O p t i c a l m u l t i p a s s c e l l s have been used f o r the enhancement 
of CW Raman s c a t t e r i n g ( 4 ) ; however, these c e l l s a r e t y p i c a l l y 
not w e l l - s u i t e d f o r use w i t h h i g h power, p u l s e d l a s e r s . A new 
m u l t i p a s s c e l l f o r use w i t h a p u l s e d NdrYAG l a s e r i s proposed 
whereby the 1.06 micro n l a s e r output i s a dmitte d i n t o a m u l t i p a s s 
c e l l c a v i t y where i t i s p a r t i a l l y c o n v e r t e d t o 532nm w i t h a 
Brewster's angle cut second harmonic g e n e r a t i n g c r y s t a l The 
532nm p u l s e i s trapped i n the m i r r o r e d c a v i t y w h i l e the 1.06 mi
cron p u l s e i s dumped. T h i s m u l t i p a s s c e l l concept has been 
demonstrated w i t h the e x p e r i m e n t a l set-up shown i n f i g u r e 1. 
The pump l a s e r i s a Quanta-Ray Nd:YAG Model DCR-1A w i t h an 8 nsec, 
700 mJ (max), 1.06 micro n o u t p u t . The m u l t i p a s s c e l l c a v i t y i s 
bounded by the normal i n c i d e n c e harmonic b e a m s p l i t t e r (>99.5% 

0-8412-0570-l/80/47-134-255$05.00/0 
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550 η sec 

Optics Communications 

Figure 2. Nitrogen Stokes vibrational Raman signal from pulsed multipass cell (5) 
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r e f l e c t a n c e a t 532nm, > 85% t r a n s m i t t a n c e a t 1.06 micron) 
and the 20 meter r a d i u s o f c u r v a t u r e m i r r o r (> 99.7% r e f l e c t 
ance a t 532nm). The c a v i t y m i r r o r s e p a r a t i o n i s 1.68 meters. 
The f i r s t f o u r m i r r o r s (>99.7% r e f l e c t a n c e a t 1.06 micron) 
a c t as a f a r f i e l d i s o l a t o r which l o c a t e s the m u l t i p a s s 
c a v i t y 15 meters away from the l a s e r and e f f e c t i v e l y i s o l a t e s 
the l a s e r from the p o t e n t i a l l y damaging r e t r o r e f l e c t e d 1.06 m i 
cr o n r a d i a t i o n from the normal i n c i d e n c e beam s p l i t t e r . The 
m u l t i p a s s c a v i t y i s a l i g n e d by m o n i t o r i n g the r e t r o r e f l e c t e d 
1.06 m i c r o n p u l s e which i s found t o emerge from the Nd:YAG l a s e r 
c a v i t y , 120 nsec a f t e r the o r i g i n a l p u l s e , when optimum alignment 
i s a c h i e v e d . 

The performance o f t h i s p u l s e d m u l t i p a s s c e l l i s shown i n 
f i g u r e 2 where i t i s seen t h a t the n i t r o g e n v i b r a t i o n Raman 
m u l t i p a s s s i g n a l decay
550 nsec o r 100 passes
e f f i c i e n c y o f 97.7% and a g a i n o f 42. 

The reader i s d i r e c t e d t o r e f e r e n c e 5 f o r a d d i t i o n a l i n f o r 
m ation on t h i s work. 

The author would l i k e t o acknowledge the f i n a n c i a l s u p port 
of AFOSR Grant 76-3052, DOE c o n t r a c t EF-77-S-01-2762, and NSF 
Grant ENG-77-12941. 
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Time-Resolved Raman Spectroscopy in a 
Stratified-Charge Engine 

J. RAY SMITH 

Sandia Laboratories, Livermore, CA 94550 

The objectives of thi h  t  develo  technique
to measure both the mea
temperature in a combusting stratified charge engine. Suc  dat
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.1 A 
stratified charge engine with good optical access was recently 
developed, and its precombustion fuel-air distributions were 
determined by time-averaged Raman spectroscopy.2 The latter 
engine's precombustion velocity and turbulence fields were 
measured by laser Doppler velocimetry and its performance and 
emissions were quantified by conventional methods.3 The same 
engine design was used in the present study. 

The short duration of the l a s e r pulse at 5321 Angstroms 
precluded any movement of the spectrometer g r a t i n g t o allow 
s p e c t r a l d e t a i l s to be re s o l v e d nor were there s u f f i c i e n t photons 
to use a multichannel d e t e c t o r . Therefore the spectrometer 
g r a t i n g was f i x e d and the e n t i r e nitrogen Stokes band was 
inte g r a t e d by a ph o t o m u l t i p l i e r tube (PMT). S i m i l a r l y , the 
anti-Stokes spectrum was i n t e g r a t e d by a second p h o t o m u l t i p l i e r . 
The major problem that must be solved i n making Stokes nitrogen 
d e n s i t y measurements i n a tur b u l e n t flow was pointed out by 
S e t c h e l l i t o be the temperature dependence of the Raman s c a t 
t e r e d Stokes i n t e n s i t y . Because the t r a n s i t i o n p r o b a b i l i t y i s 
p r o p o r t i o n a l t o (v + 1) where ν i s the i n i t i a l v i b r a t i o n a l s t a t e , 
the i n t e g r a t e d Raman s c a t t e r e d i n t e n s i t y i s not a unique f u n c t i o n 
of number density. However, a t h e o r e t i c a l a n a l y s i s of the 
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Stokes v i b r a t i o n a l Raman spectrum of nitrogen has l e d to a 
method of making nitrogen number d e n s i t y measurements that are 
e s s e n t i a l l y independent of temperature. A v a r i e t y of spectrometer 
s l i t c onvolutions and center wavelength s e t t i n g s were stu d i e d to 
determine t h e i r i n f l u e n c e on the i n t e g r a t e d Stokes Raman i n t e n s i t y 
versus temperature. As pointed out by Leonardo the basic 
approach i s to s e l e c t spectrometer s e t t i n g s which balance the 
increased t r a n s i t i o n p r o b a b i l i t y of higher v i b r a t i o n a l s t a t e s 
against the decrease i n population of the ground s t a t e as the 
temperature r i s e s . Figure 1 i s an example of the r e s u l t s f o r a 
tr a p e z o i d a l s l i t of 10 by 50 Angstroms with the center wavelength 
v a r i e d from 6070 t o 6073 Angstroms. By s e t t i n g the spectrometer 
at 6072 Angstroms, i t was p o s s i b l e t o have the Stokes i n t e n s i t y 
vary by only ±2% while the temperature va r i e d from 300 to 1970 
Ke l v i n s . The s i g n i f i c a n c
necessary to make simultaneou
t u r b u l e n t flow f i e l d i n order t o make densit y measurements. 

A s i m i l a r a n a l y s i s of the anti-Stokes to Stokes i n t e n s i t y 
r a t i o expected from n i t r o g e n as a f u n c t i o n of bandwidth center 
p o s i t i o n of the anti-Stokes spectra i s shown i n Figure 2. I t 
appears extremely d i f f i c u l t t o use spontaneous v i b r a t i o n a l 
Raman s c a t t e r i n g f o r determining temperatures of l e s s than 1000 Κ 
due to the small anti-Stokes s i g n a l . Although temperatures i n 
an engine are well above t h i s l e v e l a f t e r the flame passes 
through the s c a t t e r i n g volume, the present d e t e c t i o n system does 
not have s u f f i c i e n t background r e j e c t i o n t o make temperature 
measurements with good s i g n a l t o noise r a t i o s unless the s t r a t i f i 
c a t i o n i s small and the equivalence r a t i o l e s s than 0.8. 

The engine i n t h i s work was designed to s i m p l i f y the f l u i d 
mechanics f o r modeling purposes. The intake and exhaust valves, 
f u e l i n j e c t o r , spark plug and l a s e r input/output windows were 
lo c a t e d i n the c y l i n d e r s i d e w a l l s i n the clearance volume above 
the p i s t o n . The head contained a 70 mm diameter, c l e a r aperture 
window. The l a s e r beam was passed through the small windows 
and s c a t t e r e d l i g h t was c o l l e c t e d at r i g h t angles to the beam 
through the l a r g e window i n the top of the engine. The intake 
valve was shrouded which caused the a i r flow t o s w i r l . Propane 
at 3.35 MP a (485 p s i ) and 375 Κ was i n j e c t e d r a d i a l l y toward the 
center of the c y l i n d e r . The o v e r a l l equivalence r a t i o of the 
data presented was 0.7 and the engine speed was 900 rpm. 

The experimental arrangement i s shown i n Figure 3. A shaf t 
encoder was used t o synchronize the l a s e r pulse to the chosen 
crank angle. The Raman s c a t t e r e d l i g h t was imaged onto the s l i t 
of a 3/4 meter, s i n g l e spectrometer and detected by the cooled 
PMT's. Only the f i r s t s i x stages of the PMT were used i n order 
to maintain l i n e a r i t y over a wide dynamic range. The PMT output 
charge was in t e g r a t e d by a p r e a m p l i f i e r , pulse shaped by a 
spectroscopy a m p l i f i e r , d i g i t i z e d , and c o l l e c t e d by a min i 
computer. The Raman s i g n a l was normalized by the l a s e r pulse 
energy, and by accounting f o r the a m p l i f i e r gain, the number of 
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Figure 1. Relative Stokes vibrational Raman intensity for nitrogen for a trape
zoidal slit function and various center positions 

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



262 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

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 s uccessive engine c y c l e s at each s e l e c t e d crank angle. 
Checks f o r p o s s i b l e s e n s i t i v i t y changes (due to window transmis
sion) were made during the course of the data a c q u i s i t i o n . The 
maximum s e n s i t i v i t y v a r i a t i o n observed over a one hour p e r i o d of 
lean engine operation was 2.4 percent change i n the mean value. 

Sub-microsecond time r e s o l u t i o n was achieved by using a 
Quanta-Ray DCR-1A l a s e r having a pulse width of 10 nsec. Although 
t h i s l a s e r was capable of producing i n excess of 250 m i l l i j o u l e s 
per pulse, only 50 m i l l i j o u l e s were used i n the experiment. 
Above t h i s energy l e v e l the chances of window damage are g r e a t l y 
increased. A l l of the data presented were gathered with l e s s 
than 20 MW/cm̂  power d e n s i t i e s on the input/output windows. 
Gas breakdown was avoided by t i l t i n g the f o c u s i n g lens r e l a t i v e 
t o the beam a x i s thus i n t r o d u c i n
Th i s gave a s c a t t e r i n g
length. The length was determined by the 4x m a g n i f i c a t i o n of the 
c o l l e c t i o n o p t i c s and the spectrometer entrance s l i t height of 
5 mm. A check of the l i n e a r i t y of the Raman sig n a l versus both 
nitrogen d e n s i t y and l a s e r beam energy well beyond the ranges of 
the experiment was w i t h i n two percent. 

The Raman s c a t t e r i n g process i s very weak and the number of 
photoelectrons produced per pulse w i l l obey Poisson s t a t i s t i c s . 
I f more than 100 photoelectrons are produced i n each event, the 
u n c e r t a i n t y (one standard d e v i a t i o n ) i n the actual number of 
photoelectrons, N, may be approximated by /N and the f r a c t i o n a l 
u n c e r t a i n t y i s ση = /Ν. Since nitrogen d e n s i t y f l u c t u a t i o n s , 
σ-f, are not r e l a t e d to the photoelectron f l u c t u a t i o n s , σ ρ , they 
w i l l combine randomly t o give a sig n a l f l u c t u a t i o n , 

2 2 1/2 
σ 5 = (σ.ρ + Op) ' . Therefore the f r a c t i o n a l f l u c t u a t i o n s may 

be assessed by t a k i n g a s u f f i c i e n t l y l a r g e sample of measurements 
to compute os and using the mean Ν value of the s i g n a l t o compute 
σ ρ . T h i s technique works well provided the actual f l u c t u a t i o n s 
are at l e a s t h a l f the s i z e of the Poisson s t a t i s t i c a l f l u c t u a t i o n s . 
Below t h i s l e v e l the u n c e r t a i n t y i n σρ begins t o dominate the 
computed of value. In t h i s experiment 200 to 800 photoelectrons 
were c o l l e c t e d from each l a s e r pulse which gave s t a t i s t i c a l 
u n c e r t a i n t i e s from 3.4 to 7 percent. 

The mean values of the r e l a t i v e nitrogen d e n s i t y versus 
crank angle at the center of the combustion chamber are shown i n 
Figure 4. A l s o shown (dashed l i n e ) f o r comparison i s the nitrogen 
d e n s i t y expected from the p i s t o n motion. The d e n s i t y i s r e l a t i v e 
t o the nitrogen d e n s i t y i n a i r at atmospheric pressure. I g n i t i o n 
occurred at 358 crank angle degrees and the flame a r r i v e d at the 
s c a t t e r i n g volume at about 382 degrees. One observes the compres
s i o n of the unburned gases ahead o f the flame f r o n t a f t e r i g n i t i o n . 

The r e l a t i v e f l u c t u a t i o n s i n nitrogen density versus crank 
angle are i n d i c a t e d by the s o l i d curve shown i n Figure 5. P r i o r 
t o i g n i t i o n , the f l u c t u a t i o n l e v e l was q u i t e low. The f l u c t u a -
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Figure 5. One standard deviation of fluctuations in nitrogen number density 
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Figure 6. Histograms of nitrogen number density near time of flame arrival 
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t i o n s reached a maximum near 382 degrees due to a r r i v a l of the 
flame. The f l u c t u a t i o n s f e l l slowly i n the post flame gases. 
The large peak value i s due to the random v a r i a t i o n s i n the 
a r r i v a l time of the flame f r o n t . Near 382 degrees some measure
ments were made j u s t ahead of the flame f r o n t where high d e n s i t i e s 
p r e v a i l and other measurements were made j u s t behind the flame 
f r o n t where low d e n s i t i e s p r e v a i l due to high temperatures. 
C l e a r l y these l a r g e f l u c t u a t i o n s are due to c y c l i c v a r i a t i o n s not 
t u r b u l e n t f l u c t u a t i o n s . The dashed curve i s an attempt to remove 
t h i s c y c l i c v a r i a t i o n e f f e c t by using the most probable density 
value as the mean value of a normal d i s t r i b u t i o n . The standard 
d e v i a t i o n of the d i s t r i b u t i o n i s determined from f i t t i n g the data 
to the side of the new mean that has not been d i s t o r t e d by flame 
a r r i v a l . The reduction of the apparent f l u c t u a t i o n s near the 
flame a r r i v a l crank angl
have had the Poisson s t a t i s t i c a

The histograms of Figure 6 represent the number of measure
ments versus the number of photoelectrons at crank angles near 
flame a r r i v a l i n the s c a t t e r i n g volume. The bin width i s ten 
photoelectrons and the t o t a l number of events i s 1,000 f o r each 
histogram. The normal shape of the histogram at 372 degrees i s 
t y p i c a l of those from 300 to 372 and 390 to 420 degrees. At 380 
degrees e a r l y flame a r r i v a l caused the long t a i l i n the d i s t r i b u 
t i o n below the most probable density. S i m i l a r l y , the d i s t o r t i o n 
of the d i s t r i b u t i o n t o higher d e n s i t y values at 384 degrees was 
due to l a t e flame a r r i v a l s . T his explanation of the e f f e c t s of 
c y c l i c v a r i a t i o n on the d i s t r i b u t i o n j u s t i f i e s the attempt to 
separate them from the r e a l d ensity f l u c t u a t i o n s . 

The Stokes s i g n a l - t o - n o i s e r a t i o s were of the order of 
t h i r t y to one even when the flame was in the s c a t t e r i n g volume. 
It i s l i k e l y that the increase i n f l u c t u a t i o n s immediately behind 
the flame f r o n t was flame induced turbulence. Improved f l u c t u a 
t i o n measurements are expected by using the temperature derived 
from the anti-Stokes channel f o r c o n d i t i o n a l sampling of the 
densi t y data. However, t h i s method cannot be used u n t i l the 5 
microsecond i n t e g r a t i o n time of present d e t e c t i o n e l e c t r o n i c s i s 
shortened t o reduce the background l u m i n o s i t y s i g n a l on the 
anti-Stokes channel. 
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23 
Spatially Precise Laser Diagnostics for Practical 
Combustor Probing 

ALAN C. ECKBRETH 

United Technologies Research Center, East Hartford, CT 06108 

With the increasin
scattering and wave mixin
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 t e c h n i q u e s , which appear w e l l s u i t e d t o the d i a g n o s t i c 
p r o b i n g o f p r a c t i c a l flames w i t h good s p a t i a l and temporal r e s o 
l u t i o n , a r e coherent a n t i - S t o k e s Raman s p e c t r o s c o p y (CARS) and 
s a t u r a t e d l a s e r f l u o r e s c e n c e . The two te c h n i q u e s a r e complemen
t a r y i n r e g a r d t o t h e i r measurement c a p a b i l i t i e s . CARS appears 
most a p p r o p r i a t e f o r thermometry and major s p e c i e s c o n c e n t r a t i o n 
measurements, s a t u r a t e d l a s e r f l u o r e s c e n c e t o t r a c e r a d i c a l 
c o n c e n t r a t i o n s . W i t h e l e c t r o n i c resonant enhancement ( 6 ) , CARS 
may be p o t e n t i a l l y u s e f u l f o r the l a t t e r as w e l l . F l u o r e s c e n c e 
thermometry i s a l s o p o s s i b l e Ç7,8) but g e n e r a l l y , i s more 
t e d i o u s t o use than CARS. I n t h i s paper, r e c e n t r e s e a r c h i n v e s t i -
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gâtions i n t o the p r a c t i c a l f e a s i b i l i t y of CARS and s a t u r a t e d 
l a s e r f l u o r e s c e n c e at our l a b o r a t o r y w i l l be reviewed. T u t o r i a l 
m a t e r i a l w i l l p u r p o s e l y be kept b r i e f t o minimize redundancy w i t h 
the e a r l i e r papers i n t h i s volume. 

Coherent A n t i - S t o k e s Raman Spectroscopy (CARS) 

Coherent a n t i - S t o k e s Raman s p e c t r o s c o p y (CARS) (9,10,11,12) 
i s capable of the d i a g n o s t i c p r o b i n g of h i g h i n t e r f e r e n c e e n v i r o n 
ments due to i t s h i g h s i g n a l c o n v e r s i o n e f f i c i e n c y and coherent 
s i g n a l b e h a v i o r . CARS s i g n a l l e v e l s a r e o f t e n o r d e r s of magnitude 
s t r o n g e r than those produced by spontaneous Raman s c a t t e r i n g . I t s 
coherent c h a r a c t e r means t h a t a l l of the generated s i g n a l can be 
c o l l e c t e d , and over suc
i n t e r f e r e n c e s i s g r e a t l y minimized. CARS thus o f f e r s s i g n a l t o 
i n t e r f e r e n c e r a t i o improvements of many o r d e r s of magnitude over 
spontaneous Raman s c a t t e r i n g and appears capable of p r o b i n g p r a c 
t i c a l combustion environments over a broad o p e r a t i o n a l range. In 
experiments at UTRC ( 1 3 ) , CARS has been s u c c e s s f u l l y demonstrated 
i n a 50-cm d i a . r e s e a r c h s c a l e combustion t u n n e l l o c a t e d i n a j e t 
burner t e s t s t a n d . Measurements were made i n the primary zone of 
a h i g h l y s w i r l e d , c o a n n u l a r burner and i n the exhaust of a JT-12 
combustor can, both f u e l e d w i t h J e t A. CARS measurement demon
s t r a t i o n s i n combustion t u n n e l s have a l s o been performed r e c e n t l y 
at W r i g h t - P a t t e r s o n AFB ( 14,15)andat ONERA. I n England, CARS 
measurements have been demonstrated i n a g a s o l i n e - f i r e d i n t e r n a l 
combustion engine (16). With these " r e a l w o r l d " d e m o n s t r a t i o n s , 
CARS i s a n t i c i p a t e d t o see widespread u t i l i z a t i o n i n p r a c t i c a l 
environments i n the coming y e a r s . There i s i n t e r e s t w i t h i n NASA 
to employ CARS f o r scramjet d i a g n o s t i c s and i n the Army f o r b a l 
l i s t i c s s t u d i e s . In t h i s s e c t i o n , CARS w i l l be b r i e f l y d e s c r i b e d 
and i t s a p p l i c a t i o n t o a v a r i e t y of flames and m o l e c u l a r s p e c i e s 
w i l l be i l l u s t r a t e d . 

Theory. The theo r y and a p p l i c a t i o n of CARS are w e l l e x p l a i n e d 
i n s e v e r a l very good reviews which have appeared r e c e n t l y 
( 9 , 1 0 , I I , 1 2 ) . B r i e f l y , i n c i d e n t l a s e r beams at f r e q u e n c i e s andc^ 
( o f t e n termed the pump and Stokes beams r e s p e c t i v e l y ) i n t e r a c t 
through the t h i r d o r d e r n o n l i n e a r s u s c e p t i b i l i t y o f the medium, 
v(3) (-o)Q,ωΊ ,ω, ,-ω«), t o generate a p o l a r i z a t i o n f i e l d which 

i j k l 3 1 1 2 
produces coherent r a d i a t i o n at frequency ω^^ω^-α^· I t i s f o r 
t h i s reason t h a t CARS i s o f t e n r e f e r r e d to as t h r e e wave m i x i n g " . 
When the frequency d i f f e r e n c e (ω^-α^) i s c l o s e t o the frequency of 
a Raman a c t i v e resonance, ω Λ 7, the magnitude of the r a d i a t i o n at 
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o>g, then a t the a n t i - S t o k e s frequency r e l a t i v e to ω^, i . e . a t 
ω-^+ω^, can become v e r y l a r g e . Large enough, f o r example, t h a t 
w i t h the e x p e r i m e n t a l arrangement d e s c r i b e d h e r e i n , the CARS 
s i g n a l s from room a i r ^ o r 0^ are r e a d i l y v i s i b l e . By t h i r d 
o rder i s meant t h a t the p o l a r i z a t i o n e x h i b i t s a c u b i c dependence 
on the o p t i c a l e l e c t r i c f i e l d s t r e n g t h . In i s o t r o p i c media such 
as gases, the t h i r d o r d e r s u s c e p t i b i l i t y i s a c t u a l l y the lowest 
o r d e r n o n l i n e a r i t y e x h i b i t e d . The t h i r d o r d e r n o n l i n e a r suscep
t i b i l i t y t e n s o r i s of f o u r t h rank. The s u b s c r i p t s denote the 
p o l a r i z a t i o n o r i e n t a t i o n of the f o u r f i e l d s i n the or d e r l i s t e d 
p a r e n t h e t i c a l l y . In i s o t r o p i c media, the t e n s o r must be i n v a r i 
ant to a l l s p a t i a l symmetry t r a n s f o r m a t i o n s and the 81 t e n s o r 
elements reduce t o t h r e
χ where χ =χ +A x x y y Λχχχχ A x y y x A

degenerate, χ =χ and t h e r e are o n l y two independent y y xxyy 
elements. 

For e f f i c i e n t s i g n a l g e n e r a t i o n , the i n c i d e n t beams must be 
so a l i g n e d t h a t the t h r e e wave m i x i n g p r o c e s s i s p r o p e r l y phased. 
The g e n e r a l phase-matching diagram f o r t h r e e wave m i x i n g r e q u i r e s 
t h a t 2k^=k2+ky k^ i s the wave v e c t o r at frequency w i t h 
a b s o l u t e magnitude e q u a l t o ω-jn^/c, where c i s the speed of l i g h t , 
and n^, the r e f r a c t i v e i n d e x a t frequency ακ. S i n c e gases a re 
v i r t u a l l y d i s p e r s i o n l e s s , i . e . , the r e f r a c t i v e i n d e x i s n e a r l y 
i n v a r i a n t w i t h f r e q u ency , the photon energy c o n s e r v a t i o n c o n d i t i o n 
U)3=2U);L-(JU2 i n d i c a t e s t h a t phase matching o c c u r s when the i n p u t 
l a s e r beams are a l i g n e d p a r a l l e l o r c o l l i n e a r t o each o t h e r . I n 
many d i a g n o s t i c c i r c u m s t a n c e s , c o l l i n e a r phase matching l e a d s t o 
poor and ambiguous s p a t i a l r e s o l u t i o n because the CARS r a d i a t i o n 
undergoes an i n t e g r a t i v e growth p r o c e s s . T h i s d i f f i c u l t y i s c i r 
cumvented by employing crossed-beam phase matching, such as BOXCARS 
( 1 7 ) , o r a v a r i a t i o n t h e r e o f ( 1 8 , 1 9 ) . I n these approaches, the 
pump beam i s s p l i t i n t o two components whi c h , t o g e t h e r w i t h the 
Stokes beam, are c r o s s e d at a p o i n t t o generate the CARS s i g n a l . 
CARS g e n e r a t i o n o c c u r s o n l y where a l l t h r e e beams i n t e r s e c t and 
v e r y h i g h s p a t i a l p r e c i s i o n i s p o s s i b l e . 

Measurements of medium p r o p e r t i e s are performed from the 
shape of the s p e c t r a l s i g n a t u r e and/or i n t e n s i t y of the CARS 
r a d i a t i o n . CARS s p e c t r a are more c o m p l i c a t e d than spontaneous 
Raman s p e c t r a which are an i n c o h e r e n t a d d i t i o n of a m u l t i p l i c i t y 
of t r a n s i t i o n s . CARS s p e c t r a can e x h i b i t c o n s t r u c t i v e and de
s t r u c t i v e i n t e r f e r e n c e e f f e c t s . C o n s t r u c t i v e i n t e r f e r e n c e s occur 
from c o n t r i b u t i o n s made from n e i g h b o r i n g resonances, the s t r e n g t h 
of the c o u p l i n g b e i n g dependent on the energy s e p a r a t i o n of the 
adj a c e n t resonances and on the Raman l i n e w i d t h which t o g e t h e r 
determine the degree of o v e r l a p . D e s t r u c t i v e i n t e r f e r e n c e s occur 
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when resonant t r a n s i t i o n s i n t e r f e r e w i t h each o t h e r o r w i t h the 
nonresonant background s i g n a l c o n t r i b u t i o n s of e l e c t r o n s and 
remote resonances. For most mo l e c u l e s of combustion i n t e r e s t , 
these e f f e c t s can o n l y be handled n u m e r i c a l l y . At UTRC, CARS 
computer codes have been developed and v a l i d a t e d e x p e r i m e n t a l l y 
f o r the d i a t o m i c m o l e c u l e s , Η^,ΟΟ and (20)and one t r i -
atomic H^0 ( 2 1 ) . Computer codes are e x t r e m e l y u s e f u l f o r s t u d y i n g 
the p a r a m e t r i c b e h a v i o r of CARS s p e c t r a and, when v a l i d a t e d , f o r 
a c t u a l d a t a r e d u c t i o n . 

E x p e r i m e n t a l Approach. The CARS spectrum can be generated 
i n e i t h e r one of two ways. The c o n v e n t i o n a l approach i s t o employ 
a narrowband Stokes sourc
spectrum p i e c e w i s e , T h i
l u t i o n and s t r o n g s i g n a l s and e l i m i n a t e s the need f o r a spectrom
e t e r . However, f o r n o n s t a t i o n a r y and t u r b u l e n t combustion 
d i a g n o s t i c s , i t i s not a p p r o p r i a t e due t o the n o n l i n e a r b e h a v i o r 
of CARS on temperature and d e n s i t y . G e n e r a t i n g the spectrum 
p i e c e w i s e i n the presence of l a r g e d e n s i t y and temperature 
f l u c t u a t i o n s l e a d s to d i s t o r t e d s i g n a t u r e s weighted toward the 
h i g h d e n s i t y , low temperature e x c u r s i o n s from which t r u e medium 
averages cannot be o b t a i n e d . The a l t e r n a t e approach (.22)used here 
i s t o employ a broadband Stokes s o u r c e . T h i s l e a d s t o weaker 
s i g n a l s but generates the e n t i r e CARS spectrum w i t h each p u l s e 
p e r m i t t i n g i n s t a n t a n e o u s measurements of medium p r o p e r t i e s . 
Repeating these measurements a s t a t i s t i c a l l y s i g n i f i c a n t number 
of times p e r m i t s d e t e r m i n a t i o n of the p r o b a b i l i t y d e n s i t y f u n c t i o n 
(pdf) from which t r u e medium averages and the magnitude of 
t u r b u l e n t f l u c t u a t i o n s can be a s c e r t a i n e d . 

A l t h o u g h CARS has no t h r e s h o l d per se and can be generated 
w i t h cw l a s e r s o u r c e s , h i g h i n t e n s i t y p u l s e d l a s e r sources a r e 
r e q u i r e d f o r most gas phase and flame d i a g n o s t i c s t o generate 
CARS s i g n a l s w e l l i n excess of the v a r i o u s sources of i n t e r f e r 
ence and w i t h good photon s t a t i s t i c s , p a r t i c u l a r l y w i t h broadband 
g e n e r a t i o n and d e t e c t i o n . In the CARS work to be r e p o r t e d , a 
frequency-doubled neodymium l a s e r p r o v i d e s the pump beam and 
d r i v e s the broadband Stokes dye l a s e r as w e l l as seen i n F i g u r e 1. 
The l a s e r a c t u a l l y emits two beams at the neodymium second 
harmonic by s e q u e n t i a l l y d o u b l i n g the p r i m a r y and r e s i d u a l 1.06μ 
from the f i r s t frequency d o u b l e r . The p r i m a r y beam, 2ω, i s 
t y p i c a l l y about 2W, i . e . 200 mJ p u l s e s , 10"^ sec p u l s e d u r a t i o n , 
at 10Hz, and the secondary, 2ω !, about an o r d e r of magnitude lower. 
V a r i o u s dyes and c o n c e n t r a t i o n s f l o w i n g through spectrophotometer 
c e l l s are employed to generate Stokes wavelengths a p p r o p r i a t e to 
the molecule b e i n g probed. Crossed-beam phase matching (BOXCARS) 
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LASER 

DETECTOR 

Combustion and Flame 

Figure 1. Schematic of BOXCARS ex
perimental arrangement: BS, beamsplit
ter; L, lens; D, dichroic; OF, optical flat; 
P, prism; F, filter; DC, dye cell; T, trap; 

TM, partially transmitting mirror (24). 
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i s used t o ensure good s p a t i a l p r e c i s i o n . The CARS s i g n a t u r e s 
a re d i s p e r s e d i n a 0.6 o r 1-m s p e c t r o g r a p h and d e t e c t e d w i t h an 
o p t i c a l m u l t i c h a n n e l a n a l y z e r (OMA) which p e r m i t s c a p t u r e of the 
e n t i r e CARS spectrum i n a s i n g l e p u l s e . In l a m i n a r flames and 
s i t u a t i o n s where f l u c t u a t i o n magnitudes are s m a l l , the CARS 
spectrum can be averaged on the OMA o r scanned w i t h the mono-
chromator u s i n g a boxcar averager. G r e a t e r d e t a i l about the 
apparatus and procedures employed may be found i n (23,24). 

Thermometry. N i t r o g e n i s the dominant c o n s t i t u e n t i n a i r f e d 
combustion p r o c e s s e s and i s pr e s e n t i n l a r g e c o n c e n t r a t i o n s d e s p i t e 
the e x t e n t o f c h e m i c a l r e a c t i o n . P e r f o r m i n g temperature measure
ments from N2 p r o v i d e s i n f o r m a t i o  l o c a t i o  combustio
heat r e l e a s e and the e x t e n
c o n s i d e r a b l e a t t e n t i o n has been a f f o r d e d N  thermometry ( 2 0 ) . The 
accu r a c y of CARS Ν thermometry has been examined i n premixed f l a t 
flames by comparison w i t h r a d i a t i o n - c o r r e c t e d , c o a t e d , f i n e w i r e 
thermocouples. Employing c o n s t a n t Raman l i n e w i d t h computer codes, 
CARS gave temperatures s l i g h t l y h i g h e r (^40K) than the thermo
couples i n the 1600-2100°K range. In the re v i e w by McDonald i n 
t h i s volume, computer-synthesized N2 CARS s p e c t r a (20,24) are 
d i s p l a y e d as a f u n c t i o n of temperature from 300 t o 2400°K. At 
h i g h temperature, both the ground s t a t e band (v=0 t o 1) and a 
hot band ( v = l t o 2) w i t h r o t a t i o n a l f i n e s t r u c t u r e are apparent. 
In F i g u r e 2, the CARS spectrum from N 2 i n a 2110°K flame i s d i s 
p l a y e d t o g e t h e r w i t h the b e s t v i s u a l computer f i t which o c c u r r e d 
at 2150°K. The c a p a b i l i t y of CARS f o r measurements i n h i g h l y 
s o o t i n g flames has been demonstrated (25,26) and CARS has been 
employed t o perform d e t a i l e d a x i a l and r a d i a l temperature surveys 
i n s o o t i n g , l a m i n a r propane d i f f u s i o n flames (24) F i g u r e 3 p r e s e n t s 
a comparison of s i n g l e - p u l s e ( 1 0 ~ 8 s e c ) and averaged CARS s i g n a t u r e s 
i n such a s o o t i n g flame at a s p a t i a l r e s o l u t i o n of 0.3 χ 1mm. The 
s p e c t r a are i n t e r f e r e n c e f r e e and of h i g h q u a l i t y . The s i n g l e 
p u l s e CARS spectrum i s p o s s i b l e a t l a s e r e n e r g i e s an o r d e r of 
magnitude lower than those t y p i c a l l y employed f o r s i n g l e p u l s e 
spontaneous Raman s c a t t e r i n g . Computer f i t t i n g these s p e c t r a 
p e r m i t s temperature t o be determined and F i g u r e 4 p r e s e n t s r a d i a l 
p r o f i l e s of temperature at f i v e d i f f e r e n t h e i g h t s i n the s o o t i n g 
flames. The a x i a l temperature v a r i a t i o n i s d i s p l a y e d i n the 
review of McDonald i n t h i s volume. From the r a d i a l p r o f i l e s , the 
d i f f u s i v e c h a r a c t e r of the flame i s c l e a r l y e v i d e n t . R e c e n t l y , 
as mentioned e a r l i e r , the f e a s i b i l i t y of CARS f o r measurements i n 
p r a c t i c a l combustion systems has been demonstrated. In t e s t s at 
UTRC (13),crossed-bearn CARS thermometry has been performed i n two 
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Figure 2. BOXCARS spectrum of N2 over a 2.5-cm-diameter hexagonal flat flame 
burner operating on CHh-air at 2110 Κ and 1-cm1 spectral resolution. Dotted 
curve is the best computer fit at 2150 K? 0.8 cm'1 slit and 0.1 cm'1 Raman line-

widths (20). 
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(a) SINGLE PULSE 

(b) AVERAGE 

Combustion and Flame 

Figure 3. Comparison of single-pulse and averaged CARS spectra of N2 in a 
laminar propane diffusion flame recorded on optical multichannel analyzer (24) 
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Figure 4. Radial temperature profiles in a laminar propane diffusion flame (24) 
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d i f f e r e n t , l i q u i d - f u e l e d combustors housed i n a 50-cm d i a . combus
t i o n t u n n e l . D e l i c a t e i n s t r u m e n t a t i o n was housed i n a c o n t r o l 
room a d j a c e n t t o the burner t e s t c e l l and the CARS s i g n a l s were 
p i p e d out employing 20 m l o n g , 60μ d i a . f i b e r o p t i c g u ides ( 2 7 ) . 
I n F i g u r e 5 are shown CARS s i g n a t u r e s of N 2 a t two d i f f e r e n t a x i a l 
l o c a t i o n s i n the pr i m a r y zone o f a J e t A f u e l e d s w i r l b u r n e r . At 
the upstream, x=8cm,location, CARS measurements were made through 
the f u e l spray and the temperature was found to be about 900°K f o r 
a n o v e r a l l e q u i v a l e n c e r a t i o o f 0.8. At the downstream l o c a t i o n , 
where the flame was v i s u a l l y v e r y luminous, the temperature i n 
c r e a s e d to 1500°K. I n F i g u r e 6 i s shown a comparison of a s i n g l e 
p u l s e and averaged CARS spectrum i n the exhaust o f a J e t A f u e l e d 
JT-12 combustor can a t c r u i s  c o n d i t i o n s  Th  temperatur  i
ap p r o x i m a t e l y 1000°K. A
the two, i n d i c a t i v e o f h i g h s i n g l e shot measurement q u a l i t y . I n 
F i g u r e 7, the r a d i a l temperature p r o f i l e of the JT-12 exhaust 
determined by CARS i s shown. The v a r i a t i o n i n the c e n t e r l i n e d a t a 
v a l u e s i s due t o s m a l l o p e r a t i o n a l changes over a p e r i o d o f time. 
CARS measurements f u r t h e r downstream i n the JT-12 exhaust were i n 
good agreement w i t h thermocouple probe v a l u e s at s e v e r a l s t o i c h i o 
m e t r i c s . 

i s i d e a l f o r combustion thermometry because of the s i m p l i c 
i t y of i t s spectrum as seen i n the computer c a l c u l a t i o n s ( 2 8 ) i n 
F i g u r e 8 . The v i b r a t i o n - r o t a t i o n H 2 CARS spectrum c o n s i s t s o f a 
s e r i e s of w e l l - s p a c e d Q branch t r a n s i t i o n s . F i g u r e 9 d i s p l a y s 
CARS s i g n a t u r e s o f o b t a i n e d through a f l a t I ^ - a i r d i f f u s i o n 
flame (28^1. Such s p e c t r a , when reduced u s i n g s i m p l e a l g o r i t h m s 
deduced from computer c a l c u l a t i o n s , permit temperature p r o f i l i n g 
of the flame as shown i n F i g u r e 10. There CARS measurements of 
temperature from Η and 0 2 s p e c t r a show f a i r l y good agreement 
w i t h each o t h e r and w i t h r a d i a t i o n - c o r r e c t e d f i n e w i r e thermo
couple measurements. The 0 2 s p e c t r a resemble those from N 2 

except f o r the r o t a t i o n a l f i n e s t r u c t u r e . 
Water vapor i s the major product of hydrogen combustion and 

o f t e n the dominant product s p e c i e s of h y d r o c a r b o n - f u e l e d combus
t i o n . I t s measurement i s an important gauge of the e x t e n t of 
ch e m i c a l r e a c t i o n and of o v e r a l l combustion e f f i c i e n c y . F i g u r e 11 
p r e s e n t s a comparison of the e x p e r i m e n t a l l y - s c a n n e d and computer-
s y n t h e s i z e d spectrum of H 20 i n the p o s t f l a m e r e g i o n of a premixed 
CH^ - a i r flame ( 2 1 ) . The gas temperature was a p p r o x i m a t e l y 1675°K. 
The v e r y r i c h r o t a t i o n a l s t r u c t u r e of H 20 makes i t a v e r y promis
i n g c a n d i d a t e f o r thermometry. I n the computer c a l c u l a t i o n s , 
n e a r l y e i g h t hundred r o t a t i o n a l t r a n s i t i o n s a r e accounted f o r . The 
v a r i o u s peaks r e p r e s e n t groupings of t r a n s i t i o n s i n t e r f e r i n g 
c o n s t r u c t i v e l y w i t h one another. The H 90 CARS spectrum i s q u i t e 
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Figure 5. Spatial variation of tempera
ture from averaged CARS spectra of N2 

in swirl burner with Jet A fuel, an air 
flow of 0.15 lb/sec and an overall equiva

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 N2 CARS spectra in shrouded 
JT-12 combustor exhaust at cruise con

ditions (\3) 
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Figure 7. CARS temperature profile of shrouded JT-12 combustor can exhaust 
13 cm downstream of exit plane at cruise conditions (\3) 
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Figure 8. Computed temperature sensi
tivity of the CARS spectrum of H2 at 1% 
concentration. Q-branch transitions are 

identified. 
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Figure 9. CARS spectra of H2 in a flat 
H2-air diffusion flame at several tempera
tures determined from the identified Q-

branch transitions 
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Figure 10. Temperature measurements in flat H2-air diffusion flame. The exit of 
the flat flame burner is shown schematically: (O), radiation-corrected thermocouple 

measurements; (A) H2 CARS temperatures; (A), 02 CARS temperatures. 
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Figure 11. Comparison of experimental (a) and computed (b) CARS spectrum of 
H20 in a premixed, methane-air flame at atmospheric pressure and 1675 Κ (2\) 
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temperature s e n s i t i v e (21) and should be ver y u s e f u l f o r thermometry. 

C o n c e n t r a t i o n Measurements. G e n e r a l l y , s p e c i e s number 
d e n s i t i e s would be determined from the a b s o l u t e i n t e n s i t y of the 
s p e c t r a l l y i n t e g r a t e d CARS spectrum ( 2 9 ) . I n c e r t a i n c o n c e n t r a 
t i o n ranges however, s p e c i e s measurements can be performed from 
the shape of the CARS spectrum. T h i s i s a unique f e a t u r e o f CARS 
and a r i s e s from the i n t e r f e r e n c e of the d e s i r e d resonant s i g n a l 
w i t h the background nonresonant e l e c t r o n i c c o n t r i b u t i o n Ç3) . T h i s 
approach has been v e r i f i e d r e l a t i v e t o microprobe sampling f o r CO 
i n f l a t premixed flames (.23,25) and has been used t o f o l l o w 0^ 
decay a c r o s s a f l a t h y d r o g e n / a i r d i f f u s i o n flame ( 2 8 ) . I n F i g u r e 
12 are d i s p l a y e d compute  2000°K
oxygen c o n c e n t r a t i o n s i l l u s t r a t
s p e c t r a l shape. In F i g u r e 13, e x p e r i m e n t a l CARS s p e c t r a 
i l l u s t r a t i v e of t h i s b e h a v i o r are d i s p l a y e d . From such s p e c t r a 
both c o n c e n t r a t i o n and temperature can be determined. When 
the c o n c e n t r a t i o n becomes v e r y low, the s i g n a l , i . e . m o d u l a t i o n , 
becomes i m p e r c e p t i b l e and c o n c e n t r a t i o n measurements a re p r e c l u d e d 
u s i n g t h i s approach. In such i n s t a n c e s , the nonresonant background 
s i g n a l can be c a n c e l l e d u s i n g p o l a r i z a t i o n - s e n s i t i v e CARS (30,31) 
and the c o n c e n t r a t i o n o b t a i n e d from the s p e c t r a l l y - i n t e g r a t e d 
CARS i n t e n s i t y . With p o l a r i z a t i o n approaches, t h e r e i s about a 
f a c t o r of s i x t e e n l o s s i n s i g n a l s t r e n g t h . Coupled w i t h the 
d e n s i t y squared dependence of the s i g n a l at low c o n c e n t r a t i o n s , 
such measurements can be performed o n l y w i t h c o n s i d e r a b l e s a c r i 
f i c e i n s p a t i a l and temporal r e s o l u t i o n . Although CARS can be 
e l e c t r o n i c a l l y - r e s o n a n t l y enhanced ( 6 ) , t h i s approach i s not 
a p p l i c a b l e t o many m o l e c u l e s of combustion i n t e r e s t whose e l e c t r o n i c 
a b s o r p t i o n s r e s i d e too f a r i n the vacuum u l t r a v i o l e t t o be 
s p e c t r a l l y a c c e s s i b l e . 

CO i s the o t h e r dominant product of h y d r o c a r b o n - f u e l e d 
combustion and i t s CARS flame spectrum ( 2 3 ) i s d i s p l a y e d i n F i g u r e 
14. The spectrum i s c o m p l i c a t e d by Fermi resonance and the f a c t 
t h a t the r o t a t i o n a l t r a n s i t i o n s are c l o s e l y o v e r l a p p e d . T h i s 
p r e c l u d e s t r e a t i n g them as in d e p e n d e n t l y broadened and s o - c a l l e d 
c o l l i s i o n a l n a rrowing may need t o be taken i n t o account. Computer 
m o d e l l i n g i s c u r r e n t l y i n p r o g r e s s . S i n c e a l l hydrocarbon f u e l s 
a r e Raman-active,CARS sho u l d u l t i m a t e l y be capable of m o n i t o r i n g 
t o t a l hydrocarbon c o n c e n t r a t i o n s d u r i n g combustion as w e l l . 

In summary, CARS i s a p o w e r f u l approach to the s p a t i a l l y -
and t e m p o r a l l y - p r e c i s e p r o b i n g of combustion p r o c e s s e s . I t i s 
most s u i t e d t o thermometry and major s p e c i e s c o n c e n t r a t i o n measure
ments and has been s u c c e s s f u l l y demonstrated i n a number of 
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Figure 14. Scanned CARS spectra of COz in the post flame region of a CO-02 

flame (23) 
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p r a c t i c a l combustion environments. One may a n t i c i p a t e t h a t CARS 
w i l l a f f o r d c o n s i d e r a b l e advances i n the combustion s c i e n c e s i n the 
coming y e a r s . 

S a t u r a t e d L a s e r F l u o r e s c e n c e 

With r a r e e x c e p t i o n s , CARS and spontaneous Raman s c a t t e r i n g 
are i n c a p a b l e of measuring s p e c i e s i n v e r y low c o n c e n t r a t i o n s , 
i . e . ppm l e v e l s . L a s e r f l u o r e s c e n c e has r e c e i v e d c o n s i d e r a b l e 
a t t e n t i o n r e c e n t l y i n t h i s r e g a r d , p a r t i c u l a r l y f o r measurements 
of flame r a d i c a l c o n c e n t r a t i o n s as the papers i n t h i s volume 
a t t e s t . F l u o r e s c e n c e i s the spontaneous e m i s s i o n of r a d i a t i o n 
from an upper e l e c t r o n i c s t a t e e x c i t e d i n v a r i o u s ways; here 
a t t e n t i o n i s r e s t r i c t e
r a d i a t i o n o n l y . B e s i d e s spontaneou  decay,  uppe
s t a t e may a l s o be d e e x c i t e d due t o c o l l i s i o n s , a pr o c e s s termed 
quenching, which reduces the l e v e l o r e f f i c i e n c y o f f l u o r e s c e n c e . 
Although a n a l y t i c quenching c o r r e c t i o n s t o f l u o r e s c e n c e d a t a are 
p o s s i b l e , they a r e , most l i k e l y , f e a s i b l e o n l y i n w e l l c h a r a c t e r 
i z e d f l a m e s , where temperature and major quenching s p e c i e s concen
t r a t i o n s are known. In l e s s w e l l c h a r a c t e r i z e d media, such 
a n a l y t i c c o r r e c t i o n s are p r o b a b l y q u i t e i n a c c u r a t e . S a t u r a t e d 
l a s e r f l u o r e s c e n c e (.3, 32, 33) e l i m i n a t e s the need f o r quenching 
c o r r e c t i o n s and, c o n s e q u e n t l y , i s undergoing d e t a i l e d e v a l u a t i o n 
at a number of l a b o r a t o r i e s . 

Theory. In s a t u r a t e d l a s e r f l u o r e s c e n c e , the i n c i d e n t l a s e r 
i n t e n s i t y i s made s u f f i c i e n t l y l a r g e so t h a t the a b s o r p t i o n and 
s t i m u l a t e d e m i s s i o n r a t e s are much g r e a t e r than the c o l l i s i o n a l 
quenching r a t e which thus becomes unimportant. Another advantage 
of working i n the s a t u r a t i o n regime i s t h a t the f l u o r e s c e n c e 
s i g n a l i s maximized. For a g i v e n minimum s i g n a l d e t e c t a b i l i t y 
l e v e l , s a t u r a t i o n thus p r o v i d e s the h i g h e s t s p e c i e s d e t e c t i o n 
s e n s i t i v i t y . Other approaches to a v o i d quenching c o r r e c t i o n s 
(34,35) do not possess t h i s advantage. S a t u r a t e d f l u o r e s c e n c e 
has been observed i n atomic s p e c i e s such as T£ and Z r , (36),and 
Na (37,38) and i n the m o l e c u l a r s p e c i e s MgO (.38), C 2 ( 3 9 ) , OH (AO), 
and CH and CN i n our l a b o r a t o r y ( 4 1 ) . B e s i d e s the mol e c u l e s 
l i s t e d , o t h e r c a n d i d a t e s p e c i e s f o r s a t u r a t e d f l u o r e s c e n c e d e t e c 
t i o n i n c l u d e CS, NH, NO, CH 20, HCN, NH £ and S 0 2 . 

S a t u r a t e d f l u o r e s c e n c e i s not w i t h o u t i t s c o m p l i c a t i o n s and 
d i f f i c u l t i e s . High l a s e r i n t e n s i t i e s are r e q u i r e d t o a c h i e v e 
s a t u r a t i o n , but are d i f f i c u l t t o o b t a i n at c e r t a i n w avelengths, 
e.g. NO at ̂ 2265 8 . T h i s i s one reason OH has r e c e i v e d much 
st u d y , s i n c e i t s a b s o r p t i o n s r e s i d e at the frequency-doubled 
wavelengths of p o w e r f u l Rhodamine dye l a s e r s . For many mo l e c u l e s 
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of i n t e r e s t , flashlamp-pumped dye l a s e r s do not possess the 
r e q u i s i t e s p e c t r a l i n t e n s i t i e s t o a c h i e v e s a t u r a t i o n . F u r t h e r 
more, the lo n g p u l s e l e n g t h s , 0 ( 1 0 ~ ^ s e c ) , permit more e x c i t e d 
s t a t e c h e m i s t r y (42) t o occur l e a d i n g t o measurement e r r o r s . Dye 
l a s e r s pumped by an a p p r o p r i a t e harmonic of a Q-switched neodymium 
l a s e r g e n e r a l l y possess the r e q u i s i t e i n t e n s i t i e s t o s a t u r a t e 
and the s h o r t p u l s e l e n g t h s 0(10 sec) min i m i z e the p o t e n t i a l of 
l a s e r induced c h e m i s t r y . There has been some q u e s t i o n whether 
t h i s i s too s h o r t a p u l s e l e n g t h to use. I t i s easy to show from 
the time dependent r a t e e q u a t i o n s i n the s a t u r a t i o n regime, t h a t 
the c h a r a c t e r i s t i c time f o r s a t u r a t i o n to o c c u r , i . e . the time 
f o r a b s o r p t i o n and s t i m u l a t e d e m i s s i o n to b a l a n c e , i s ̂  c^\2^ 

which i s t y p i c a l l y of 0 ( 1 0 " ^ s e c  tim
of the l a s e r p u l s e , r o t a t i o n a
occur c o m p l i c a t i n g the data a n a l y s i s (43,44). Examples of r o t a t i o n
a l l y n o n e q u i l i b r a t e d f l u o r e s c e n c e s p e c t r a of CH and CN have been 
o b t a i n e d i n our l a b o r a t o r y and w i l l be d i s p l a y e d s h o r t l y . I f 
r o t a t i o n i s c o m p l e t e l y f r o z e n o r c o m p l e t e l y r e l a x e d , the d a t a 
can be reduced i n a s t r a i g h t f o r w a r d manner. In between these 
l i m i t s , the f r a c t i o n a l p o p u l a t i o n f e e d i n g the d i r e c t l y pumped 
t r a n s i t i o n has t o be e s t i m a t e d . A time dependent r a t e e q u a t i o n 
model has been developed by H a l l a t UTRC to a i d i n e s t i m a t i n g t h i s 
f r a c t i o n a l p o p u l a t i o n c o u p l i n g . However,good r o t a t i o n a l r e l a x a t i o n 
r a t e d a t a w i l l be r e q u i r e d to do t h i s a c c u r a t e l y , l i t t l e of which 
i s a v a i l a b l e . Another problem concerns the f o c a l i n t e n s i t y p r o f i l e , 
i . e . n o n s a t u r a t i o n i n the wings of the fo c u s s e d l a s e r beam. T h i s 
has been examined bo t h a n a l y t i c a l l y (45) and e x p e r i m e n t a l l y 
(38,46). I n _38, b e s t agreement between f l u o r e s c e n c e and a b s o r p t i o n 
d a t a was o b t a i n e d u s i n g the r e c t a n g u l a r beam a p p r o x i m a t i o n . 

CH, CN I n v e s t i g a t i o n s . I n the p r e v i o u s s t u d i e s of CH and CN 
at our l a b o r a t o r y ( 4 1 ) , the s a t u r a t e d f l u o r e s c e n c e v a l u e s were a 
f a c t o r of two and f i v e r e s p e c t i v e l y below those determined by 
a b s o r p t i o n . I f a n y t h i n g , the a b s o r p t i o n measurements may have 
been i n e r r o r t o the low s i d e . The d i s c r e p a n c y , i t was b e l i e v e d , 
was due t o the f o c u s s e d l a s e r beam diameter exceeding the r a d i c a l 
p r o d u c t i o n r e g i o n . T h i s caused an o v e r e s t i m a t e of the f l u o r e s c e n c e 
sample volume, i . e . assumed to be the l a s e r volume,and an under
e s t i m a t e of the s p e c i e s number d e n s i t y . R e c e n t l y these e x p e r i 
ments have been repe a t e d u s i n g laser-pumped dye l a s e r s w h i c h have 
a p u l s e w i d t h o f 5-10 (10~9) sec and a 10 Hz r e p e t i t i o n r a t e . 
The l a t t e r p e r m i t s s p e c t r a l s c a n n i n g of the e n t i r e f l u o r e s c e n c e 
spectrum u s i n g boxcar a v e r a g i n g . I n F i g u r e 15 i s shown a compari
son of the normal CH flame e m i s s i o n from an o x y - a c e t y l e n e s l o t 
t o r c h and the l a s e r induced f l u o r e s c e n c e spectrum. The CH was 
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a) CH F L A M E EMISSION 
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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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e x c i t e d by a S t i l b e n e dye l a s e r pumped by the t h i r d harmonic of 
a Q-switched neodymium l a s e r . As i s apparent, the CH p o p u l a t i o n s 
do not have time t o r o t a t i o n a l l y e q u i l i b r a t e d u r i n g the l a s e r 
p u l s e . S a t u r a t i o n of the f l u o r e s c e n c e was a c h i e v e d and the data 
reduced u s i n g the method developed i n (.39) . In F i g u r e 16 normal 
CN flame e m i s s i o n and the l a s e r induced f l u o r e s c e n c e are compared 
from an a c e t y l e n e / n i t r o u s o x i d e flame. To generate the a p p r o p r i 
ate r a d i a t i o n , a Rhodamine dye l a s e r was pumped by the second 
harmonic of NdrYAG, then wavemixed i n a c r y s t a l w i t h the Nd:YAG 
fundamental. As w i t h CH> complete r o t a t i o n a l e q u i l i b r a t i o n does 
not o c c u r . T h i s i s apparent i f one compares the 0-0 bandhead 
w i d t h . I n F i g u r e 17, the s a t u r a t i o n b e h a v i o r of the f l u o r e s c e n c e 
i s d i s p l a y e d . The f l u o r e s c e n c
l a s e r i n t e n s i t y due presumabl
t i o n i n the wings. A l l of the measurements are summarized i n 
Table 1. 

T able 1 

Summary of S a t u r a t e d F l u o r e s c e n c e Measurements 

—3 —1 
S p e c i e s ppm Ν(cm ) QCsec ) 

ABS* 57 ±20 1 . 6 ( 1 0 1 4 ) 
S F t l ) 23 ±10 7 . 1 ( 1 0 1 3 ) 3 ( 1 0 9 ) 
SF(2) 103 ±50 3 . 3 ( 1 0 1 4 ) 8 ( 1 0 u ) 

CN 
ABS* 131 ±34 3 . 8 ( 1 0 1 4 ) 
SF*(1) 25 ±11 8 ( 1 0 1 3 ) H U T ) 
SF (2) 380 ±150 1 . 1 ( 1 0 1 5 ) 2 ( 1 0 1 3 ) 

* Ref. ( 4 1 ) . 
SF(1) Flashlamp-pumped dye l a s e r 
SF(2) nxNd:YAG l a s e r pumped dye l a s e r 

As can be seen the new f l u o r e s c e n c e r e s u l t s are h i g h compared to 
a b s o r p t i o n by a f a c t o r of two f o r CH and t h r e e f o r CN. The 
f l u o r e s c e n c e r e s u l t s are p r o b a b l y h i g h s i n c e the i n i t i a l Boltzmann 
p o p u l a t i o n f r a c t i o n was used i n the d a t a a n a l y s i s , i . e . f r o z e n 
r o t a t i o n . However, i n a c t u a l i t y , some r o t a t i o n a l c o u p l i n g from 
a d j a c e n t r o t a t i o n a l l e v e l s o c c u r s d u r i n g the p u l s e , and c o n t r i b u t e s 
to the f l u o r e s c e n c e . The f l u o r e s c e n c e i s thus l a r g e r than i t 
would be from a s i n g l e l e v e l l e a d i n g t o an o v e r e s t i m a t e of the 
t o t a l p o p u l a t i o n . Dynamic m o d e l l i n g s h o u l d a l l o w e s t i m a t e s of the 
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Figure 16. Comparison of CN flame emission and laser-excited fluorescence spec
trum in a nitrous oxide-acetylene slot torch 
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Figure 17. Variation of laser-excited CN fluorescence intensity with laser spectral 
irradiance in a nitrous oxide-acetylene slot torch 

Figure 18. Laser-excited NO fluorescence spectrum in an NO-doped methane-air 
premixed flat flame 
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coupled p o p u l a t i o n f r a c t i o n f o r m o l e c u l e s where r o t a t i o n a l 
r e l a x a t i o n data i s a v a i l a b l e . I n a d d i t i o n the a b s o r p t i o n measure
ments are pr o b a b l y low s i n c e the a b s o r b i n g beam w a i s t was compara
b l e t o the r a d i c a l g r a d i e n t s c a l e . I n view of t h i s and the o t h e r 
u n c e r t a i n t i e s mentioned e a r l i e r , s a t u r a t e d f l u o r e s c e n c e a t t h i s 
stage of development appears t o be a c c u r a t e t o w i t h i n a f a c t o r 
o f two. 

NO S t u d i e s . To e x c i t e f l u o r e s c e n c e i n NO, r a d i a t i o n i n the 
2265 8 v i c i n i t y of the gamma bands i s r e q u i r e d . T h i s i s a c h i e v e d 
by f r e q u e n c y - d o u b l i n g a 2xNd:YAG pumped Rhodamine dye l a s e r , and 
then sum frequency m i x i n g w i t h 1.06μ i n a second c r y s t a l . F l u o 
rescence was e x c i t e d from NO doped i n a premixed methane-air flame 
r u n n i n g near 2100°K. I  F i g u r  18 i  show  th  l a s e  e x c i t e d NO 
f l u o r e s c e n c e spectrum. Withou
o b s e r v a b l e . Up to the 0.1 mJ maximum p u l s e energy a v a i l a b l e 
c o r r e s p o n d i n g t o a s p e c t r a l i n t e n s i t y of 6(10^) W/cm2cm~1, the 
v a r i a t i o n of the NO f l u o r e s c e n c e w i t h l a s e r energy was s t r i c t l y 
l i n e a r . I t i s e s t i m a t e d ( 3 ) t h a t l a s e r s p e c t r a l i n t e n s i t i e s of 
0(10 W/cm^cnf^) w i l l be r e q u i r e d t o s a t u r a t e NO and e f f o r t s a re 
c u r r e n t l y d i r e c t e d toward im p r o v i n g the s p e c t r a l i n t e n s i t y of the 
dye l a s e r system. 

C o n c l u s i o n s 

CARS appears i d e a l l y s u i t e d t o thermometry and major s p e c i e s 
c o n c e n t r a t i o n measurements i n both p r a c t i c a l and c l e a n flame 
environments. I t s h o u l d see widespread a p p l i c a t i o n i n both 
p r a c t i c a l combustors and fundamental flame i n v e s t i g a t i o n s , p a r t i c u 
l a r l y where soot l e v e l s are h i g h . S a t u r a t e d l a s e r f l u o r e s c e n c e 
has g r e a t p o t e n t i a l f o r the measurement of s e l e c t e d s p e c i e s i n 
low c o n c e n t r a t i o n (ppm) i n both p r a c t i c a l and c l e a n flames. 
A l t h o u g h the l i s t of a p p l i c a b l e s p e c i e s i s l i m i t e d , most are of 
extreme i n t e r e s t i n combustion r e s e a r c h . The f l u o r e s c e n c e s i g n a l s 
w i l l be independent of gas quenching e f f e c t s i f the a b s o r p t i o n 
resonances can be s a t u r a t e d . Two l e v e l models, when p r o p e r l y 
i n t e r p r e t e d , are a p p l i c a b l e t o da t a r e d u c t i o n , but r o t a t i o n a l 
relaxâtion/coupling e f f e c t s need t o be q u a n t i t a t i v e l y e v a l u a t e d . 
More fundamental r e s e a r c h i n v e s t i g a t i o n s are r e q u i r e d t o address 
these q u e s t i o n s f o r t h i s p o t e n t i a l t o be r e a l i z e d . 
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The measurement of temporall d spatiall  resolved tem
perature and species concentration
reacting gases present  problem
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 i n a b l u f f - b o d y s t a b i l i z e d 
flame w i t h t u r b u l e n t and r e c i r c u l a t i n g f l o w c h a r a c t e r i s t i c s 
s i m i l a r t o those found i n many p r a c t i c a l combustors. The com-
b u s t o r was operated a t atmospheric p r e s s u r e w i t h i n l e t a i r 
temperatures between 280 and 300K, an a i r f l o w r a t e of 0.5 kg/ 
sec , and an upstream Reynolds number 1.5 * 1 0 5 . Gaseous propane 
was i n j e c t e d from a hollow-cone n o z z l e l o c a t e d a t the c e n t e r of 
the b l u f f - b o d y combustor a t a f l o w r a t e of 7.06 kg/hr. The flame 
c o n s i s t e d of a b l u e cone o r i g i n a t i n g a t the n o z z l e f o l l o w e d by a 
yel l o w - l u m i n o u s t a i l . 
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The CARS system used to measure temperature and s p e c i e s con
c e n t r a t i o n s i n the combustor zone i s composed of a single-mode 
r u b y - l a s e r o s c i l l a t o r - a m p l i f i e r w i t h a r e p e t i t i o n r a t e of 1 Hz 
and a ruby-pumped, n e a r - i n f r a r e d broad-band dye l a s e r . The two 
l a s e r beams ar e combined c o l l i n e a r l y and focused f i r s t i n t o a 
c e l l c o n t a i n i n g a nonresonant r e f e r e n c e gas and then i n t o the 
sample volume ( a p p r o x i m a t e l y 30-μ diam. χ 2 cm) i n the combustion 
r e g i o n . The a n t i - S t o k e s beams produced i n the sample and r e f e r 
ence volumes a r e d i r e c t e d t o s p a t i a l l y s e p a r a t e d f o c i on the 
e n t r a n c e s l i t o f a s p e c t r o m e t e r and d e t e c t e d by s e p a r a t e photo-
m u l t i p l i e r tubes. An o p t i o n a l means of d e t e c t i o n i s p r o v i d e d f o r 
the sample s i g n a l i n the form o f an o p t i c a l m u l t i c h a n n e l a n a l y z e r 
(OMA), which makes i t p o s s i b l e to o b t a i n s i n g l e - p u l s e CARS 
s p e c t r a . 

Q-branch s p e c t r a o  N2  O2
zone of the combustor d u r i n
of the OMA and broad-band Stokes beam. An example of these 
s i n g l e - s h o t s p e c t r a i s g i v e n f o r N2 i n F i g . 1. These s p e c t r a 
suggest t h a t i t i s f e a s i b l e t o o b t a i n s i m u l t a n e ou s s i n g l e - p u l s e 
measurements of temperature and s p e c i e s c o n c e n t r a t i o n i n t h i s 
t ype o f combustion environment. A l t h o u g h not p r e s e n t e d h e r e , 
s i n g l e - s h o t temperature d e t e r m i n a t i o n s have indeed been made 
d u r i n g r e c e n t measurements. 

S p a t i a l l y r e s o l v e d average temperatures were a r r i v e d a t 
through the use o f time-averaged N2 CARS s p e c t r a o b t a i n e d by 
s t e p p i n g the s p e c t r o m e t e r through the Q-branch s p e c t r a generated 
i n the combustion r e g i o n . Temperature was determined by compar
i n g the measured, n o r m a l i z e d Q-branch spectrum, i n d i c a t e d by "+" 
i n F i g . 2, and the c a l c u l a t e d s p e c t r a generated by a d j u s t i n g the 
temperature u n t i l the b e s t f i t was o b t a i n e d . The measured tem
p e r a t u r e p r o f i l e s a r e shown f o r the a x i a l and the Y and X r a d i a l 
dimensions i n F i g s . 3, 4, and 5, r e s p e c t i v e l y . I t s h o u l d be 
p o i n t e d out t h a t the apparent d i s c r e p a n c y i n the c e n t e r - l i n e 
temperatures o f F i g s . 3 and 5 i s the r e s u l t of a s l i g h t m o d i f i c a 
t i o n i n the p o s i t i o n i n g of the f u e l n o z z l e r e l a t i v e t o the f a c e 
of the b l u f f - b o d y combustor which was made between the measure
ment p e r i o d s . 

S i n g l e - s h o t i n t e g r a t e d Q-branch i n t e n s i t y measurements were 
performed to o b t a i n the N 2 and 0 2 m o l e c u l a r number d e n s i t i e s 
from the r e a c t i o n p r o d u c t s . These d a t a were reduced w i t h the 
averaged CARS temperatures t o o b t a i n the s p e c i e s - c o n c e n t r a t i o n 
p r o f i l e s a l s o shown i n F i g s . 3-5. 

To o b t a i n comparative temperature d a t a , a P t 13% - RhPt 
thermocouple p r o v i d e d by NASA Lewis Research Center was used 
t o p r o f i l e the propane flame a t the Ζ = 50-cm downstream p o s i 
t i o n . Comparison of the CARS and r a d i a t i o n - c o r r e c t e d 
t h e r m o c o u p l e - d e r i v e d temperature p r o f i l e s i s shown i n F i g . 6. 
The agreement between CARS ( s o l i d c u rve) and thermocouple (dashed 
l i n e ) temperatures appears t o be q u i t e r e a s o n a b l e f o r l o c a t i o n s 
w i t h i n 3 cm of the combustor c e n t e r l i n e . However, the CARS d a t a 
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Figure 3. A xial profiles (3) 
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Figure 4. Y radial profiles atX = 0 and Ζ = 7 cm ( 3) 
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Figure 6. Comparison of CARS temperature ( ) and average thermocouple 
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i n d i c a t e t h a t f o r d i s t a n c e s of more than 3 cm from the c e n t e r -
l i n e , some as y e t unknown e f f e c t s a r e c o n t r i b u t i n g t o the CARS 
i n f o r m a t i o n and r e s u l t , f o r example, i n the knees shown i n the 
CARS temperature p r o f i l e . I n v e s t i g a t i o n s t o determine whether 
these d i s t u r b a n c e s i n the da t a a r e a consequence o f o p t i c a l mis
alignment o r improper a v e r a g i n g caused by flame t u r b u l e n c e o r 
whether they a r e o f a more fundamental n a t u r e a r e p r e s e n t l y 
underway. 

I n c o n c l u s i o n , t he d a t a accumulated d u r i n g these experiments 
demonstrate t h a t through the use of the CARS t e c h n i q u e , combus
t i o n d i a g n o s t i c s can be performed i n a l a r g e - s c a l e p r a c t i c a l com
b u s t o r environment. R e s u l t s a l s o i n d i c a t e t he p o t e n t i a l of CARS 
f o r the d e t e r m i n a t i o n of t e m p o r a l l y r e s o l v e d temperature and 
s p e c i e s c o n c e n t r a t i o n . W i t h the a i d o f such d a t a , p r o b a b i l i t y 
d i s t r i b u t i o n f u n c t i o n s
averaged q u a n t i t i e s ma

Literature Cited 

1. Moya, F.; Druet, S. A. J.; and Taran, J. P. E. Opt. Commun., 
1975, 13, 169. 

2. Eckbreth, A. C.; Hall, R. J.; and Shirley, J. A. "Investiga
tions of Coherent Anti-Stokes Raman Spectroscopy (CARS) for 
Combustion Diagnostics," Paper 79-0083, Presented at the 
17th AIAA Conference on Aerospace Sciences, New Orleans, LA, 
June 15-17, 1979. 

3. Switzer, G. L.; Roquemore, W. M.; Bradley, R. P.; Schreiber, 
P. W.; and Roh, W. B. "CARS Measurements in a Bluff-Body 
Stabilized Diffusion Flame," Appl. Opt., 1979, 18, 2343. 

4. Eckbreth, A. C. "Spatially Precise Laser Diagnostics for 
Practical Combustor Probing," Presented at the 178th ACS 
National Meeting, Washington, D.C., September 10-14, 1979. 

RECEIVED February 1, 1980. 

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



25 
Update on C A R S Diagnostics of Reactive Media 
at O N E R A 
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The CARS research effort at ONERA is divided into three 
parts : 

continued development of the apparatus presently on hand; 
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 
c r o s s e d beam mode, or BOXCARS ( 2 ) , g i v e s a r e s o l u t i o n a d j u s t a b l e 
between 1 and 3 mm, but w i t h reduced s i g n a l s t r e n g t h (1/50 t o 
1/100). I n both c a s e s , the t r a n s v e r s e r e s o l u t i o n i s b e t t e r than 
50 ym. A f o l d e d BOXCARS mode, w i t h t h e ωχ beams c o n t a i n e d i n a 
pla n e o r t h o g o n a l t o t h a t of the ω 2 and 0)3 beams, has been t e s t e d 
and r e j e c t e d f o r p r a c t i c a l combustion work. I n e f f e c t , a l t h o u g h 
the a n t i - S t o k e s s i g n a l i s s p a t i a l l y s e p a r a t e d from the pump so 
t h a t s p e c t r a l f i l t e r i n g i s g r e a t l y f a c i l i t a t e d ( f o r s m a l l Raman 
s h i f t s e s p e c i a l l y ) , the n e t s i g n a l i s reduced. 

0-8412-0570-l /80/47-134-311$05.00/0 
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S p e c t r a l r e s o l u t i o n . The in s t r u m e n t r e a d i l y g i v e s a s p e c t r a l 

. 1 
r e s o l u t i o n l e s s than 0.07 cm , which b e t t e r s t h a t o f the b e s t 
c o n v e n t i o n a l Raman s p e c t r o g r a p h s , and i s the be s t adapted f o r 
s e n s i t i v e d e t e c t i o n i n flames (one then t a k e s f u l l advantage of 
the s m a l l Raman l i n e w i d t h s t o maximize the s i g n a l ) . A r e s o l u t i o n 
of 0.7 cm i s a l s o a v a i l a b l e f o r r a p i d scanning and f o r the 
d e t e c t i o n of major c o n s t i t u e n t s . I n a d d i t i o n , a broadband mode 
can be used f o r m u l t i p l e x CARS i n c o n j u n c t i o n w i t h a s p e c t r o g r a p h 
and an OMA (3). I n a l l c a s e s , the s i n g l e l o n g i t u d i n a l mode c h a r a c 
t e r of the Yag l a s e r o s c i l l a t o r and i t s frequency s t a b i l i t y a r e 
fundamental r e q u i r e m e n t s , i f one i s t o o b t a i n r e p r o d u c i b l e 
r e s u l t s . The Yag o s c i l l a t o r s p e c t r a l p r o p e r t i e s a r e a c h i e v e d by 
i n s e r t i n g two t e m p e r a t u r e - c o n t r o l l e d étalons i n i t s c a v i t y and by 
u s i n g a p a s s i v e Q-switch

Measurement a c c u r a c y . Our r.m.s. shot t o shot f l u c t u a t i o n s a r e 
± 5%, thanks t o the use of r e f e r e n c e . T h i s a c c u r a c y does not 
depend on the mode of o p e r a t i o n ( s p a t i a l r e s o l u t i o n and c h o i c e of 
f i e l d p o l a r i z a t i o n s ) . I t i s not as good, however, i n m u l t i p l e x 
CARS, o r i n d i l u t e samples, or i n the v i c i n i t y of narrow l i n e s , 
because o t h e r sources of n o i s e such as p h o t o e l e c t r o n s t a t i s t i c s 
and l a s e r frequency i n s t a b i l i t i e s (however s m a l l ) then p l a y a 
major r o l e . 

D e t e c t i o n s e n s i t i v i t y . S e n s i t i v i t y depends on s e v e r a l parameters, 
i n c l u d i n g background c a n c e l l a t i o n ( 4 ) , measurement a c c u r a c y , s t r a y 
l i g h t e m i s s i o n from the flam e , s p e c t r a l i n t e r f e r e n c e from o t h e r 
s p e c i e s , e t c ... A v e r y good i n d i c a t i o n i s g i v e n by the room a i r 
CO2 s p e c t r a o f F i g . l . F i g u r e l a g i v e s a spectrum r e c o r d e d w i t h a 
dye l a s e r l i n e w i d t h o f 0.7 cm" 1 i n 0.1 cm" 1 increments and a v e r 
a g i n g 10 c o n s e c u t i v e measurements per increment. The s t r o n g e s t C 0 2 

l i n e i s shown. I t appears as a 40% m o d u l a t i o n on the background. 
The C 0 2 i s e a s i l y d e t e c t e d because the measurement ac c u r a c y i s 
good (our d e t e c t i v i t y i s about 15 ppm h e r e ) . F i g u r e l b i s o b t a i n e d 
u s i n g background c a n c e l l a t i o n as d e s c r i b e d i n (_1) ; f a i n t 0 2 l i n e s 
now appear, g i v i n g an i n d i c a t i o n o f the S/N improvement. Note t h a t 
the s i g n a l i s reduced by a l a r g e f a c t o r (on the o r d e r o f 16), and 
t h a t t h i s t e c h n i q u e t h e r e f o r e may not be a p p l i c a b l e t o v e r y b r i g h t 
f l a m e s . I f we use a dye l a s e r l i n e w i d t h o f 0.07 cm" 1, the l i n e s i n 
F i g . l a and l b a r e a p p r o x i m a t e l y t r i p l e d , which shows the advan
tage of u s i n g the h i g h e r r e s o l u t i o n a v a i l a b l e . F i g u r e 2 was 
o b t a i n e d i n broadband CARS. Ten s p e c t r a have been averaged f o r 
e a s i e r comparison w i t h F i g . l b . The s p e c t r a l r e s o l u t i o n , w h i ch 
depends b o t h on s p e c t r o g r a p h d i s p e r s i o n and OMA t a r g e t r e s o l u t i o n , 
i s s l i g h t l y l e s s than 1 cm" 1. The S/N r a t i o and t h e d e t e c t i v i t y 
a r e a p p r e c i a b l y lower, but we have hopes of improving them. 
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Figure 1. BOXCARS spectra room air C02 with parallel polarizations (a). Ps and 
P2

ref are the sample and reference anti-Stokes powers, respectively. Vertical scales 
are arbitrary with background cancellation (b). 
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10 CHANNEL N ° 100 

Figure 2. Same spectrum as Figure lb taken by OMA 2 with collinear pump beams 

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



25. PÉALAT ET AL. CARS Diagnostics at ONERA 315 

P r a c t i c a l Measurements 

The f e a s i b i l i t y o f p e r f o r m i n g u s e f u l measurements i n p r a c t i 
c a l combustion system was demonstrated i n December 1978 on a 
s i m u l a t e d j e t engine combustor f u e l e d by kerosene and h a v i n g a 
nominal mass f l o w r a t e of 600 g/s w i t h f l o w c r o s s s e c t i o n o f 
10 cm χ 40 cm ( 5 ) . The spectrometer was s e t up c l o s e to the burner 
( F i g . 3 ) . The n o i s e l e v e l was 110 db, w h i l e the c e l l was f l u s h e d 
w i t h a i r a t temperatures r a n g i n g from 5 to 15°C. A plywood case 
was i n s t a l l e d f o r t h e a c o u s t i c p r o t e c t i o n and an e l e c t r i c b l a n k e t 
was used to m a i n t a i n the spec t r o m e t e r ' s temperature above 13°C. 
F i g u r e 4 p r e s e n t s an N 2 spectrum r e c o r d e d i n the exhaust. Computer 
data r e d u c t i o n y i e l d s a temperature Τ o f 1150 ± 50 Κ and a mole 
f r a c t i o n c of 78 + 5%, i n good agreement w i t h thermocouple 
(T = 1050 K) and samplin
r e d u c t i o n was done u s i n
l i n e w i d t h d ata from Owyoung ( 7 ) . C a r e f u l matching of the non
resonant background i s im p o r t a n t f o r temperature r e t r i e v a l , s i n c e 
a 20% e r r o r on the v a l u e used f o r the background may l e a d t o an 
e r r o r i n excess of 100 Κ on the temperature, w h i l e s t i l l p e r m i t 
t i n g an a c c e p t a b l e f i t t o the d a t a near the band c e n t e r . We a l s o 
monitored 0 2 and C0 2 and showed t h a t s h o r t b u r s t s of t r a c e C F 4 

can be i n j e c t e d and used as a seed t o measure r e s i d e n c e times by 
CARS. CF^ c o n c e n t r a t i o n s as low as 1% have been d e t e c t e d w i t h o u t 
background c a n c e l l a t i o n . We e s t i m a t e t h a t 300 ppm of t h i s gas 
c o u l d be d e t e c t e d w i t h background c a n c e l l a t i o n . F i n a l l y , a n t i -
Stokes s i g n a l f l u c t u a t i o n s of ± 20% are observed. We f e e l t h a t 
they a r e caused m a i n l y by l o c a l s u s c e p t i b i l i t y f l u c t u a t i o n s , and 
not by beam d e f o c u s i n g r e s u l t i n g from S c h l i e r e n e f f e c t s . The 
o p t i c a l p a t h through the j e t was 10 cm. 

E x p l o r a t i o n s a r e b e i n g undertaken or planned on low p r e s 
sure d i s c h a r g e s i n H 2, where a d e t e c t i o n s e n s i t i v i t y of 10" atm. 
can be o b t a i n e d , and on c h e m i c a l l a s e r s , p i s t o n engines and r e a l 
j e t engine combustors. 

Resonance CARS 

The d e t e c t i o n s e n s i t i v i t y b e i n g l i m i t e d a t 100 to 1000 ppm 
f o r u s u a l gases i n flames u s i n g background c a n c e l l a t i o n , an e f f o r t 
has been undertaken i n o r d e r t o understand resonance enhancement 
mechanisms and i n o r d e r t o a p p l y resonance CARS to t r a c e s p e c i e s 
d e t e c t i o n . The t h e o r y i s now w e l l understood (8) and an encourag
i n g e x p e r i m e n t a l v e r i f i c a t i o n has been r e p o r t e d w i t h d e t e c t i v i t y 
g a i n s of 100 to 1000 ( 9 ) . However, numerous e x p e r i m e n t a l problems 
remain t o be s o l v e d , among which are s a t u r a t i o n and l a s e r s t a b 
i l i t y problems ( 1 0). 

I n c o n c l u s i o n , CARS i s now a proven l a b o r a t o r y t e c h n i q u e f o r 
ch e m i c a l a n a l y s i s and temperature measurements. These achievements 
have come through a v e r y c a r e f u l e n g i n e e r i n g of the l a s e r sources 
and a s s o c i a t e d o p t i c s . The d e t e c t i o n s e n s i t i v i t y has been improved 
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Figure 3. Quantel CA RS spectrometer in combustor facility 
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Figure 4. Time-averaged spectrum of Ν% 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 t o the i n t r o d u c t i o n of a background c a n c e l l a t i o n t e c h n i q u e , 
but remains l i m i t e d t o 1000 ppm or ther e a b o u t s i n p r a c t i c a l 
s i t u a t i o n s . H o p e f u l l y , resonance CARS w i l l h e l p t o overcome a l l 
these l i m i t a t i o n s and enable us t o o b t a i n ppm d e t e c t a b i l i t i e s . 
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The Application of Single-Pulse Nonlinear Raman 
Techniques to a Liquid Photolytic Reaction 
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Pulsed laser-Raman
for chemical diagnostic
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
lap 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 limitations of single-pulse non
linear 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). 

Ρ = χ ( 1 ) | + x (2)E2 + x (3)E3 (1) 

where Ρ i s the p o l a r i z a t i o n per u n i t volume, the are 
d i e l e c t r i c s u s c e p t i b i l i t y tensors of rank ( i + 1) , and Ε i s the 
app l i e d e l e c t r i c f i e l d . At high f i e l d s i n i s o t r o p i c media, the 
second non-linear term becomes important. The t h i r d order sus
c e p t i b i l i t y i s a complex q u a n t i t y which has resonant and non
resonant components according to Equation (2). 

0-8412-0570-l/80/47-134-319$05.00/0 
© 1980 American Chemical Society 

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



320 LASER PROBES FOR COMBUSTION CHEMISTRY 
x ( 3 ) = χ' + ix" + X N . R . (2) 

xN.R., the non-resonant s u s c e p t i b i l i t y , gives r i s e to the 
background i n t e r f e r e n c e i n Coherent Anti-Stokes Raman Spectro
scopy (CARS) (5J. This i n t e r f e r e n c e which a r i s e s from solvents 
or c l o s e l y spaced l i n e s i s r e s p o n s i b l e f o r the CARS band shape 
d i s t o r t i o n observed under c e r t a i n c o n d i t i o n s . 

For RIKES with c i r c u l a r pump p o l a r i z a t i o n and f o r 1RS, the 
background i n t e r f e r e n c e i s surpressed. In the RIKES case, the 
non-resonant part of χ(3) drops out according to Kleinman sym
metry (_3). In 1RS only the imaginary part of xw) c o n t r i b u t e s , 
but a l l of the probe i n t e n s i t y i s admitted to the detector. 
Experimental 

The b a s i c experimenta  arrangemen  Figur
Q-switched ruby pump l a s e r i s frequency doubled to pump a broad
band dye l a s e r with a p i a n o - s p h e r i c a l c a v i t y . The remaining 
ruby power and the dye pulse were then used f o r the non-linear 
spectroscopy experiments. Spectra were recorded on f i l m or 
p l a t e s by means of a Spex Model 1701 spectrograph equipped with 
a camera. The smoothness of the dye output i n t e n s i t y with wave
length, which determines the s e n s i t i v i t y of the s i n g l e - p u l s e 
s p e c t r a , v a r i e d from shot to shot and depended on the dye. 
A l s o , the heterogeneity of the ruby power densit y cross s e c t i o n 
i n the sample i n t e r a c t i o n volume caused a large shot to shot 
v a r i a t i o n i n the non-linear s i g n a l i n t e n s i t y . In the RIKES 
experiments, a l l o p t i c a l elements were placed outside the 
crossed p o l a r i z e r s ; only the sample c e l l windows remained. Th i s 
arrangement prevented s t r a i n b i r e f r i n g e n c e from i n t e r f e r i n g with 
the RIKES spectrum. 

For the f l a s h p h o t o l y s i s experiments, the u l t r a v i o l e t pulse 
(20 ys FWHM) was d e l i v e r e d to the samples v i a f o u r l i n e a r Xenon 
f l a s h t u b e s surrounding the sample c e l l . The lamps were f i r e d 
from the l a s e r console through a v a r i a b l e delay to provide the 
d e s i r e d time delay from the f l a s h peak to the l a s e r pulses. 
R e s u l t s 

Schreiber (6) pointed out the usefulness of s i n g l e - p u l s e 
CARS f o r combustion work. The apparatus described above can be 
e a s i l y adapted to perform a number of coherent Raman experiments 
with s i n g l e 20 ns (FWHM) l a s e r pulses. Following are examples 
of the a p p l i c a t i o n of s i n g l e - p u l s e RIKES and 1RS, f i r s t to 
s t a t i c s o l u t i o n s , then to Xenon-lamp i r r a d i a t e d s o l u t i o n s . 

Figure 2 shows two examples of RIKES s p e c t r a , demonstrating 
the a t t a i n a b l e s e n s i t i v i t y . Smaller amounts can be detected 
with c o n s i d e r a b l e loss i n s i g n a l - t o - n o i s e r a t i o . 

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



26. VON HOLLE AND MCWILLIAMS Liquid Photolytic Reaction 
321 

Probe 

Linear polarizer 
(Glan-air prism) 

1RS results 
Absorbed p r o b ^ 

• Camera 

Pump laser 

λ/4 wave plate 

Spectrograph 

RIKES results: transmitted probe-

Figure 1. Diagram of experimental apparatus used to obtain 1RS and RIKES 
spectra. The Q-switched ruby is frequency-doubled to pump the dye laser. RIKES 
and its variations require two polarizers,, For 1RS the analyzer can be removed 

and the quarter-wave plate removed or replaced by a half-wave plate. 

c 
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Figure 2. Microdensitometer traces of RIKES spectra of two solutions of cyclo-
hexane in CClk in the C-H stretching region. The peak ruby pump power was 

150 MW cm2 and the pump beam was crossed with probe beam at about 10°. 
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O p t i c a l heterodyne d e t e c t i o n of the RIKES s i g n a l (OHD-RIKES) 
is reported to g r e a t l y increase the s i g n a l - t o - n o i s e (S/N) r a t i o 
with p h o t o e l e c t r i c d e t e c t i o n and single-frequency scanning (7J. 
F i g u r e 3 shows the r e s u l t s of the a p p l i c a t i o n of OHD-RIKES to 
m u l t i p l e x experiments. In t h i s case the l o c a l o s c i l l a t o r was 
introduced by a method suggested i n referenc e {]_). The analyzer 
was r o t a t e d to allow some of the dye probe pulse through and the 
ruby pump pulse was p o l a r i z e d l i n e a r l y at 45° to the dye. In 
the r e s u l t s shown i n F i g u r e 3, one sees a d e f i n i t e dependence of 
the l i n e shape on the sense of r o t a t i o n of the analyzer f o r the 
C-H s t r e t c h i n g r e g i o n , suggestive of p o l a r i z a t i o n CARS (8). 
T h i s e f f e c t could be useful f o r s i n g l e pulse work i n condensed 
media. 

Let us now turn our a t t e n t i o n to coherent Raman spect r a of 
f l a s h e d s o l u t i o n s . Te
CC&4 were found to r e a c
c r i b e d i n the experimental s e c t i o n . A t y p i c a l time-resolved 
RIKES spectrum i s shown i n Figure 4. Superimposed on a larg e 
t r a n s i e n t background s i g n a l there i s evidence f o r new 
resonances, one of which may be due to cyclohexene. The back
ground i s sometimes coherent with the Raman s i g n a l s , causing 
l i n e shape d i s t o r t i o n and even spectrum i n v e r s i o n as i n F i g u r e 
5. P r e l i m i n a r y evidence i n d i c a t e s a d e f i n i t e peak i n i n t e n s i t y 
of t h i s background s i g n a l at about 19 microseconds a f t e r the Xe 
f l a s h peak i n t e n s i t y . 

Two inverse Raman spectra of the f l a s h e d cyclohexane 
s o l u t i o n s are compared i n Figure 6. The 3026 cm"l absorption 
f e a t u r e , suspected to be cyclohexene, agrees with the RIKES 
r e s u l t s . OHD-RIKES spec t r a with the ruby l i n e a r l y p o l a r i z e d at 
45° to the l i n e a r dye probe p o l a r i z a t i o n and the analyzer 
rotated are a l s o shown i n F i g u r e 6. The p o s i t i o n of the sus
pected cyclohexene l i n e appears as well as other f e a t u r e s 
present i n the 1RS s p e c t r a . 
D i s c u s s i o n 

Some a d d i t i o n a l evidence of the nature of the l i g h t - i n d u c e d 
r e a c t i o n i n t h i s system was obtained by mass spectrographic 
a n a l y s i s of the gas given o f f as a r e s u l t of Xe l i g h t f l a s h . I t 
was found to contain hydrogen c h l o r i d e and p o s s i b l y chloroform. 
Gas e v o l u t i o n i s supported by the v i o l e n c e of the r e a c t i o n when 
the f l a s h i n t e n s i t y i s high. A l l observations are c o n s i s t e n t 
with a f r e e r a d i c a l mechanism i n which cyclohexene i s produced 
by cyclohexyl attack on CC&4, regenerating an a d d i t i o n a l f r e e 
r a d i c a l . Cyclohexene could then be depleted by a number of 
p l a u s i b l e mechanisms. The lack of s e n s i t i v i t y of the present 
method does not allow a d e f i n i t i v e determination of the mecha
nism of t h i s i n t e r e s t i n g r e a c t i o n . A r e p e t i t i v e method with 
p h o t o e l e c t r i c d e t e c t i o n and s i g n a l averaging would perhaps 
provide the r e q u i r e d s e n s i t i v i t y . 

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



26. VON HOLLE AND MCWILLIAMS Liquid Photolytic Reaction 
323 

992 cm ' 1 

3063 c m " 1 

Frequency shift, cm* 1 

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 cm1 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 CClk taken before and at 20 ^ec after the flash intensity peak 
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Figure 5. Microdensitometer trace of spectra from 10% (v/v) solutions of cyclo
hexane in CCli, taken before and at 19 pisec after the flash intensity peak 
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Figure 6. Microdensitometer traces of 1RS and OHD-RIKES spectra of 10% 
(v/v) cyclohexane solutions in CCI,,, (a) 1RS spectra before flash; (b) 12 i*sec after 
flash peak, peak ruby pump power, 150 MW'/cm2; (c) 19 pisec after flash peak, peak 
ruby pump power, 700 MW/cm2. 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,t 

before and at the peak of the flash, peak ruby pump power, 150 MW'/cm2. The 
ruby pump polarization was oriented 45° to the linear dye probe and the analyzer 

was rotated +S° from the null position. 
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The o r i g i n of the large f l a s h - i n d u c e d background produced i n 
the RIKES experiments i s not immediately evident. However, a 
r o t a t i o n of the quarter-wave p l a t e of about 10° y i e l d s n e arly 
the same background as observed i n the f l a s h experiments. Per
haps turbulence produced by the r e a c t i o n i s the source of t h i s 
induced e l l i p t i c i t y of the c i r c u l a r l y p o l a r i z e d pump. An 
induced e l l i p t i c i t y combined with a s l i g h t r o t a t i o n of the probe 
p o l a r i z a t i o n could e x p l a i n some of the f l a s h e d RIKES spec t r a . 

1RS and OHD-RIKES are l e s s e f f e c t e d by the background i n t e r 
ference, but the si g n a l l e v e l s tend to be low, and they are sub
j e c t to noise i n the broad-band dye l a s e r probe. Attempts to 
el i m i n a t e the remaining noise by time d i s p e r s a l of the Raman 
s i g n a l and l o c a l o s c i l l a t o r by means of a streak camera (9) or a 
smoothing of the dye probe mode s t r u c t u r e by i n t r a c a v i t y phase 
s h i f t i n g of the dye r a d i a t i o

Planned experiment
detonations of explosives w i l l be c a r r i e d out with the nonlinear 
Raman techniques. Heterodyne d e t e c t i o n of the t r a n s i e n t 
products of such r a p i d r e a c t i o n s seems the most promising. 

Literature Cited 

1. Jones, W. J. and Stoicheff, B. P., Phys. Rev. Lett., 1964, 
13, 657. 
2. Yeung, E.S., in "New Applications of Lasers to Chemistry," 
Hieftje, G. M., Ed., American Chemical Society, Washington, 
D.C., 1978, p 193. 
3. Heiman, D., Hellworth, R. W., Levenson, M. D., and Martin, 
G., Phys. Rev. Lett., 1976, 36, 189. 
4. Levenson, M. D., Physics Today, May, 1977, 44. 
5. Tolles, W. M. Nibler, J . W., McDonald, J. R., and Harvey, A. 
B., Applied Spectroscopy, 1977, 31, 253. 
6. Roh, W. B., Schreiber, P. W., and J-P E. Taran, Appl. Phys. 
Lett., 1976, 29, 174. 
7. Eesley, G. L . , Levenson, M. D., and Tolles, W. M., I.E.E.E. 
J . of Quant. Elec., 1978, QE-14, 45. 
8. Koroteev, Ν. I . , Endeman, M., and Byer, R. L . , Phys. Rev. 
Lett., 1979, 43, 398. 
9. Levenson, M. D. and Eesley, G. L . , Appl. Phys., 1979, 19, 1. 

Work performed under the auspices of the U.S. Department of 
Energy by Lawrence Livermore Laboratory under Contract No. 
W-7405-Eng-48. 

Received F e b r u a r y 1, 1 9 8 0 . 

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



27 
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 

D e t a i l e d m o d e l l i n g
thod we can use t o study complex r e a c t i v e f l o w p r o c e s s e s (1 ) . 
P r e d i c t i o n s about the b e h a v i o r of a p h y s i c a l system a r e o b t a i n e d 
by s o l v i n g n u m e r i c a l l y the m u l t i - f l u i d c o n s e r v a t i o n e q u a t i o n s f o r 
mass, momentum, and energy. S i n c e the success of d e t a i l e d model
l i n g i s coupled t o one's a b i l i t y to handle an abundance of t h e o r e 
t i c a l and n u m e r i c a l d e t a i l , t h i s f i e l d has matured i n p a r a l l e l 
w i t h the i n c r e a s e i n s i z e and speed of computers and s o p h i s t i c a 
t i o n of n u m e r i c a l t e c h n i q u e s . 

I t i s i m p o r t a n t to d i s t i n g u i s h between e m p i r i c a l , phenomeno-
l o g i c a l and d e t a i l e d models. E m p i r i c a l models are c o n s t r u c t e d 
from d a t a o b t a i n e d by experiments, summarized i n a n a l y t i c a l or 
n u m e r i c a l form, and subse q u e n t l y t e s t e d a g a i n s t proven t h e o r e t i 
c a l laws or ot h e r d a t a . Phenomenological models a r e e x t r a p o l a 
t i o n s from t h e o r y based on our p h y s i c a l i n t u i t i o n which must be 
t e s t e d a g a i n s t e x p e r i m e n t a l d a t a . The i n t u i t i v e and 
ex p e r i m e n t a l b a s i s of e m p i r i c a l and phenomenological models have 
l e d t o t h e i r widespread i n c o r p o r a t i o n i n t o s i m u l a t i o n s of combus
t o r systems i n s p i t e of v e r y s e r i o u s shortcomings i n the n a t u r e 
of the models themselves. D e t a i l e d m o d e l l i n g seeks to overcome 
these d e f i c i t s by means of improved n u m e r i c a l t e c h n i q u e s and the 
i n c r e a s e d power of modern computers. 

T h i s paper w i l l i n no way c o n s t i t u t e a re v i e w of c u r r e n t com
b u s t o r models, but w i l l i n s t e a d attempt t o e l u c i d a t e the e x t e n 
s i o n s and improvements made p o s s i b l e through d e t a i l e d m o d e l l i n g . 
The purpose of t h i s paper i s t o f a m i l i a r i z e the reader w i t h the 
g o a l s , t e r m i n o l o g y and i n h e r e n t problems i n m o d e l l i n g fundamental 
combustion p r o c e s s e s . The emphasis i s not on p r e s e n t i n g a f u l l 
s e t of c o m p l i c a t e d m u l t i - f l u i d e q u a t i o n s or on e x p l a i n i n g the 
n u m e r i c a l a l g o r i t h m s r e q u i r e d t o s o l v e the g o v e r n i n g e q u a t i o n s . 
I n s t e a d we hope t o impart a sense of the power and r o l e of de
t a i l e d m o d e l l i n g , an u n d e r s t a n d i n g of why p h y s i c a l i n s i g h t must 
be b u i l t i n t o n u m e r i c a l a l g o r i t h m s , and an i n d i c a t i o n of how t o 
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t e s t these models a t every stage of c o n s t r u c t i o n a g a i n s t both 
th e o r y and experiment. 

The shortcomings of the e m p i r i c a l models l i e i n t h e i r l i m i 
t ed range of v a l i d i t y , w h i l e phenomenological models become more 
tenuous as the y approach the c o m p l e x i t i e s of r e a l p h y s i c a l s y s 
tems. D e t a i l e d models u s u a l l y c o n t a i n p a r t s which may be e m p i r i 
c a l or phenomenological i n o r i g i n . However, d e t a i l e d m o d e l l i n g 
attempts t o overcome these shortcomings by i n c o r p o r a t i n g t h e o r e 
t i c a l d e t a i l r i c h enough t o approximate r e a l i t y ; d e t a i l f a r r i c h 
e r than c o u l d be summarized i n any s u c c i n c t a n a l y t i c a l model, y e t 
more t h e o r e t i c a l l y sound than s t a n d a r d phenomenological models or 
e m p i r i c a l f i t s . 

From e x p e r i m e n t a l o b s e r v a t i o n and approximate t h e o r e t i c a l 
models we can p o s t u l a t e q u a n t i t a t i v e p h y s i c a l laws which we 
expect an e f f e c t t o obey
r e a l i t y by i n c o r p o r a t i n
q u a n t i t a t i v e p r e d i c t i o n s f o r s e r i e s of e x p e r i m e n t a l measurements. 
Each c a l c u l a t i o n performed w i t h a d e t a i l e d model i s l i k e a unique 
experiment performed w i t h one s e t from an i n f i n i t y of p o s s i b l e 
s e t s of geo m e t r i c , boundary, and i n i t i a l c o n d i t i o n s . J u s t as 
v a l i d r e s u l t s can be e x t r a c t e d from an experiment o n l y through an 
un d e r s t a n d i n g of the e f f e c t s and l i m i t a t i o n s of the i n s t r u m e n t s 
used i n c o l l e c t i n g the d a t a , r e s u l t s o b t a i n e d u s i n g d e t a i l e d 
m o d e l l i n g must be examined i n the l i g h t of the l i m i t a t i o n s i n 
herent i n i t s t o o l s , both a n a l y t i c a l and n u m e r i c a l . The f i r s t 
s e c t i o n of t h i s paper w i l l t h e r e f o r e d e a l w i t h an e x p o s i t i o n of 
the problems i n h e r e n t i n d e t a i l e d m o d e l l i n g of combustion p r o 
cesses so t h a t as we proceed we have a h e a l t h y r e s p e c t both f o r 
the magnitude of the problems and the l i m i t a t i o n s of our methods. 

The next s e c t i o n w i l l c o n c e n t r a t e on the c h o i c e of n u m e r i c a l 
a l g o r i t h m s used i n the models. T h i s proc ess corresponds t o the 
c o n s t r u c t i o n and d e s i g n of an e x p e r i m e n t a l apparatus which must 
r e f l e c t a good knowledge of the p h y s i c s the experiment i s t o 
study. M o d e l l i n g combustion systems has i t s own p a r t i c u l a r p r o 
blems because of the s t r o n g i n t e r a c t i o n between the energy r e 
l e a s e d from c h e m i c a l r e a c t i o n s and the dynamics of the f l u i d mo
t i o n . R e l e a s e of c h e m i c a l energy generates g r a d i e n t s i n tempera
t u r e , p r e s s u r e , and d e n s i t y . These g r a d i e n t s , i n t u r n , i n f l u e n c e 
the t r a n s p o r t of mass, momentum, and energy i n the system. On a 
l a r g e s c a l e , the g r a d i e n t s may generate v o r t i c i t y o r a f f e c t the 
d i f f u s i o n of mass and energy. On a more m i c r o s c o p i c s c a l e , they 
may generate t u r b u l e n c e which d r a s t i c a l l y a f f e c t s macroscopic 
m i x i n g and b u r n i n g v e l o c i t i e s . I n m o d e l l i n g shocks, d e t o n a t i o n s , 
or flame p r o p a g a t i o n , time and space s c a l e s of i n t e r e s t can span 
as many as t e n o r d e r s of magnitude. Thus to o b t a i n adequate 
r e s o l u t i o n , the n u m e r i c a l methods must be c o m p u t a t i o n a l l y f a s t as 
w e l l as a c c u r a t e . Methods must be developed which r e l y on asymp
t o t i c s o l u t i o n t e c h n i q u e s t o f o l l o w s h o r t time and space s c a l e 
phenomena on a macrosca l e . I t i s i n t h i s aspect t h a t d e t a i l e d 
m o d e l l i n g most c l o s e l y approximates experiment. I f our n u m e r i c a l 
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apparatus cannot r e s o l v e the b a s i c c o n t r o l l i n g p h y s i c a l p r o c e s s e s , 
no m e a n i n g f u l c a l c u l a t i o n s can be made of t h e i r e f f e c t s . 

A l t h o u g h d e t a i l e d m o d e l l i n g does not d i r e c t l y p r o v i d e the 
types of u s e f u l a n a l y t i c r e l a t i o n s h i p s which guide our i n t u i t i o n 
and a l l o w us t o make q u i c k e s t i m a t e s , i t g i v e s us the f l e x i b i l i t y 
t o e v a l u a t e the importance of a modelled p h y s i c a l e f f e c t by sim
p l y t u r n i n g i t o f f or on or changing i t s s t r e n g t h . The model can 
a l s o be used t o t e s t the s e n s i t i v i t y of the computed r e s u l t s t o 
independent t h e o r e t i c a l a p p r o x i m a t i o n s . Those a n a l y t i c r e s u l t s 
which are a v a i l a b l e a r e v a l u a b l e i n benchmarking the model i n 
v a r i o u s l i m i t s . A s e r i e s of t e s t s which compare a n a l y t i c r e s u l t s 
to n u m e r i c a l s i m u l a t i o n s may c a l i b r a t e the s i m u l a t i o n b e f o r e i t 
i s compared t o experiments or used f o r e x t r a p o l a t i o n . C o n v e r s e l y , 
a w e l l - t e s t e d model s e r v e s as a v e r y u s e f u l means of c a l i b r a t i n g 
unknown parameters and

The l a s t two s e c t i o n
p l a y between d e t a i l e d m o d e l l i n g and both theory and experiment. 
The t h i r d s e c t i o n d e s c r i b e s how a model must be t e s t e d i n v a r i o u s 
l i m i t s f o r p h y s i c a l c o n s i s t e n c y t o i n s u r e i t s a c c u r a c y . The 
s p e c i f i c example chosen here i s a comparison between an a n a l y t i c 
s o l u t i o n and a d e t a i l e d n u m e r i c a l s i m u l a t i o n of a premixed l a m i 
nar flame. The l a s t s e c t i o n shows how a comparison between 
model r e s u l t s and experiments can be used t o c a l i b r a t e the model 
and t o guide f u r t h e r experiments. The example chosen i s a c a l c u 
l a t i o n of f l o w over an immersed o b j e c t which i s compared t o both 
e x p e r i m e n t a l and t h e o r e t i c a l r e s u l t s . 

Problems i n M o d e l l i n g R e a c t i v e Flows 

E r r o r s and c o n f u s i o n i n m o d e l l i n g a r i s e because the complex 
se t of c o u p l e d , n o n l i n e a r , p a r t i a l d i f f e r e n t i a l e q u a t i o n s are not 
u s u a l l y an exact r e p r e s e n t a t i o n of the p h y s i c a l system. As exam
p l e s , f i r s t c o n s i d e r the i n p u t parameters, such as c h e m i c a l r a t e 
c o n s t a n t s or d i f f u s i o n c o e f f i c i e n t s . These i n p u t q u a n t i t i e s , 
used as submodels i n the d e t a i l e d model, must be d e r i v e d from 
more fundamental t h e o r i e s , models or experiments. They a r e usu
a l l y not known t o any a p p r e c i a b l e a c c u r a c y and o f t e n t h e i r v a l u e s 
ar e s i m p l y guesses. Or c o n s i d e r the geometry used i n a c a l c u l a 
t i o n . I t i s o f t e n one or two dimensions l e s s than needed to 
c o m p l e t e l y d e s c r i b e the r e a l system. M u l t i d i m e n s i o n a l e f f e c t s 
which may be i m p o r t a n t are e i t h e r c r u d e l y approximated or i g n o r e d . 
T h i s l a c k of exact correspondence between the model adopted and 
the a c t u a l p h y s i c a l system c o n s t i t u t e s the b a s i c problem of de
t a i l e d m o d e l l i n g . T h i s problem, which must be overcome i n o r d e r 
to a c c u r a t e l y model t r a n s i e n t combustion systems, can be a n a l y z e d 
i n terms of the m u l t i p l e time s c a l e s , m u l t i p l e space s c a l e s , geo
m e t r i c c o m p l e x i t y , and p h y s i c a l c o m p l e x i t y of the systems t o 
be modelled. 

M u l t i p l e Time S c a l e s . The f i r s t c l a s s of problems a r i s e s as 
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the r e s u l t of t r y i n g t o r e p r e s e n t phenomena c h a r a c t e r i z e d by v e r y 
d i f f e r e n t time s c a l e s . I n o r d i n a r y flame and d e t o n a t i o n problems 
these s c a l e s range over many o r d e r s of magnitude. When phenomena 
are modelled t h a t have c h a r a c t e r i s t i c times of v a r i a t i o n s h o r t e r 
than the t i m e s t e p one can a f f o r d , the e q u a t i o n s d e s c r i b i n g these 
phenomena are u s u a l l y c a l l e d " s t i f f . 1 1 E q u a t i o n s d e s c r i b i n g sound 
waves are s t i f f w i t h r e s p e c t t o the t i m e s t e p one wishes t o employ 
when m o d e l l i n g a s u b s o n i c flame speed. Many c h e m i c a l r e a c t i o n 
r a t e e q u a t i o n s are s t i f f w i t h r e s p e c t t o c o n v e c t i o n , d i f f u s i o n , 
or even sound wave t i m e s t e p c r i t e r i a . Two r a t h e r d i s t i n c t model
l i n g approaches, g l o b a l i m p l i c i t and t i m e s t e p - s p l i t a s y m p t o t i c , 
have been developed t o t r e a t these t e m p o r a l l y s t i f f e q u a t i o n s . 
These two approaches a r e b r i e f l y d e s c r i b e d l a t e r i n t h i s paper. 

M u l t i p l e Space S c a l e s
ves the huge d i s p a r i t y
problems. To model the steep g r a d i e n t s a t a flame f r o n t , a c e l l 
s p a c i n g of 1 0 " 3 cm or s m a l l e r might be r e q u i r e d . To model con
v e c t i o n , g r i d s p a c i n g s of 1 t o 10 cm might be adequate. Complex 
phenomena such as t u r b u l e n c e which occur on i n t e r m e d i a t e s p a t i a l 
s c a l e s p r e s e n t a p a r t i c u l a r m o d e l l i n g problem. I t would be a 
pipedream t o expect a n u m e r i c a l c a l c u l a t i o n t o f a i t h f u l l y r e p r o 
duce p h y s i c a l phenomena w i t h s c a l e l e n g t h s s h o r t e r than a c e l l 
s i z e . T h e r e f o r e , t o c a l c u l a t e r e a l i s t i c p r o f i l e s of p h y s i c a l 
v a r i a b l e s , a c e r t a i n c e l l s p a c i n g i s r e q u i r e d t o o b t a i n a g i v e n 
a c c u r a c y . Choosing a method which maximizes acc u r a c y w i t h a 
minimum number of g r i d p o i n t s i s a major concern i n d e t a i l e d 
m o d e l l i n g . 

Geometric C o m p l e x i t y . The t h i r d s e t of o b s t a c l e s a r i s e s 
because of the geometric c o m p l e x i t y a s s o c i a t e d w i t h r e a l systems. 
Most of the d e t a i l e d models developed t o date have been one-
d i m e n s i o n a l , but t h i s g i v e s a v e r y l i m i t e d p i c t u r e of how the 
energy r e l e a s e a f f e c t s the hydrodynamics. Even though many p r o 
cesses i n a combustion system can be modelled i n one-dimension, 
t h e r e are o t h e r s , such as boundary l a y e r growth, or the f o r m a t i o n 
of v o r t i c e s and s e p a r a t i n g f l o w s , which c l e a r l y r e q u i r e a t l e a s t 
t w o-dimensional hydrodynamics. R e a l combustion systems are a t 
l e a s t t wo-dimensional , w i t h u n u s u a l boundary c o n d i t i o n s and i n 
t e r n a l s ources and s i n k s . However, even w i t h s i x t h g e n e r a t i o n 
p a r a l l e l p r o c e s s i n g computers a v a i l a b l e , what can be ac h i e v e d 
w i t h two-dimensional d e t a i l e d models i s s t i l l l i m i t e d by computer 
time and s t o r a g e r e q u i r e m e n t s . 

In the c u r r e n t s t a t e - o f - t h e - a r t , one-dimensional models can 
be s t be used t o l o o k i n d e t a i l a t the c o u p l i n g of a v e r y l a r g e 
number of s p e c i e s i n t e r a c t i o n s i n a geometry t h a t i s an a p p r o x i 
mation t o r e a l i t y . P r o c e s s e s such as r a d i a t i o n t r a n s p o r t , t u r b u 
l e n c e , or the e f f e c t s of h e t e r o g e n e i t y of m a t e r i a l s can be i n c l u 
ded e i t h e r as e m p i r i c a l l y or t h e o r e t i c a l l y d e r i v e d submodels. 
Two- and t h r e e - d i m e n s i o n a l models are b e s t used t o study e i t h e r 
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gross f l o w p r o p e r t i e s or d e t a i l e d r a d i a t i o n t r a n s p o r t . I n these 
l a t t e r models, the c h e m i c a l r e a c t i o n scheme i s u s u a l l y q u i t e 
i d e a l i z e d o r p a r a m e t e r i z e d . 

P h y s i c a l C o m p l e x i t y . The f i n a l s e t of o b s t a c l e s t o d e t a i l e d 
m o d e l l i n g concerns p h y s i c a l c o m p l e x i t y . Combustion systems usu
a l l y have many i n t e r a c t i n g s p e c i e s . T h i s l e a d s to s e t s of many 
coupled e q u a t i o n s which must be s o l v e d s i m u l t a n e o u s l y . Compli
c a t e d o r d i n a r y d i f f e r e n t i a l e q u a t i o n s d e s c r i b i n g the c h e m i c a l 
r e a c t i o n s or l a r g e m a t r i c e s d e s c r i b i n g the m o l e c u l a r d i f f u s i o n 
p r o c e s s are c o s t l y and i n c r e a s e c a l c u l a t i o n time o r d e r s of magni
tude over i d e a l i z e d or e m p i r i c a l models. Table I l i s t s some of 
the major c h e m i c a l and p h y s i c a l p r o c e s s e s which have t o be con
s i d e r e d f o r an a c c u r a t e d e s c r i p t i o n of a c o m p l i c a t e d combustion 
system. The dashed l i n
p r o c e s s e s such as s u r f a c
important even when we a r e p r i m a r i l y i n t e r e s t e d i n gas phase com
b u s t i o n . For most i n t e r e s t i n g systems, one f i n d s t h a t the b a s i c 
c h e m i c a l r e a c t i o n scheme, the i n d i v i d u a l c h e m i c a l r a t e s , the o p t i 
c a l o p a c i t i e s , or the e f f e c t s of s u r f a c e r e a c t i o n s a r e not w e l l 
known. Before a model of a whole combustion system can be 
assembled, each i n d i v i d u a l p r o c e s s must be s e p a r a t e l y understood 
and modelled. These submodels a r e e i t h e r i n c o r p o r a t e d i n t o the 
l a r g e r d e t a i l e d model d i r e c t l y o r , i f the time and space s c a l e s 
a r e too d i s p a r a t e , they must be f i t i n p h e n o m e n o l o g i c a l l y . For 
example, d i f f u s i o n and t h e r m a l c o n d u c t i v i t y between a w a l l and 
the r e a c t i n g gas can be s t u d i e d s e p a r a t e l y and then i n c o r p o r a t e d 
d i r e c t l y i n t o a d e t a i l e d combustion model. Tur b u l e n c e , however, 
can be modelled on i t s own space s c a l e s o n l y i n i d e a l i z e d cases. 
These i d e a l i z e d , fundamental, "ab i n i t i o " t u r b u l e n c e c a l c u l a t i o n s 
must be used t o develop phenomenological models f o r use i n the 
macroscopic d e t a i l e d model. R e s o l u t i o n and c o m p u t a t i o n a l c o s t 
prevent i n c o r p o r a t i n g the d e t a i l e d t u r b u l e n c e model d i r e c t l y . 

T a b le I 
Fundamental Pr o c e s s e s i n Combustion 

gas phase m u l t i - p h a s e 
Chemical k i n e t i c s 
Hydrodynamic s - l a m i n a r 
Thermal c o n d u c t i v i t y , v i s c o s i t y 
M o l e c u l a r d i f f u s i o n 
Thermochemistry 
Hydrodynamics-turbulent 
R a d i a t i o n 
N u c l e a t i o n 
S u r f a c e E f f e c t s 
Phase T r a n s i t i o n s 

( E v a p o r a t i o n , condensation...) 
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O f t e n t h e r e a r e cases where the submodels a r e p o o r l y known 
or misunderstood,such as f o r c h e m i c a l r a t e e q u a t i o n s , thermo-
c h e m i c a l d a t a , or t r a n s p o r t c o e f f i c i e n t s . A t y p i c a l example i s 
shown i n F i g u r e 1 which was p r o v i d e d by David G a r v i n a t the U. S. 
N a t i o n a l Bureau o f Standards. The f i g u r e shows the r a t e c o n s t a n t 
at 300°K f o r the r e a c t i o n HO + O3 HO2 + O2 as a f u n c t i o n of the 
year of the measurement. We note w i t h amusement and c h a g r i n t h a t 
i f we were m o d e l l i n g a k i n e t i c s scheme which i n c o r p o r a t e d t h i s 
r e a c t i o n b e f o r e 1970, the r a t e would be u n c e r t a i n by f i v e o r d e r s 
of magnitude! As shown most c l e a r l y by the p a i r of r a t e c o n s t a n t 
v a l u e s which have an e q u a l upper bound and lower bound, a s e n s i 
t i v i t y a n a l y s i s u s i n g such p o o r l y d e f i n e d r a t e c o n s t a n t s would be 
u s e l e s s . Yet t h i s case i s not a t y p i c a l of the u n c e r t a i n t y i n 
r a t e c o n s t a n t s f o r many major r e a c t i o n s i n combustion p r o c e s s e s

Gedanken Flame Experiment
problems caused by the requirements of temporal and s p a t i a l r e s o 
l u t i o n and geometric and p h y s i c a l c o m p l e x i t y a r e t r a n s l a t e d i n t o 
c o m p u t a t i o n a l c o s t , we have chosen to a n a l y z e a gedanken flame 
experiment. C o n s i d e r a c l o s e d tube one meter l o n g which c o n t a i n s 
a c o m b u s t i b l e gas m i x t u r e . We w i s h t o c a l c u l a t e how the p h y s i c a l 
p r o p e r t i e s such as temperature, s p e c i e s d e n s i t i e s , and p o s i t i o n 
of the flame f r o n t change a f t e r the m i x t u r e i s i g n i t e d a t one 
end. The b u r n i n g gas can be d e s c r i b e d , we assume, by a c h e m i c a l 
k i n e t i c s r e a c t i o n r a t e scheme which i n v o l v e s some tens of s p e c i e s 
and hundreds of c h e m i c a l r e a c t i o n s , some of which a r e " s t i f f . " 
We w i l l assume one-dim e n s i o n a l p r o p a g a t i o n a l o n g the tube. Boun
dary l a y e r f o r m a t i o n and t u r b u l e n c e w i l l be i g n o r e d . We f u r t h e r 
assume t h a t the flame f r o n t moves a t an average v e l o c i t y of 100 
cm/ sec. 

Table I I summarizes the p e r t i n e n t time and space s c a l e s i n 
t h i s problem. Assuming the speed o f sound i s 10 5cm/sec, a ti m e -
s t e p of about 10~ 9 sec would be r e q u i r e d t o r e s o l v e the motion of 
sound waves bouncing a c r o s s the chamber. Chemical t i m e s c a l e s , as 
mentioned above, are about 10"~6 sec. T h i s number may be reduced 
d r a s t i c a l l y i f the r e a c t i o n r a t e s o r d e n s i t y changes a r e v e r y 
f a s t . I t takes a sound wave about 10""3 seconds to c r o s s the 1 
meter system and i t takes the flame f r o n t about one second to 
c r o s s . We f u r t h e r assume t h a t the flame zone i s about 1 0 ~ 2 cm 
wide and t h a t i t takes g r i d s p a c i n g s of 10" 3 cm t o r e s o l v e the 
steep g r a d i e n t s i n d e n s i t y and temperature i n t h i s flame zone. 
In those p o r t i o n s of the tube on e i t h e r s i d e of the flame f r o n t , 
we assume t h a t 1 cm sp a c i n g s a r e adequate. 

To e s t i m a t e the c o m p u t a t i o n a l expense of t h i s c a l c u l a t i o n , 
we use 1 0 " 3 seconds of computer time as a r e a s o n a b l e e s t i m a t e of 
the time i t takes t o i n t e g r a t e each g r i d p o i n t f o r one t i m e s t e p 
(a s i n g l e p o i n t s t e p ) . T h i s e s t i m a t e i n c l u d e s a s o l u t i o n of the 
ch e m i c a l and hydrodynamic e q u a t i o n s and i s based on a d e t a i l e d 
model of a hydrogen-oxygen flame problem o p t i m i z e d f o r a p a r a l l e l 
p r o c e s s i n g computer. F i g u r e 2 shows the i n f o r m a t i o n i n Table I I 
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Figure 1. Measured values of the rate constant for HO + Os -> H02 + Ox as a 
function of the year of measurement. The arrows with overbars and underbars indi
cate measured upper and lower bounds, respectively. The NBS-recommended value 

is the value with the smallest error bars (12). 

1000 

100 

(/) 
Œ 10 
HI 
È 1 

κ 10-1 I 10-2 

10-3 

10-4 
10-10 

I 
At, 

105 PT. 
CTCD 

I \ CONVECTIVE SCALES 
-100 SEC j 

1014 p i . STEP 
-3000 YEARS 

-SYSTEM SIZE 

10-7 10-4 10-1 100 SEC 

A t c SOUND FLAME 

} DIFFUSION SCALE 

} FLAME ZONE 

-FLAME RESOLUTION 

t 

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. 

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



338 LASER PROBES FOR COMBUSTION CHEMISTRY 
c a s t i n t o a graph of space v e r s u s time. S i n c e the s c a l e s a r e 
l o g a r i t h m i c , a c a l c u l a t i o n of the number of p o i n t s t e p s and then 
of the needed computer time r e q u i r e s e x p o n e n t i a t i o n . Thus i t 
appears t h a t 3000 y e a r s of computer time i s r e q u i r e d to c a l c u l a t e 
the 1 0 1 4 p o i n t s t e p s needed t o r e s o l v e the f i n e s t space and time 
s c a l e s everywhere! 

Table I I 
Important S c a l e s i n Gedanken Flame Experiment 

Timescales S p a c e s c a l e s 

At sec Δχ 

Sound Speed 1
Chemistry 1
Sound T r a n s i t Time 10 
Flame T r a n s i t Time 1 

D i f f u s i o n S c a l e 
C o n v e c t i v e S c a l e s 
System S i z e 

= 100 cm/sec 

cm 

10- 1 

10 
100 

Of c o u r s e , t h i s i s u n a c c e p t a b l e . I d e a l l y such a s i m p l e c a l 
c u l a t i o n s h o u l d t a k e about 100 seconds (See F i g u r e 3 ) . What a r e 
needed are n u m e r i c a l a l g o r i t h m s which have the r e s o l u t i o n i n time 
and space o n l y where i t i s r e q u i r e d . Furthermore, these a l g o 
r i t h m s s h o u l d be o p t i m i z e d t o t a k e advantage of what i s known 
about the p h y s i c s and c h e m i s t r y of the problem. T h i s w i l l be 
d i s c u s s e d f u r t h e r below where i t i s shown how the a p p l i c a t i o n of 
v a r i o u s n u m e r i c a l a l g o r i t h m s can be used t o reduce t h i s flame 
system t o a t r a c t a b l e c o m p u t a t i o n a l problem. 

Turbulence. Turbulence i s one of the o u t s t a n d i n g problems 
of r e a c t i v e f l o w m o d e l l i n g and i s another e x c e l l e n t example of 
the d i f f i c u l t y we have i n r e s o l v i n g h i g h l y d i s p a r a t e time and 
space s c a l e s . Our u n d e r s t a n d i n g and e v e n t u a l a b i l i t y t o p r e d i c t 
the c o m p l i c a t e d i n t e r a c t i o n s o c c u r r i n g i n t u r b u l e n t r e a c t i v e f l o w 
problems i s i m p e r a t i v e f o r many combustion m o d e l l i n g a p p l i c a t i o n s . 
The presence of t u r b u l e n c e a l t e r s m i x i n g and r e a c t i o n times and 
heat and mass t r a n s f e r r a t e s which i n t u r n modify the l o c a l and 
g l o b a l dynamic p r o p e r t i e s of the system. What we need t o r e 
s o l v e these problems are a c c u r a t e y e t compact phenomenological 
t u r b u l e n c e models which can be used t o d e s c r i b e r e a l i s t i c combus
t o r systems, open f l a m e s , and o t h e r t u r b u l e n t r e a c t i v e f l o w s con
f i d e n t l y and e f f i c i e n t l y . These c o m p u t a t i o n a l models must de
c o u p l e the s u b g r i d t u r b u l e n c e and m i c r o s c o p i c i n s t a b i l i t y mecha
nisms from c a l c u l a t i o n s of the macroscopic f l o w . Below we l i s t 
the i m p o r t a n t p r o p e r t i e s of an i d e a l t u r b u l e n c e model (2) . 

1. Chemistry-Hydrodynamics C o u p l i n g and Feedback. E x p l i c i t 
energy feedback mechanisms from m i x i n g and r e a c t i o n s t o the t u r 
b u l e n t v e l o c i t y f i e l d and the macroscopic f l o w must be f o r m u l a t e d . 
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The " l a m i n a r " macroscopic f l o w e q u a t i o n s c o n t a i n phenomenological 
terms which r e p r e s e n t averages over the macroscopic dynamics t o 
i n c l u d e the e f f e c t s of t u r b u l e n c e . Examples of these terms are 
eddy v i s c o s i t y and d i f f u s i v i t y c o e f f i c i e n t s and average c h e m i c a l 
heat r e l e a s e terms which appear as sources i n the macroscopic 
f l o w e q u a t i o n s . B e s i d e s p r o v i d i n g these phenomenological terms, 
the t u r b u l e n c e model must use the i n f o r m a t i o n p r o v i d e d by the 
l a r g e s c a l e f l o w dynamics s e l f - c o n s i s t e n t l y to determine the 
energy which d r i v e s the t u r b u l e n c e . The model must be a b l e t o 
f o l l o w r e a c t i v e i n t e r f a c e s on the macroscopic s c a l e . 

2. M o d e l l i n g Onset and Other T r a n s i e n t Turbulence Phenomena. 
The model s h o u l d be a b l e to p r e d i c t the onset of t u r b u l e n c e i n 
i n i t i a l l y l a m i n a r f l o w s i n c e b u r s t s and o t h e r h i g h l y t r a n s i e n t 
phenomena seem to be the r u l e i n r e a c t i v e f l o w t u r b u l e n c e . Gra
d i e n t s i n d e n s i t y , temperature
i n g f l u i d d r i v e the macroscopi
i n i t i a t e t u r b u l e n c e . Thus these g r a d i e n t s from the macroscopic 
c a l c u l a t i o n a r e bound to be key i n g r e d i e n t s i n d e t e r m i n i n g the 
energy a v a i l a b l e t o d r i v e the t u r b u l e n c e . 

3. Complicated R e a c t i o n s and Flow. The i d e a l t u r b u l e n c e 
model must d e a l w i t h m u l t i s c a l e e f f e c t s w i t h i n the s u b g r i d model. 
I f t h e r e i s a d e l a y as v e l o c i t y cascades to the s h o r t wavelength 
end of the spectrum due t o c h e m i c a l k i n e t i c s or buoyancy, f o r 
example, the model must be capable of r e p r e s e n t i n g t h i s . Other
w i s e b u r s t s and i n t e r m i t t e n c y phenomena cannot be c a l c u l a t e d . 

4. L a g r a n g i a n Framework. An i d e a l s u b g r i d model s h o u l d be 
c o n s t r u c t e d on a L a g r a n g i a n hydrodynamics framework moving w i t h 
the macroscopic f l o w . T h i s requirement reduces p u r e l y n u m e r i c a l 
d i f f u s i o n t o z e r o so t h a t r e a l i s t i c t u r b u l e n c e and m o l e c u l a r 
m i x i n g phenomena w i l l not be masked by n o n - p h y s i c a l n u m e r i c a l 
smoothing. T h i s requirement a l s o removes the p o s s i b i l i t y of 
masking p u r e l y l o c a l f l u c t u a t i o n s by t r u n c a t i o n e r r o r s from the 
n u m e r i c a l r e p r e s e n t a t i o n of macroscopic c o n v e c t i v e d e r i v a t i v e s . 
The time-dependent ( h y p e r b o l i c ) L a g r a n g i a n framework s h o u l d a l s o 
g e n e r a l i z e t o t h r e e dimensions as w e l l as r e s o l v e r e a c t i v e i n t e r 
f a c e s d y n a m i c a l l y . 

5. S c a l i n g . B r e a k i n g a c a l c u l a t i o n i n t o macroscopic s c a l e s 
and s u b g r i d s c a l e s i s an a r t i f i c e t o a l l o w us t o model t u r b u l e n c e . 
The important p h y s i c s o c c u r s c o n t i n u o u s l y over the whole spectrum 
from k Q , the wavenumber c o r r e s p o n d i n g t o the system s i z e , t o 
k-diss » t n e w a v e number c o r r e s p o n d i n g t o a mean f r e e path of a 
m o l e c u l e . Thus the macroscopic and s u b g r i d s c a l e s p e c t r a of any 
p h y s i c a l q u a n t i t y must couple smoothly a t k c e-Q, the c e l l boun
dary wave number. I f t h i s number were to be changed, as might 
happen i f n u m e r i c a l r e s o l u t i o n were h a l v e d or doubled, the p r e 
d i c t i o n s of the t u r b u l e n c e model must not change. 

6. E f f i c i e n c y . Of c o u r s e , the model must be e f f i c i e n t . 
The number of degrees of freedom r e q u i r e d t o s p e c i f y the s t a t u s 
of t u r b u l e n c e i n each s e p a r a t e l y r e s o l v e d s u b g r i d r e g i o n has t o 
be kept t o a minimum f o r the model to be g e n e r a l l y u s e a b l e . The 
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r e a l f l u i d has e s s e n t i a l l y an i n f i n i t e number of degrees of f r e e 
dom t o r e p r e s e n t the s t a t e of the gas i n each s m a l l element. We 
would l i k e t o be a b l e t o do the j o b w i t h a mi n i m a l number of de
grees of freedom. 

Choosing an A l g o r i t h m Based on the P h y s i c s of the Problem 

I n r e a c t i v e f l o w c a l c u l a t i o n s we a r e concerned w i t h two f l o w 
regimes which depend on the r a t e of energy r e l e a s e . When energy 
i s r e l e a s e d q u i c k l y , shocks and d e t o n a t i o n s a r e formed. When 
energy i s r e l e a s e d s l o w l y , flames a r e formed. The former r e 
q u i r e s t h a t the n u m e r i c a l a l g o r i t h m used f o l l o w the changes of 
the system on time s c a l e s determined by the speed of sound i n the 
m a t e r i a l (Courant c o n d i t i o n )  I f we f o l l o w t h i s same a c o u s t i c 
wave t r a n s i t time s c a l
s c a l e s of i n t e r e s t a r
gedanken flame c a l c u l a t i o n d e s c r i b e d above c o s t so much p a r t l y 
because we p o s t u l a t e d the use of an e x p l i c i t a l g o r i t h m based on 
ti m e s t e p s determined by the Courant c o n d i t i o n . For flame c a l c u 
l a t i o n s , t h e n , the answer i s t o use tec h n i q u e s i n which the ener
gy c o n s e r v a t i o n e q u a t i o n i s conv e r t e d t o a p r e s s u r e e q u a t i o n 
which i s s o l v e d i m p l i c i t l y . 

A major a r e a of m o d e l l i n g concern i s t h a t of c o u p l i n g i n t o 
one c a l c u l a t i o n a l l of the p e r t i n e n t p h y s i c a l and c h e m i c a l p r o 
cesses c h a r a c t e r i s t i c of a combustion system. Two d i s t i n c t 
approaches have e v o l v e d . I n the f i r s t of t h e s e , o f t e n c a l l e d 
" g l o b a l i m p l i c i t " d i f f e r e n c i n g , the complete s e t of n o n l i n e a r 
coupled e q u a t i o n s d e s c r i b i n g the p h y s i c a l system of i n t e r e s t i s 
c a s t i n t o a s i m p l e f i n i t e - d i f f e r e n c e form. The s p a t i a l and tem
p o r a l d e r i v a t i v e s are d i s c r e t i z e d and the n o n l i n e a r terms a r e 
l i n e a r i z e d l o c a l l y about the s o l u t i o n s o b t a i n e d n u m e r i c a l l y a t 
the p r e v i o u s t i m e s t e p . T h i s p r o c e s s i s v a l i d o n l y when the v a l 
ues of the p h y s i c a l v a r i a b l e s change s l o w l y over a t i m e s t e p . A 
r i g o r o u s l y c o r r e c t treatment of the n o n l i n e a r terms r e q u i r e s 
i t e r a t i o n and l a r g e m a t r i c e s must be i n v e r t e d a t each t i m e s t e p t o 
guarantee s t a b i l i t y . I n one s p a t i a l d i m e n s i o n , say x, the p r o 
blem u s u a l l y appears as a b l o c k t r i d i a g o n a l m a t r i x w i t h M i n d e 
pendent p h y s i c a l v a r i a b l e s t o be s p e c i f i e d a t N x g r i d p o i n t s . 
Then an Μ Ν χ by Μ Ν χ m a t r i x must be i n v e r t e d a t each i t e r a t i o n of 
each t i m e s t e p . The b l o c k s on or a d j a c e n t t o the m a t r i x d i a g o n a l 
a r e M Χ M i n s i z e so the o v e r a l l m a t r i x i s q u i t e s p a r s e . Never
t h e l e s s , an enormous amount of c o m p u t a t i o n a l work goes i n t o advan
c i n g the s o l u t i o n even a s i n g l e t i m e L t e p . M u l t i d i m e n s i o n a l p r o 
blems, i n t h i s approach, l e a d t o m a t r i c e s which a r e MN XN V by 
Μ Ν χ Ν ν i n two dimensions and Μ Ν χ Ν ν Ν ζ by MN xN yN z i n t h r e e dimen
s i o n s . I n complex k i n e t i c s problems w i t h no s p a t i a l v a r i a t i o n , 
the M independent v a r i a b l e s a r e the s p e c i e s number d e n s i t i e s and 
temperature i n the homogeneous volume of i n t e r e s t . The Gear 
method (3) i s an example of t h i s g l o b a l i m p l i c i t approach f o r 
pure k i n e t i c s problems. 
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The second approach i s a f r a c t i o n a l - s t e p method we c a l l 
a s y m p t o t i c t i m e s t e p - s p l i t t i n g . I t i s developed by c o n s i d e r a t i o n 
of the s p e c i f i c p h y s i c s of the problem b e i n g s o l v e d . S t i f f n e s s 
i n the g o v e r n i n g e q u a t i o n s can be handled " a s y m p t o t i c a l l y 1 1 as 
w e l l as i m p l i c i t l y . The i n d i v i d u a l terms, i n c l u d i n g those which 
l e a d t o the s t i f f b e h a v i o r , a r e s o l v e d as i n d e p e n d e n t l y and a c c u 
r a t e l y as p o s s i b l e . Examples of such methods i n c l u d e the S e l e c 
t e d A s y m p t o t i c I n t e g r a t i o n Method (4,5) f o r k i n e t i c s problems 
and the a s y m p t o t i c slow f l o w a l g o r i t h m f o r hydrodynamic problems 
where the sound speed i s so f a s t t h a t the p r e s s u r e i s e s s e n t i a l l y 
c o n s t a n t ( 6 , 7 ) . 

The t r a d e o f f s between these two approaches a r e c l e a r . The 
i m p l i c i t approach puts maximum s t r a i n on the computer and m i n i 
mal s t r a i n on the m o d e l l e r  For t h i s method  convergence of the 
computed s o l u t i o n s i s
s p a t i a l r e s o l u t i o n . Non-convergenc
t i o n may be hard t o spot s i n c e s e v e r e n u m e r i c a l damping has been 
i n t r o d u c e d t o m a i n t a i n n u m e r i c a l s t a b i l i t y and p o s i t i v i t y . T h i s 
damping changes the d e s i r e d p r o f i l e s q u a n t i t a t i v e l y , a l t h o u g h 
q u i c k l y d e t e c t e d q u a l i t a t i v e e r r o r s are o f t e n smoothed out. 
S o l u t i o n s may be wrong y e t s t a b l e . 

I n c o n t r a s t , the a s y m p t o t i c approach puts m i n i m a l s t r a i n on 
the computer but demands more of the modeller. The convergence 
of the computed s o l u t i o n s i s u s u a l l y easy t o t e s t w i t h r e s p e c t t o 
s p a t i a l and t e m p o r a l r e s o l u t i o n , but s i t u a t i o n s e x i s t where r e d u 
c i n g the t i m e s t e p can make an a s y m p t o t i c treatment of a " s t i f f " 
phenomenon l e s s a c c u r a t e r a t h e r than more a c c u r a t e . T h i s f o l l o w s 
because the d i s p a r i t y of time s c a l e s between f a s t and slow pheno
mena i s o f t e n e x p l o i t e d i n the a s y m p t o t i c approach r a t h e r than 
t o l e r a t e d . Furthermore, the non-convergence of any p a r t i c u l a r 
s o l u t i o n i s o f t e n e a s i e r t o spot i n t i m e s t e p s p l i t t i n g w i t h asym-
p t o t i c s because the manner of d e g r a d a t i o n i s u s u a l l y c a t a s t r o p h i c . 
I n k i n e t i c s c a l c u l a t i o n s , l a c k of c o n s e r v a t i o n of mass or atoms 
s i g n a l s i n a c c u r a c y r a t h e r c l e a r l y . 

The a s y m p t o t i c approach u s u a l l y l e a d s t o more modular simu
l a t i o n models than the g l o b a l i m p l i c i t approach. Hydrodynamics, 
t r a n s p o r t , e q u a t i o n of s t a t e c a l c u l a t i o n s , and c h e m i c a l k i n e t i c s 
a r e t i e d n e a t l y i n t o i n d i v i d u a l packages. What i s even more im
p o r t a n t , s p e c i a l i z e d t e c h n i q u e s f o r enhancing a c c u r a c y can be 
i n c o r p o r a t e d at each stage and f o r each p h y s i c a l phenomenon 
be i n g modelled s e p a r a t e l y . There i s no need t o use s i m p l e r me
thods which a r e s u i t a b l e f o r i n c l u s i o n i n t o a s i n g l e g i a n t 
f i n i t e d i f f e r e n c e f o r m u l a . S i n c e each phenomenon i s t r e a t e d as 
an independent package, the f u l l spectrum of n u m e r i c a l t r i c k s i s 
a p p l i c a b l e . 

These packages are r e l a t i v e l y easy t o t e s t i n d i v i d u a l l y and 
can be v e r y s o p h i s t i c a t e d . They can a l s o be used d i r e c t l y i n a 
number of t o t a l l y d i f f e r e n t p h y s i c a l problems w i t h l i t t l e or no 
change and are hence more f l e x i b l e than e q u i v a l e n t p o r t i o n s of a 
g l o b a l i m p l i c i t a l g o r i t h m . The p r i c e f o r t h i s f l e x i b i l i t y i s 
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the need to t r e a t c a r e f u l l y a l l the c o u p l i n g s between the i n d i v i 
d u a l p h y s i c a l terms and e f f e c t s . U s i n g the a s y m p t o t i c approach 
one cannot s i t back and t u r n a massive m a t h e m a t i c a l crank t o get 
an answer. 

At t h i s p o i n t the pros and cons of the two approaches seem 
to r o u g h l y c o u n t e r b a l a n c e . T h i s apparent e q u i t y extends t o most 
accura c y c r i t e r i a as w e l l . I f a t i m e s c a l e i s not r e s o l v e d , 
n e i t h e r s o l u t i o n method can g i v e d e t a i l e d p r o f i l e s of phenomena 
o c c u r r i n g on t h a t s c a l e . S i m i l a r i l y , t o compute s p a t i a l g r a d i e n t s 
a c c u r a t e l y they must be r e s o l v e d w i t h enough s p a t i a l g r i d p o i n t s 
i n e i t h e r type of c a l c u l a t i o n . 

The f a c t t h a t the a s y m p t o t i c approach demands more work of 
the m o d e l l e r i s c o u n t e r b a l a n c e d by the work t h a t must be done t o 
reduce the c o m p u t a t i o n a l expense of u s i n g the g l o b a l i m p l i c i t 
method. T h i s calculâtiona
t o r which has caused u
i m p l i c i t f o r m u l a t i o n s . For example, s o l v i n g a c h e m i c a l k i n e t i c s 
scheme f o r M s p e c i e s r e q u i r e s i n v e r t i n g a g e n e r a l m a t r i x of s i z e 
M Χ M. T h i s i n v o l v e s a p p r o x i m a t e l y M 3 o p e r a t i o n s . I n c o n t r a s t , 
the s e l e c t e d a s y m p t o t i c approach t o s o l v i n g the k i n e t i c s equa
t i o n s g e n e r a l l y s c a l e s as M. I t i s one g o a l of d e t a i l e d model
l i n g t o be a b l e t o i n c l u d e the f u l l d e t a i l s of extrem e l y complex 
k i n e t i c s systems coupled t o time-dependent f l u i d dynamics. S i n c e 
more complex problems can be s o l v e d f o r the same c o s t u s i n g asymp-
t o t i c s , we a r e w i l l i n g t o i n v e s t the e f f o r t i n the p h y s i c s mod
u l e s and t h e i r c o u p l i n g i n order t o be a b l e t o expand our compu
t a t i o n a l a b i l i t i e s . 

U s i n g the i n f o r m a t i o n d i s c u s s e d so f a r , we can now r e t u r n t o 
the gedanken flame experiment w i t h the i d e a of c o n s i d e r i n g modi
f i e d n u m e r i c a l methods i n o r d e r t o reduce the c o m p u t a t i o n a l c o s t . 
The g o a l i s t o c a l c u l a t e the p r o p a g a t i o n of a flame f r o n t a c r o s s 
a one-meter tube u s i n g a one-dim e n s i o n a l geometry w i t h a f i x e d 
d e t a i l e d c h e m i c a l r e a c t i o n r a t e scheme. 

F i r s t , we r e c o g n i z e immediately t h a t we are i n t e r e s t e d i n 
c a l c u l a t i n g a flame f r o n t moving a t l e s s than the l o c a l sound 
speed. Thus e i t h e r a slow f l o w a p p r o x i m a t i o n or any method which 
t r e a t s p r e s s u r e i m p l i c i t l y would e l i m i n a t e the sound speed c r i 
t e r i o n on the t i m e s t e p . By u s i n g the a s y m p t o t i c slow f l o w t e c h 
n i q u e d e s c r i b e d below and s t i l l assuming a u n i f o r m g r i d s p a c i n g , 
the number of p o i n t s t e p s i s reduced from 1 0 l l + t o 1 0 1 1 . Thus 
F i g u r e 3 shows t h a t the time r e q u i r e d f o r the c a l c u l a t i o n i s 
reduced from 3000 t o 3 y e a r s ! 

But t h i s i s s t i l l a t r o c i o u s , and we must now f a c e the p r o 
blem of e l i m i n a t i n g unnecessary g r i d p o i n t s . A d a p t i v e g r i d d i n g 
i s c u r r e n t l y a f r o n t i e r i n r e a c t i v e f l o w m o d e l l i n g . As ye t t h e r e 
are no g e n e r a l , e x c e l l e n t t e c h n i q u e s . The b l o c k on the graph i n 
F i g u r e 4 shows the r e g i o n spanned i n the gedanken flame problem 
by an a d a p t i v e l y g r i d d e d c a l c u l a t i o n . Here 100 c e l l s of 1 cm 
l e n g t h a r e used and the r e g i o n s u r r o u n d i n g the flame f r o n t i s 
f i n e l y g r i d d e d w i t h 100 a d d i t i o n a l c e l l s of 10~ 3 cm l e n g t h . 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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t i m e s t e p i s s t i l l governed by the s m a l l e s t c e l l s , but by now o n l y 
200 c e l l s a r e needed r a t h e r than 1 0 5 . The s a v i n g , about a f a c t o r 
of 500, reduces the c o m p u t a t i o n a l time t o 2 X 1 0 8 p o i n t s t e p s , or 
about two days. 

F i n a l l y , F i g u r e 5 summarizes the c o m p u t a t i o n a l expense of 
pe r f o r m i n g the flame p r o p a g a t i o n problem u s i n g the p o s s i b l e , but 
as y e t u n e x p l o i t e d , t e c h n i q u e of a d a p t i v e i n t e r m i t t e n t g r i d d i n g . 
The i d e a h e r e i s t h a t a f i n e l y g r i d d e d r e g i o n i s i n j e c t e d i n t o 
the c a l c u l a t i o n a t i n t e r m i t t e n t t i m e s t e p s . T h i s i s done o f t e n 
enough t o update the p r o p e r t i e s of the f i n e l y - s p a c e d r e g i o n which 
a r e then used as i n t e r i o r boundary c o n d i t i o n s f o r the c o a r s e l y -
spaced r e g i o n . T h i s i s t r u l y an a s y m p t o t i c o u t e r - i n n e r - o u t e r 
matching procedure. Now assume t h a t 100 c e l l s a r e needed to r e 
s o l v e the flame zone. F u r t h e r , 100 s h o r t t i m e s t e p s are enough to 
r e s o l v e changes i n the flam
s l o w l y changing o u t e r boundar
c a l c u l a t i o n , the flame f r o n t moves o n l y 10 of the f i n e zones, 
which i s s u f f i c i e n t t o determine flame speed and boundary c o n d i 
t i o n s t o be used i n the c o a r s e l y spaced c a l c u l a t i o n . The imbedded 
c a l c u l a t i o n need be performed a t most once i n each l a r g e c e l l . 
Thus a t o t a l of 100 + (100)(10) = 1100 seconds of c o m p u t a t i o n a l 
time i s r e q u i r e d f o r the l a r g e s c a l e s i m u l a t i o n , a c o s t a t l e a s t 
approaching our o r i g i n a l n a i v e e s t i m a t e of 100 seconds. 

T h i s example has i l l u s t r a t e d the importance of u s i n g the 
a p p r o p r i a t e a l g o r i t h m m o t i v a t e d by c o n s i d e r a t i o n s of the a c t u a l 
problem t h a t must be s o l v e d . I t has f u r t h e r i l l u s t r a t e d how much 
may be accomplished by d e v e l o p i n g the methods of a d a p t i v e g r i d -
d i n g . One p o i n t t h a t has not been mentioned, however, i s t h a t 
much of the c o s t of a d e t a i l e d r e a c t i v e f l o w c a l c u l a t i o n i s taken 
up by the i n t e g r a t i o n of the o r d i n a r y d i f f e r e n t i a l e q u a t i o n s des
c r i b i n g the c h e m i c a l k i n e t i c s . U s i n g the l a t e s t a s y m p t o t i c t e c h 
n i q u e s improves the p i c t u r e p a i n t e d above by a f a c t o r of two t o 
f o u r . But f u r t h e r improvements i n t h e s e i n t e g r a t i o n times 
w i t h o u t s a c r i f i c i n g a c c u r a c y i s c e r t a i n l y an are a where d e v e l o p 
ment i s needed. 

T e s t i n g the Model A g a i n s t T h e o r e t i c a l R e s u l t s 

A n a l y t i c a l s o l u t i o n s , w h i l e o f t e n approximate, are e x t r e m e l y 
u s e f u l i n p r o v i d i n g f u n c t i o n a l r e l a t i o n s h i p s and g e n e r a l i z i n g 
t r e n d s . Below we show t h a t by comparing n u m e r i c a l and a n a l y t i c 
r e s u l t s , we can g a i n new i n s i g h t s i n t o the c o n t r o l l i n g p h y s i c a l 
p r o c e s s e s . 

I g n i t i o n of a f u e l - o x i d i z e r m i x t u r e o c c u r s when an e x t e r n a l 
source of energy i n i t i a t e s i n t e r a c t i o n s among the c o n t r o l l i n g con-
v e c t i v e , t r a n s p o r t and c h e m i c a l p r o c e s s e s . Whether the p r o c e s s 
r e s u l t s i n d e f l a g r a t i o n , d e t o n a t i o n , o r i s s i m p l y quenched depends 
on the i n t e n s i t y , d u r a t i o n , and volume a f f e c t e d by an e x t e r n a l 
heat source. I g n i t i o n a l s o w i l l depend on the i n i t i a l ambient 
p r o p e r t i e s of the m i x t u r e which determine the c h e m i c a l i n d u c t i o n 
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time and the heat r e l e a s e per gram. Thus i g n i t i o n i s a c o m p l i 
c a t e d phenomena and i t s p r e d i c t i o n f o r a s p e c i f i c m i x t u r e of homo
geneous, premixed gases depends s t r o n g l y on i n p u t parameters 
which a r e o f t e n v e r y p o o r l y known. A c o n v e n i e n t , i n e x p e n s i v e way 
to e s t i m a t e whether a m i x t u r e w i l l i g n i t e g i v e n a heat source i n 
t e n s i t y , d u r a t i o n , and volume would be a v a l u a b l e l a b o r a t o r y t o o l 
and a u s e f u l l e a r n i n g d e v i c e . 

A c l o s e d form s i m i l a r i t y s o l u t i o n f o r the n o n l i n e a r t i m e -
dependent s l o w - f l o w e q u a t i o n s has been used as the b a s i s f o r a 
s i m p l e , time-dependent, a n a l y t i c model of l o c a l i z e d i g n i t i o n 
which r e q u i r e s m i n i m a l c h e m i c a l and p h y s i c a l i n p u t ( 8 ) . As a 
fundamental p a r t of the model, t h e r e a r e two c o n s t a n t s which must 
c a l i b r a t e d : the r a d i i , or f r a c t i o n of the time-dependent s i m i 
l a r i t y s o l u t i o n r a d i u s , a t which the t h e r m a l c o n d u c t i v i t y and i n 
d u c t i o n parameters are
by comparison w i t h the
i c a l flame s i m u l a t i o n model which i s a f u l l s o l u t i o n of the m u l t i -
f l u i d c o n s e r v a t i o n e q u a t i o n s . The d e t a i l e d model i t s e l f has been 
checked e x t e n s i v e l y w i t h r e s p e c t t o i t s v a r i o u s c h e m i c a l , d i f f u 
s i v e t r a n s p o r t , and hydrodynamic components. 

The b a s i c s i m i l a r i t y s o l u t i o n f o r t h i s i g n i t i o n problem i s 
d e r i v e d from the slow f l o w (6,^7) a p p r o x i m a t i o n , c h a r a c t e r i z e d by 
(1) f l o w v e l o c i t i e s which are s m a l l compared t o the speed of 
sound, and (2) an e s s e n t i a l l y c o n s t a n t p r e s s u r e f i e l d . The ener
gy and v e l o c i t y e q u a t i o n s may then be w r i t t e n as 

HP - k ^ C M r 2 

0 = - yPV · ν + V · yNkgKVT + S ( t ) e v } , (1) 
from which we can d e r i v e an a l g e b r a i c e q u a t i o n f o r V · v. Here 
Ρ i s the t o t a l p r e s s u r e , ν i s the f l u i d v e l o c i t y , Τ i s the tem
p e r a t u r e , γ i s the r a t i o of heat c a p a c i t i e s C p/C v(assumed here t o 
be a c o n s t a n t ) and κ i s a f u n c t i o n of the m i x t u r e t h e r m a l conduc
t i v i t y , λ , 

m 

£ è - \ _ ( T ) , w yNk 'm 
ο 

Ν i s the t o t a l p a r t i c l e d e n s i t y and kg i s Boltzmann's c o n s t a n t . 
The l a s t term on the r i g h t hand s i d e of Eq. (1) i s the source 
term. Proper c h o i c e of S ( t ) ensures t h a t a g i v e n amount of ener
gy, E 0 , i s d e p o s i t e d i n a c e r t a i n volume, R^, i n a time T Q . 
The c h o i c e o f t h i s G a u s s i a n p r o f i l e a l l o w s us t o o b t a i n a " c l o s e d " 
form s i m i l a r i t v s o l u t i o n . I f the f l u i d v e l o c i t y ν i s then expan
ded such t h a t 

v ( r , t ) « V l ( t ) r (3) 

and s p h e r i c a l symmetry i s assumed, Eq. (1) may be s o l v e d a n y t i -
c a l l y t o o b t a i n 
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and 

A ( t ) e - k 2 ( t ) r 2 

T ( r , t ) = Τ e A ( t ) e (4) 

- A ( t ) e - k 2 ( t ) r 2 

p ( r , t ) = ρ e M t ; e , (5) 

where T^ and are the background temperature and d e n s i t y f a r 
from the heat source. S o l u t i o n s f o r A ( t ) and k ( t ) may then be 
o b t a i n e d by s o l v i n g two coupled o r d i n a r y d i f f e r e n t i a l e q u a t i o n s 

^ = - k v 2 K k 3 (6) 
a t 1 
fjA  l i t l

I n v o k i n g energy c o n s e r v a t i o n y i e l d s an e x p r e s s i o n f o r the v e l o 
c i t y c o e f f i c i e n t ν , and i s e f f e c t i v e l y the f i r s t c a l i b r a t i o n i n 
the model: 

= _ S _ F' (O)-F' (A) 2 AF' (A)-F(A) . 
V l βγΡ^ F (A) + Z K K F (A) w 

where the f u n c t i o n F(A) i s d e f i n e d as 
Λ " χ 2 

F(Α) Ξ Γ 4πχ 2[1-β" Α β ]dx. (9) 

The model r e q u i r e s one f u r t h e r d e f i n i t i o n i n o r d e r t o p r e 
d i c t i g n i t i o n . A curve of c h e m i c a l i n d u c t i o n time as a f u n c t i o n 
of temperature must be i n c l u d e d i n o r d e r to d e f i n e the i n d u c t i o n 
parameter, 

™ - 4 χ m i t ' ) ) <10> 
c 

I g n i t i o n " o c c u r s " when I ( t ) = 1 i n t h i s model, which i s an exact 
r e s u l t i n the l i m i t of l a r g e heat source and c o n s t a n t temperature 
near the c e n t e r of the heated r e g i o n . A s i m p l e a n a l y t i c e x p r e s 
s i o n f o r T c ( T ) depending on t h r e e c o n s t a n t s has been d e r i v e d and 
can be c a l i b r a t e d u s i n g as few as t h r e e d i s t i n c t v a l u e s of T c a t 
d i f f e r e n t temperatures. 

The c h e m i c a l r e a c t i o n scheme used i n the d e t a i l e d model was 
used t o generate a curve f o r T c ( T ) . The v a l u e s of t h e r m a l con
d u c t i v i t y used i n the d e t a i l e d model were used t o generate a 
f u n c t i o n κ. Then a s e r i e s of comparisons were made, i n which the 
d e t a i l e d model was c o n f i g u r e d i n s p h e r i c a l symmetry w i t h a Gaus
s i a n energy d e p o s i t i o n . 

We show r e s u l t s f o r s e v e r a l t e s t c a s es. I n one, R 0 = 0 . 1 cm 
and τ 0 = 1 χ 1 0 " 1 * sec. The s i m p l e model p r e d i c t s t h a t 3 . 3 χ 1 0 ^ 
ergs i s the minimum i g n i t i o n energy and these r e s u l t s agree w e l l 
w i t h the s i m u l a t i o n ( F i g u r e s 6 and 7 ) . Both models p r e d i c t 
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i g n i t i o n a t e s s e n t i a l l y the same time f o r a range of i n p u t ener
g i e s . I n the second example, R Q = 0.025 cm and τ 0 = 1 χ 1 0 ~ 4 sec. 
The s i m p l i f i e d model p r e d i c t s a minimum i g n i t i o n energy of ~ 
8 χ 1 0 2 e r g s . The f u l l s i m u l a t i o n does not show i g n i t i o n , but 
p r e d i c t s t h a t some b u r n i n g does occur and the flame i s e v e n t u a l l y 
quenched ( F i g u r e 8 ) . Thus i n the regime f o r which both models 
agree, we have i n f a c t t e s t e d them b o t h . I n the regime where 
they do not agree, we must then f i g u r e out what p h y s i c s i s m i s s 
i n g from the s i m i l a r i t y model. When t h i s i s done, we can, i n 
e f f e c t , use the d e t a i l e d model t o b u i l d a c c u r a t e phenomenology 
i n t o the s i m i l a r i t y s o l u t i o n . The s i m i l a r i t y s o l u t i o n has t e s t e d 
the f u l l d e t a i l e d model, and the f u l l d e t a i l e d model has shown 
and h e l p e d extend the l i m i t s of the s i m i l a r i t y s o l u t i o n . 

T e s t i n g the Model w i t h

A l t h o u g h comparisons between a n a l y t i c t h e o r y and model r e 
s u l t s can be used t o extend our u n d e r s t a n d i n g of the c o n t r o l l i n g 
p r o c e s s e s i n a system w i t h l i m i t e d p h y s i c a l c o m p l e x i t y , many s y s 
tems may p r e c l u d e any a n a l y t i c f o r m u l a t i o n . Then e x p e r i m e n t a l 
d a t a p r o v i d e the o n l y means of c h e c k i n g the a c c u r a c y of the model. 
Below we show a n o n - r e a c t i n g case i n which the r e s u l t s from an 
experiment were used to t e s t a n u m e r i c a l model . The model r e 
s u l t s then suggested new d i r e c t i o n s f o r the experiments. 

The d e t e r m i n a t i o n o f the e f f e c t s of s u r f a c e waves on sub
merged s t r u c t u r e s has many p r a c t i c a l a p p l i c a t i o n s , p a r t i c u l a r l y 
i n an ocean environment. Due to the c o m p l e x i t y of the problem, 
a n a l y t i c r e s u l t s a r e l i m i t e d t o i d e a l i z e d f l o w s and geometries. 
A major p a r t o f the c o m p l e x i t y a r i s e s from the e x i s t e n c e of the 
f r e e s u r f a c e i t s e l f . Not o n l y does the f r e e s u r f a c e dominate the 
f l o w , but i t may become m u l t i p l y connected when s p r a y s , wave-
b r e a k i n g o r c a v i t a t i o n o c c u r . There i s u s u a l l y no steady s t a t e , 
and a model f o r t r a n s i e n t f l o w of the f l u i d over the o b s t a c l e must 
be used. 

Here we d e s c r i b e the r e s u l t s of a model c a l c u l a t i o n of the 
wave-induced p r e s s u r e f o r c e s on a submerged h a l f - c y l i n d e r , and 
compare the r e s u l t s w i t h e x p e r i m e n t a l d a t a . The i m p l i c a t i o n s of 
the comparisons f o r b o t h the v a l i d i t y of the model and the e x p e r i 
mental procedure w i l l be examined. F i n a l l y , the a p p l i c a t i o n o f 
the model t o o t h e r f l u i d f l o w s and t o combustion problems w i l l be 
d i s c u s s e d . 

F i g u r e 10 i l l u s t r a t e s the i n i t i a l c o n d i t i o n s f o r the numeri
c a l model. A h a l f - c y l i n d e r of r a d i u s " a " i s submerged i n a f l u i d 
whose u n d i s t u r b e d f r e e s u r f a c e stands a t a h e i g h t h = 2a over the 
bottom s u r f a c e . A p r o g r e s s i v e wave w i t h wavelength λ = 5a i s 
i n c i d e n t on the c y l i n d e r from the l e f t . The s i d e s of the compu
t a t i o n a l r e g i o n a r e p e r i o d i c ; t h a t i s , the p h y s i c a l system b e i n g 
s i m u l a t e d i s a c t u a l l y t h a t of p r o g r e s s i v e waves over a s e r i e s of 
h a l f - c y l i n d e r s . P e r i o d i c boundary c o n d i t i o n s were chosen t o 
a v o i d n u m e r i c a l damping and r e f l e c t i o n a t an o u t f l o w 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; τ 0 = 1.0 X 10 4 sec; R 0 = 0.1 cm. 
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Figure 8. Temperature as a function of position at four times in the detailed flame 
model. The flame dies out even though the similarity solution indicates it should 
not, R 0 = 0.025 cm; E 0 = 4 χ 102 ergs; T 0 — 1 X 10* sec; (%), 7.127 X 10s 
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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); (θ, ·, Δ, Α λ experiments (NRL). 
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The c a l c u l a t i o n seeks t o f i n d the p r e s s u r e s a t every p o i n t i n the 
f l u i d as a f u n c t i o n of t i m e , and i n p a r t i c u l a r the p r e s s u r e s and 
p r e s s u r e g r a d i e n t f o r c e s a t p o i n t s on the c y l i n d e r s u r f a c e . 

The n u m e r i c a l model i s based on f i n i t e d i f f e r e n c e t e c h n i q u e s 
f o r s o l v i n g the e q u a t i o n s f o r i n v i s c i d , i n c o m p r e s s i b l e f l u i d f l o w 
u s i n g a t r i a n g u l a r g r i d which extends throughout the i n t e r i o r of 
the f l u i d ( 9 ) . The f r e e s u r f a c e and r i g i d boundary shapes a r e 
approximated by s t r a i g h t l i n e s which extend between p o i n t s on 
those s u r f a c e s and which d e f i n e the edges of the c o m p u t a t i o n a l 
g r i d . The g o v e r n i n g e q u a t i o n s a r e c a s t i n a L a g r a n g i a n f o r m a l i s m 
so t h a t p o i n t s o r i g i n a l l y l y i n g on a s u r f a c e w i l l remain t h e r e a t 
a l l times d u r i n g the c a l c u l a t i o n . P o i n t s i n t e r i o r t o the f l u i d 
w i l l f o l l o w L a g r a n g i a n p a t h l i n e s as i f they were e x p e r i m e n t a l 
marker p a r t i c l e s i n a r e a l f l u i d . The e q u a t i o n s a r e d i f f e r e n c e d 
such t h a t v o r t i c i t y i s
t e x p r e s s u r e s are chose
ge n c e - f r e e . These new p r e s s u r e s a r e i n t u r n used t o advance the 
v e l o c i t i e s and update the g r i d p o s i t i o n s . 

The p h y s i c a l b e h a v i o r of the g o v e r n i n g e q u a t i o n s can be p r e 
served i n the approximate d i f f e r e n c e e q u a t i o n s b e i n g s o l v e d numer
i c a l l y by u s i n g a t r i a n g u l a r g r i d . A L a g r a n g i a n g r i d w i l l d i s t o r t 
i n any n o n - t r i v i a l f l o w f i e l d , and as g r i d d i s t o r t i o n becomes 
sever e the c a l c u l a t i o n q u i c k l y l o s e s a c c u r a c y . However, a t r i a n 
g u l a r g r i d can be m a n i p u l a t e d l o c a l l y i n s e v e r a l ways t o extend 
r e a l i s t i c c a l c u l a t i o n s of t r a n s i e n t f l o w s (9,10). Each g r i d l i n e 
r e p r e s e n t s a q u a d r i l a t e r a l d i a g o n a l , and the o p p o s i t e d i a g o n a l can 
be chosen whenever v e r t i c e s move i n the f l o w t o p o s i t i o n s which 
f a v o r t h a t c o n n e c t i o n . Such a r e c o n n e c t i o n i n v o l v e s j u s t the f o u r 
v e r t i c e s d e s c r i b i n g the q u a d r i l a t e r a l . No f l u i d moves r e l a t i v e t o 
the q u a d r i l a t e r a l , e l i m i n a t i n g one form of n u m e r i c a l d i s s i p a t i o n . 
V e r t i c e s may a l s o be added or d e l e t e d t o p r e s e r v e the d e s i r e d r e 
s o l u t i o n by l o c a l a l g o r i t h m s which i n v o l v e o n l y those v e r t i c e s i n 
the v i c i n i t y of the g r i d anomaly. Major advantages of t h i s t e c h 
n i q u e a r e t h a t the a l g o r i t h m s can be c o n s e r v a t i v e , they p e r m i t a 
minimum of n u m e r i c a l d i s s i p a t i o n and y e t they r e q u i r e v e r y l i t t l e 
computer time s i n c e most of the g r i d remains u n a l t e r e d . 

Data f o r the e x p e r i m e n t a l comparison was o b t a i n e d through 
wave-tank experiments performed w i t h a bottom-mounted h a l f - c y l i n 
der so t h a t p r e s s u r e measurements c o u l d be compared d i r e c t l y t o 
the n u m e r i c a l r e s u l t s ( 1 1 ) . The o b s t a c l e was p l a c e d o n e - t h i r d of 
the tank l e n g t h from a m e c h a n i c a l wavemaker and a t the o t h e r end 
of the channel a s l o p i n g porous beach absorbed 95% or more of the 
i n c i d e n t wave energy. 

R e s u l t s of the experiment and of the n u m e r i c a l s i m u l a t i o n 
a r e shown i n F i g u r e 10, t o g e t h e r w i t h the r e s u l t s of l i n e a r theory. 
The magnitude of the p r e s s u r e f l u c t u a t i o n s as measured by the 
experiment a t d i f f e r e n t p o i n t s on the c y l i n d e r (Θ = 0° a t the top 
of the c y l i n d e r ) a re compared w i t h the p r e d i c t i o n s of the model. 
As shown i n F i g u r e 10, the comparison i s q u i t e good. F i g u r e 11 
compares the c a l c u l a t e d and measured i n s t a n t a n e o u s p r e s s u r e 
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d i s t r i b u t i o n around the c y l i n d e r f o r the s i t u a t i o n i n which the 
c r e s t of the p r o g r e s s i v e wave i s near the l e f t s i d e of the h a l f -
c y l i n d e r . A g a i n the comparisons l o o k good, but now some d i f f e r 
ences become e v i d e n t . 

I t was found t h a t t o w i t h i n e x p e r i m e n t a l e r r o r , a l l of the 
observed d i s c r e p a n c i e s c o u l d be e x p l a i n e d by two f a c t o r s . The 
f i r s t f a c t o r i s t h a t the model d i d not e x a c t l y d e s c r i b e the 
p h y s i c a l s i t u a t i o n i n the experiment: the wave tank had a s i n g l e 
c y l i n d e r , whereas the c a l c u l a t i o n i s f o r a s e r i e s of c y l i n d e r s . 
The second f a c t o r was the s u r p r i s i n g r e s u l t t h a t the r o u g h l y 5% 
r e f l e c t e d wave from the wave tank s i g n i f i c a n t l y a f f e c t e d the ex
p e r i m e n t a l r e s u l t s due t o m o d i f i c a t i o n s i n the dynamic p r e s s u r e 
f l u c t u a t i o n s . I n t h i s i n s t a n c e a d e t a i l e d e x a m i n a t i o n of the 
model and e x p e r i m e n t a l r e s u l t s has i n d i c a t e d t h a t an e x p e r i m e n t a l 
e f f e c t thought to be s m a l
t i o n s i n the d a t a measured

The a p p l i c a t i o n of t h i s n u m e r i c a l t e c h n i q u e t o r e a c t i v e f l o w 
i s r e l a t i v e l y s t r a i g h t f o r w a r d . A l t h o u g h the example p r e s e n t e d 
above i s f o r homogeneous f l o w s , the e x t e n s i o n t o i n c l u d e i n t e r 
f a c e s i n v o l v e s no b a s i c changes t o the u n d e r l y i n g g r i d d i n g scheme, 
but o n l y the p r o v i s i o n t h a t no i n t e r f a c e s i d e s a r e a l l o w e d t o be 
reconnected. I n s t e a d l o c a l g r i d d i n g anomalies a t the i n t e r f a c e s 
a r e r e s o l v e d by adding or s u b t r a c t i n g v e r t i c e s a t the i n t e r f a c e 
and r e c o n n e c t i n g g r i d l i n e s l e a d i n g t o those v e r t i c e s . That t h i s 
s o l u t i o n i s v i a b l e i s most e a s i l y shown by F i g u r e 12 which shows 
stages i n the c o l l a p s e o f a R a y l e i g h - T a y l o r u n s t a b l e f l u i d l a y e r 
c a l c u l a t e d w i t h the same model. Here the c a l c u l a t i o n can con
t i n u e even though the o r i g i n a l l y s i m p l y - c o n n e c t e d l i g h t e r f l u i d 
performs a t r a n s i t i o n t o a m u l t i p l y connected f l u i d which i n 
c l u d e s "bubbles 1 1 which have been e n t r a i n e d by the h e a v i e r f l u i d . 
Of c o u r s e , f o r r e a c t i v e f l o w c a l c u l a t i o n s a new model would have 
to be c o n s t r u c t e d based on these t e c h n i q u e s which used i n s t e a d 
the e q u a t i o n s g o v e r n i n g c o m p r e s s i b l e f l u i d s and which c o n t a i n e d 
the added c h e m i c a l r e a c t i o n s and d i f f u s i v e t r a n s p o r t e f f e c t s . 

C o n c l u s i o n 

D e t a i l e d m o d e l l i n g o f l a m i n a r r e a c t i v e f l o w s , even i n f a i r l y 
c o m p l i c a t e d g e o m e t r i e s , i s c e r t a i n l y w e l l w i t h i n our c u r r e n t capa
b i l i t i e s . I n t h i s paper we have shown s e v e r a l ways i n which 
these t e c h n i q u e s may be used. As the p h y s i c a l c o m p l e x i t y we w i s h 
t o model i n c r e a s e s , our f o o t i n g becomes l e s s s u r e and more pheno
menology must be added. For example, we might have t o add eva
p o r a t i o n laws a t l i q u i d - g a s i n t e r f a c e s o r l e s s well-known chemi
c a l r e a c t i o n r a t e s i n complex hydrocarbon f u e l s . 

Perhaps the b i g g e s t problem f a c i n g combustion m o d e l l i n g now 
i s t u r b u l e n c e : t h e r e a r e no e x c e l l e n t o r even good methods of 
i n c l u d i n g such e f f e c t s i n our c a l c u l a t i o n s . At b e s t we have a 
number of phenomenological models w i t h l i m i t e d ranges of v a l i d i t y 
and which i m p l y a steady s t a t e . 
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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 b e l i e v e t h a t d e v i s i n g a way t o handle t h i s d i f f i c u l t problem 
of s t r o n g l y coupled m u l t i p l e time and space s c a l e s i s the c h a l 
lenge we c u r r e n t l y f a c e . 
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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 throug
diction and measuremen
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 th  chemical  governin  th  rat
of heat release during methan
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 l itt le predictive value and give l itt le 
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 c o n s i d e r s any b r a n c h i n g c h a i n r e a c t i o n . I t 
assumes t h a t some i n i t i a l d i s s o c i a t i o n o f f u e l l e a d s t o an 
i n t e r m e d i a t e s p e c i e s . T h i s s p e c i e s , o r some of i t s p r o d u c t s , 
r e a c t s w i t h the f u e l t o c r e a t e more o f the i n t e r m e d i a t e s p e c i e s , 
i m p l y i n g b r a n c h i n g r e a c t i o n s . I f r e c o m b i n a t i o n , o r o t h e r c h a i n 
b r e a k i n g r e a c t i o n s , a r e a l l o w e d one ge t s a r a t e e q u a t i o n f o r the 
c o n c e n t r a t i o n of the i n t e r m e d i a t e s p e c i e s [ R ] . 

d [ R ] / d t = A + B[R] - C [ R ] 2 (1) 
The f i r s t term on the r i g h t r e p r e s e n t s the i n i t i a l d i s s o c i a t i o n , 
the second the b r a n c h i n g c h a i n r e a c t i o n s , and the t h i r d 
r e c o m b i n a t i o n . C o e f f i c i e n t s A, Β and C ar e f u n c t i o n s o f the r a t e 
c o n s t a n t s and the c o n c e n t r a t i o n of f u e l and o x i d i z e r , but a r e 
independent of the i n t e r m e d i a t e c o n c e n t r a t i o n . 

C r e i g h t o n (3,5) has shown t h a t the i n d u c t i o n p e r i o d o f 
methane o x i d a t i o n i s d e s c r i b e d by Semenov's model. A n a l y s i s o f 
the r e s u l t s of n u m e r i c a l c a l c u l a t i o n s u s i n g a d e t a i l e d c h e m i c a l 
k i n e t i c s r e a c t i o n scheme showed t h a t about e i g h t r e a c t i o n s were 
dominant, and t h a t the r a t e of c r e a t i o n and consumption of 
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species H, OH and 0 were balanced. This j u s t i f i e d using a steady 
state approximation on the corresponding rate equations yield i n g 
algebraic equations which couple the concentration of these 
species to one another and to [CH3]. The rate l i m i t i n g step was 
found to be 

C H 3 + °2 = C H 3 ° + 0 ( 2 ) 

13 3 -1 -1 with rate constant - 2x10 exp(-14,500/T) cm mol sec (1). 
The CH3O immediately decomposes to CH2O and H. It can be shown 
(_3,5) that branching reactions of H immediately result i n three 
new CH3 radicals and branching reactions of 0 y i e l d two more. 
Thus branching reactions y i e l d f i v e new CH3 for every one consumed 
by reaction 2, a net increase of 4. This establishes a value for 
Semenov's coe f f i c i e n t Β = 4k2[02]. (There i s some controversy 
concerning reaction 2 an
induction times i n agreemen
(3). The reaction may proceed v i a an intermediate complex, 
CH3O2; but this gives the same calculated induction time provided 
i t decomposes i n steps which give Η and 0 atoms rather than OH, 
and that decomposition i s faster than reaction 2.) 

Coefficient A depends on the i n i t i a l dissociation step, 
CH 4 + M = CH 3 + Η + M (3) 

with rate constant k 3 = 2xl0l7exp(-44,200/T) cm^mol^sec" 1 (9). 
Branching reactions of the Η atom give three more CH3 molecules 
so A = 4 k 4 [CH4HM]. 

The rate of a l l recombination reactions w i l l be proportional 
to [CH3]2, because a l l r a d i c a l concentrations are proportional to 
[CH3]. If we take the reverse of reaction 3 as a prototype, C. 
equals I L 3 M ( [ H ] / [ C H 3 ] ) , where the r a t i o [H]/[CH3] i s determined 
by the algebraic relations mentioned above and i s a function only 
of the rate constants and the concentration of f u e l and oxidizer. 
The magnitude of this r a t i o i s about 10~3. A value of 
C = 1.7X1014[M] has been found to give calculated induction times 
i n agreement with experiment at pressures above atmospheric, and 
i s unimportant at low pressures. 

A rate equation for f u e l consumption can also be written 
(hi) · 9 

d[CH 4]/dt = -A - 5/4 B[R] + C[R] (4) 
The numerical factor 5/4 results from consumption of f i v e 
molecules of CH4 for a net increase of four CH3. (There should 
also be a small numerical correction to the l a s t term because an 
Η atom, as well as a CH3, i s consumed.) 

Eqs. 1 and 4 constitute a model for the induction period of 
methane oxidation, and can be integrated i n closed form provided 
the temperature i s 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 f u e l consumption, as well as induction. 
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F i g . 1 shows the r e s u l t s of such a c a l c u l a t i o n , (The model g i v e s 
a r a t e o f f u e l consumption which can be as much as an o r d e r o f 
magnitude too s m a l l . T h i s o c c u r s because the model n e g l e c t s 
a d d i t i o n a l r e a c t i o n s which i n c r e a s e the r a t i o o f [OH] t o [CH3] 
d u r i n g f u e l consumption.) I n i t i a l l y [R] i s zero and A i s the 
dominant term i n eq. 1, but B[R] r a p i d l y becomes l a r g e r and [R] 
i n c r e a s e s e x p o n e n t i a l l y as seen a t the l e f t o f F i g . 1. E v e n t u a l l y 
as [R] i n c r e a s e s , C [ R ] ^ becomes comparable t o B[R] and the time 
d e r i v a t i v e becomes v e r y s m a l l , as i n the m i d d l e o f F i g . 1. 

The time d e r i v a t i v e becomes s m a l l because [R] approaches a 
q u a s i - e q u i l i b r i u m v a l u e [ R ] E = B/C. T h i s might a l s o be c a l l e d 
the steady s t a t e o r s t a t i o n a r y s t a t e , but a l l t e r m i n o l o g y seems 
to l e a d t o p o s s i b l e c o n f u s i o n . There a r e two i m p o r t a n t p r o p e r t i e s 
of [ R ] E . F i r s t , i t i s a s t a b l e s o l u t i o n of eq. 1 so [R] w i l l tend 
to s t a y near [ R ] E - Second
and the c o n c e n t r a t i o n o
the r a d i c a l c o n c e n t r a t i o n . I t does have a s t r o n g temperature 
dependence due t o the l a r g e a c t i v a t i o n energy of B. A upper l i m i t 
to [ R ] E i s shown as a dashed l i n e i n F i g . 2. T h i s was c a l c u l a t e d 
h o l d i n g [O2] and [M] c o n s t a n t a t t h e i r i n i t i a l v a l u e s of 5 x l 0 ~ 5 
and 2x10-4 moles/cc. The a c t u a l v a l u e of [ R ] E w i l l be lower than 
t h i s due t o consumption o f f u e l and oxygen. 

To compare r e a c t i o n s w i t h d i f f e r e n t time c o n s t a n t s i t i s 
u s e f u l t o p l o t them as t r a j e c t o r i e s i n a m u l t i - d i m e n s i o n a l phase 
space whose c o o r d i n a t e s a r e the s p e c i e s c o n c e n t r a t i o n s and the 
temperature. F i g . 2 shows t r a j e c t o r i e s p r o j e c t e d onto the 
temperature v s . [R] p l a n e f o r r e a c t i o n s w i t h i d e n t i c a l i n i t i a l 
f u e l and a i r c o n c e n t r a t i o n s but d i f f e r e n t i n i t i a l r a d i c a l 
c o n c e n t r a t i o n s and temperature. T r a j e c t o r i e s b e g i n n i n g a t the 
l e f t had no i n i t i a l r a d i c a l s , and the t r a j e c t o r y s t a r t i n g a t 
1200 Κ i s r e p r e s e n t e d i n F i g . 1. The e x p o n e n t i a l i n c r e a s e o f [R] 
t o [ R ] E i s i s o t h e r m a l so i t appears h o r i z o n t a l i n F i g . 2. The 
knee o f the curve r e p r e s e n t s the r e l a t i v e l y f l a t p o r t i o n of F i g . 1 
where [R] i s a p p r o x i m a t e l y [ R ] E . AS t h e temperature i n c r e a s e s [R] 
remains a p p r o x i m a t e l y e q u a l t o [ R ] E , which l i e s t o the l e f t of 
t h e dashed l i n e due t o consumption of f u e l and oxygen. 
T r a j e c t o r i e s b e g i n n i n g on the r i g h t had an i n i t i a l r a d i c a l 
c o n c e n t r a t i o n e q u a l t o h a l f the i n i t i a l f u e l c o n c e n t r a t i o n . The 
r a d i c a l c o n c e n t r a t i o n f e l l r a p i d l y t o [ R ] E > r e l e a s i n g h e a t , and 
then remained a t [ R ] E . A heat l o s s term was i n c l u d e d i n t h e 
model w i t h t h e r e s u l t t h a t t r a j e c t o r i e s which r e a c h [ R ] E a t 
temperatures below 1050 Κ do not go t o complete combustion because 
the c h e m i c a l heat r e l e a s e i s l e s s than the heat l o s s , and the 
m i x t u r e c o o l s . 

F i g . 2 shows c l e a r l y t h a t the q u a s i - e q u i l i b r i u m r a d i c a l 
c o n c e n t r a t i o n s e t s the r a t e of f u e l consumption and c h e m i c a l heat 
r e l e a s e . I t a l s o shows the s t a b i l i t y . Whatever the i n i t i a l v a l u e 
of [R] i t moves towards [ R ] E and remains t h e r e . I t can o n l y 
i n c r e a s e as [ R ] E i n c r e a s e s w i t h temperature. Thus, though t h e 
o x i d a t i o n of methane i s a b r a n c h i n g c h a i n r e a c t i o n , f u e l 
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Figure 1. Calculated mole fractions of fuel, intermediate species, and products 
using Semenov's model for a stoichiometric methane-air mixture initially at 1200 Κ 

and atmospheric pressure 
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MOLE FRACTION OF R 

Figure 2. Reaction trajectories calculated with Semenov's model for a stoichio
metric mixture at atmospheric pressure and various initial temperatures and radical 
concentration: ( ), B:C calculated using constant initial fuel and oxygen con

centrations but varying temperature 
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MOLE FRACTION OF OH 

Figure 3. Reaction trajectories calculated using a detailed kinetics model. Symbols 
are described in the text. 
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consumption proceeds as a the r m a l r e a c t i o n w i t h the r a t e 
determined by [ R ] e . 

The q u a s i - e q u i l i b r i u m r a d i c a l c o n c e n t r a t i o n does not depend 
on the assumptions o f the Semenov model, a l t h o u g h the model g i v e s 
the s i m p l e s t e x p l a n a t i o n . N u m e r i c a l c a l c u l a t i o n s u s i n g the f u l l 
d e t a i l e d k i n e t i c r e a c t i o n mechanism f o r methane o x i d a t i o n (8) show 
t h a t each r a d i c a l s p e c i e s c o n c e n t r a t i o n i s i n q u a s i - e q u i l i b r i u m . 
D u r i n g i n d u c t i o n CH3 has the l a r g e s t c o n c e n t r a t i o n , but as o t h e r 
r e a c t i o n s become im p o r t a n t [H], [OH] and [θ] become l a r g e r . F i g . 3 
shows r e a c t i o n t r a j e c t o r i e s on a temperature v e r s u s [OH] p l a n e f o r 
some d e t a i l e d k i n e t i c s c a l c u l a t i o n s . The s o l i d l i n e i s a 
s i m u l a t i o n of a low p r e s s u r e , l a m i n a r flame (6) w i t h c i r c l e s 
r e p r e s e n t i n g e x p e r i m e n t a l d a t a ( 7 ) . The dashed l i n e i s a c o n s t a n t 
volume, a d i a b a t i c r e a c t i o n f o r the same m i x t u r e , an approximate 
s i m u l a t i o n of f u e l consumptio
r e a c t o r . The v a l u e of
con s t a n t volume case because f u e l i s consumed a t a lower 
temperature i n the flame and [ 0 H ] e depends s t r o n g l y on the f u e l 
consumption. T h i s i s demonstrated by i s o t h e r m a l ( c o n s t a n t volume) 
c a l c u l a t i o n s o f [ 0 H ] e shown i n F i g . 3 as t r i a n g l e s f o r f u e l 
c o n c e n t r a t i o n s e q u a l t o those i n the flame as squares f o r the 
a d i a b a t i c case. The v a l u e o f [OH] i n the flame i s somewhat 
g r e a t e r than [ 0 H ] e because r a d i c a l s d i f f u s e ahead of the flame. 

We conclude t h a t f r e e r a d i c a l c o n c e n t r a t i o n s c o n t r o l b o t h 
the i n d u c t i o n time and the r a t e o f f u e l consumption, and depend 
o n l y on a few c r i t i c a l r a t e c o n s t a n t s and the c o n c e n t r a t i o n of 
f u e l and o x i d i z e r . A more d e t a i l e d r e p o r t i s b e i n g w r i t t e n and 
Ref. 8 d i s c u s s e s the i m p l i c a t i o n s f o r i g n i t i o n . T h i s work was 
performed a t the Lawrence L i v e r m o r e L a b o r a t o r y f o r the U. S. 
Department o f Energy under c o n t r a c t 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 objectiv f thes  studie  i  t  deli
neate and validate the elementar
involved in the combustio  cycli ,
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 S o l u t i o n s . The gov e r n i n g e q u a t i o n s t h a t d e s c r i b e a 
one d i m e n s i o n a l , premixed, l a m i n a r , unbounded flame f o r a m u l t i -
component i d e a l gas m i x t u r e a r e (2, _3, 4_) : 

( p ) t + ( p u ) x = 0 

p ( Y k ) t + P u ( Y R ) x = - ( p Y k V R ) x + R RM k, (k = Ι,.,.,Ν), and 

p ( T ) t + p u ( T ) x = Cp" 1 [ ( λ Τ χ ) χ - ( R k M k h k + c p k p Y k V k T x ) ] . 

This chapter not subject to U .S . copyright. 
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For the k t h s p e c i e s and are the mass and mole f r a c t i o n s , 
r e s p e c t i v e l y , Rfc i s the net r a t e o f the p r o d u c t i o n due t o chemi
s t r y and Mj< i s the m o l e c u l a r weight. In a d d i t i o n the d i f f u s i o n 
v e l o c i t y i s g i v e n by the Stefan-Maxwell r e l a t i o n 

and the o t h e r symbols have t h e i r u s u a l meaning. The p r e s s u r e 
through the flame i s one atmosphere and con s t a n t (£, 5). We 
n e g l e c t e f f e c t s o f v i s c o s i t y , thermal d i f f u s i o n , body f o r c e s 
and r a d i a t i o n . To o b t a i n a s o l u t i o n , we employ a r e l a x a t i o n 
t e c h n i q u e and use the PDECOL package ( 6 ) . PDECOL i s based on a 
f i n i t e element c o l l o c a t i o n method employing B - s p l i n e s . For 
computing e f f i c i e n c y w
our b r e a k - p o i n t s i n th
n e c e s s a r y ( 7 ) . K i n e t i c , t r a n s p o r t and thermodynamic c o e f f i c i e n t s 
are r e q u i r e d as i n p u t t o the model. The k i n e t i c mechanism i s : 

0 „ + M - < - > 0 + CL + M (1) 

Ex p r e s s i o n s f o r the r a t e c o e f f i c i e n t s are t aken from the l i t e r 
a t u r e (8^ 9_, 10) and a r e shown i n T a b l e I . E x p r e s s i o n s f o r the 
t r a n s p o r t c o e f f i c i e n t s ( 1 , .Π, 12^ 13) are shown i n Table I I and 
the s p e c i f i c e n t h a l p y , h^, and s p e c i f i c heat c a p a c i t y , Cp^, are 
ob t a i n e d from Gordon and McBride (14). Each e x p r e s s i o n t o r the 
i n p u t c o e f f i c i e n t s i s based on s e p a r a t e , independent measurements 
and the methodology f o r o b t a i n i n g them has been d i s c u s s e d (1_) . 
R e s u l t s and D i s c u s s i o n . F i g u r e 1 shows the 0, O2, O3 and temp
e r a t u r e p r o f i l e s computed f o r an i n i t i a l ozone mole f r a c t i o n 
o f u n i t y . No e x p e r i m e n t a l p r o f i l e s are known f o r comparison 
and so by our own d e f i n i t i o n the ozone flame remains u n v a l i d a t e d . 
We can however compare b u r n i n g v e l o c i t i e s . As can be seen i n 
F i g u r e 2 our computed b u r n i n g v e l o c i t i e s compare f a v o r a b l y w i t h 
both the e x p e r i m e n t a l r e s u l t s o f S t r e n g and Grosse (15) and the 
modeling r e s u l t s o f Warnatz (16). (Warnatz has developed a 
f i n i t e d i f f e r e n c e model t h a t a l s o r e q u i r e s s p e c i e s dependent 
i n p u t c o e f f i c i e n t s . ) The s o l i d l i n e i n the f i g u r e i s S t r e n g 
and G r o s s e 1 s f i t t o t h e i r d a t a . Over the range o f 0.25 t o 1.0 
i n i t i a l ozone mole f r a c t i o n s our r e s u l t s are no more than 30% 
g r e a t e r than S t r e n g and G r o s s e 1 s . Over the e n t i r e range shown 
our r e s u l t s agree w i t h W a r n a t z 1 s w i t h i n _+ 12%. T h i s agreement 
does not imply t h a t the s e t s o f i n p u t c o e f f i c i e n t used i n the 
r e s p e c t i v e models are e q u i v a l e n t . 

F i g u r e 3 shows the r a t i o o f the v a l u e s o f Warnatz 1 i n p u t co
e f f i c i e n t s t o our c o r r e s p o n d i n g v a l u e s . T h i s f i g u r e shows t h a t a t 
the h i g h e r temperatures ( i . e . , a t the l a r g e r i n i t i a l ozone mole 
f r a c t i o n s ) , the v a l u e s f o r k^ and k2 d i f f e r markedly. The f a c t 

(2) 
(3) 
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Figure 1. Computed profiles for unity initial ozone mole fraction 
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Figure 2. Comparison of experimental 
(Streng and Grosse) and computed burn
ing velocities over a wide range of initial 
ozone mole fractions: (O), this work; 
(A), Warnatz; (\3), Streng and Grosse. 
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t h a t t he r a t i o s f o r k\ and k2 change i n o p p o s i t e d i r e c t i o n s (see 
F i g u r e 3) suggests t h a t the i n d i v i d u a l e f f e c t s o f and k2 on the 
bu r n i n g v e l o c i t y o f f s e t each o t h e r . T h i s h y p o t h e s i s i s checked by 
s u b s t i t u t i n g Warnatz 1 e x p r e s s i o n s f o r k\ and k2 i n t o our code. 
(T h i s i s done i n such a way t h a t the e q u i l i b r i u m c o n s t a n t s remain 
unchanged.) For t h e case o f the i n i t i a l ozone f r a c t i o n o f u n i t y 
we o b t a i n a b u r n i n g v e l o c i t y o f 459 cm/s. T h i s v a l u e i s t o be 
compared t o Warnatz' computed v a l u e o f 445 cm/s. As an added 
bonus the d i f f e r e n c e i n these two v a l u e s p r o v i d e s a measure o f the 
c o l l e c t i v e e f f e c t s o f d i f f e r i n g t r a n s p o r t c o e f f i c i e n t s . 

In comparing p r o f i l e s t h e r e are s e n s i b l e d i f f e r e n c e s i n some 
model r e s u l t s . For an i n i t i a l ozone mole f r a c t i o n o f u n i t y 
F i g u r e s 4 and 5 show a comparison o f the atomic oxygen and temper
a t u r e p r o f i l e r e s p e c t i v e l y . (For ease i n v i e w i n g the curves have 
been a r b i t r a r i l y d i s p l a c e
a x i s . ) F o l l o w i n g the metho
s t i t u t e Warnatz 1 e x p r e s s i o n s f o r k i and k2 i n t o our code and f i n d 
the d a s h e d - l i n e p r o f i l e s . Thus, we f i n d t h a t d i f f e r e n c e s i n the 
model p r o f i l e s are due m a i n l y t o the d i f f e r e n t e x p r e s s i o n s f o r k\ 
and k2. 

We have r e c e n t l y and c r i t i c a l l y e v a l u a t e d the a v a i l a b l e h i g h 
temperature e x p e r i m e n t a l d a t a f o r the ozone d e c o m p o s i t i o n r e a c t i o n 
(8J). The e x p r e s s i o n used here and shown i n Table I i s c o n s i s t e n t 
w i t h a l l the d i r e c t e x p e r i m e n t a l d a t a known t o us and i s v a l i d 
over a decade range i n temperature. 

The e x p r e s s i o n f o r k2 i s another s t o r y . F i g u r e 6 shows p l o t s 
o f the v a l u e s o f k2 a g a i n s t r e c i p r o c a l temperature. Warnatz 
developed and used h i s own e x p r e s s i o n and we have employed Hamp-
son's ( 9 ) . To use them i n our codes we both have assumed t h a t the 
r e s p e c t i v e e x p r e s s i o n s are v a l i d f o r temperatures g r e a t e r than 
1000K, the upper l i m i t o f a p p l i c a b i l i t y o f each. 

In o r d e r t o d i s t i n g u i s h which e x p r e s s i o n f o r k2, i f e i t h e r , 
i s c o r r e c t , h i g h temperature measurements and/or ab i n i t i o c a l c u 
l a t i o n s o f the r a t e c o e f f i c i e n t f o r r e a c t i o n (2) are r e q u i r e d . 
A l t e r n a t e l y , the computed d i f f e r e n c e s i n the v a l u e s f o r atomic 
oxygen and f o r t he temperature i n the burned r e g i o n a t an i n i t i a l 
ozone mole f r a c t i o n o f u n i t y appear t o be l a r g e enough t h a t p r o f i l e 
measurements above such a flame may be s u f f i c i e n t t o d i s t i n g u i s h 
between the two e x p r e s s i o n s . 
SUMMARY. We have shown t h a t t h i s model and i t s i n p u t parameters 
p r e d i c t b u r n i n g v e l o c i t i e s t h a t are i n re a s o n a b l e agreement both 
w i t h the measurements o f St r e n g and Grosse and w i t h the computa
t i o n s o f Warnatz. We have a l s o demonstrated t h a t agreement w i t h 
b u r n i n g v e l o c i t i e s , even over a wide range o f i n i t i a l ozone mole 
f r a c t i o n s i s a ne c e s s a r y but not s u f f i c i e n t c o n d i t i o n t o ensure 
t h a t the i n p u t c o e f f i c i e n t s are r e a l i s t i c ; f o r t h i s reason p r o f i l e 
measurements are v i t a l t o t e s t a model 1s i n p u t c o e f f i c i e n t s . 
F i n a l l y , by a comparison o f computed p r o f i l e s we have i n d i c a t e d 
the need t o measure o r t o c a l c u l a t e h i g h temperature v a l u e s f o r k ?. 
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Figure 4. Calculated atomic oxygen profiles for unity initial ozone mole fraction: 
( ), the result of substituting Warnatz's expression for k, and k2 into our model* 
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Figure 5. Calculated temperature profiles for unity initial ozone mole fraction: 
( ), the result of substituting Warnatz's expression for k 2 and k2 into our modeU 

τ (K)/100 

Figure 6. Expressions for the rate co
efficient for Reaction 2: ( ), the re
gion of temperature over which both ex
pressions have been assumed to be valid, 1000/ Τ (κ) 
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30 
On the Rate of the Ο + N2 Reaction 

DANIEL J. SEERY and M. F. ZABIELSKI 

United Technologies Research Center, East Hartford, CT 06108 

The recent shock tub t f th  O + N  reactio  rat
by Monat, Kruger and Hanso
1.84 x 1014 exp(-76, 250/RT) cm/mol sec. This rate is more than 
twice the most widely used value of k1 = 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 k1 in a 0.1 atmos
phere, stoichiometric CH4-Air flame. A l l experiments were 
conducted u s i n g 3 i n c h diameter w a t e r - c o o l e d s i n t e r e d copper 
b u r n e r s . Data o b t a i n e d i n our study i n c l u d e (a) temperature p r o 
f i l e s o b t a i n e d by coated m i n i a t u r e thermocouples c a l i b r a t e d by 
sodium l i n e r e v e r s a l , (b) NO and c o m p o s i t i o n p r o f i l e s o b t a i n e d 
u s i n g m o l e c u l a r beam sampling mass spe c t r o m e t r y and microprobe 
sampling w i t h chemiluminescent a n a l y s i s and (c) OH p r o f i l e s 
o b t a i n e d by a b s o r p t i o n s p e c t r o s c o p y u s i n g an OH resonance lamp. 
S e v e r a l flame s t u d i e s (4) have demonstrated the a p p l i c a b i l i t y o f 
p a r t i a l e q u i l i b r i u m i n the pos t r e a c t i o n zone of low p r e s s u r e 
flames and t h e r e f o r e the (OH) p r o f i l e can be used t o o b t a i n the 
(0) p r o f i l e w i t h h i g h a c c u r a c y . 

The NO c o n c e n t r a t i o n p r o f i l e s are shown i n F i g . 1 f o r both 
c o o l e d and uncooled q u a r t z microprobes and i n c l u d e measurements 
of Ν 0 χ o b t a i n e d u s i n g a Mo c a t a l y t i c c o n v e r t e r . 

0-8412-0570-l /80/47-134-375$05.00/0 
© 1980 American Chemical Society 
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I n a d d i t i o n t o the d a t a l i s t e d above the c o n c e n t r a t i o n p r o 
f i l e s of a l l major s p e c i e s must be o b t a i n e d i n o r d e r t o c a l c u l a t e 
the average m o l e c u l a r weight throughout the flame. These d a t a are 
needed f o r the flame e q u a t i o n s and were o b t a i n e d u s i n g m o l e c u l a r 
beam sampling-mass s p e c t r o m e t r y . A sample of these c o n c e n t r a t i o n 
p r o f i l e s i s shown i n F i g . 2. The (H 20) d a t a are o b t a i n e d by 
oxygen b a l a n c e and are a c c o r d i n g l y l e s s c e r t a i n . The dashed l i n e 
through the H2O d a t a r e p r e s e n t s the formaldehyde which i s 
unmeasured and t i e s up l a r g e amounts of oxygen at t h i s l o c a t i o n i n 
the flame. 

I f i t i s assumed t h a t NO i s formed e x c l u s i v e l y by the r e a c 
t i o n s 

and 

Ν + 0 2 + NO + 0 (2) 

and knowing t h a t at the flame temperature (Tf ~ 2200 K) the r a t e 
c o n s t a n t r a t i o i s about 600, then n e g l e c t i n g back r e a c t i o n s 
the r a t e of f o r m a t i o n of NO i s g i v e n by 

= k± ( 0 ) ( N 2 ) + k 2 ( N ) ( 0 2 ) = 2 k x ( 0 ) ( N 2 ) (3) 

N e g l e c t i n g d i f f u s i o n f o r downstream l o c a t i o n s where the g r a d i e n t s 
are s m a l l and c o n v e r t i n g t o flame c o n d i t i o n s the r a t e e x p r e s s i o n 
becomes 

1 XN0 
v o V ! Mo 

2 k-,ΧΧ,, (4) 

where i s the mole f r a c t i o n of s p e c i e s i at l o c a t i o n χ i n the 
flame of i n i t i a l molar c o n c e n t r a t i o n , n Q , v e l o c i t y , ν , average 
m o l e c u l a r w e i g h t , M Q and temperature, T q . The a r e a r a t i o A, 
temperature, T, and molecular w e i g h t , M, must a l s o be known f o r 
each l o c a t i o n where the r a t e c o n s t a n t i s t o be e v a l u a t e d . A l l the 
terms i n e q u a t i o n (4) are measured except k-̂  and, t h e r e f o r e , we 
can use the flame d a t a to c a l c u l a t e the r a t e c o n s t a n t f o r s e v e r a l 
l o c a t i o n s i n the flame. The r e s u l t s are p r e s e n t e d i n F i g u r e 3 
a l o n g w i t h l i n e s showing the recommended r a t e c o n s t a n t s from R e f s . 
1 and 2. 
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I f the a c t i v a t i o n energy i s f i x e d at 76.25 k c a l s , then the 

r e s u l t i n g p r e - e x p o n e n t i a l f a c t o r f o r the flame d a t a i s c a l c u l a t e d 
t o be 1.76 χ l O 1 ^ , almost i d e n t i c a l w i t h Réf. 1. The s c a t t e r i n 
the flame d a t a f o r the narrow temperature range covered has an 
average d e v i a t i o n of ± 28% from the v a l u e recommended by Réf. 1. 
While the cause(s) of the s c a t t e r are not known, the l a r g e s t 
u n c e r t a i n t i e s are a t t r i b u t a b l e t o e r r o r s i n temperature, 0 atom 
c o n c e n t r a t i o n and s m a l l e r r o r s i n the c o n c e n t r a t i o n p r o f i l e s 
which are m a g n i f i e d by t a k i n g n u m e r i c a l d e r i v a t i v e s . 

While the r e s u l t s from the p r e s e n t work do show s c a t t e r , 
they c l e a r l y support the h i g h e r r a t e o f Monat e t . a l (1)· The 
dat a of Monat e t . a l are the most d i r e c t measurements of the 
0 + N2 r e a c t i o n and appea
A c c o r d i n g l y , these d a t
f o r m a t i o n from the Z e l d o v i t c h mechanism. 

T h i s work was sponsored by EPA under C o n t r a c t 68-02-2188. 
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31 
Reactions of C 2 (X1 Σ+g) and (a3 Πu) 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 mechanism
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 C2 are of particular importance since 
recent laser saturation measurements in our laboratory (1) have 
shown that C2 a3Πu is present in oxyacetylene flames at con
centrations on the order of 1016 molecules/cm3 (approximately 
0.1 torr). Although concentrations of ground state C2 in flames 
are unknown and cannot be measured by the same technique due to 
spectroscopic constraints, we expect that C2 X1Σ+g 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 C2 radicals. 

In these experiments, we use multiphoton dissociation at 193 
nm to generate C2 radicals. C2 concentrations are subsequently 
monitored using laser induced fluorescence. Disappearance rates 
of both C1 X1Σ+

g and a3Πu are reported at ambient temperature 
with hydrocarbons (CH4, C 2H 2, O2Η4, and C2H6), hydrogen, 
oxygen, and carbon dioxide. 

Experiment 
Apparatus. The apparatus used i n these experiments i s shown 

s c h e m a t i c a l l y i n F i g u r e 1. C 2 r a d i c a l s a r e generated by a two 
photon d i s s o c i a t i o n p r o c e s s u s i n g a m i l d l y f o c u s s e d p u l s e d ArF 
excimer l a s e r ( T a c h i s t o Model XR 150). Hexafluorobutyne-2 ( F 3 C -
0Ξ0-0Ρ 3) i s used as the p r e c u r s o r f o r C 2 X*£g and a c e t y l e n e i s 
used as the p r e c u r s o r f o r a 3 I I u r a d i c a l s . Experiments a r e c a r r i e d 
out i n a 30 cm diameter c e l l w i t h l o n g s i d e arms w i t h s c a t t e r e d 
l i g h t b a f f l i n g . R a d i c a l c o n c e n t r a t i o n s a r e monitored u s i n g l a s e r 
induced f l u o r e s c e n c e generated by a f l a s h l a m p pumped t u n a b l e dye 

0-8412-0570-l /80/47-134-381$05.00/0 
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Figure 1. Multiphoton UV-photolysis-laser fluorescence detection system 
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l a s e r (Chromatux CMX-4). The two l a s e r s propagate c o l i n e a r l y i n 
o p p o s i t e d i r e c t i o n s . F l u o r e s c e n c e i s monitored a t 90° u s i n g a 
p h o t o m u l t i p l i e r tube and s i g n a l averaged w i t h a box c a r i n t e g r a t o r 
(PAR 160). + 

_i_C2 X ^ g p o p u l a t i o n s are probed by e x c i t i n g t he A1!! , v ^ = 4+ 
X^Eg, =̂  0 P h i l l i p s band transit on a t 691 nm and d e f e c t i n g 
ν = 4 + ν - ι f l u o r e s c e n c e a t 792 nm. C2 a 3II p o p u l a t i o n s 
a r e probed by e x c i t i n g t he d3TTg a3IT 0-0 Swan Band t r a n s i t i o n 
a t 516.5 nm and d e t e c t i n g dye laser induced f l u o r e s c e n c e on the 
0-1 vibronic band a t 563 nm. 

The r a t e o f d e p l e t i o n o f C2 i s monitored by v a r y i n g the time 
d e l a y between the p h o t o l y s i s and probe l a s e r p u l s e s . The p r o c e s s 
i s automated by u s i n g the boxcar i n t e g r a t o r gate t o t r i g g e r t he 
probe l a s e r so t h a t b o t h the boxcar gate and the probe l a s e r a r e 
sy n c h r o n o u s l y scanned i
p u l s e . F u r t h e r d e t a i l s
n i q u e a r e g i v e n i n r e f e r e n c e s (2) and (3) . 

P r e p a r a t i o n o f C 2 Fragments. The p h o t o d i s s o c i a t i o n o f 
he x a f l u o r o b u t y n e - 2 and a c e t y l e n e y i e l d a v a r i e t y o f p r o d u c t s , many 
of w h i c h a r e i n e l e c t r o n i c a l l y e x c i t e d s t a t e s r e s u l t i n g i n prompt 
f l u o r e s c e n c e which i s quenched by the presence of a b u f f e r gas. 
The C 2 X ^ g and a 3II which a r e i n i t i a l l y produced a r e a l s o 
v i b r a t i o n a l l y and r o t a t i o n a l l y h o t . S i n c e we mo n i t o r o n l y the 
v 1 * = 0 l e v e l o f the fragments, i t i s n e c e s s a r y t h a t the b u f f e r 
gas e i t h e r (a) c o m p l e t e l y t h e r m a l i z e the v i b r a t i o n a l p o p u l a t i o n 
i n l e s s than 20 y s o r (b) not s i g n i f i c a n t l y r e l a x v~ > 0 l e v e l s 
t o the ground s t a t e on a time s c a l e _< 300 y s . For C2 a 3II , 
c o n d i t i o n (a) was e a s i l y met by a few t o r r of methane. However 
methane r e a c t s w i t h C2 X*Eg and the o t h e r b u f f e r gases we t r i e d 
( A r , N 2 and S F 6 ) v i b r a t i o n a l l y r e l a x e d the C 2 X ^ g on the time 
s c a l e o f the r e a c t i o n experiments. However over a range of He 
p r e s s u r e s up t o 30 t o r r , no measurable r e l a x a t i o n o f C2 X 1Eg 
V 1* > 0 t a k e s p l a c e d u r i n g the time s c a l e o f the experiments 
(< 300 y s ) . 

R e s u l t s 
The r e a c t i o n s a r e measured under the p s e u d o - f i r s t - o r d e r 

c o n d i t i o n s of a l a r g e excess of r e a c t a n t gases. A t y p i c a l f i r s t 
o r d e r decay f o r C2 ΧιΣ^ fragments u s i n g a l a r g e excess of H2 
r e a c t i v e gas i s shown i n F i g u r e 2. The di s a p p e a r a n c e o f C2 
X1Zg i s e x p o n e n t i a l over n e a r l y two o r d e r s o f magnitude i n con
c e n t r a t i o n . The s l o p e of the d a t a i n F i g u r e 2 g i v e s the f i r s t 
o r d e r d i s a p p e a r a n c e r a t e , k 1 , f o r C2 Χ*Σ£ r e a c t i n g w i t h 105.4 
t o r r of hydrogen. 
j B i m o l e c u l a r r a t e c o n s t a n t s , k , a r e o b t a i n e d by p l o t t i n g , 

k v s r e a c t i v e gas p r e s s u r e , as shown i n F i g u r e 3 f o r t h e r e a c t i o n 
of C 2 (Χ1Σί)Ι·±· H 2. The s l o p e of the l e a s t squares f i t t o the 
d a t a g i v e s k = (1.38 ± 0.06) χ 1 0 " 1 2 cm 3 s" 1 molecule"" 1, 
the b i m o l e c u l a r d i s a p p e a r a n c e r a t e f o r C2 Χ1ς£ i n t h e presence 
of H 2, w i t h the u n c e r t a i n t y r e p r e s e n t i n g ± 1σ. The nonzero i n -
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100 

Figure 2. A plot of the C2 X%+ pseudo- 11 ι ι I r~ 
first-order decay in the presence of excess 0 200 400 

H2 t (ftsec) 

Figure 3. A plot of k1 vs. Ρ for the reaction of CgfX1^) + Ht. The bimolecular 
rate constant, k11, is obtained from the slope of the plot. 
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tercept of the plot gives a value of the reaction rate of C2 
X ^ J w i t h the precursor C F 3 C 2 C F 3 at 2.2 mtorr. 

In Table I, the bimolecular rate constants for C2 X*Ig and 
a3II which we measured are tabulated. The experiments were car
ried 1 out over a wide range of laser powers, buffer gas pressures, 
and precursor molecule pressures to assure that the experimental 
data does not contain a r t i f a c t s due to three body reactions, 
vibrational quenching, fragment d i f f u s i o n , or other fragment 
reaction. 
Discussion 

C2 a 3 H reaction vs quenching. The disappearance of C 2
 a 3 ^ u 

may be due t*o either reaction or quenching to the ground state. 
However, quenching i s spin forbidden; since the C2 a3IT state 
l i e s only 1.7 kcal/mol
resonance spin exchang
the reaction gases studied. Although there are instances where 
f a c i l e spin forbidden quenching i s observed - notably the O^D) 
+ N 2 •+ 0( 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 C2 a3II , i f a long-lived 
complex i s formed, the most energetically favored outcome i s 
reaction with H2 and hydrocarbons to form C2H or C2H2 and not 
quenching to form C2 Χ 1 ^ · Q ) 

1 j? X ^ g V S a 3 ^ u r e a c t i ° n s w i t h hydrocarbons and hydrogen. 
C 2 X reacts considerably faster than C 2 a 3II u with hydrogen 
and hydrocarbons (see Table I) despite the presence of spin 
allowed exothermic pathways i n both cases. We can use electronic 
o r b i t a l correlation arguments to explain these r e s u l t s . (See 
reference Ç2)for further d e t a i l s of these arguments.) Ground 
state C 2 has the electronic configuration π . The addition of 
a hydrogen Is electron to a cr-bonding o r b i t a l correlates with 
the ground state of C 2H which has the electronic configuration 
π
350". In contrast, for the C 2 a 3u u (electronic configuration 

50) to react with H, there would have to occur the unlikely 
transfer of a Η Is electron to a π-bonding o r b i t a l i n order to form 
ground state C2H. The reaction of C 2(a 3II u) + Η i s more l i k e l y to 
form C 2H i n the Â Π state with electronic configuration ττ35σ . 
This l a t t e r reaction i s approximately 10 kcal/mole higher i n ener
gy than the ground state reaction. Either this difference i n en
ergy or the presence of a barrier for C 2 a 3H u réactions may 
account for the difference i n C 2 singlet and t r i p l e t r e a c t i v i t i e s 
with hydrogen and hydrocarbons. The difference i n r e a c t i v i t i e s i s 
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 s t r i p an H atom. 

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



386 L A S E R PROBES FOR C O M B U S T I O N C H E M I S T R Y 

T a b l e I . Rate constants (cm3 s Molecule 1) for the d i s 
appearance of 0 2(Χ*Σ +) compared to C 2 ( a 3 I T u ) at 298 K. 

Reactant k n ( c 2 x ^ + ) a ) k I X ( C 2 a 3 H u ) a ) 

H 2 (1.38±0.06) χ 1 0 " 1 2 <5 χ 1 0 " 1 5 b ) 

CH. 4 (1.87±0.05) χ ΙΟ" 1 1 <1 χ 1 0 - 1 6 b ) 

C 2 H 6 (1.59±0.05) χ 1CT 1 0 (1.30±0.06) χ 10" 1 2 

C 2 H 4 (3.26±0.05) χ 1 0 - 1 0 (1.44±0.06) χ 10" 1 0 

C 2 F 4 (5.99±0.14

C 2 H 2 (9.6±0.3) χ 1 0 " 1 1 

°2 (2.8210.09) χ 1 0 " 1 2 (2.9610.07) χ 10" 1 2 

c o 2 no apparent r e a c t i o n 

a) 1σ uncertainty. 
b) 3σ uncertainty. 

T a b l e I I , P r o d u c t c h a n n e l s f o r C 2 + 0^ 

REACTION AH° (k c a l / m o l e ) 
C 2 ( X 1 E + ) + 0 2 

^ C 0 ( x l E + ) + C0(a 3 ï ï ) -113 
+C02aL&') + C ( 3 P 0 ) -123 

- * c 2 ° ( x 3 Σ " ) + 0(λΏ) -26 

C 2 ^ a ^υ) + ^2 i n e d i t i o n t o p r o d u c t s above 

•+200(ΧλΣρ -254 
-^C0(X 1 Σ+) + C O i A ^ ) -68 
-*C 20(X 3 Σ") + 0 ( 3 P ) -73 
-K:O 2(X 1 l g ) + C( 1D) -95 
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C„ Χ 1 Σ vs a 3Π reactions with oxygen. We observed the same 
rate constant (within experimental uncertainty) for the reaction 
of C 2 X 1!^ and a 3 ] ^ with 0 2, (See Table I ) . Many possible chan
nels e x i s t for these reactions, (See Table I I ) . Some of these 
products have been observed including 00(Α ]Π) by F i l s e t h et a l . 
(6), CO excited t r i p l e t s by Witt i g ( 2 ) and C 20(X 32T) by Donnelly 
and Pasternack (3). Because of the d i f f e r e n t reaction pathways 
that are accessible for C 2 Χ 1 and a 3 H^, the observation of 
id e n t i c a l disappearance rate constants seems to be a coincidence. 

C2 X1!4" vs a3II reactions with C0 9 

ρ U 2 

We observed no roo
state of C 2 and C0 2. This result i s somewhat surprising since 
both spin and symmetry allowed reactive channels exist for both 
C 2 fragments: 

C 0(a 3 n ) + C0 o(X 1E +) -> C o0$ 3E") + CO(xh+) 
2 u 2 g 2 

ΔΗ° = -66 ± 16 kcal/mole r 
C0(xV") + C0o(5f1E+) + CnO(h OR h) + COiX1!"4") 2 g 2 g 2 

ΔΗ° = -50 kcal/mole r 
These reactions w i l l be studied at higher temperatures to assess 
their importance in combustion systems. 
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Pulsed-Laser Studies of the Kinetics of 
C2O(Ã3IIi and X3Σ-) 

V. M. DONNELLY,1 WILLIAM M. PITTS, and A. P. BARONAVSKI 

Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375 

Laser induced fluorescenc
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 previous studies 
from this laboratory (1) have shown that C2(a3Πu) is present in 
high concentrations in the hot region of an oxy-acetylene flame. 
C2(a3Πu and Χ1Σ+g) reacts with O2.(2,3,4) One of the products 
of this reaction (and/or the reaction of C2H+O2) is CCO.(2) In 
the present study, we report C 2O(Ã 3Π i-X3Σ-) fluorescence excita
tion spectra, Ã3Πi lifetimes and quenching rate constants, and 
Χ3Σ- reaction rate constants. 

PART 1: C2O(Ã3Π i) Fluorescence Lifetimes and Quenching Rate 
Constants 

C 2O(X 3Σ -) is formed by pulsed laser photolysis of carbon 
suboxide at 266 nm (4th harmonic Nd-YAG, 100 μJ/pulse, 30 Hz, 
50 μsec). A second pulsed dye laser (5 mJ/pulse, 30 Hz, 1 μsec) 
excites the Ã3пi state. Ã3π.*ί Σ" fl u o r e s c e n c e i s detected 
in the 750-900 nm reg i o n . Fluorescence e x c i t a t i o n s p e c t r a are 
recorded using the apparatus shown in F i g u r e 1. Fluorescence i s 
detected as a f u n c t i o n of dye l a s e r wavelength at a f i x e d delay 
time between YAG and dye l a s e r pulses (0-500 y s e c ) . A sample 
spectrum i s shown i n F i g u r e 2. The upper t r a c e i s recorded under 
near c o l l i s i o n f r e e c o n d i t i o n s (50 mtorr t o t a l pressure, with no 
delay between l a s e r p u l s e s ) . The complex s t r u c t u r e i s i n d i c a t i v e 
of the high degree of r o t a t i o n a l and v i b r a t i o n a l e x c i t a t i o n i n 
1 Present Address: Bell Laboratories, Murray Hill , Ν J 07974. 
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Figure 1. The experimental system used for measuring fluorescence excitation 
spectra and reaction rate constants 
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the i n i t i a l l y formed fragment. In the lower t r a c e , CpO (Χ Σ") 
i s thermalized with Ar b u f f e r gas p r i o r to dye l a s e r e x c i t a t i o n . 
The sharp, strong f e a t u r e s are i d e n t i f i e d using the absorption 
spectrum assignments of Devi H e r s and Ramsay {5). New a s s i g n -

Time re s o l v e d A s t a t e f l u o r e s c e n c e i s measured with a t r a n 
s i e n t r e c o r d e r - s i g n a l averager, as described previously. ( 6 ) A 
t y p i c a l f l u o r e s c e n c e decay curve i s shown in F i g u r e 3. It i s 
composed of at l e a s t three exponentials, independent of e x c i t a 
t i o n wavelength. The short component l i f e t i m e i s extracted by 
f i t t i n g approximately the f i r s t t h i r d of the decay to the 
expression. 

A p l o t of τ " 1 vs Ρ i s l i n e a r . The i n t e r c e p t and slope y i e l d a 
zero-pressure l i f e t i m e of 16.5(+ 7.4,*2.9i usee and,a quenching 
r a t e constant (by C^Op) of 1.53 χ 10 cm molecule sec . 

The a n a l y s i s of the long components can be broken i n t o f o u r 
pressure regions: 

1) Between 0.5 and 2.0 mtorr C 3 0 2 , the long l i v e d p o r t i o n 
of the decay (e.g. 80-600 ysec in F i g . 3) i s f i t to equation ( 1 ) . 
Varying amounts of Ar are added to f i x e d C 3 0 2 pressures to slow 
d i f f u s i o n of t h e , r e c o i l i n g C^O fragment over these long times. 
E x t r a p o l a t i n g τ " vs Ar pressure to zero gives the f l u o r e s 
cence l i f e t i m e s apart from d i f f u s i o n e f f e c t s (Δ i n F i g u r e 4 ) . 

(2) Between 2 and ^25 mtorr of C 3 0 2 , the C^O f l u o r e s c e n c e 
decay behaves as shown in F i g u r e 3. D i f f u s i o n i s s u f f i c i e n t l y 
slow th a t Ar b u f f e r gas i s not r e q u i r e d . The long component 
l i f e t i m e s of the long decay have been measured as a f u n c t i o n 
of pressure and are included i n F i g u r e 4. 

(3) Between ^25 and 100 mtorr the l o n g - l i v e d decay compo
nents c o l l a p s e i n t o a s i n g l e e x p o n e n t i a l . 

(4) At C 3 0 2 pressures greater than lOO mtorr the decay 
becomes nonexpontential. 

The p l o t of τ " vs P ( C 3 0 2 ) (Figure 4) gives a s t r a i g h t 
l i n e . The data are extrapolated to obtain an estimate f o r the 
zero pressure f l u o r e s c e n c e l i f e t i m e of 380 usee. The slope of 
t h e ^ a t a ^ c o r r e s p o n d s to a CJÛ9 quenching r a t e constant 2.88 χ 
1 0 " 1 1 cnTmolecule" 1 sec . ό ά 

Long component quenching r a t e constants were measured f o r 
Ar, N 2, and 0 2 over the pressure regions described above by ( 3 ) . 
A l l C 90 l i f e t i m e s and quenching r a t e constants are given i n 
T a b l e d . 
Summary 3 

I) C 20 Γ Σ " can be produced c l e a n l y by a 266 nm l a s e r 
p h o t o l y s i s of C ? 0 ? . 

ments not reported underlined. 

I ( t ) = 1° exp (-t/x ) + i f exp (-t/x ) (1) 
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Figure 2. The laser-induced fluorescence excitation spectrum of C20(A3Ui — 
%3T) recorded under nascent conditions (top) immediately following photolysis of 

CsOt and after cooling by a buffer gas 

10 ρ r 

Figure 3. Fluorescence decay for C20 
excited into the 101 level of the Α3ΊΙ{. 
Note the highly nonexponential behavior: 

1.1 mtorr Cs02; 5.8 mtorr Ar. 
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2) Laser-induced f l u o r e s c e n c e i s a v e r y ~ s e n s i t i v e detec
t i o n probe f o r CpO (Χ Σ") (* 10 molecules/cm ). 

3) The e x t r a p o l a t e d , π. zero-pressure decay of A - s t a t e 
f l u o r e s c e n c e contains at l e a s i 3 d i s t i n c t l i f e t i m e components. 
Thi s behavior i s reminiscent of other t r i a t o m i c molecules such 
as N0 2,(7J S0 2,(8) CS 2,(9) and NH 2,(6) and i s l i k e l y due to 
v a r i a D l e coupling between ΊvibrationaT l e v e l s of the A n. s t a t e 
and l e v e l s of the x V , a XA( 0.5 eV) and/or Β'Σ (^0.8 éV) 
states.(10) 3 

4) The extremely f a s t quenching of C 20 Κ π. by 0 Λ ) 2 i s probably r o t a t i o n a l r e l a x a t i o n of the h i g h l y r o t a t i o n a f l y ex
c i t e d C 20 photofragment. The slower process f o r C 3 0 2 i s some 
unknown combination of v i b r a t i o n a l and e l e c t r o n i c quenching and 
r e a c t i o n . Likewise, c o n t r i b u t i o n s of v i b r a t i o n a l and e l e c t r o n i c 
r e l a x a t i o n to the observe
determined. 
Part 2: C 20 (£ 3Σ~) Reaction K i n e t i c s 

P s e u d o - f i r s t - o r d e r decays of C 90 ) i n the presence 
of l a r g e excess reactant gases are measured with the system 
shown i n F i g u r e I, by scanning the delay of the probe dye l a s e r 
with respect to the -YAG p h o t o l y s i s pulse. The f i r s t order r a t e 
constant, k i s p l o t t e d vs reactant pressure to obtain the 
bimolecular r a t e constant k (Figure 5). Table 2 l i s t s the 
absolute r a t e constants measured in t h i s study. The CJD+NO r a t e 
constant should be regarded as approximate due to an oDserved 
dark r e a c t i o n between C J 3 2 and NO, which complicates the d i s 
appearance k i n e t i c s of CJu Χ Σ" The r a t i o of r e a c t i o n rates 
N0:0 ?:isobutene of 386:2795:1 i s in e x c e l l e n t agreement with the 
r a t i o of 362:2.68:1 of Williamson and Bayes.(11) Since they 
measured r e l a t i v e r a t e s , our values in Table 2 can be used to 
obtain absolute r a t e constants f o r a l l the reactants i n v e s t i 
gated by Williamson and Bayes. 
Summary 

clo has been shown to be formed when C?9 and/or CJH r e a c t 
with 0 2 . ( 2 J Reactions such as QVL2) 

0+C 2H 2-C 20+H 2 

and (V3 . J4 ) (2 ) 

0+C 2H 2-HC 20+H (3a) 
HC20+R+C20+RH (R = r a d i c a l ) (3b) 

have a l s o been shown to generate C 20. The r e a c t i o n s of C 2 and C 20 with 0 2 are f a s t enough at room temperature to be important 
pathways converting f u e l s to CO and C0 2 at combustion tempera
t u r e s . The f a s t r e a c t i o n with NO should also be considered as 
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Figure 4. The Stern-Volmer plot for the quenching of the A3Ui state long decay 
component is shown 

τ 

I . ι • ι • ι J 
Ο 0.5 10 1.5 2.0 

Po2(torr) 

Figure 5. The pseudo-first-order disappearance rate constants for ground-state 
C20 are plotted as a function of 02 pressure for two pressures of C302. The results 
fall on a straight line and the slope gives a second-order disappearance rate constant 
for C20 reacting with 02 of 3.30 ± 0.12 χ 1013 cm3 molecule'1 sec1: (Φ), 10 

mtorr C302; (+), 5 mtorr C302. K " = 3.30 ± 0.12 χ 1013 cm3 sec'1. 
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TABLE 1: C^O L i f e t i m e and Quenching Data 

TABLE 1A: RADIATIVE LIFETIMES FOR C 20(# 3n.) 
SHORT COMPONENT: τ=16.5(+7.4,-2.9) usee 
LONG COMPONENT: τ=^100 t o >200usec 
(non exponential) 

TABLE IB: QUENCHING RATE CONSTANTS FOR C Q(Â3R.) 

LONG COMPONENT QUENCHIN
QUENCHER GAS ^ ( c m ^ o l e c u l e ' ^ e c " 1 ) 

C 3 0 2 2.88±0.10 Χ 10" 1 1 

0 2 5.67+0.21 Χ I 0 " 1 2 

N 2 4.00±0.07 Χ 1 0 " 1 2 

Ar 1.95±0.04 Χ 1 0 " 1 2 

SHORT COMPONENT QUENCHING RATE CONSTANT 
C 3 0 2 1.53±0.11 Χ 10" 9 

TABLE 2: C 20 ( < V ) REACTION RATE CONSTANTS AT 298 Κ 
REACTANT GAS k ^ c r r A i o l e c u l e ^ s e c " 1 ) 

NO (4.43±0.12) Χ 1 0 " 1 1 

0 2 (3.30±0.I2) Χ 1 0 " 1 3 

ISOBUTENE (1.12±0.05) Χ 1 0 " 1 3 

H 2 < 2 x l 0 " 1 4 

co2 < l x l 0 " 1 4 

C 2 H 4 < l x l 0 " 1 4 

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



396 LASER PROBES FOR COMBUSTION CHEMISTRY 

p o t e n t i a l l y important in NO p o l l u t i o n chemistry in combustion. 
However, before the importance of C^O can be e s t a b l i s h e d , tem
perature dependences of r e a c t i o n r a t e s must be measured, and i t s 
c o n c e n t r a t i o n l e v e l s in " i n - s i t u " flames should be estimated. 
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33 
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 chemiluminescenc
hydrocarbon flames, the mechanis
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 x formation, may be better understood. 

Production and Detection 

One of the most effective methods of CH production is the multiphoton dissocia
tion of CHBr3(1). A high-power ArF excimer laser (193 nm) was used to dissociate a 
CHBr3:Ar gas mixture (~1:105) 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 (A -> 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 
C H following the excitation in the (0-0) band of the X —> A transition as a function of 
the time delay after the A r F laser dissociation. In the absence of any added reactants, 
C H had a decay time of 100 to 300 /usee at a total pressure of 30 to 100 torr (CHBr 3 

pressures of 1 to 10 mtorr) which can be attributed mainly to the C H -I- C H reaction. 
The addition of the reactants listed in Table I shortened the C H 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 C H radicals versus the partial pressure of the added reactant yielded 
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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 I 
and compared with previously published values for selected molecules. 

Table I. Rate Constants for C H Radical Reactions 
at Room Temperature with Selected Molecules 

Relevant to Hydrocarbon Combustion 

k x 10 1 1 (cmVmolecule · sec) 
Reactant Reactant 

I II Ill 
H 2 2 .6±0 .5 0.10 1.74±0.20 
0 2 5 .9±0 .8 — 4.0 
N O 2 9 ± 7 — — 

C O 
N 2 

C 0 2 0.19 ± 0 . 0 4 — — 

C H 4 1 0 ± 3 * 0.25 3.3 ±0 .08 
C 2 H 6 4 0 ± 1 — — 

C 4 H 1 0 5 8 ± 5 - 1 3 ± 1 

a. I— This work (100 Torr total system pressure ) ; II — 
Braun et al. (2); III — Bosnali and Perner (3). 
b. The value reported in Ref. ( l ) was too high by a factor 
of 3 due to errors in CH4 concentration calculations. 

Previous studies on the reactions of C H employed either the vacuum ultra-violet 
photodissociation (2) or the electron beam dissociation (3) of C H 4 to generate the radi
cal. The formation and decay of the C H was monitored by U V 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 2 , N 2 

and C H 4 . 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 C H + No 

The C H + N 2 reaction has now been generally considered as one of the most 
important precursor reactions for "prompt" N O 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 χ 10~ 1 2 exp (-11,000/RT) cmVmolecule · 
sec, obtained from the rate of N O production in several hydrocarbon flame fronts (4). 
These findings could be understood by the thermochemistry of the C H + N 2 C H N 2 

H C N + Ν system (5). Since the production of H C N + Ν 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 C H N 2 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 (Α2Δ - — - Χ 2Π, O-O) 
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Figure 2. Laser-induced fluorescence spectrum of the Α 2 Δ <—» Χ2π transition of 
the ground-state CH radicals in 100 torr of Ar buffer gas 
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C H + N 2 + M « = > H C - N - N + M 

H C N + N 

(low Τ) 

(high Τ) 

Although the formation of H C N + Ν is not spin-conserved, the formation of the 
C H N 2 radical intermediate is expected to overcome and facilitate the doublet —• quartet 
conversion. At room temperature, the C H N 2 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 C H radical can be generated with 
sufficiently high concentration
193 nm for kinetic measurements
monitored by the laser-induced fluorescence technique using the (A2 Δ «— Χ2 π) 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, C H + N 2 , has been shown to be pressure-dependent, presumably due to the 
production of the C H N 2 radical at room temperature. 
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34 
Carbon Monoxide Laser Resonance Absorption 
Studies of O( 3P) + 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 resonanc
dynamics of chemical reaction
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(3P) + 1-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(3P) 
atoms were produced from photodissociation of NO2 in a Pyrex tube (λ ≥ 300 nm). 
For the 1-alkyne reactions, for example, mixtures of N 0 2 , S F 6 (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 C O was then 
monitored by recording the transient C O 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 C O product vibrational populations were determined by 
analyzing the initial portions of the absorption curves via a computer solution of the 
gain equation 0 , 2 ) . Initial population distributions were evaluated by careful extrapo
lation of the N v / N 0 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 C O 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. 

0( 3 P) + 1-Alkynes 

Figure 2 shows the results of two typical experiments. The observed C O vibra
tional energy distribution produced from the reactions: 0 ( 3 P) + C 2 H 2 and 
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Stabilizer 
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pzt cw co laser grating 

flas
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Figure 1. A schematic for the CO laser resonance absorption apparatus 

Figure 2. Vibrational energy distributions of the CO formed in 0(3P) + C2Ht 

(O) and 0(3P) + Cj,H9C2H reactions; (• ), are statistically prodicted distribu
tions based on the model discussed in Ref. (3). 
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0( 3 P) + η — C 4 H 9 C 2 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) : 

0( 3 P) + R C 2 H — R C H C = C = O t — CO(v) + R C H 

Δ Η ° = -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 C O 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 0( P) with aliène, an isomer of propyne, gen
erates nascent C O molecules
formed in the propyne reaction, although the overall exothermicities for the formation 
of the major products, C 2 H 4 + C O , in both reactions are nearly the same. The 
observed C O vibrational energy distribution in 0( 3 P) + aliène can be quantitatively 
accounted for by our statistical model based on the mechanism that assumes direct for
mation of C 2 H 4 , rather than C H 3 C H as in 0( 3 P) + propyne, in which the energy 
released in the isomerization reaction, C H 3 C H — C 2 H 4 , 68 kcal/mole is not available 
for C O product excitation (3). 

Since the rate constants for the reaction of 0( 3 P) with C 2 H 2 and C H 3 C 2 H are 
known (8), we have also used the intensity of C O absorption to evaluate the unkown 
rate constants, employing either Ο + C 2 H 2 or Ο H- C H 3 C 2 H as a reference reaction. 
The results obtained from this study are also summarized in Table I. 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 R C H diradicals formed in this series of 1-alkyne reactions with 0( 3 P) atoms 
are statistically expected to possess a large fraction of available energies. Accordingly, 
with the exception of the C H 2 formed in Ο + C 2 H 2 , they disappear rapidly via uni-
molecular isomerization processes: R C H — R ' C H = C H 2 , producing excited 1-alkenes. 
There is no evidence that any highly excited C O has been produced by the secondary 
reactions involving R C H with 0 ( 3 P ) , N O and N 0 2 which are present in these flash-
photolyzed systems in the early stages of reactions. In the 0( 3 P) + propyne reaction, 
the results of gas product analysis indicated that the C 2 H 2 / C 2 H 4 ratio is strongly 
pressure-dependent (3). Here, C 2 H 2 was produced from the decomposition of vibra-
tionally excited C 2 H 4 derived from the isomerization of C H 3 C H . Interestingly, the 
C 2 H 4 formed in the 0( 3 P) + aliène reaction was found to be significantly less excited, 
as expected from the mechanism of the reaction mentioned above (3). 

In the Ο + C 2 H 2 reaction, the C H 2 radical formed initially cannot decay uni-
molecularly as indicated above for larger R C H diradicals. When N 0 2 was used as the 
source of 0 ( 3 P ) , C H 2 radicals appeared to be scavenged effectively by N O or undissoci-
ated N 0 2 , producing no C O in the early stages of photodssociation reaction (7). This is 
also indicated by the absence of highly excited C O (ν ^ 6) molecules, contrary to that 
observed in the photolysis of an S 0 2 - C 2 H 2 - S F 6 mixture in a quartz tube 
(λ > 200 nm). Here S 0 2 is used as an effective source of 0( 3 P) atoms. In fact, C O 
laser emission (v < 13) has been reported for the S 0 2 - C 2 H 2 system (9). The highly 

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



406 LASER PROBES FOR COMBUSTION CHEMISTRY 

excited C O (i.e., ν > 6) produced in this system is believed to have resulted from the 
secondary reaction, 

0( 3 P) + C H 2 - C O + 2H (or H 2 ) , 

which is highly exothermic (ΔΗ° — -74 and -178 kcal/mole for Η and H 2 formation, 
respectively). 

Reactions of C H 2 with 0 ( 3 P ) , 0 2 and C 0 2 

In separate studies (10, 1J_), we have investigated the dynamics of C O production 
from reactions of C H 2 with 0 ( 3 P ) , 0 2 and C 0 2 employing C H 2 I 2 or C H 2 B r 2 as the 
source of C H 2 . For the 0( 3 P) + C H 2 reaction, mixtures of C H 2 I 2 , S 0 2 and S F 6 were 
flash photolyzed in a quartz tube and the initial C O vibrational energy distribution was 
measured with the C O laser absorption method. The results of this experiment are 
shown in Figure 3, together wit
with a Vycor flash tube (10). Th
avoid photodissociation of both 0 2 and C 0 2 . C H 2 I 2 was again used as the source of 
C H 2 for these two reactions. The average C O vibrational energies and possible chan
nels for C O production in these three reactions are summarized in Table II. 

The reaction of 0( 3 P) with C H 2 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 = Ο bond. Because of this excess amount of energy, the excited 
intermediate is expected to decompose into either C O + 2 Η (channel a) or C O + H 2 

(channel b) as shown in Table II. The C O formed in these processes carries about 17 
kcal/mole of vibrational energy with excitation up to ν β 18, having a vibrational tem
perature of — 10 4K. Since channel (a) can only excite C O up to the maximal level of ν 
β 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 C H 2 with 0 2 is believed to occur via a · C H 2 0 0 · diradical or a 
C H 2 0 2 ring intermediate which subsequently rearranges into excited H C O O H , possess
ing over 184 keal/mole internal energy (10). In this reaction, C O can be formed by 
two possible paths as indicated in Table II. A rough estimate based on the observed 
C O 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 C H 2 with C 0 2 was first postulated by Kistiakowsky and Sauer 03) 
as taking place via an α-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 C H 2 C 0 2 intermediate. The result of our laser absorption experi
ment shows that the C O is vibrational^ excited up to ν β 4 with a distribution close to 
the one predicted by a statistical model assuming the existence of a long-lived C H 2 C 0 2 

complex. This calculation, however, is insensitive to the structure of the complex 
assumed. Since the ground state triplet C H 2 is known to be less reactive and kinetically 
behaves like C H 3 05,16) , which does not react readily with C 0 2 , the singlet lA{ C H 2 

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 C O production from the reactions of 
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Figure 3. Vibrational energy distribu
tions of the CO formed in 0(3P) + CH2 

(Oh CH2 + 02 (A) and CH2 + C02 

(%). The data for the latter Wo reactions 
are those of Hsu and Lin (10). 
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Table I. Average CO Vibrational Energies and Absolute Rate Constants 
for CO Production at 300K for 0( 3P) + 1-Alkynes. 

Reaction calc. 
< E v >* 

expt. 
k 

(cm3/mole-s) Ref. 
0( 3P) + C 2 H 2 — C H 2 + CO 4.51 3.23 ± 0.69 0.4 χ 10 1 0 G) 

0( 3P) + CH 3C = Ξ CH — C H  CH + CO 2.20 2.28 ± 0.28 4.2  10 1 1 0,4) 

0( 3P) + C 2H 5C = CH — C (4) 

0( 3P) + C 3H 7C = CH -> C 3H 7CH + CO 1.04 0.92 ± 0.04 4.9 x 10 1 1 (Z) 

0( 3P) + C 4H 9C Ξ CH — C 4H 9CH + CO 0.80 0.73 ± 0.03 3.6 x 10 1 1 (2) 

* The average energies (in kcal/mole) were calculated using Δ Η ° = - 4 7 kcal/mole for Ο + C 2 H 2 and - 5 0 
kcal/mole for the reactions involving higher members of the homolog. 

Table II. Average CO Product Vibrational Energies 
Measured for the Reactions of C H 2 

w i t h O ( 3 P ) , 0 2 and C 0 2 

Reaction -ΔΗ°* < E V> Reference 

0( 3P) + C H 2 - CO + 2H 74 16.9 This work 
CO + H 2 178 

C H 2 + 0 2^- CO + H 20 175 7.1 (10) 
CO -I- Η + OH 56 

C H 2 + C 0 2 — CO + H 2 CO 61 1.9 (10) 

*Exothermicities and average C O vibrational energies (in units of kcal/mole) 
were computed by assuming that the reactions involve triplet C H 2 , except with 
C 0 2 which is reactive only with excited singlet C H 2 (see the text). 
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0( 3 P) atoms with 1-alkynes and from the reactions of C H 2 with 0 ( 3 P ) , 0 2 and C 0 2 . 
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 studie f combustio  chemistr  requir
surements of species concentrations
in situ spectroscopic technique  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 s i n g l e -
beam o p t i c a l system u s u a l l y employed i s shown i n F i g u r e 1. I n 
t h i s arrangement, the l a s e r beam passes through the flame, i n t o a 
monochromator f o r l a s e r mode s e l e c t i o n and wavelength i d e n t i f i c a 
t i o n , and i s then s p l i t i n t o two beams: one p a s s i n g through a 
room temperature a b s o r p t i o n c e l l and the o t h e r through a Fabry-
P e r o t étalon used f o r measuring changes i n wavelength. T h i s con
f i g u r a t i o n i s s u i t a b l e f o r e i t h e r flame measurements o r a b s o r p t i o n 
c e l l e xperiments. The l a s e r i s r e p e t i t i v e l y modulated u s i n g a 
sawtooth c u r r e n t waveform. I n the p r e s e n t experiments w i t h steady 
a b s o r p t i o n c o n d i t i o n s , the d e t e c t o r ( D i and D2) output s i g n a l s a r e 
recorded w i t h a s i g n a l a v e r ager (PAR 4 2 0 2 ) . 

The problem of l a s e r power v a r i a t i o n s w i t h wavelength i s 
overcome e i t h e r by t a k i n g t h e d i f f e r e n c e between s e p a r a t e l y 
r e c o r d e d absorbed and non-absorbed t r a n s m i t t e d i n t e n s i t y r e c o r d s 
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Figure 1. Optical arrangement for tunable diode laser absorption spectroscopy 
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or by employing a double-beam o p t i c a l system (4) which g i v e s the 
r e a l - t i m e d i f f e r e n c e between the absorbed beam and a r e f e r e n c e 
(non-absorbed) beam. R e p e t i t i o n r a t e s f o r l a s e r m o d u l a t i o n can be 
v a r i e d t o over 5 kHz but are t y p i c a l l y 200-500 Hz i n the c u r r e n t 
work. S i n c e the recorded s i g n a l i s a c t u a l l y a measure of the 
absorbed i n t e n s i t y , ΔΙ = 1° - I where I and 1° are r e s p e c 
t i v e l y the t r a n s m i t t e d i n t e n s i t i e s w i t h and w i t h o u t a b s o r p t i o n , 
the q u a n t i t y 1° must a l s o be measured i n o r d e r t o o b t a i n the 
q u a n t i t y of i n t e r e s t , the t r a n s m i s s i v i t y 1/1° a c r o s s the f u l l y 
r e s o l v e d a b s o r p t i o n l i n e . 1° can be measured d i r e c t l y ( w i t h no 
a b s o r p t i o n p r e s e n t ) e i t h e r by chopping the l a s e r beam or by b i a s 
i n g the d e t e c t o r output ( w i t h the v o l t a g e source E) t o g i v e z e r o 
s i g n a l w i t h the l a s e r beam b l o c k e d . 

Two f l a t flame b u r n e r s have been employed, a 4 cm x 10 cm 
burner w i t h a c e r a m i c - l i n e
2.6 cm x 8.6 cm open-face
CO measurements. Both b u r n e r s o p e r a t e a t atmospheric p r e s s u r e 
w i t h l a m i n a r , premixed methane-air m i x t u r e s . These b u r n e r s work 
s a t i s f a c t o r i l y over a broad range of f u e l - a i r e q u i v a l e n c e r a t i o s , 
but b o t h have c o l d boundary r e g i o n s which cause non-uniform c o n d i 
t i o n s a l o n g the o p t i c a l a x i s t h a t can be im p o r t a n t i n the d a t a 
a n a l y s i s (4). 

A b s o r p t i o n Theory 

The t h e o r y r e q u i r e d t o i n t e r p r e t the e x p e r i m e n t a l a b s o r p t i o n 
d a t a i s w e l l e s t a b l i s h e d . The go v e r n i n g e q u a t i o n which l i n k s t he 
measured t r a n s m i s s i v i t y , Tv, at wavenumber V, t o the a b s o r b i n g 
s p e c i e s c o n c e n t r a t i o n and i t s a b s o r p t i o n l i n e parameters i s the 
Bouguer-Lambert law of a b s o r p t i o n 

T v = (Ι/Ι·) ν = exp [ - ^ β νΡ. d x ] 

where Ρ 4 i s the p a r t i a l p r e s s u r e (atm) of the a b s o r b i n g s p e c i e s 
and L i s the p a t h l e n g t h (cm) a c r o s s t h e f l o w . The a b s o r p t i o n 
c o e f f i c i e n t i s the product of the l i n e s t r e n g t h S (cm~2 -
atm"1) f o r the t r a n s i t i o n of i n t e r e s t and the l i n e s h a p e f a c t o r 
g(v-v Q) (cm), which i s a f u n c t i o n of the non-resonance, V-V Q; 
i . e . , 3 V = S g ( V - V Q ) , where 

f g ( v " v o ) dV Ξ 1 
l i n e 

l i n e 

Thus the l i n e s t r e n g t h , sometimes c a l l e d the l i n e i n t e n s i t y , i s 
si m p l y the ar e a under a curve of t h e a b s o r p t i o n c o e f f i c i e n t . When 
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u n i f o r m c o n d i t i o n s a l o n g t h e l i n e of s i g h t can be assumed, the 
a b s o r p t i o n law reduces s i m p l y t o 

T v = exp(-S g(V-V Q) Ρ L) . 

When a b s o r p t i o n l i n e s o v e r l a p , the a b s o r p t i o n c o e f f i c i e n t i s a 
summation: 3v = Σ g^ . 

I t i s c l e a r from the above e q u a t i o n t h a t b o t h the l i n e 
s t r e n g t h and the l i n e s h a p e f a c t o r must be known t o c o n v e r t a mea
surement of t r a n s m i s s i v i t y t o a s p e c i e s p a r t i a l p r e s s u r e . I n our 
work, the l i n e s h a p e f a c t o r i s determined d i r e c t l y i n each e x p e r i 
ment by r e c o r d i n g t h e f u l l y r e s o l v e d a b s o r p t i o n p r o f i l e . The l i n e 
s t r e n g t h f o r a g i v e n v i b r a t i o n - r o t a t i o n t r a n s i t i o n i s a known f u n c 
t i o n (7) of the flame temperature and t h e band s t r e n g t h e v a l u a t e d 
a t a r e f e r e n c e temperature
a b s o r p t i o n experiments
are conducted t o determine t h e band s t r e n g t h , which i s used t o 
g e t h e r w i t h a measured temperature t o s p e c i f y the i n d i v i d u a l l i n e 
s t r e n g t h s at flame c o n d i t i o n s . 

I n the case o f a t r a n s i t i o n ( v " + 1, J M ± 1 «- v n , J 1 1) i n the 
fundamental band (Δν = 1) o f CO, the r e l a t i o n between the l i n e 
s t r e n g t h , S, the band s t r e n g t h , S°, and t h e temperature, T, i s : 

S v W ' + l = [ s°( S T p)( 273.2/T)](V o/v)(v n+l){exp(-T e(v f l,J n)hc/kT]}. 

•[1 - e x p ( - h V c / k T ) ] [ S J / Q ( T ) ] 

where 

S = J , Ρ branch ( J " - 1 «- J") 

S J = J + 1 , R branch ( J M + 1 +• J") 
and 

Q ( T ) - J ( 2 J + 1) e x p ( - T e ( v , J ) hc/kT) . 
v , j 

Here S°(STP) i s the fundamental band s t r e n g t h a t 273.2 Κ and Q 
i s the p a r t i t i o n f u n c t i o n f o r v i b r a t i o n and r o t a t i o n . T e ( v , J ) i s 
the energy of t h e ( v , J ) s t a t e , i n cm~l; V Q i s t h e wavenumber a t 
l i n e c e n t e r f o r the s p e c i f i c t r a n s i t i o n , and V i s an average 
wavenumber f o r the band, u s u a l l y t a k e n as the band-center v a l u e 
a l t h o u g h s m a l l c o r r e c t i o n s can be c a l c u l a t e d ( 8 ) . The q u a n t i t i e s 
h, c and k are P l a n c k ' s c o n s t a n t , the speed o f l i g h t and 
Boltzmann's c o n s t a n t , r e s p e c t i v e l y . For most purposes, i t i s 
s u f f i c i e n t l y a c c u r a t e (an e r r o r of a few per cent or l e s s ) t o use 
r i g i d - r o t o r , harmonic o s c i l l a t o r r e l a t i o n s f o r the p a r t i t i o n f u n c 
t i o n . Recent d e t e r m i n a t i o n s o f the CO and band s t r e n g t h by o t h e r 
workers have been i n the range S e = 260-280 cm" 2 - atm"~l a t 
273.2 Κ ( 9 ) . 

The l i n e s h a p e f u n c t i o n g(V-V Q) i s d e f i n e d assuming a V o i g t 
p r o f i l e (7) which a l l o w s f o r a combination of Doppler and c o l l i s i o n 

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



35. HANSON E T A L . Tunable IR Diode Laser All 

l i n e b roadening. The V o i g t f u n c t i o n i s computed (10) as a f u n c 
t i o n of the parameter a, where 

a - (An 2 ) 1 / 2 A v c / A v D . 

The Doppler-broadened l i n e w i d t h (FWHM) i s g i v e n by 

Δ ν 0 = 7.16 x 1 0 " 7 ( T / M c o ) 1 / 2 V Q 

where Τ i s the temperature (K) and Μςο i s the m o l e c u l a r weight 
of the a b s o r b i n g s p e c i e s (gm/mole). The c o l l i s i o n - b r o a d e n e d l i n e -
w i d t h i s expressed i n terms of the c o l l i s i o n h a l f w i d t h 2γ, i . e . , 
the c o l l i s i o n - b r o a d e n e d l i n e w i d t h (FWHM) pe r u n i t p r e s s u r e o f the 
broadening s p e c i e s , and the p r e s s u r e P: 

A v c = (2γ

The c o l l i s i o n h a l f w i d t h f o r a g i v e n t r a n s i t i o n i s a f u n c t i o n of 
temperature and t h e broadening s p e c i e s . I n the p r e s e n t diode 
l a s e r e x periments, the temperature (and hence AVp) i s known so 
t h a t i t i s s t r a i g h t f o r w a r d t o i n f e r v a l u e s f o r the parameters a 
and A\>c and hence 2γ, from the observed a b s o r p t i o n l i n e w i d t h s . 

The temperature dependence of t h e c o l l i s i o n h a l f w i d t h , 2γ(Τ), 
i s o f fundamental and p r a c t i c a l i n t e r e s t and has not p r e v i o u s l y 
been i n v e s t i g a t e d a t e l e v a t e d temperatures. I n the p a s t , most 
d e t e r m i n a t i o n s o f c o l l i s i o n h a l f w i d t h have been made near room 
temperature, and high-temperature v a l u e s have been o b t a i n e d by 
e x t r a p o l a t i o n , u s u a l l y assuming a T-0.5 temperature dependence 
so t h a t 

2γ = 2γ°(300/Τ) 0· 5 

where 2γ° i s the c o l l i s i o n h a l f w i d t h a t 300 K. T h i s temperature 
dependence i s based on hard-sphere c o l l i s i o n t h e o r y arguments and 
i s known t o be i n c o r r e c t . Tunable diode l a s e r s p e c t r o s c o p y a p p l i e d 
t o a v a r i e t y of gas c o n d i t i o n s , i n c l u d i n g a room temperature s t a t i c 
c e l l , shock tube f l o w s 05,6) and flames, t h e r e f o r e p r o v i d e s a 
unique o p p o r t u n i t y t o study the temperature dependence of 2γ. 
The p r e s e n t paper p r o v i d e s i n i t i a l r e s u l t s f o r s e l e c t e d CO and NO 
t r a n s i t i o n s i n combustion gas m i x t u r e s . 

Room Temperature C e l l Experiments 

An e x t e n s i v e s e r i e s of room temperature experiments r e c e n t l y 
has been completed i n our l a b o r a t o r y t o determine the fundamental 
band s t r e n g t h s o f CO and NO and t o measure CO and NO c o l l i s i o n 
h a l f w i d t h s f o r N2> Ar and combustion gas broadening as a f u n c t i o n 
of r o t a t i o n a l and v i b r a t i o n a l quantum number. Some p r e l i m i n a r y 
r e s u l t s f o r CO a r e r e p o r t e d here. 

I n these e x p e r i m e n t s , a gas m i x t u r e of known p r o p o r t i o n s was 
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i n t r o d u c e d i n t o the room temperature c e l l , and the temperature and 
p r e s s u r e were measured. The s i g n a l - a v e r a g e d a b s o r p t i o n and non-
a b s o r p t i o n r e c o r d s were d i f f e r e n c e d (by the PAR 4202) and the o u t 
put was d i s p l a y e d on a c h a r t r e c o r d e r t o g e t h e r w i t h the output of 
the F a b r y - P e r o t étalon. The non-absorbed s i g n a l , 1°, was mea
sured s e p a r a t e l y . A c a r e f u l c a l i b r a t i o n of a l l system components 
was performed. Data were reduced by o b t a i n i n g a computer-
generated b e s t V o i g t f i t t o each a b s o r p t i o n l i n e p r o f i l e . 

A t y p i c a l r e s u l t f o r CO h i g h l y d i l u t e i n N2 i s shown i n 
F i g u r e 2. The c e l l c o n d i t i o n s were: Τ = 294.2 Κ, Ρ = 51.5 t o r r , 
CO mole f r a c t i o n = 0.00350, c e l l l e n g t h =15.0 cm. The q u a n t i t y 
p l o t t e d i s : S g PÇQ L v e r s u s the n o r m a l i z e d non-resonance, Δ = 
(V-V0)/2(£n 2 ) 1 / 2 A v D , f o r the ν = 1 + 0, R ( l ) t r a n s i t i o n a t 
2150.86 cm" 1. The b e s t V o i g t f i t , shown as the s o l i d c u r v e , 
y i e l d s v a l u e s of S(294.
2γ(294.2 K ) C Q _ N = 0.15
procedures and a d d i t i o n a l r e s u l t s w i l l be p u b l i s h e d s e p a r a t e l y 
(11). 

Each l i n e s t r e n g t h d e t e r m i n a t i o n was c o n v e r t e d t o a v a l u e f o r 
the band s t r e n g t h a t 273.2 K; p r e l i m i n a r y r e s u l t s f o r S°(STP) as 
a f u n c t i o n of the r o t a t i o n a l quantum number are shown i n F i g u r e 3. 
Each o f the p o i n t s p l o t t e d a c t u a l l y r e p r e s e n t s the average of 
s e v e r a l d e t e r m i n a t i o n s ; e x p e r i m e n t a l s c a t t e r i n S e f o r a g i v e n 
l i n e was l e s s than ± 3%. The average of the d e t e r m i n a t i o n s a t 10 
v a l u e s of m i s S°(STP) = 279.4 cm" 2-atm"!, which i s i n good 
agreement w i t h r e c e n t work by V a r a n a s i and S a r a n g i (S°(STP) = 
273 ± 10 and 277 ± 4 cm~ 2-atm~ 1) u s i n g a d i f f e r e n t e x p e r i m e n t a l 
t e c h n i q u e ( 9 ) . I t s h o u l d be noted t h a t our d a t a are f o r s p e c i f i c 
a b s o r p t i o n l i n e s of 1 CO -^0, and we have not y e t a p p l i e d a 
c o r r e c t i o n t o account f o r the presence of o t h e r i s o t o p e s i n the 
CO sample. T h i s i s e q u i v a l e n t t o assuming n e g l i g i b l e l e v e l s of 
o t h e r CO i s o t o p e s , which i s i n e r r o r by about 1%. 

F l a t Flame Burner Experiments 

Experiments are c u r r e n t l y i n p r o g r e s s t o measure CO and NO 
c o n c e n t r a t i o n s i n a f l a t flame burner by diode l a s e r s p e c t r o s c o p y . 
Comparative measurements are a l s o b e i n g made u s i n g microprobe 
sampling w i t h subsequent a n a l y s i s by n o n - d i s p e r s i v e i n f r a r e d and 
chemiluminescent t e c h n i q u e s . Some p r e l i m i n a r y l a s e r a b s o r p t i o n 
r e s u l t s f o r CO are r e p o r t e d here; i n i t i a l r e s u l t s f o r NO have 
been p u b l i s h e d s e p a r a t e l y ( 4 ) . A l s o r e p o r t e d are i n i t i a l d a t a f o r 
c o l l i s i o n h a l f w i d t h s i n combustion gases. 

The e x p e r i m e n t a l and d a t a r e d u c t i o n procedures a r e e s s e n t i a l 
l y the same as f o r the s t a t i c c e l l experiments. The gas temper
a t u r e i s o b t a i n e d u s i n g a f i n e w i r e , r a d i a t i o n - c o r r e c t e d thermo
coup l e . The c o l d m i x i n g l a y e r a t each flame boundary i s accounted 
f o r by u s i n g an e f f e c t i v e p a t h l e n g t h (8.0 - 8.2 cm, depending on 
the f u e l - a i r e q u i v a l e n c e r a t i o ) which d i f f e r s s l i g h t l y from the 
a c t u a l b u r n e r l e n g t h o f 8.6 cm. F u e l - a i r e q u i v a l e n c e r a t i o s of 
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Figure 2. Voigt fit to absorption line profile for CO (v = 1 <- 0, R(l) at 2150.86 
cm'1) in room-temperature cell experiment. Cell conditions are: Τ = 294.2 Κ, Ρ = 
51.5 torr, CO-N2 mixture with CO mole fraction = 0.00350. Inferred results are 
S(294.2 K) = 4.86 cm'2 atm1, a = 1.73 and 2y (294.2 K) = 0.153 cm'1 atm'1. 
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Figure 3. CO fundamental band strength at 273.2 Κ determined in room-tempera
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φ = 0.8 - 1.4 are b e i n g i n v e s t i g a t e d . Measurements a r e made i n 
the p o s t f l a m e gases 1 cm above t h e burner s u r f a c e . The re c o r d e d 
s i g n a l s r e p r e s e n t the average of 8-32 l a s e r m o d u l a t i o n c y c l e s . 

T y p i c a l e x p e r i m e n t a l r e s u l t s and the b e s t V o i g t f i t f o r a CO 
a b s o r p t i o n l i n e i n a flame w i t h φ = 1.24, Τ = 1850 Κ a r e shown i n 
F i g u r e 4. The observed t r a n s i t i o n i s the (v=l«-0, P ( 7 ) ) l i n e of 
CO at 2115.63 cm-1. The l i n e s t r e n g t h S i s c a l c u l a t e d from the 
p r e v i o u s l y determined band s t r e n g t h , and t h e p a t h l e n g t h L i s 
known, so the unknown parameters are PÇQ and g which can both 
be i n f e r r e d from t h e b e s t V o i g t f i t a n a l y s i s . The r e s u l t s a r e 
P C 0 = 0.0421 atm, a = 2.66 and 2Y(1850) C O- Comb gas = 0-0393 
cm~l - atm 1 . As w i t h t h e s t a t i c c e l l e x p eriments, t he V o i g t 
p r o f i l e i s seen t o p r o v i d e a good f i t throughout the observed 
p o r t i o n of the a b s o r p t i o n l i n e . 

I n f u e l - r i c h f l a m e s
e q u i l i b r i u m , and hence
l a t e d from the l o c a l temperature and the measured f u e l and a i r 
f l o w r a t e s . Thus, a comparison between measured and c a l c u l a t e d CO 
l e v e l s can se r v e as a v a l i d a t i o n o f the diode l a s e r t e c h n i q u e f o r 
flame measurements. Such a comparison i s shown i n F i g u r e 5 f o r 
e q u i v a l e n c e r a t i o s i n the range φ = 1.04 - 1.37. The d a t a p o i n t s 
shown r e p r e s e n t t he average o f s e v e r a l o b s e r v a t i o n s on s e p a r a t e 
l i n e s i n c l u d i n g ground s t a t e ( v" = 0) and e x c i t e d s t a t e ( v " = 1) 
t r a n s i t i o n s . The agreement i s c o n s i s t e n t l y w i t h i n the e x p e r i 
mental u n c e r t a i n t y of ± 5%. 

R e s u l t s showing t h e dependence o f the CO c o l l i s i o n h a l f w i d t h 
i n combustion gases on the v i b r a t i o n a l and r o t a t i o n a l quantum 
numbers a re shown i n F i g u r e 6. The d a t a were o b t a i n e d w i t h a 
flame temperature of 1875 Κ and e q u i v a l e n c e r a t i o s i n the range 
1.2 - 1.4. A l t h o u g h too few d a t a p o i n t s a r e a v a i l a b l e f o r a 
d e t a i l e d a n a l y s i s , i t i s c l e a r t h a t 2γ decreases w i t h i n c r e a s i n g 
m and t h a t v a l u e s f o r 2γ a r e n e a r l y e q u a l ( w i t h i n 5%) f o r 
ground s t a t e and e x c i t e d s t a t e t r a n s i t i o n s . 

The temperature dependence of t h e c o l l i s i o n h a l f w i d t h f o r 
combustion gas broadening i s a l s o of i n t e r e s t . R e s u l t s f o r 
s p e c i f i c t r a n s i t i o n s i n CO and NO are g i v e n i n Table I . I n the 

TABLE I . TEMPERATURE DEPENDENCE OF COLLISION HALFWIDTHS 
A. CO [ν = 1+-0, P ( 7 ) ) ] 

2γ (300 K ) C 0 _ N 2 = 0.131 cm"1/atm 
2γ (1850 K ) C 0 _ C o m b G a s = 0.039 cnTVatm ( C H 4 / a i r , φ = 1.24) 
η = 0.67 

Β. NO [Ω = 3/2, ν = 1+Ό, R(13/2)] 
2γ (300 K ) N 0 _ C o m b G a s 

2γ (1700 K ) N 0 _ C o m b G a s 

= 0.137 cm /atm 
C H 4 / a i r , φ = 0.65 

= 0.043 

η = 0.67 
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Figure 4. Voigt fit to absorption line profile for CO (v = 1 *- 0, P(7) at 2115.63 
cm'1) in CHh-air fiat flame. Flame conditions are: Τ = 1850 K,V = 1 atm, and 
φ = 1.24. Inferred results are PCo = 0.0421 atm, a = 2.66 and 2γ(1850) = 

0.0393 cm1 atm1. 
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Figure 5. CO partial pressure in CH^-air flat flame as a function of fuel-air 
equivalence ratio: Τ = 1875 ± 25 K;? = 1 atm. 
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case of the CO t r a n s i t i o n , the c o l l i s i o n h a l f w i d t h o b t a i n e d i n a 
flame i s compared w i t h the room temperature v a l u e f o r broadening 
by N2. T h i s procedure s h o u l d not i n t r o d u c e a l a r g e e r r o r s i n c e 
the combustion p r o d u c t s a r e p r i m a r i l y N£. I n the case of NO, the 
c o l l i s i o n h a l f w i d t h was a c t u a l l y measured i n the same combustion 
gas sample, f i r s t i n the h i g h temperature gases u s i n g the i n s i t u 
t e c h n i q u e , and s u b s e q u e n t l y i n low temperature gases which were 
e x t r a c t e d by a sampling probe and sent t o the a b s o r p t i o n c e l l . 
The temperature dependence can be expressed i n terms of an expo
nent n, where 

2γ(Τ) = 2γ°(300/Τ) η 

w i t h the r e s u l t , f o r b o t h the CO and NO t r a n s i t i o n s s t u d i e d , η = 
0.67. The exact agreemen
s i d e r e d f o r t u i t o u s , bu
v a l u e found i n a p r e v i o u s shock tube study of CO broadening by Ar 
(6) suggests t h a t η ~ 0.7 may p r o v i d e a r e a s o n a b l e e s t i m a t e f o r 
temperature dependence. Work i s p r e s e n t l y underway t o determine 
η f o r a l a r g e r number of CO and NO t r a n s i t i o n s w i t h N2, Ar and 
combustion gas broadening. Such d a t a s h o u l d be of use t o 
t h e o r e t i c i a n s i n t e r e s t e d i n m o d e l l i n g c o l l i s i o n a l i n t e r a c t i o n s of 
m o l e c u l e s a t e l e v a t e d temperatures. 

C o n c l u d i n g Remarks 

These experiments demonstrate t h a t t u n a b l e d i o d e l a s e r a b s o r p 
t i o n s p e c t r o s c o p y i s w e l l s u i t e d f o r i n s i t u measurements of 
s p e c i e s c o n c e n t r a t i o n s i n combustion f l o w s , when a l i n e - o f - s i g h t 
t e c h n i q u e i s a p p r o p r i a t e , and f o r a c c u r a t e measurements of 
s p e c t r o s c o p i c parameters needed t o c h a r a c t e r i z e h i g h - t e m p e r a t u r e 
a b s o r p t i o n l i n e s . The t e c h n i q u e i s s e n s i t i v e , s p e c i e s s p e c i f i c 
and a p p l i c a b l e t o a l a r g e number of i m p o r t a n t combustion s p e c i e s 
i n c l u d i n g r e a c t i v e i n t e r m e d i a t e s , and hence i t s h o u l d prove t o be 
a u s e f u l t o o l i n f u t u r e s t u d i e s of combustion c h e m i s t r y . The 
p o t e n t i a l of t u n a b l e l a s e r a b s o r p t i o n s p e c t r o s c o p y i n p a r t i c l e -
l a d e n f l o w s s h o u l d a l s o be noted ( 1 2 ) , i n t h a t m o d u l a t i o n of the 
l a s e r wavelength on and o f f an a b s o r p t i o n l i n e a l l o w s s i m p l e d i s 
c r i m i n a t i o n a g a i n s t continuum e x t i n c t i o n by p a r t i c l e s . 
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The mathematical recons t ruc t io
from its p ro jec t ion in th
ized Tomography" (1 ,2 ) . An identical technique can be used to 
reconstruct a field of linear absorption c o e f f i c i e n t functions i n 
a combusting flow field from mult iangular path in tegrated absorp
tion measurements. The linear absorption c o e f f i c i e n t is the 
f a m i l i a r NiQi product, where Ni is the concentrat ion of species 
i and Qi is the absorption cross sec t ion of species i at the 
frequency ν. The Bouguer-Lambert-Beer law states that 

where we assume a s ing l e monochromatic light source of frequency 
ν and that Νi is the only const i tuent in the measured domain wi th 
absorption at this frequency. Taking the na tura l logar i thm of 
both s ides y i e l d s 

If two-dimensional functions in the coordinate system defined i n 
Figure 1 are considered and letting 

where the coordinate systems are re la ted by 

it can be shown that the Four ie r transforms of the funct ion 
taken in the two coordinate systems are re la ted by 

0-8412-0570-l/80/47-134-427$05.00/0 
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where Λ r e p r e s e n t s a Fourier transform operation. Thus the two 
F o u r i e r t r a n s f o r m s a r e the same i f the t r a n s f o r m axes ( r , s ) a r e 
a r o t a t i o n o f (χ,5θ i n t h e frequency domain by the angle θ 

?(ω,θ) « FCa>,e) (6) 

where ω i s 2-n times the s p a t i a l frequency. T h i s i s the c e n t r a l 
s l i c e theorem of F o u r i e r t r a n s f o r m s , which s t a t e s t h a t the t r a n s 
form of a p r o j e c t i o n taken a t angle θ i s equal t o a l i n e through 
the c e n t e r o f the two-dimensional t r a n s f o r m domain of the f u n c t i o n 
F which makes an angle θ w i t h the χ a x i s . T h e r e f o r e knowledge of 
a l l p r o j e c t i o n s would d e f i n e the t r a n s f o r m of the f u n c t i o n and by 
t a k i n g the c o r r e s p o n d i n g i n v e r s e t r a n s f o r m , the f u n c t i o n can be 
e v a l u a t e d a t any p o i n t i n i t s domain. A p p l y i n g a c o n v o l u t i o n 
theorem (_3,̂ 4) y i e l d s th

w \ Ιο Γ π r°° C»/ a \ ίω(χ cos θ + y s i n θ) ι ι , 
F(x,y) = ^-2 / de P(jw,6)e J |a>|du> (7) 
The l i n e a r a b s o r p t i o n c o e f f i c i e n t f u n c t i o n s can thus be r e c o n 
s t r u c t e d u s i n g o n l y p r o j e c t i o n d a t a . 

Experiment 

A methane-argon a s y m m e t r i c a l d i f f u s i o n j e t has been a n a l y z e d 
f o r the methane c o n c e n t r a t i o n mapping i n a steady f l o w c o n d i t i o n . 
The j e t apparatus c o n s i s t s of a 12.7mm i . d . b r a s s tube l o c a t e d 
19mm from the c e n t e r l i n e of a 15.25cm c i r c u l a r b r a s s p l a t e . The 
j e t i s s u p p l i e d from a 10cm diameter c y l i n d r i c a l chamber con
t a i n i n g a g l a s s bead m i x i n g s e c t i o n . A combination of f l o w 
s t r a i g h t e n e r s and scr e e n s a r e c o n t a i n e d i n the j e t s e c t i o n t o 
p r o v i d e a u n i f o r m e x i t f l o w p r o f i l e . The j e t / p l a t e c ombination 
i s mounted on a m i l l i n g bed which a l l o w s f o r a c c u r a t e t h r e e 
d i m e n s i o n a l p o s i t i o n i n g of the u n i t . 

A b s o r p t i o n by methane o f the 3.39μ l i n e of a HeNe l a s e r i s 
used t o determine the methane c o n c e n t r a t i o n a c r o s s the j e t . The 
o p t i c a l arrangement used i s shown i n F i g u r e 2. The HeNe l a s e r 
output (^lrnw) i s a t t e n u a t e d w i t h a 1.0 n e u t r a l d e n s i t y f i l t e r so 
as not t o exceed the maximum i r r a d i a n c e s p e c i f i c a t i o n of the 
d e t e c t o r . The beam i s i n t e r r u p t e d u s i n g a m e c h a n i c a l l i g h t 
chopper o p e r a t i n g a t 1015 Hz. T r a n s m i t t e d r a d i a t i o n i s d e t e c t e d 
by an uncooled PbSe d e t e c t o r . A p r e a m p l i f i e r w i t h a g a i n o f t e n 
i s used t o impedance match t h e r e s u l t i n g s i g n a l t o an o s c i l l o 
scope and l o c k - i n a n a l y z e r . The output from the l o c k - i n a n a l y z e r 
i s d i s p l a y e d on a d i g i t a l v o l t m e t e r . 

I n the p r e s e n t experiments a 10% CH^ - 90% A r m i x t u r e was 
used. A l l experiments were done under c o n d i t i o n s of atmos
p h e r i c p r e s s u r e and room temperature. The f l o w r a t e was measured 
t o be 0.57 l i t e r s / s . A s e r i e s of a b s o r p t i o n measurements were 
taken a c r o s s the j e t a t i n t e r v a l s of .64 mm (.025 i n c h e s ) a t a 
h e i g h t of 12.7 mm above t h e j e t . The j e t was then r o t a t e d 15° 
and the experiment was r e p e a t e d w i t h the r e s u l t t h a t d a t a f o r 
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Figure 2. Schematic of apparatus for methane jet experiment 
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twelve s e p a r a t e a n g l e s was o b t a i n e d t o map out the j e t r e g i o n . 
S p a t i a l r e s o l u t i o n was l i m i t e d by the 2 mm l a s e r beam 

diameter. Average a b s o r p t i o n measurements were o b t a i n e d by 
u s i n g a 4.0 s time c o n s t a n t on the l o c k - i n d e t e c t o r . 

The a b s o r p t i o n d a t a o b t a i n e d was i n p u t t o a minicomputer 
f o r a n a l y s i s , u s i n g a d i s c r e t e form o f e q u a t i o n 7. 

R e s u l t s 

An o b j e c t i v e o f t h i s s e r i e s o f experiments i s t o p r o v i d e a 
p r e l i m i n a r y assessment o f the tomographic r e c o n s t r u c t i o n approach 
f o r combustion d i a g n o s t i c s . I n o r d e r t o min i m i z e e x p e r i m e n t a l 
d i f f i c u l t i e s i n t r o d u c e d by combustion, a si m p l e f l o w c o n f i g u 
r a t i o n has been chosen f o r t h i s i n i t i a l s t u dy. I t i s mathe
m a t i c a l t r u i s m t h a t an
r e c o n s t r u c t e d from i t
s i g n a l t o n o i s e r a t i o o f the s e p r o j e c t i o n s approach i n f i n i t y . I n 
any r e a l combustion s i t u a t i o n , both of these c o n d i t i o n s w i l l be 
s e v e r e l y l i m i t e d . The p r e s e n t r e s u l t s p r o v i d e i n s i g h t s i n t o the 
measurement c a p a b i l i t i e s o f the tomographic r e c o n s t r u c t i o n ap
proach under such l i m i t a t i o n s . 

The r e c o n s t r u c t e d l i n e a r a b s o r p t i o n v a l u e s f o r a c r o s s 
s e c t i o n o f the j e t (12.7mm above the e x i t plane) f o r the case of 
twelve a n g l e s i s shown i n F i g u r e 3. Q u a l i t a t i v e l y the r e c o n 
s t r u c t e d f i e l d shows the e x p e c t e d ^ j e t D r o f i l e . U s i n g an 
a b s o r p t i o n c o e f f i c i e n t o f 10 atm~ cm" e x t r a p o l a t e d from the 
r e s u l t s of McMahon e t . a l . ( 5 ) , the c e n t e r l i n e c o n c e n t r a t i o n of 
methane i s found t o be 9.6%. S i n c e the measurements were ta k e n 
c l o s e t o the j e t e x i t the p o t e n t i a l core o f the f l o w i s observed 
to s u r v i v e t o the measurement p o i n t . Thus the methane concen
t r a t i o n would be expected t o be the 10% i n i t i a l l y i n t r o d u c e d . 
T h e r e f o r e good agreement i s observed w i t h r e s p e c t t o c o n c e n t r a 
t i o n measurement. The p o s i t i o n o f the j e t c e n t e r l i n e was 
ob t a i n e d from the l o c a t i o n o f the peak v a l u e s of the l i n e a r 
a b s o r p t i o n c o e f f i c i e n t s . T h i s approach y i e l d e d a p o s i t i o n o f 
19±1.3 mm which compares q u i t e w e l l w i t h the known p o s i t i o n o f 
19 mm. T h i s i s f u r t h e r c o n f i r m a t i o n o f the ac c u r a c y of the 
r e c o n s t r u c t i o n a l g o r i t h m . 

The a n a l y s i s was rep e a t e d u s i n g p r o j e c t i o n s f o r o n l y s i x 
an g l e s and the r e s u l t s a r e shown i n F i g u r e 4. As can be seen 
t h e r e i s a marked i n c r e a s e i n the a b s o l u t e v a l u e s of the l i n e a r 
a b s o r p t i o n c o e f f i c i e n t i n r e g i o n s away from the j e t as compared 
to the twe l v e angle case. S i n c e t h e r e i s no methane p r e s e n t 
i n t h e se r e g i o n s , these v a l u e s a r e a r e s u l t of " r i n g i n g " 
generated by the a l g o r i t h m . These r e s u l t s are i n q u a l i t a t i v e 
agreement w i t h p r e v i o u s a n a l y t i c a l s t u d i e s u s i n g s i m u l a t e d 
a b s o r p t i o n f u n c t i o n s ( 6 ) . 

Work i s i n p r o g r e s s t o o b t a i n r e s u l t s w i t h improved s p a t i a l 
r e s o l u t i o n and t o extend the range of measurements t o much lower 
c o n c e n t r a t i o n s . F u r t h e r work w i l l a l s o c o n s i d e r more c o m p l i c a t e d 
f l o w geometries w i t h a l o n g e r range g o a l o f s t u d y i n g combustion 
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Figure 4. Reconstruction of methane jet cross section for six-angle case 
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experiments. I n these experiments the g o a l i s t o ac h i e v e 
" i n s t a n t a n e o u s 1 1 time c o n c e n t r a t i o n p r o f i l e s i n two and t h r e e 
dimensions w h i l e u s i n g measurement a p e r a t u r e times as s h o r t as 
50 y s e c . 
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37 
Temperature Measurement in Turbulent Flames 
Via Rayleigh Scattering 

ROBERT W. DIBBLE, R. E. HOLLENBACH, and G. D. RAMBACH 

Sandia Laboratories, Livermore, CA 94550 

Using laser Rayleigh scattering, temperature measurements 
have been made, on a turbulen
frequency response, DC-
day laser 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), 

I s = Κ' Ν (1) 

where the constants, K' and K, contain experimental details such 
as solid angle of optics, slit opening, phototube quantum effi
ciency, pressure, etc. Ν, T, and (dσ/dΩ)eff are respectively 
number density, temperature, and effective Rayleigh scattering 
cross section, defined by: 

where χi and dσ i/dΩ 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 d i s p e r s i o n of a tu r b u l e n t , isothermal, nonreact-
in g methane j e t i n t o a i r was demonstrated by Graham and co
workers ( 5 J . Q u a n t i t a t i v e measurements of the d i s p e r s i o n of 
a non r e a c t i n g propane j e t i n t o a i r was made by Dyer (6) as a 
pre l i m i n a r y t e s t of a di a g n o s t i c that was used to map f u e l - a i r 
d i s t r i b u t i o n i n an I.C. engine combustion simulator. 

Case 2: Constant Rayleigh Cross Section - In t h i s case, 
v a r i a t i o n s i n the Rayleigh s c a t t e r i n g i n t e n s i t y are a t t r i b u t e d 
to v a r i a t i o n s i n temperature. A natural compliment to the 
isothermal mixing i n v e s t i g a t i o n s i d e n t i f i e d i n Case 1 would be 
to measure the time-resolved temperature i n a submerged j e t of 
heated a i r . For premixed flames, the v a r i a t i o n of Rayleigh 
i n t e n s i t y i s p r i m a r i l y due t o v a r i a t i o n i n temperature, which 
can vary by a f a c t o r o

The v a r i a t i o n i n th
to intermediates, to products i s of t e n l e s s than 10% f o r simple 
hydrocarbon systems. T h i s i s l a r g e l y due t o the major species 
being nitrogen i n both products and r e a c t a n t s . As f o r the 
remaining s p e c i e s , c o n t r i b u t i o n s of a given atom t o the Rayleigh 
cross s e c t i o n are roughly independent of which molecule th a t atom 
i s part of [193). In any event, the change i n Rayleigh s c a t t e r i n g 
cross s e c t i o n from reactants t o products can be incorporated 
i n t o data r e d u c t i o n t o produce a r e f i n e d temperature measurement. 

Robben and co-workers have e x p l o i t e d these f a c t s to measure 
mean and rms temperature f l u c t u a t i o n s i n a tur b u l e n t f l a t flame 
(_7) and above a c a t a l y t i c s urface (8). By measuring the post-
flame temperature on a f l a t flame burner, as a f u n c t i o n of 
reactant flow r a t e , a p r e c i s e measurement of laminar flame speed 
was reported by M u l l e r - D e t h l e f s and Weinberg (9)· 

Case 3: Both temperature and species v a r i a t i o n - In t h i s case, 
a d d i t i o n a l information i s req u i r e d . T h i s could be obtained from 
another d i a g n o s t i c or a mathematical model. Smith (10) used an 
extensive mathematical model of a laminar hydrogen d i f f u s i o n 
flame t o p r e d i c t the species d i s t r i b u t i o n throughout the flame; 
having t h i s , the temperature could be i n f e r r e d from the Rayleigh 
s c a t t e r i n g i n t e n s i t y . 

EXPERIMENT: A schematic diagram of the experimental 
apparatus f o r temperature measurement i s shown i n Figure 1. 
Scatt e r e d l i g h t c o l l e c t e d by the F1.5 lens ( f = 30 cm) i s 
rela y e d t o the p h o t o m u l t i p l i e r tube v i a 1 mm̂  s l i t s , a 1 nm 
bandwidth i n t e r f e r e n c e f i l t e r and a p o l a r i z a t i o n f i l t e r , t o 
reduce background from flame luminescence. The PDP-11/34 
computer i n s t r u c t s the A/D convertor t o make a conversion every 
100 psec. The r e s u l t i n g d i g i t a l data are stored s e q u e n t i a l l y i n 
core memory. The memory i s saturated at 16,000 temperature 
measurements, at which time the data are t r a n s f e r r e d to a hard 
disk memory. The data i n t h i s t r a n s f e r c o n s t i t u t e one time 
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s e r i e s . Storage of the time s e r i e s i s a s i g n i f i c a n t improvement 
of t h i s data c o l l e c t i o n apparatus. The power spectrum, auto-cor
r e l a t i o n and p r o b a b i l i t y histogram are c a l c u l a t e d from each time 
s e r i e s . From the p r o b a b i l i t y histogram, c a l c u l a t i o n of the 
mean, rms, and higher moments i s straighforward. 

A t u r b u l e n t j e t d i f f u s i o n flame was i n v e s t i g a t e d . The 
apparatus and experimental procedure are described i n d e t a i l i n 
the a r t i c l e by Rambach et a l . ( i l ) . The f u e l j e t had the 
f o l l o w i n g p r o p e r t i e s : diameter of 1.6 mm, Reynolds number of 
4400, and a f u e l composition of 37% methane and 63% hydrogen. 

DISCUSSION: By using a mixture of hydrogen and methane as 
the f u e l , a case 2 (see above) experiment has been c o n t r i v e d , 
i . e . , the e f f e c t i v e Rayleigh s c a t t e r i n g cross s e c t i o n of the 
f u e l , a i r , and product
p o s s i b l e t o make the f i r s
metry t o non-premixed flames. 

Figure 2 shows the temperature p r o b a b i l i t y d i s t r i b u t i o n s 
along a r a d i a l t r a v e r s e at the a x i a l p o s i t i o n L/D = 65. When 
one contemplates these p r o b a b i l i t y d i s t r i b u t i o n s convolved with 
the h i g h l y n o n l i n e a r temperature dependence of the r e a c t i o n 
r a t e s , the f u t i l i t y of attempting to model the mean r e a c t i o n 
r a t es with any s i n g l e temperature i s obvious. 

From these p r o b a b i l i t y d i s t r i b u t i o n s , the mean temperature 
and the rms temperature are e a s i l y generated. They are d i s p l a y e d 
i n Figures 3 and 4, r e s p e c t i v e l y . The symmetry of the data i s a 
r e s u l t of r e f l e c t i n g the data through the a x i a l c e n t e r l i n e , 
i . e . , data were c o l l e c t e d on one s i d e of the flame only. The 
main point of t h i s paper i s t o i l l u s t r a t e the f e a s i b i l i t y of 
o b t a i n i n g temperature data i n a tur b u l e n t d i f f u s i o n flame. 

Wider a p p l i c a t i o n of the Rayleigh s c a t t e r i n g technique f o r 
temperature or concentration measurements w i l l , to some extent, 
r e s t on the a b i l i t y to overcome two problem areas: flame 
luminescence and Mie s c a t t e r i n g from p a r t i c l e s . Neither 
problem appears insurmountable. 

At c e r t a i n p o s i t i o n s i n the flame, the background flame 
luminescence r e c e i v e d by the p h o t o m u l t i p l i e r tube can be 
15% of the Rayleigh s c a t t e r e d i n t e n s i t y . A larg e reduction of 
t h i s noise would be achieved by r e p l a c i n g the 1 nm bandpass 
f i l t e r with a monochrometer. Use of a multipass c e l l (12) or 
i n t r a c a v i t y l a s e r (13) would r a i s e the s i g n a l above the flame 
luminescence. In a d d i t i o n , the increased s c a t t e r e d photon 
count r a t e would i n c r e a s e the p r e c i s i o n of each measurement. 

A more d i f f i c u l t problem i s due t o the presence of p a r t i c l e s . 
The Mie s c a t t e r i n g from these p a r t i c l e s i n room a i r i s about 
equal t o the Rayleigh s c a t t e r i n g . F i l t e r e d a i r from a compressor 
was e f f e c t i v e l y f r e e of p a r t i c l e s and was used i n t h i s work. 
P i t z and D a i l y (14) have reported a promising method of suppress
in g photon counts from Mie s c a t t e r i n g . B a s i c a l l y , t h e i r method 
increases the e l e c t r o n i c dead time of the count system. This 
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Figure 2. Probability of temperature at L/D = 65; R/D = 0.0, 3.8, 6.3, 9.4, 
11.9,13.8 for a, b, c, d, e, and f, respectively. 
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Figure 3. Temperature profile in tur
bulent jet diffusion flame: ( ), posi
tion of radial traverse. Temperature at 
L/D = 110, r/D = 0 is 1980 Κ (n.b.': 
data collected on one side of flame only). 
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Figure 4. RMS temperature profile in 
turbulent jet diffusion flame: ( ), posi
tion of radial traverse. RMS temperature 
at L/D = 110, r/D = 12.5 is 475 Κ 
(n.b.: data collected on one side of flame 

only). 
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dead time i s tuned such that i t has l i t t l e e f f e c t on the Rayleigh 
count r a t e , but g r o s s l y undercounts the high photon a r r i v a l r a t e , 
i . e . , the burst of photons, a s s o c i a t e d with p a r t i c l e s . 
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Droplet-Size Measurements in Reacting Flows 
by Laser Interferometry 

UMBERTO GHEZZI 
Politecnico, p. Leonardo da Vinci, 32-Milano, Italy 

ALDO COGHE and FAUSTO GAMMA 
C.N.P.M., v. F. Baracca, 69-Peschiera Borromeo, Milano 

The c u r r e n t s t a t u
f u e l s pray combustion r e q u i r e s
rement o f d r o p l e t or s o l i d , p a r t i c l e s i z e d i s t r i b u t i o n and t h e r e
l a t i v e v e l o c i t y "between t h e f u e l and t h e s u r r o u n d i n g gas. Many 
o p t i c a l t e c h n i q u e s , based on l a s e r l i g h t s c a t t e r i n g , have been i n 
v e s t i g a t e d t o t h i s purpose (Refs.l,2,2,U,j>,6 and 7), but t h e o n l y 
system a b l e t o s i m u l t a n e o u s l y determine t h e s i z e and t h e v e l o c i t y 
i s t h e dual-beam l a s e r Doppler v e l o c i m e t e r shown i n F i g u r e 1. 

I t has been demonstrated ( R e f s . 8 , ^ and 10 ) t h a t a p a r t i c l e 
c r o s s i n g t h e i n t e r s e c t i o n o f two l a s e r beams s c a t t e r s a modulated 
l i g h t s i g n a l c o n t a i n i n g v e l o c i t y and s i z e i n f o r m a t i o n . The f i r s t 
i s r e l a t e d t o t h e m o d u l a t i o n f r e q u e n c y , t h e second t o t h e r a t i o 
o f t h e A.C. t o t h e mean a m p l i t u d e . T h i s r a t i o i s c a l l e d v i s i b i l i t y 
r -, \ v _ Max mm _ 

I + I . 
Max mm Ρ 

where I.. , I . , D and Ρ a r e d e f i n e d i n F i g u r e 1. Max mm & 

I t i s p o s s i b l e t o express t h e v i s i b i l i t y i n a f u n c t i o n a l form 

(2) V = V ( - ^ . m, -J-'-f1' Y ' % ) 
where d i s t h e diameter o f t h e s c a t t e r i n g p a r t i c l e , m i s t h e com
p l e x r e f r a c t i v e i n d e x o f t h e p a r t i c l e , ^ i s t h e c r o s s - a n g l e o f t h e 
two l a s e r beams, X i s t h e l a s e r w a velength, y and ̂  a re angle s de
f i n i n g t h e p o s i t i o n o f t h e a x i s o f t h e c o l l e c t i n g aperture,-/!, i s 
the c o l l e c t i n g s o l i d a n g le and cf = X /(2 sin ( j0/2)). 

The o t h e r parameters b e i n g f i x e d , t h e r e l a t i o n V(d) can be nu
m e r i c a l l y e v a l u a t e d f o l l o w i n g t h e Mie s c a t t e r i n g t h e o r y a p p l i e d t o 
i n d i v i d u a l s p h e r i c a l p a r t i c l e s , supposed i n t h e c e n t r a l r e g i o n o f 
th e c r o s s o v e r volume o f two coherent beams (Ref.10). Because o f 
the l a r g e number o f p o s s i b l e arrangements o f t h e parameters appea
r i n g i n eq.(2), i t i s i m p o s s i b l e t o g i v e a complete r e p r e s e n t a t i o n 
o f t h e v i s i b i l i t y b e h a v i o u r . A p a r a m e t r i c a n a l y s i s c o v e r i n g a l s o 
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many o f f - a x i s l i g h t c o l l e c t i o n d i r e c t i o n s and p a r t i c l e diameters 
up t o 100 / im has been performed ( R e f . l l ) . I n t h e range o f i n t e r e s t 
o f f u e l sprays i t has been found t h a t i n fo r w a r d s c a t t e r , w i t h 
s m a l l cross-beam and c o l l e c t i n g a n g l e s , t h e r e f r a c t i v e i n d e x o f t h e 
p a r t i c l e has no s i g n i f i c a n t ' i n f l u e n c e and a one-to-one c o r r e s p o n 
dence between v i s i b i l i t y and p a r t i c l e diameter can be o b t a i n e d , as 
shown i n F i g u r e 2. 

The major l i m i t t o t h e p r a c t i c a l use o f th e s e r e s u l t s i s t h e 
maximum p a r t i c l e c o n c e n t r a t i o n , N, t h a t can be a l l o w e d i n o r d e r t o 
p r e s e r v e t h e s i n g l e s c a t t e r i n g c o n d i t i o n . Roughly, Nmax(m"3)/vVp _ 1 

and t h e probe volume, Vp, i s v a r y i n g as l / s i n ) ? . W i t h β 1*, t h e 
maximum c o n c e n t r a t i o n can be about 10$ m~3. w i t h h i g h e r β , t h e 
range o f a monotonie r e l a t i o n between v i s i b i l i t y and p a r t i c l e s i z e 
i s d r a m a t i c a l l y reduced. I t has been found p o s s i b l e , however, t o 
overcome t h e s e d i f f i c u l t i e
t i o n s i n f u e l s p r a y s . 

P a r t i c l e s i z i n g measurements were performed i n water sprays 
produced by a p r e s s u r e - j e t n o z z l e and i n an i n d u s t r i a l f u r n a c e . I n 
th e f i r s t case ( R e f . 1 2 ) , a 5mW He-Ne l a s e r and t h e LDV geometry r e 
l a t i v e t o t h e v i s i b i l i t y c urve o f F i g u r e 2, w i t h β = .5* was used. 
Because o f t h e h i g h d r o p l e t c o n c e n t r a t i o n and t h e l a r g e probe v o
lume d i m e n s i o n s , we used two g l a s s probes c o a x i a l t o t h e LDV o p t i 
c a l a x i s and f a c i n g each o t h e r (see F i g u r e 3 ) . The two probes we
r e c e n t e r e d on t h e c e n t r a l r e g i o n o f t h e cross-beam r e g i o n and 
kept 5 mm a p a r t t o reduce t h e e f f e c t i v e c r o s s - s e c t i o n and thus t h e 
measured p a r t i c l e r a t e . The a l l o w e d maximum c o n c e n t r a t i o n was about 
1θ9 m~3 and hence r e l i a b l e measurements were o b t a i n e d o n l y i n t h e 
outher p a r t o f t h e j e t . The p a r t i c l e number c o n c e n t r a t i o n can be 
determined by t h e r e l a t i o n 

where ή i s t h e p a r t i c l e r a t e ( s - 1 ) , S t h e c r o s s - s e c t i o n a l a r e a o f 
the e f f e c t i v e probe volume, normal t o t h e measured mean v e l o c i t y 
component, U. 

The v i s i b i l i t y o f s e v e r a l hundreds i n d i v i d u a l s c a t t e r e d s i g r a l s 
has been measured by a s t o r a g e o s c i l l o s c o p e and severe v a l i d a t i o n 
c r i t e r i a were d e f i n e d t o f u l f i l l t h e h y p o t h e s i s o f t h e t h e o r e t i c a l 
model. The a c t u a l s i z e d i s t r i b u t i o n f u n c t i o n , f ( d ) , was d i r e c t l y 
deduced by t h e measured v i s i b i l i t y d i s t r i b u t i o n , g ( V ) , t h r o u g h t h e 
V(d) r e l a t i o n o f F i g u r e 2. R e s u l t s o f Table 1 demonstrated t h e c a 
p a b i l i t y o f t h i s t e c h n i q u e t o r e s o l v e d i f f e r e n t i n j e c t i o n p ressures. 

P r e s s u r e S.M.D. X^j-tm) Table 1: E x p e r i m e n t a l r e s u l t s w i t h a 

(3) η = N U S 

(atm) p r e s s u r e - j e t n o z z l e . S.M.D. 
i s t h e Sa u t e r mean d i a m e t e r , 
X t h e Rosin-Rammler mean 
diameter. 

2 
10 
15 

66 Λ 
5^.3 
k9.k 

70.0 
58.5 
52.5 

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



GHEZZi E T A L . Laser lnterjerometry 445 

Figure 1. Geometry of the dual-beam LDV optics with the enlarged probe volume 
and the shape of a single-particle Doppler signal 

1.3<m<l.6 Ω =2.6° r = 0 ° ^ =0° 

λ =632.8 nm 

oi ι ι ι ι ι : ι ι 
0 10 20 30 AO 50 60 70 

DIAMETER ( μ m) 

Figure 2. Typical V(d) curves for different β angles. Forward scatter geometry. 
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Comparison with standard methods, flash-photography and impres_ 
sion technique, showed a satisfactory agreement of mean diameters, 
hut wider size distributions were found "by standard techniques. 

A new data processing procedure was applied to the v i s i b i l i t y 
measurements made in a furnace under burning conditions and without 
the double probe (Ref.13). This procedure has the capability of de
termining size distributions also with non monotonie V(d) curves. 
As a consequence, larger β values, i . e . reduced probe volume d i 
mensions and higher p a r t i c l e concentrations, can be allowed. 

In general, the following relationship exists among f ( d ) , g(V) 
and V(d): S^Max A 

(k) V = i f(d) V(d)</d =/ g(V) V dV 
y ο so 

where V i s the mean value of the v i s i b i l i t y . The f(d) function can
not be d i r e c t l y deduce . (U),
i s not univocal. An i t e r a t i v
forecast of the form of the f(d) curve, can be used to determine 
the size d i s t r i b u t i o n function. The main idea i s to test different 
f(d) functions u n t i l a d i s t r i b u t i o n i s found able to lead toag(V) 
d i s t r i b u t i o n very close to the measured one. 

In Figure k i s shown the experimental apparatus used i n the 
furnace. The burner maximum load was about ^00,000 Kcal/hr, the 
furnace inner diameter 0.8 m and the o p t i c a l throw length 1,5 m. 
The kQQ nm l i n e (200 mW) of an Argon Ion laser was used with an i n 
t e r f e r e n t i a l f i l t e r i n front of the photomultiplier to reduce the 
background radiation of the flame. Calibration check with alumina 
p a r t i c l e s of known sizes were performed, but were not necessary. 
The effective probe volume was about 10 mm3, due to the small d i a 
meters of the furnace windows, but single scattering conditions 
were easily achieved indicating a p a r t i c l e concentration of 10*%~. 
Without o p t i c a l access limitations the maximum allowed concentra
t i o n could r i s e up to 10^0 m"3, by using larger β . 

In Figure 5 three d i s t r i b u t i o n curves of droplet diameters a-
re reported, r e l a t i v e to three a x i a l positions into the furnace. 
It i s demonstrated the p o s s i b i l i t y of resolving the size variation 
along the axis of the flame. 

In conclusion, droplet size measurements i n the range 10 to 
100 J*.m can be performed, also i n h o s t i l e environments, from the 
v i s i b i l i t y of individual scattered signal. Advantages of t h i s me
thod are: simultaneous measurement of p a r t i c l e s i z e , concentration 
and v e l o c i t y ; no c a l i b r a t i o n i s necessary; good s p a t i a l resolution 
up to less than 1 mm~3· the v i s i b i l i t y i s independent on p a r t i c l e 
trajectory. Limitations are: individual scattered signal can be 
obtained only with moderate p a r t i c l e concentration; i t i s d i f f i c u l t 
to automatically process scattered signals to extract the v i s i b i l i 
ty value and to check validation conditions; i t seems very d i f f i 
cult to extend the technique to cover the entire spray distribution;; 
the lower l i m i t i n the small p a r t i c l e end of the d i s t r i b u t i o n cur
ve depends upon experimental s e n s i t i v i t i e s and V(d) curve flatness 
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Figure 3. The double pr\obe used in water sprays 
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Figure 4. The optical arrangement for droplet-size measurement in an industrial 
furnace: R = A m, XA = .26 m, Xc = .42 m, XE = .68 m. 
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Figure 5. Distribution curves of droplet diameters relative to three axial positions 
into the furnace (A, C, and E) 

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



38. GHEZZI E T A L . Laser Interferometry 449 

and can be e s t i m a t e d 10 f<m i n p r a c t i c a l s i t u a t i o n s . By i n c r e a s i n g 
t h e β a n g l e t h i s l i m i t can be l o w e r e d , but t h e f u l l range w i l l be 
a l s o reduced, due t o th e V(d) shape and t h e r e d u c t i o n o f th e p r o 
be volume. I n f a c t t h e t e c h n i q u e r e q u i r e s probe volume dimensions 
l a r g e r t h a n t h e maximum p a r t i c l e s i z e . 

F i n a l l y , under b u r n i n g c o n d i t i o n s , t h e r e f r a c t i v e i n d e x v a r i 
a t i o n s produced by the gas temperature g r a d i e n t s cause d e f l e c t i o n s 
o f t h e beams, hence drop-outs o f ' t h e p h o t o d e t e c t o r s i g n a l , but v i 
s i b i l i t y measurements are s t i l l p o s s i b l e . 

Abstract 

This paper describes the development of a particle sizing 
technique utilizing the visibility parameter and the Mie scatte
ring theory for spherica
surement of size and velocit
sted in fuel sprays under both burning and non burning conditions. 
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39 
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 

I n t r a c a v i t y dye l a s e  spectroscop  (IDLS)  b  powerful 
technique f o r d e t e c t i n
The technique i s based on the phenomenal s e n s i t i v i t y of a l a s e r 
to small o p t i c a l l o s s e s w i t h i n the l a s e r c a v i t y . Since molecu
l a r absorptions represent wavelength-dependent o p t i c a l l o s s e s , 
the technique allows d e t e c t i o n o f minute q u a n t i t i e s o f f r e e 
r a d i c a l s by p l a c i n g them i n s i d e the l a s e r c a v i t y and monitoring 
t h e i r e f f e c t on the s p e c t r a l output o f the l a s e r . 

IDLS was discovered n e a r l y a decade ago (1,2), and, a l 
though there have been many demonstrations o f the technique 
(3-6) and several t h e o r i e s proposed to e x p l a i n i t (4.7-10) 
there are few reports ( 1 1 J 2 ) o f the technique a c t u a l l y being 
used to gain new chemical information. Hardly any work has been 
reported (13,14) i n q u a n t i f y i n g the experimental parameters 
a f f e c t i n g IDLS. The present work represents the f i r s t quan
t i t a t i v e comparisons between theory and experiment f o r cw IDLS. 

..The experimental arrangement i s b a s i c a l l y s i m i l a r to that 
of Hansch et a l . (4). A Spectra Physics A r + l a s e r o perating at 
514.5 nm pumps a Rhodamine 6G dye l a s e r tuned with a biréfrin
gent f i l t e r . The l i n e w i d t h i s 25 to 30 GHz, and the wavelength 
i s tuned between 585.0 nm and 585.2 nm. The output m i r r o r has 
a 1 meter radius of curvature and a r e f l e c t i v i t y of 98% at 585.0 
nm. The dye l a s e r c a v i t y i s 74 cm long, and the l a s e r i s always 
run TEMoo ( t h i s sometimes n e c e s s i t a t e s the use of an i n t r a c a v i t y 
a p e r t u r e ) . 

Ip i s degassed and then d i s t i l l e d i n t o a p r e v i o u s l y evac
uated 23 cm long quartz c e l l with wedged (1.5°) a n t i - r e f l e c t i o n 
coated windows epoxied on the ends. The c e l l i s mounted i n the 
l a s e r c a v i t y on X-Y-Z t r a n s l a t i o n stages, and the I2 i s frozen 
i n t o the sidearm by dipping i t i n + a c o l d bath. The dye l a s i n g 
t h r e s h o l d i s measured, and the Ar l a s e r i s then set to the 
d e s i r e d power. For one set of experiments, t h r e s h o l d pump power 
i s near (±11%) 550 mW, while f o r a second s e t the t h r e s h o l d i s 
near 790 mW. 
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The dye l a s e r i r r a d i a t e s an external c e l l which contains 40 
Pa (0.3 t o r r ) Ip vapor. A 1P28 p h o t o m u l t i p l i e r whose face i s 
covered by a 610 nm long pass f i l t e r measures the 12 f l u o r e s 
cence, while a photodiode monitors a r e f l e c t e d spot of the dye 
l a s e r . The r a t i o o f fl u o r e s c e n c e to dye l a s e r power i s d i s 
played on a s t r i p c hart recorder. The sidearm temperature i s 
g r a d u a l l y (1-2 hours) r a i s e d from about 210 Κ or 220 K, where 
fl u o r e s c e n c e i n the external c e l l i s strong, to whatever tem
perature i s re q u i r e d to reduce the s i g n a l by about 60%. 

The e x t r a c a v i t y absorption c o e f f i c i e n t o f I2 a t the l a s e r 
wavelength i s measured by d e t e c t i n g l a s e r power with a thermo
p i l e before and a f t e r an I2 c e l l . 

I n t r a c a v i t y enhancement, r e l a t i v e to conventional s i n g l e 
pass absorption spectroscopy, i s due to mode competition and to 
thre s h o l d e f f e c t s . A simpl
s i n g l e mode l a s e r , s t a r t i n

α 

gives 
, 0 ) _ d In I _ % / L m 

where I i s the dye l a s e r i n t e n s i t y , I 0 i s the s a t u r a t i o n i n t e n 
s i t y , a Q and L are the unsaturated s i n g l e pass gain and l o s s , and 
ξ ' i s the enhancement o f a s i n g l e mode l a s e r with an absorber 
dL i n s i d e the c a v i t y . Equation (1) says, b a s i c a l l y , that the 
dye l a s e r output becomes very s e n s i t i v e to a d d i t i o n a l i n t r a 
c a v i t y l o s s when the l a s e r i s run near t h r e s h o l d (gain « l o s s ) . 

The e f f e c t o f mode competition, which i s g e n e r a l l y the 
dominant e f f e c t , i s more s u b t l e s i n c e , to a f i r s t approximation, 
a cw dye l a s e r has only one mode. Theories o f IDLS which account 
f o r mode competition have been put forward by Hansch, Schlawlow, 
and Toschek (HST) and by Brunner and Paul (BP). HST s t a r t with 
a r e a l i s t i c s et o f l a s e r r a t e equations but use s u b s t a n t i a l 
approximations to solve them. BP use an approximate and very 
e m p i r i c a l s et o f rate equations which they s o l v e a n a l y t i c a l l y . 
Each theory y i e l d s a p r e d i c t i o n f o r the dependence of enhance
ment on pumping power Ρ r e l a t i v e to the th r e s h o l d pumping power 

Experimentally, f l u o r e s c e n c e i s measured as a f u n c t i o n of 
12 pressure. Since IDLS i s an absorption technique, and sin c e 
f l u o r e s c e n c e i s p r o p o r t i o n a l to the l i g h t " t ransmitted" by the 
i n t r a c a v i t y c e l l a t Ip wavelengths, i t makes sense to p l o t 
the logarithm o f the fl u o r e s c e n c e a g a i n s t pressure. We f i n d 
a l i n e a r r e l a t i o n s h i p , and the slope i s then the i n t r a c a v i t y 
absorption c o e f f i c i e n t , ε Ί· η ΐ. Enhancement i s defined e x p e r i 
mentally as ξ = ε η· η^ε θχΐ» where e e x t i s the conventional s i n g l e 
pass absorption c o e f f i c i e n t . The r e s u l t s are compared with 
p r e d i c t i o n s o f HST and BP i n Figures 1 and 2, r e s p e c t i v e l y . 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; (O), 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 
550 mW. M = 50; ν = .050 ± .01 (15). 
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judging these comparisons, i t must be kept i n mind that the 
theory of HST has no f r e e parameters, while that of BP has a 
fr e e empirical parameter whose p h y s i c a l s i g n i f i c a n c e i s at best 
unclear. However, i t i s c l e a r that HST 1s p r e d i c t i o n of a la r g e 
enhancement a t high power ( l i m (P-*») ξ ~ 10 3) i s not c o n s i s t e n t 
with these data. 

Much more work, both t h e o r e t i c a l and experimental, needs to 
be done f o r IDLS to become a well c h a r a c t e r i z e d technique. 
Numerical s o l u t i o n s to r e a l i s t i c l a s e r r a t e equations, f o r 
example, as well as measurement of enhancement as a fu n c t i o n of 
various l a b o r a t o r y parameters w i l l i n c r e a s e IDLS' usefulness as 
an a n a l y t i c a l technique. 
Abstract 

Intracavity absorption
laser. The sensitivity enhancement varies from 104 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 o  airborne combustio  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 << λ, where λ is the 
incident wavelength (1, 2) 

. Ability to measure low absolute light absorption, < 1 
part in 103, 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) 

E x p e r i m e n t a l 

The P h o t o a c o u s t i c E f f e c t (7). The modulated a b s o r p t i o n o f 
l i g h t by m a t e r i a l i n a c e l l l e a d s t o the p r o d u c t i o n o f a sound 
wave a t the m o d u l a t i o n frequency. The sound wave i s due to 
modulated p r e s s u r e p u l s e s i n the c e l l a r i s i n g from the l i b e r a t i o n , 
as h e a t , o f a p o r t i o n o f the absorbed l i g h t . The sound wave thus 
produced can be d e t e c t e d w i t h a s e n s i t i v e microphone and a s s o c i 
a t e d e l e c t r o n i c s , i . e . , a spectrophone* 

0-8412-0570-l/80/47-134-457$05.00/0 
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The spectrophone response, S, i s p r o p o r t i o n a l t o the amount 
of l i g h t absorbed a t a g i v e n microphone s e n s i t i v i t y (assuming 
c o n d i t i o n (1) above): 

S = R ( l - e ~ k x ) W (1) 

where R i s the c e l l response f a c t o r w h i c h i s dependent on c e l l 
d e s i g n and m o d u l a t i o n f r e q u e n c y , W i s the i n c i d e n t o p t i c a l power, 
χ i s the c e l l l e n g t h i n meters and k i s the a b s o r p t i o n c o e f f i c i e n t 
i n m e t e r - 1 . F or low l i g h t a b s o r p t i o n s , <5%, e q u a t i o n (1) reduces 
to 

S = R(kx)W (2) 

I f t h e mass c o n c e n t r a t i o n , C, i n gram m 3 , o f p a r t i c u l a t e i s 
known, then the s p e c i f i
o f the p a r t i c u l a t e can

k = aC (3) 
I n s t r u m e n t a t i o n . The spectrophone has been d e s c r i b e d i n 

d e t a i l elsewhere (4-6, .8). The ou t p u t o f a l a s e r ( e i t h e r A r 
i o n , 1.2 w a t t s a t 514.5nm; o r a dye l a s e r , 600 mw a t 600.0 
nm, w i t h a s p e c t r a l range o f 590nm t o 625nm) i s m e c h a n i c a l l y 
chopped a t f r e q u e n c i e s near 4 kHz, and the l i g h t i s passed i n t o 
an a c o u s t i c a l l y i s o l a t e d c e l l c o n t a i n i n g a c y l i n d r i c a l b r a s s 
c a v i t y resonant near 4 kHz a t atmospheric p r e s s u r e . The magnitude 
o f the sound waves produced are d e t e c t e d w i t h a Β & Κ model 4144 
1" diameter condensor microphone, w h i l e s i g n a l p r o c e s s i n g i s 
accomplished w i t h l o c k - i n a n a l y z e r s and r a t i o m e t e r s . 

Soot from an O2-propane flame was produced i n a 5 cm diameter 
1-meter f l o w tube, w i t h a t o t a l f l o w r a t e (N2 c a r r i e r gas) o f 3.5 
l i t e r min. 1 0.2 ym pore s i z e F l u o r o p o r e f i l t e r s ( M i l l i p o r e Corp.) 
were used f o r mass e v a l u a t i o n . 

Automobile exhaust was sampled by p a s s i n g i t i n t o a d i l u t i o n 
tube where the f l o w s were t y p i c a l l y 300-500 f t 3 min. 1 w i t h 
d i l u t i o n r a t i o s o f 5-10 to 1. Samples were removed from the tube 
a t a f l o w r a t e o f VL l i t e r min. 1. 

R e s u l t s 

V a l i d a t i o n o f the P h o t o a c o u s t i c E f f e c t as a Soot M o n i t o r (8) . 
The p h o t o a c o u s t i c spectrum and the a b s o r p t i o n spectrum o f a i r b o r n e 
propane-generated so o t have been s i m u l t a n e o u s l y measured i n the 
590nm-625nm r e g i o n u s i n g a t u n a b l e dye l a s e r . The p h o t o a c o u s t i c 
spectrum o f the propane-generated soot i s shown i n F i g u r e 1. The 
spectrophone response decreases 20% over the wavelength r e g i o n 
i n v e s t i g a t e d , w h i l e the s t r u c t u r e shown i n the F i g u r e i s not 
r e p r o d u c i b l e w i t h i n the ±5% u n c e r t a i n t y . 

The n o r m a l i z e d l i g h t e x t i n c t i o n spectrum i s i d e n t i c a l to the 
p h o t o a c o u s t i c spectrum shown i n F i g u r e 1. At 600.Onm the e x t i n c 
t i o n of the l a s e r r a d i a t i o n was 2% f o r the 9.5cm spectrophone 
c a v i t y o p t i c a l p a t h . Thus, from the Beer-Lambert Law, 
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1 = 1 e - l c x (4) 
Ο 

one can deduce an a i r b o r n e s o o t e x t i n c t i o n c o e f f i c i e n t , k, a t 
600.Onm, of 2.1 χ 10 1 m 1 . S i n c e s c a t t e r i n g a t 600.Onm was 
found t o be l e s s than 0.1% o f the t o t a l l i g h t e x t i n c t i o n f o r the 
u n d i l u t e d soot stream, the a b s o r p t i o n c o e f f i c i e n t f o r the a i r 
borne s o o t i s i d e n t i c a l to the e x t i n c t i o n c o e f f i c i e n t deduced 
above. U s i n g eq. ( 3 ) , and the measured soot c o n c e n t r a t i o n o f 
0.14 g m 3 , the s p e c i f i c a b s o r p t i o n c o e f f i c i e n t , a t 600.Onm, 
f o r a i r b o r n e propane-generated soot i s c a l c u l a t e d to be 1.5 m 2g l

9 

w i t h an o v e r a l l u n c e r t a i n t y of ±20%. T h i s r e s u l t i s i n agreement 
w i t h those o b t a i n e d (0.6-4.5 m 2g l) f o r b u l k g r a p h i t i c samples 
(9). 

Engine Exhaust Measurements  Automobil
from the d i l u t i o n tube
the 514.5nm l i n e o f a

The performance of the spectrophone on the d i l u t i o n tube 
was checked i n two ways. F i r s t , the dependence of the s p e c t r o 
phone s i g n a l on l a s e r power was i n v e s t i g a t e d . From eq. (1) and 
( 2 ) , the dependence s h o u l d be l i n e a r . F i g u r e 2 shows t h a t t h i s 
i s the case f o r a 1 0 - f o l d v a r i a t i o n i n l a s e r output power, u s i n g 
a 2.4 l i t e r Mercedes D i e s e l c r u i s i n g a t 55 mph. I n a d d i t i o n , the 
e f f e c t o f d i l u t i o n tube f l o w r a t e on the spectrophone s i g n a l was 
s t u d i e d . S i n c e exhaust soot c o n c e n t r a t i o n i s i n v e r s e l y p r o p o r 
t i o n a l to the d i l u t i o n tube f l o w r a t e , from eq. (2) and (3) a 
p l o t o f such d a t a should a g a i n be l i n e a r . T h i s has been shown to 
be the case f o r d i l u t i o n tube f l o w r a t e s between 250 and 500 cfm. 
(Above 550 cfm, the p r e s s u r e drop i n the d i l u t i o n tube a d v e r s e l y 
a f f e c t e d the spectrophone sampling system.) 

The coupled s p e c t r o p h o n e - d i l u t i o n tube was f i r s t used t o 
determine the a b s o r p t i o n c o e f f i c i e n t o f a i r b o r n e exhaust soot 
from a 2.4 l i t e r Mercedes D i e s e l vs._N02 as a s t a n d a r d (8) . The 
v a l u e was found to be (5.5 ± 1.0)m 2g 1 a t 514.5nm. (The automobile 
was r u n on a v e h i c l e dynamometer a t a c r u i s e speed o f 55 mph, w i t h 
an average p a r t i c u l a t e c o n c e n t r a t i o n o f 0.050 g m"3.) 

The i n s t r u m e n t a t i o n has a l s o been used to m o n i t o r exhaust 
soot c o n c e n t r a t i o n s from v e h i c l e s as a f u n c t i o n o f engine opera
t i o n mode, u s i n g a v e h i c l e dynamometer. R e s u l t s showing s p e c t r o 
phone response f o r two v e h i c l e s (a Mercedes D i e s e l and a g a s o l i n e -
powered Mercury Cougar PROCO) run through a p o r t i o n o f t h e Fed
e r a l Test Procedure a r e p r e s e n t e d i n F i g u r e 3. Note the 5 0 - f o l d 
d i f f e r e n c e i n the o r d i n a t e s c a l e f o r the two v e h i c l e s . I n t e g r a 
t i o n of the spectrophone s i g n a l s o ver the 8.5 minute t e s t i n d i c a t e s 
t h a t the Mercedes produced about 48 times more soot than d i d the 
Cougar. However, the two response p r o f i l e s a r e v e r y s i m i l a r , w i t h 
peaks i n the spectrophone response c o r r e l a t i n g q u i t e w e l l w i t h the 
a c c e l e r a t i o n modes i n the FTP. The 3.5-minutes peak f o r the D i e 
s e l response (38.5mv) would c o r r e s p o n d to a t o t a l p a r t i c u l a t e mass 
c o n c e n t r a t i o n of about 0.4 g m 3 i n the d i l u t e d exhaust. The time 
r e s o l u t i o n o f the i n s t r u m e n t a t i o n i n t h i s mode was one second. 
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590 
LASER WAVELENGTH ( nm) 

Figure 1. The photoacoustic spectrum of airborne soot generated from a propane-
Og flame using a tunable dye laser light source. This figure is adapted from Figure 

2 of Kef. β). 

LASER POWER (WATTS) 

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. 



KILLINGER ET AL. Soot in Combustion Processes 461 

38.5 MV 
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= 3 ; 
420 360 300 240 180 
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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C o n c l u s i o n s 

The d a t a p r e s e n t e d demonstrate t h a t : 
1) the p h o t o a c o u s t i c e f f e c t can be used t o measure the 

l i g h t a b s o r p t i o n c h a r a c t e r i s t i c s o f a i r b o r n e s o o t 
generated i n combustion p r o c e s s e s , and 

2) a spectrophone can be used t o m o n i t o r the c o n c e n t r a t i o n 
o f carbonaceous p a r t i c u l a t e i n automobile exhaust gas. 
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carbon combustion systems, 
kinetics of 397-401 

reactions at room temperature, 
rate constants for 399 

studies on the reactions of 399 
C H + N 2 reaction 399 

reaction at room temperature, pres
sure effect on the rate of 400/ 

C H 2 

with C 0 2 average C O product 
vibrational energies for 408 
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C H 2 (continued) 

with C 0 2 reactions of 406 
with 0 2 average C O product 

vibrational energies for 408 
with 0 ( 3 P ) , average C O product 

vibrational energies for 408 
with 0 ( 3 P ) reactions of 406 
radical reactions, C O laser reson

ance absorption studies of ..403-409 
C H 2 + C 0 2 , vibrational energy distri

butions of the C O formed in 407/ 
C 2 H 2 - a i r aspirating slot burner, plot 

of fluorescence signal vs. Na 
concentration in 53/ 

C 2 H 2 - 0 2 - N 2 flame, comparison of 
S H A2T — Χ 2 Π fluorescence and 
synthetic emission spectra for .... 118/ 

C 2 H 2 - 0 2 N 2 flame, laser excitation 
spectra for O H A2T-X2U i

C N 
flame emission and laser-excited 

fluorescence spectrum in a 
nitrous oxide-acetylene slot 
torch, comparison of 296/ 

fluorescence intensity with laser 
spectral irradiance in a nitrous 
oxide-acetylene slot torch, 
variation of laser-excited 297/ 

investigations, C H 293 
summary of saturated fluorescence 

measurements for C H and 295 c2o 
fluorescence decay for 392/ 
lifetime and quenching data 395 
pseudo-first-order disappearance 

rate constants for ground-state 394/ 
C 2 + 0 2 , product channels for 386/ 
C 2 O M 8 n , ) 

fluorescence lifetimes and quenching 
rate constants 389 

quenching rate constants for 395 
radiative lifetimes for 395 
(X3X) pulsed-laser studies of 

the kinetics of 389-396 
C 2 0 ( i 4 8 n r - * 8 S " ) , laser-induced 

fluorescence excitation spectrum 
of 392/ 

C20(X3T) reaction kinetics 393 
C20(X33, ) reaction rate constants 

at 298 Κ 395 
0 > ( Χ ν ) + H 2 , plot of K 1 vs. 

pressure for 384/ 
C 2 ( * % + ) 

fragments, first-order decay for 383 
populations probing of 383 
produced by multiphoton U V 

excimer laser photolysis ....381-387 
psuedo-first-order decay in the 

presence of excess H 2 384/ 

C2(X%+) (continued) 
rate constants for the disap

pearance of 386 
vs. a3nu reactions 

with C 0 2 387 
with hydrocarbons and hydrogen 385 
with 0 2 387 

Carbon tetrachloride (CC1 4 ) 322 
microdensitometer traces of RIKES 

spectra of solutions of 
cyclohexane in 321/ 

microdensitometer traces of spectra 
from solutions of cyclohexane 
in 324/ 

C A R S (see Coherent anti-Stokes 
Raman scattering) 

Cell experiments, room-temperature .. 417 
Chemical lasers, flowing 167 

states 40 
Chemistry-hydrodynamics coupling 

and feedback 338 
Chromatix C M X - 4 , (flashlamp-

pumped tunable dye laser) 104 
Circuits, sample-and-hold ( S / H ) 242 
Circuitry, electronic signal 

conditioning 242 
Closed form similarity solution 345 
Coefficient (s) 

expressions for the rate 372/ 
kinetic 367 
ratio of the values of input 371/ 
transport 368 

Coherene anti-Stokes Raman scatter
ing (CARS) ....7, 19, 20, 235, 272, 320 

advantages of 23 
broad-band 27 
characteristics 22 
coherent anti-Stokes Raman 

spectroscopy 272 
for combustion diagnostic 303 
combustion system of 315 
detection sensitivity of 312 
developments, future 36 
diagnostics of reactive media 

at O N E R A 311-318 
experimental setups for 23 
experiments, signal intensity in 20 
flame spectrum, C O 36 
generation of signals in 20 
measurement (s) 

accuracy of 312 
performed in a sooting flame 303 
in simulated practical combustion 

environments 303-310 
in sooting flames, capability of .. 276 
of temperature from H 2 and 0 2 .. 280 

for N 2 in a flame as a function of the 
bulk gas temperature, modelled 27 
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Coherene anti-Stoke Raman scatter
ing (CARS) (continued) 

N 2 thermometry, accuracy of 276 
polarization-sensitive 288 
and radiation-corrected thermo

couple-derived temperature 
profiles, comparison of 304 

research effort at O N E R A 311 
resonance 315 
results with colinear beams 23 
signal (s) 

for D 2 gas within an electric 
discharge lamp 26/ 

generation 
of broad-band 31/ 
in gases 34/ 
phase-matching diagrams for 21/ 

H 2 concentration in N 2 gas plot of 25/ 
levels 27
nonresonant and resonant
resonant 7 

spatial resolution of 311 
spectral resolution 312 
spectrometer, development of 311 
spectrometer in combustor facility, 

quantel 316/ 
spectrum (a) 

of air at one atmosphere 
pressure, rotational 42/ 

of C H 4 using O M A detection and 
a single-laser pulse, broad
band 32/ 

of C 0 2 in the postflame region of 
a C O - 0 2 flame, scanned .... 291/ 

comparison of averaged and 
single-pulse N 2 282/ 

concentration measurements and 288 
of D 2 gas 23 
experimental approach to 274 
of a gas mixture using on O M A 

detector and a single-laser 
pulse, broad-band 34/ 

of H 2 at 1 % concentration, 
computed temperature 
sensitivity of 284/ 

of H 2 in a flat H 2 - a i r diffusion 
flame 285/ 

H 2 0 
in a methane-air flame 287/ 
in a premixed methane-air 

flame 30/ 
measuring 24/ 
of N 2 

comparison of a single-pulse 
and averaged 278/ 

as a function of bulk gas 
temperature, plot of 
calculated 29/ 

gas in the combustion zone of 
a homogeneous flat 
flame burner 28/ 

Coherene anti-Stoke Raman scatter
ing (CARS) (continued) 

spectrum(a) (continued) 
of N 2 (continued) 

probed within the homo
geneous region of a flat 
flame burner 27 

spatial variation of tempera
ture from averaged 281/ 

of 0 2 

in H 2 - a i r diffusion flame 290/ 
at 2000 Κ 289/ 
at one atmosphere pressure, 

rotational 39/ 
in the region of the C O Q-branch 

from a methane-air flat 
flame 39/ 

single-pulse 304 

vibration-rotation H 2 280 
temperature and average thermo

couple temperature compari
son of 309/ 

temperature profile 283/ 
theory and application of 272 
vs. saturated-laser fluorescence 271 

C O 
C A R S flame spectrum 36 
in C H 4 - a i r flat flame, Voigt fit to 

absorption line profile for 422/ 
collision halfwidth in C H 4 - a i r flat 

flame as a function of rota
tional quantum number 424/ 

collision halfwidth in combustion 
gases on the vibrational and 
rotational quantum numbers .. 421 

concentration, discrepancy 
between predicted and 
measured 97 

formed in 0 ( 3 P ) + C 2 H 2 reac
tions, vibrational energy 
distributions of 404/ 

formed in 0 ( 3 P ) + C 4 H 9 C 2 H 
reactions, vibrational energy 
distributions of 404/ 

in fuel-rich flames 421 
fundamental band strength at 

273.2 Κ 420/ 
laser resonance absorption 

apparatus 404/ 
studies of C H 2 radical 

reactions 403-409 
studies of 0 ( 3 P ) + 1-

alkynes reactions 403-409 
and N O , flat flame burner 

experiments measuring 418 
partial pressure in C H 4 - a i r flat 

flame as a function of 
fuel-air equivalence ratio 423/ 
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C O (continued) 

product vibrational energies, 
for C H 2 

with C 0 2 average 408 
with 0 2 average 408 
with 0( 3P) average 408 

production at 300 Κ for 0 ( 3 P ) 
+ 1-alkynes, absolute rate 
constants for 408 

productions at 300 Κ for 0 ( 3 P ) 
4- 1-alkynes, average C O 
vibrational energies 408 

profiles for a C H 4 - a i r flame 96/ 
Q-branch from a methane-air 

flat flame, C A R S spectra in 
the region of 39/ 

in room temperature cell experi
ment, Voigt fit to absorption 
line profile for 419

vibrational energies for C O pro
duction at 3 0 0 K f o r O ( 3 P ) 
4-1-alkynes 408 

C O - 0 2 flame, scanned C A R S 
spectra of C 0 2 in the postflame 
region of 291/ co2 

B O X C A R S spectra room air 313/ 
with background cancellation .... 314/ 

in the postflame region of a 
C O - 0 2 flame, scanned 
C A R S spectra of 291/ 

profiles for a C H 4 - a i r flame 94/ 
reactions of C H 2 with 406 

Collision-broadened linewidth of 
the broadening species 417 

Collision halfwidth(s) 417 
temperature dependence of 421 

Collisional 
de-excitation 63 
ionization 175 

of sodium atoms 183-187 
quenching 

of the laser-excited state 89 
rates 6 
by rotational relaxation 107 
by vibrational relaxation 107 

redistribution 77 
of excited-state population fol

lowing excitation 
of O H 13 

Combusting stratified charge engine, 
nitrogen density in 259 

Combusting stratified charge engine, 
temperature in 259 

Combustion 
chamber, nitrogen density vs. 

crank angle of 264 
of cyclic nitramines, gas-phase 

kinetic mechanisms in 365 
detailed modelling of 331-354 

Combustion (continued) 
development of kinetic models of 

hydrocarbon 85 
diagnostic(s) 3 

C A R S for 303 
preliminary assessment of the 

topographic reconstruction 
approach for 430 

environments, C A R S measure
ments in simulated 
practical 303-310 

fuel spray 443 
fundamental processes in 335 
gases using a tunable IR diode 

laser, absorption spectro
scopy of 413-425 

gases on the vibrational and rota
tional quantum numbers, 

sion halfwidth in 421 
hydrocarbon-fueled 288 
hydrogen 280 
intermediates detected by L I F 12* 
laser chemistry, and 3-17 
modelling with measurement 

capabilities, ordering of 
predictive needs for 213 

probes, laser 4 
energy-level diagrams for 

spectroscopic 5/ 
processes, photoacoustic spectro

scopy to characterize and 
monitor soot in 457-462 

properties, Raman scattering 
measurements of 207-228 

single-pulse N 2 spectrum recorded 
on O M A during 305/ 

system(s) 3 
of C A R S 315 
kinetics of C H radical reactions 

important to hydro
carbon 397-401 

modelling 332 
N O formation in high tempera

ture hydrocarbon 399 
P C A H i n 159 

thermometry, H 2 and 280 
tunnel, fan-induced 222/ 

co-flowing turbulent jet 220 
zone of a homogeneous flat flame 

burner, C A R S spectrum of 
N 2 gas in 28/ 

Combustor 
facility, quantel C A R S spectro

meter in 316/ 
-optical layout 217 
probing, spatially precise laser 

diagnostics for practical 275-299 
time-averaged spectrum of N 2 on 

exit plane of 317/ 
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Complicated reactions and flow 339 
Computer-generated spectrum of N 2 

at 1700 Κ onto measured 
spectra, overlay of 305/ 

Computerized tomography 427 
Concentration (s) 

and absorption measurements, 
comparison of 55/ 

measurements and the C A R S 
spectrum 288 

measurements, LIFS and 80 
profiles, coupled radical reactions 

that account for 124 
profiles in a H 2 - 0 2 - N 2 flame with 

1% H 2 S 123/ 
and temperature, comparison of 

C H 4 - 0 2 flame species 93/ 
Continuous wave (CW) 274 

laser 
fast turbulent mixing in gase

using 247-253 
scattering for pdf, basic quanti

ties in analyses of 248 
technique for pdf measure

ments, pulsed-laser Raman 
technique 253 

intracavity dye laser spectroscopy 
(CWIDLS) 451-454 

Cougar P R O C O and Mercedes 
diesel, spectrophone response to 
exhaust particulate from 461/ 

Coupled radical reactions that 
account for concentration 
profiles 124 

Coupling and feedback, chemistry-
hydrodynamics 338 

Crank angle of the combustion 
chamber, nitrogen density vs 264 

Crossed-beam phase matching 
B O X C A R S 273 

C W (see Continuous-wave) 
CWIDLS (see Continuous-wave 

intracavity dye laser spectro
scopy) 

Cyclic nitramines, gas-phase mech
anisms in the combustion of 365 

Cyclohexane solutions 
in CC1 4 , microdensitometer 

traces of spectra from 324/ 
R I K E S 321/ 

IRS-flashed . 322 
microdensitometer trace(s) of 

spectra from 325/ 
1RS and O H D - R I K E S 326/ 

D 

D 2 gas, C A R S spectrum of 23 
De-excitation, collisional 63 

Density 
measurement, vibrational Raman 

scattering methods for 209 
profiles laser-excited fluorescence, 

flame temperatures 199-203 
profiles of laser-excited fluores

cence, plasma tempera
tures 199-203 

and temperature with velocity, 
correlations of 220 

Depletion of the pair population 139 
Detailed modelling 

of combustion 331-354 
physical complexity 335 
purpose of 333 

Detectability 
interferences, LIFS 72 
limits for flame conditions 74/ 

Detection sensitivity of C A R S 312 
Diagnostic conditions for making 

routine measurements on flame 
series, development of 109 

Diatomic larger molecule spectrum .... 81 
Diatomic molecules, vibrational 

Raman scattering from 235 
Diffusion 

flame 
C A R S spectra of H 2 in a flat 

H 2 - a i r 285/ 
C A R S spectra of 0 2 in H 2 - a i r .... 290/ 
radial temperature profiles in 

laminar propane 279/ 
temperature measurements in 

H 2 - a i r 286/ 
jet, methane-argon asymetrical 

diffusion jet, methane-argon .. 428 
velocity, Stefan-Maxwell relation .. 366 

Dilution tube, spectrophone- 459 
Dirty flames 36 
Disappearance rate constants for 

ground-state C 2 0 , pseudo-
first-order 394/ 

Dispersion function, Lorentzian 195 
Distribution curves of droplet 

diameters 466,448/ 
Doppler-broadened linewidth 417 
Droplet 

diameters, distribution curves ....446, 448/ 
Doppler velocimeter, dual-beam 

laser 443 
Double-probe used in water sprays .... 447/ 

size measurement in an industrial 
furnace, optical arrange
ment for 447/ 

size measurements in reacting 
flows by laser inter-
ferometry 443-449 
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Dual-beam laser Doppler 
velocimeter 443 

optics, geometry of 445/ 
Dummy-level population 144 

as a function of transfer cross 
section 143/ 

Dye laser(s) 176 
laser-pumped 293 
N d : Y A G pumped 41 
system for nitric oxide fluores

cence measurements in 
C H 4 + 0 2 + N 2 flame 154/, 155/ 

tunable 103,160 
flashlamp-pumped 183 

Chromatix C M X - 4 104 
phase-R corporation 

DL-1400 160 
Dynamic excitation-physical 

quenching cycle 19

Ε 

Elastic molecular light scattering, 
information from 208 

Electronic 
ground-state rotational tempera

ture measurement 89 
polarization of a medium 319 
quenching of the excited-state 

level 40 
signal conditional circuitry 242 
and vibrational structure, O H 

energy level diagram— 68/ 
Electronically excited atoms in flames 
Electronically excited atoms 

in flames 175-181 
Emission 

to lower levels, spontaneous 62 
in O H in a C H 4 - a i r flame, 

fluorescence scans of 16/ 
process, induced 62 

Energy 
density 

required to saturate the 
excited transition 69 

saturation 63, 196 
for the two-level model saturation., 
for the two-level model 

saturation 69 
flux, saturation 71 
of initial rotational state, plot of 

L I F intensity per transition 
strength vs 91/ 

laser pulse 160 
-level diagram(s) 66/ 

-electronic and vibrational 
structure, O H 68/ 

for laser probe methods 4 

Energy (continued) 
-level diagram(s) (continued) 

for M g O 41 
for low-lying electronic 

single states of 44/ 
—rotational structure, O H 68/ 
sodium 66/ 
for spectroscopic laser 

combustion probes 5/ 
for the O H molecule, 

diagram of 90/ 
-state diagram for lithium 193/ 

Engine 
exhaust measurements 459 
nitrogen density in a combusting 

stratified charge 259 
temperature in a combusting 

stratified charge 259 

Equations describing premixed, 
laminar, unbounded flame for 
a multicomponent ideal gas 
mixture 365 

Equilibration test in fuel-rich 
H 2 - 0 2 - N 2 flames with 1 % H 2 S 

of H 2 + SO, = SO + H 2 0 127/ 
ofS + H = SH + SH 126/ 
of SH + O H = SO + H 2 128/ 
of S 0 2 + 2 H 2 = S H + O H + H 2 0 .. 129/ 

Equilibrium test of H 2 + O H = H 2 0 
in Η in fuel-rich H 2 - 0 2 - N 2 

flames 115/ 
Ethylene-air flame, fluorescence 

spectra : sample injected in 164/ 
Excitation 

dynamic, LIFS and 80 
fluorescense spectrum from 

near-resonant 78/ 
from Level 1 to 2 steady-state rate 

equations 65 
in N O , fluorescence 298 
of the N a ( 3 2 P 3 / 2 ) level, saturated .. 189 
profile(s), fluorescence 184 

saturation broadening in 
flames 195-198 

saturation broadening in 
plasmas 195-198 

halfwidth(s) 196 
for the A r - 0 2 - H 2 flames, 

theoretical and experi
mental values of 197 

results, comparison of 178/ 
scan of N H in a N H 3 - 0 2 flame 10/ 
short-pluse 145 
of sodium in a H 2 N - a i r flame, 

opto-galvanic signal for 177/ 
of sodium, LIFS for near-resonant 77 
source, lasers as 62 

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



472 LASER PROBES FOR COMBUSTION CHEMISTRY 

Excitation (continued) 
spectrum (s) 

for N O 153 
for nitric oxide in C H 4 + 0 2 + N 2 

flame laser 157/ 
for nitric oxide in N 2 , laser 156/ 
of the Swan band system in C 2 , 

partial 41 
Excited 

atomic state by LIFS, measuring 
the population of 81 

level, fluorescence spectrum at 
the directly 151 

-state level, electronic quenching of 40 
-state population distribution for 

O H 70/ 
transition, energy density required 

to saturate 69 
vibrational level population 13

Experimental approach to the 
C A R S spectrum 274 

Extracavity absorption coefficient 
of I 2 452 

F 

Fabry-Pedro étalon 418 
Fan-induced combustion tunnel 222/ 

co-flowing turbulent jet 220 
Far field isolator and 532 nm pulsed 

multipass cell experiment 256/ 
Fast turbulent mixing in gases using 

a C W laser 247-253 
Feedback, chemistry-hydrodynamics 

coupling and 338 
Flame (s) 

arrival, pdf s of nitrogen number 
density near time of 266/ 

bench-scale laboratory 220 
burner experiments measuring C O 

and N O , flat 418 
C H 4 - a i r 

concentration profile(s) 378/ 
experimental results for a 

fuel-lean 92 
hydroxyl, for a stoichiometric 98 

laser probes of premixed 
laminar 85-101 

N O 376/ 
postulated mechanism for 87* 
radiative trapping of sodium in .. 76/ 
rate constant measurement in 375 
species profiles for premixed 

laminar 86 
temperature profiles for premixed, 

laminar 86 
theoretical results for a fuel-lean 92 

C H 4 + 0 2 + N 2 153 

Flame(s) (continued) 
chemistry, L I F as tool for the 

study of 103-129 
chemistry of the sodium system 50 
C O in fuel-rich 421 
comparison of SH A 2 2 + — Χ 2 Π 

fluorescence and synthetic 
emission spectra for 
C 2 H 2 - 0 2 - N 2 118/ 

conditions, detectability limits for .. 74/ 
detailed modeling of premixed, 

laminar, steady-state 365-372 
determination of temperatures in 

premixed laboratory 231 
diagnostics, applications of laser-

enhanced ionization in 187 
diagnostic methods, Raman scatter

ing flame 239 

dirty 36 
distribution of lithium 189 
electronically excited atoms in ....175-181 
fluorescence excitation profiles, 

saturation broadening in ....195-198 
fluorescence measurements, experi

mental system for the N O 153 
as a function of the bulk gas tem

perature, modeled C A R S 
spectra for N 2 in 27 

fluorescence spectra: sample in
jected in an ethylene-air 164/ 

gas 
properties, laser light-scattering 

techniques for measuring .... 207 
temperature determination 239 
translational temperature of 17 

Gedanken 
calculation, space and time 

scales in 337/ 
experiment 336 

important scales in 338 
geometry of 86 
with 1 % H 2 S, SH Α 2 2 + - Χ 2 Π 

fluorescence spectra in 118/ 
with 1 % H 2 S , SH A 2 r - X 2 n 

laser excitation spectra in 117/ 
hydrogen-oxygen-nitrogen 

( H 2 - 0 2 - N 2 ) 103 
fluorescence profile(s) in 
with added H 2 S, SO, Ή ^ Α χ .... 122/ 

SH Α 2 2 + - Χ 2 Π 120/ 
with added H 2 S, SO B 3 2 " - X 3 2 " 121/ 
O H A 2 r - X 2 n 113/ 
for SH in a rich 119 

fuel-rich 
chemical model of the surfur 

chemistry 119 
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Flame(s) (continued) 

hydrogen-oxygen-nitrogen 
(H2-O2-N.2) (continued) 

fuel-rich (continued) 
equilibrium of H 2 + O H = 

H 2 0 + H i n 115/ 
with 1 % H 2 S, equilibration test 

of H 2 + S 0 2 = SO + H 2 0 
in 127/ 

of S 2 + H 2 = S H + S H i n . . 126/ 
of S H + O H = SO + H 2 i n 128/ 
of S 0 2 + 2 H 2 = SH + O H 

+ H 2 O i n 129/ 
Padley-Sugden burner, 

premixed 103 
with 1% H 2 S 

added, fluorescence spectrum 
for S02 and SO in 120/ 

added, SO B 3 r - X 3 S " 
fluorescence spectru

concentration profiles in 123/ 
laser excitation scan of 114 

hydrogen-rich 190 
ionization of alkali metals in 175 
laser 

excitation spectra for 
O H Ah + - X 2 n in a 
C 2 H 2 - 0 2 - N 2 112/ 

fluorescence, nitric oxide 
detection in 153 

measurements, species amenable 
to 56/ 

LIFS in 61-82 
applied to O H 131-136 
of P C A H 159-164 

luminescence 438 
model, assumptions made in 9Tt 
modelling for the data formations 

in 176 
for a multicomponent ideal gas mix

ture, equations describing pre
mixed, laminar, 
unbounded 365 

O H profile through the low-
pressure flat 135/ 

one-photon absorption in a 
hydrogen-oxygen-argon ....183-187 

optical system for laser fluorescence 
measurement in 110/ 

pdf for temperature x velocity for 
turbulent diffusion 219/ 

photoacoustic spectrum of airborne 
soot generated from 
propane-0 2 460/ 

pressure, quenching rate vs 134/ 
probability density functions of 

temperature for H 2 - a i r 
turbulent diffusion 219/ 

Flame(s) (continued) 
laser (continued) 
propagation problem using compu

tational expense of performing 344 
quenching studies in low-pressure .. 133 
recombination zone, measurement 

of O H concentration and 
temperature in 98 

R M S temperature profile in 
turbulent jet diffusion 440/ 

on saturated fluorescence of alkali 
metals in ...189-194 

series, development of diagnostic 
conditions for making routine 
measurements on 109 

and short-duration laser pulses, 
low-pressure 131 

sooting 159 

C A R S measurements performed 
in 303 

species 
experimental arrangement used 

to measure L I F signals from 42/ 
and temperature of H 2 - a i r flame, 

plots of 222/ 
spectrum, C O C A R S 36 
statistical nature of the turbulent .. 240 
studies of L I F on O H in 13 
temperature (s) 

density profiles laser-excited 
fluorescence 199-203 

measured 202 
measurement methods 200 
profile in turbulent jet diffusion .. 440/ 

two-photon absorption in a 
hydrogen-oxygen-argon ....183-187 

via Rayleigh scattering, temperature 
measurement in turbulent ..435-441 

Flashlamp-pumped tunable dye laser.. 183 
Chromatix C M X - 4 104 

Flashlamp-pumped systems 41 
Flashed cyclohexane solutions, 1RS .. 322 
Flat flame 

burner, C A R S spectrum of N 2 gas 
in the combustion zone of 
a homogeneous 28/ 

burner experiments measuring C O 
and N O 418 

C A R S spectra in the region of the 
C O Q-branch from a 
methane-air 39/ 

O H profile through the low-pressure 135/ 
Flow(s) 

approximation, slow 345 
calculations, reactive 340 
complicated reactions and 339 
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Flow(s) (continued) 
equations, laminar macroscopic .... 339 
equations, nonlinear time-dependent 

slow 345 
modelling, problems in reactive 333 
nonuniformity 169 
Stokes nitrogen density measure

ments in a turbulent 259 
visualization in supersonic 167-172 

Flowing chemical lasers 167 
Fluctuation measurement capabilities 

for laser source characteristics, 
comparison vibrational Raman 
scattering 211 

Fluid dynamics equations 11 
Fluid layer, Rayleigh-Taylor unstable 352 
Fluoranthene, fluorescence spectra for 160 

of alkali metals in flames, 
on saturated 189-19

decay for C 2 0 392/ 
detection system 160 
downstream from the A r + beam 169 
efficiency expression 106 
efficiency, quenching term in 106 
emission in O H , in C H 4 - a i r flame, 

rotationally resolved 15/ 
emission signal vs. C 2 49/ 
excitation 

in N O 298 
profile (s) 

halfwidth of 196 
flames, theoretical and ex

perimental values of .. 197 
saturation broadening 

in flames 195-198 
saturation broadening 

in plasmas 195-198 
spectrum of the MgO B ^ X 1 ^ 

transition in an C 2 H 2 - a i r 
aspirating slot burner 45/ 

spectra and reaction rate con
stants, experimental system 
used for measuring 390/ 

I 2 168 
( B - X ) 169 

induction 148 
intensity(ies) 137, 190 

(It) 106 
S 2 114 

laser 
detection system, multiphoton 

UV-photolysis 382/ 
excitation in O H , multilevel 

model of response to 137-144 
-excited 

flame temperatures density 
profiles of 199-203 

plasma temperatures density 
profiles of 199-203 

Fluoranthene, fluorescence spectra for 
(continued) 

laser (continued) 
-excited (continued) 

spectrum in a nitrous oxide-
acetylene slot torch, com
parison of C N flame 
emission and 296/ 

spectrum in an oxy-acetylene 
slot torch, comparison of 
C H flame emission and .. 294/ 

exciting and detecting wave
lengths 108* 

-induced 389 
excitation spectrum of 

C20(A3nr-X3T) 392/ 
spectroscopy, saturated 19, 36 
spectrum of Α Δ—X ?r transi

nitric oxide detection in flames by 153 
saturated 189 

advantages of 292 
C A R S vs 271 
studies of sodium in fuel-rich 

H 2 - 0 2 - N 2 flames 189-194 
theory of 292 

techniques for N O 153 
lifetimes and quenching rate con

stants, C 2 0 ( 4 8 n < ) 389 
measurements 106 

for C H and C N , summary of 
saturated 295 

in C H 4 + 0 2 + N 2 flame, dye 
laser system for nitric 
oxide 154/, 155/ 

experimental system for the 
N O flame 153 

of the hydroxyl radical, 
saturated 145-151 

multiphoton excitation of 9 
photons 132 
power, collected 61, 64 
profiles 

for H 2 - 0 2 - N 2 flames 
with added H 2 S, SO, Ό ^ Α ι 122/ 
with added H 2 S, SO B 3 2 - X 3 r 121/ 
with H 2 S, S H A 2 r - X 2 n 120/ 
O H Α 2 2 - Χ 2 Π 113/ 
S 2 B3Tu-XsTg 166/ 

for SH in a rich H 2 - 0 2 - N 2 flame 119 
for SO 119 

pulse(d) 80 
shape, S O s 119 

radiance, evaluation of 195 
scans of emission in O H in a 

C H 4 - a i r flame 16/ 
signal 61 

detection 133 
intensity 47 
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Fluoranthene, fluorescence spectra for 
(continued) 

signal (continued) 
f o r P C A H 163 
and saturation 151 
vs. I/I, a plot of the C 2 51/ 
vs. laser power 150/ 
vs. Na concentration in a C 2 H 2 -

air aspirating slot burner, 
plot of 53/ 

vs. time, normalized laser pulse .. 147/ 
spectrum (a) 

atmospheric pressure cell 162/ 
in flames with 1% H 2 S , S H 

Α2Χ-Χ2Π 118/ 
for fluoranthene 160 
for H 2 - 0 2 - N 2 flame with 1 % H 2 S 

added, SO B 32~-X 32~ 121/ 
from near-resonant excitatio
for pyrene 160 
sample injected in an ethylene-

air flame 164/ 
spectrum 

of the MgO B ^ A 1 ] ! transition 46/ 
for S 2 B 3 2 ' u - X 3 S " g in a 

H 2 - 0 2 - N 2 flame containing 
1% H 2 S 115/ 

of S H excited at 323.76 mn 114 
for S 0 2 and SO in H 2 - 0 2 - N 2 

flame with 1% H 2 S added.. 120/ 
studies of lithium in fuel-rich 

H 2 - 0 2 - N 2 flames 189-194 
and synthetic emission spectra for a 

C 2 H 2 - 0 2 - N 2 flame, compari
son of S H Α 2 2 + - Χ 2 Π 118/ 

time-resolved A-state 391 
trapping in sodium, comparison of 

Rayleigh and 79/ 
two-line 80 

Formations in flames, modelling 
the data 176 

Forward scatter geometry 445/ 
Four-level molecular model ..145, 146/, 147 
Fourier transforms of the function in 

the two-coordinate systems 427 
Fractional 

distribution of sodium and lithium 
over states in a H 2 - 0 2 - N 2 

flame 193/ 
populations as a function of rota

tional quantum number ....140/, 141/ 
uncertainty in photon flux 72 

Free radicals, rate of methane oxida
tion controlled by 357-363 

Frozen excitation model 145 
Fuel 

-air equivalence ratio, C O partial 
pressure in C H 4 - a i r flat flame 
as a function of 423/ 

Fuel (continued) 
consumption, rate equation for 358 
-lean C H 4 - a i r flame, experimental 

results for 92 
-lean C H 4 - a i r flame, theoretical 

results for 92 
-oxidizer mixture, ignition of 344 
-rich flames, C O in 421 
-rich H 2 - 0 2 - N 2 flames 

chemical model of the sulfur 
chemistry in 119 

equilibrium of H 2 4- O H = 
H 2 0 + H 115/ 

with 1 % H 2 S, equilibration test 
of H 2 + S 0 2 = SO + H 2 0 in .. 127/ 
of S 2 + H 2 = SH + S H i n 126/ 
of SH + O H = SO + H 2 in .... 128/ 
of S 0  + 2 H  = 

saturated-laser fluorescence 
studies of lithium in 189-194 

saturated-laser fluorescence 
studies of sodium in 189-194 

spray combustion 443 
Fundamental processes in combustion 335 

G 

Gas (es) 
C A R S signal generation in 34/ 
evolution 322 
kinetic quench rate 107 
mixture, equations describing pre

mixed, laminar, unbounded 
flame for a multicomponent 
ideal 365 

mixture using an O M A detector and 
a single-laser pulse, broadband 
C A R S spectrum of 34/ 

-phase kinetic mechanisms in the 
combustion of cyclic nitra-
mines 365 

Raman scattering from 247 
temperature, plot of calculated 

C A R S spectra of N 2 as a 
function of bulk 29/ 

temperature and species concentra
tion, spontaneous Raman 
scattering for measuring 255 

using a C W laser, fast turbulent 
mixing in 247-253 

Gasoline powered mercury cougar 
P R O C O 459 

Gaussian laser profile-Voigt atom 
profile 196 

Gedanken flame calculation, space 
and time scales in 337/ 

Gedanken flame experiment 336 
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Geometric complexity associated with 
real systems 334 

Global 
implicit differencing 340 
quenching ionization rates for 

η-manifold states 179 
quenching ionization rates for Na .. 179 
rate constants for 1>2 states 180/ 

Grid, Lagrangian 351 
Grid, triangular 351 
Gridding, adaptive 342 

intermittent 344 
method 343/ 

injected , 347/ 
Ground-state C 2 0 , pseudo-first-order 

disappearance rate constants for 394/ 
Ground-state rotational temperature 

measurement, electronic 89 

H 

H C N + N , formation of 401 
H O + 0 3 -> H 0 2 + 0 2 , rate constant 

for 337/ 
H 2 N + air flame, opto-galvanic signal 

for excitation of sodium 177/ 
Ho-Oo premixed flame, temperature 

analysis plot for rotational 
Raman scattering from Oo in 234/ 

H 2 - 0 2 - A R (see Hydrogen-oxygen-
argon) 

H 2 + S 0 2 = SO + H 2 0 in fuel-rich 
H 2 - 0 2 - N 2 flames with 1% H 2 S , 
equilibration test of 127/ 

Half-cylinder 
instantaneous pressure distributions 

on 353/ 
pressure variations over 350/ 
triangular grid early in a calculation 

of wave flow over 350/ 
Halfwidth (s) 

for the A r - 0 2 - H 2 flames, theoreti
cal and experimental values of 
the fluorescence excitation 
profile 197 

collision 417 
of the fluorescence excitation 

profile 196 
temperature dependence .'. 421 

Heat release during methane oxida
tion, processes governing the 
rate of 357 

Hexafluorobutyne-2 and acetylene, 
photodissociation of 383 

High-intensity limit (saturation) 64 
High-principal quantum numbers 

ionization for 179 
H S T theory of IDLS 452 

Homogeneous flat flame burner, 
C A R S spectrum of N 2 gas in the 
combustion zone of 28/ 

Homogeneously broadened Raman 
transition, resonant susceptibility 
associated with 20 

Hydrocarbon (s) 
-air flames, primary reaction zone 

of atmospheric-pressure 85 
combustion 

development of kinetic models of 85 
systems, kinetics of C H radical 

reactions important to ....397-401 
systems, N O formation in high 

temperature 399 
-fueled 288 

and hydrogen, C2XlXg vs. a3Uu 

reactions with 385 

Hydrodynamics framework, 
Lagrangian 339 

Hydrogen 
-air 

diffusion flame, temperature 
measurements in 286/ 

flame, plots of flame species and 
temperature for 222/ 

turbulent diffusion flame, proba
bility density functions of 
temperature for 219/ 

atom, branching reactions of 358 
C2X1^g* pseudo-first-order decay in 

the presence of excess 384/ 
C 2 A T % + vs. cPllu reactions with 

hydrocarbons and 385 
C A R S spectrum (a) 

vibration-rotation 280 
at 1 % concentration, computed 

temperature sensitivity of 
the C A R S spectrum of 284/ 

air diffusion flame, 0 2 in 290/ 
in a flat H 2 - a i r diffusion flame .. 285/ 

combustion 280 
concentration, discrepancy between 

predicted and measured 97 
concentration in N 2 gas, plot of 

C A R S signal 25/ 
-oxygen-argon ( H 2 - 0 2 - A R ) 183 

flame, one-photon absorption 
in 183-187 

flame, two-photon absorption 
in 183-187 

and 0 2 , C A R S measurements of 
temperature from 280 

+ O H = H 2 0 + H in fuel-rich 
H 2 - 0 2 - N 2 flames, equilibrium 
test of 115/ 
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Hydrogen (continued) 
-oxygen-nitrogen ( H 2 - 0 2 - N 2 ) 

flame(s) 103 
containing 1 % H 2 S, fluorescence 

spectrum for S2BU
8-X%" .. 115/ 

fluorescence profiles in 
with added H 2 S, S 0 2 Έ ο - ^ . . 122/ 
with added H 2 S, SO 

B32-X32" 121/ 
with H 2 S, SH Α 2 2 Τ - Χ 2 Π 120/ 
O H A2r-X2n 113/ 

fractional distribution of sodium 
and lithium over states in .... 193/ 

in fuel rich 
chemical model of the sulfur 

chemistry 119 
equilibrium test of H 2 + O H = 

H 2 0 + H 115/ 
fluorescence profiles for
with 1 % HoS, equilibrium test 

of H 2 + S 0 2 = SO + H 2 0 .. 127/ 
o f S 2 + H<> = SH + SH 126/ 
SH + O H = SO + H 2 128/ 
of S 0 2 = 2 H 2 = 

SH + O H + H 2 0 129/ 
premixed 103 

with 1 % H 2 S, added, SO 
B32~-X32~ fluorescence 
spectrum for 121/ 

with 1 % H 2 S, concentration 
profiles in 123/ 

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 110/ 
profiles for a C H 4 - a i r flame 96/ 
sodium line-reversal temperature 

profile measurements were for 109 
Hydroxy 

concentrations 
L I F and 89 
as measured by L I F 99/ 
profile for a stoichiometric 

C H 4 - a i r flame 98 
radical (OH") 12, 67, 137, 145-151 
A22+, quenching rates of I l l 
A*T -X 2n in a C 2 H 2 - 0 2 N 2 flame, 

laser excitation spectra for.. 112/ 
Α 2 2 + - Χ 2 Π fluorescence profiles 

in a H 2 - 0 2 - N 2 flame 113/ 
in a C H 4 - a i r flame, fluorescence 

scans of emission in 16/ 
in C H 4 - a i r flame, rotationally re

solved fluorescent emission 
in 15/ 

Hydroxy (continued) 
radical (OH") (continued) 

collisional redistribution of 
excited-state population fol
lowing laser excitation of .... 13 

concentration measurement 133 
concentration and temperature in 

the flame recombination 
zone, measurement of 98 

energy-level diagram—electronic 
and vibrational structure .... 68/ 

energy-level diagram—rotational 
structure 68/ 

excited-state population dis
tribution for 70/ 

in flames, LIFS applied to 131-136 
in flames, studies of L I F on 13 
L I F in 12 

molecule, diagram of the energy 
levels for 90/ 

profile through the low-pressure 
flat flame 135/ 

radical balance reaction I l l 
temperatures, L I F and 89 

I 

I i 
extracavity absorption coefficient of 452 
fluorescence 168 
for L I F studies, advantages in using 168 
pressure, fluorescence as a function 

of 452 
vapor, He gas with 169 

Ιο (B-X), visible fluorescence from .. 171/ 
IDLS (see Intracavity dye laser 

spectroscopy) 
Ignition of a fuel-Oxidizer mixture .... 344 
Induced emission process 62 
Induction parameter 346 
Induction period of methane oxidation 357 
Industrial furnace, optical arrange

ment for droplet size measure
ment in 447/ 

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 371/ 
calculated temperature profiles 

for unity 372/ 
Input coefficients, ratio of the 

values of 371/ 
Input coefficients, Warnatz' 366 

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



478 LASER PROBES FOR COMBUSTION CHEMISTRY 

Instantaneous pressure distributions 
on a half-cyclinder 353/ 

Instantaneous time concentration 
profiles 433 

Integration method, selected 
asymptotic 341 

Intensity 
fluorescence 190 
limit, low- 64 
limit (saturation), high- 64 
ratio of anti-Stokes to Stokes 

vibrational Raman scattering .. 262/ 
Internal quantum states, measure

ments on 4 
Intracavity 

enhancement 452 
laser 438 
dye laser spectroscopy (IDLS) 451 

B P theory of 45
continuous-wave (CWIDLS)..451-45
experimental arrangement 451 
H S T theory of 452 

Inverse laser intensity, ratio of popu
lations as a function of 142/ 

Inverse Raman spectroscopy (1RS) .. 319 
flashed-cyclohexane solutions 322 
and RIKES spectra, apparatus used 

to obtain 321/ 
Ionization 

of alkali metals in flames 175 
collisional 175 

on of sodium atoms 183-187 
for high-principal quantum 

numbers 179 
laser-enhanced 187 

in flame diagnostics, applications 
of 187 

laser-induced 192 
rate(s) 

for η-manifold states 179 
constant, state-specific 176 
for Ai-manifold states, global 

quenching 179 
for Na, global quenching 179 

signals of sodium atoms 183 
signal vs. laser power, log-log 

plot of 187 
Irradiation, laser 147 
1RS (see Inverse Raman spectroscopy) 
Isothermal Rayleigh scattering 435 

Jet diffusion flame, temperature profile 
in turbulent 440/ 

R M S 440/ 

Κ 

Κι vs. pressure for 0 > ( Χ % + + H 2 , 
plot of 384/ 

coefficients 367 
mechanisms in the combustion of 

cyclic nitramines, gas-phase .... 365 
model, reaction trajectories calcu

lated using a detailed 362/ 
models of hydrocarbon combustion, 

development of 85 
Kinetics of C H radical reactions im

portant to Hydrocarbon com
bustion systems 397-401 

modelling and 9 

L 

hydrodynamics framework 339 
pathlines at various stages of a 

Rayleigh-Taylor collapse 353/ 
Laminar 

microscopic flow equations 339 
premixed 

C H 4 - a i r flames, species profiles 
for 86 

C H 4 - a i r flames, laser probes 
of 85-101 

CH 4-flames, temperature profiles 
for 86 

steady-state flames, detailed 
modelling of 365-372 

unbounded flame for a multicom-
ponent ideal gas mixture, 
equations describing 365 

propane diffusion flame, radial 
temperature profiles in 279/ 

Laser(s) 
absorption 7 

spectroscopy of combustion gases 
using a tunable IR 413-425 

spectroscopy, optical arrange
ment for tunable diode 414/ 

applications as a combustion 
diagnostic 19 

A r + 168 
chemistry and combustion 3-17 
combustion probes 4 

energy-level diagrams for 
spectroscopic 5/ 

and computer system control flow 
chart 241/ 

as diagnostic instruments 19 
diagnostics for practical combustor 

probing spatially precise ....275-299 
Doppler velocimeter, dual-beam .... 443 
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Laser(s) (continued) 
Doppler velocimetry 207 
dye 176 
flashlamp-pumped tunable 

(Chromatrix C M X - 4 ) 104 
laser-pumped 293 
N d : Y A G pumped 41, 145 

molectron 148 
system for nitric oxide fluoresc

ence measurements in 
C H 4 + 0 2 + N 2 flame.,154/, 155/ 

tunable 103,160 
-enhanced ionization 187 

in flame diagnostics, applications 
of 187 

excitation 
scan of a H 2 - 0 2 - N 2 flame 114 
spectrum (a) 

in flames with 1 % H 2 S
S H Α 2 2 + - Χ 2 Π 117/ 

for nitric oxide in 
C H 4 + 0 2 + N 2 flame .... 157/ 

for nitric oxide in N 2 156/ 
for O H Α 2 2 + - Χ 2 Π in a 

C 2 H 2 - 0 2 - N 2 flame 112/ 
source 62 
to the Na(2P3/2), quenching 

processes for saturated 191/ 
to the N a ( 2 P 3 / 2 ) , radiative 

processes for saturated 191/ 
of O H , collisional redistribution 

of excited-state population 
following 13 

excited 
C N fluorescence intensity with 

laser spectral irradiance in 
a nitrous oxide-acetylene 
slot torch 297/ 

fluorescence 
flame temperatures density 

profiles of 199 
plasma temperatures density 

profiles of 199-203 
spectrum in a nitrous oxide-

acetylene slot torch, com
parison of C N flame 
emission and 296/ 

spectrum in an oxy-acetylene 
slot torch, comparison of 
C H flame emission and .. 294/ 

level, steady-state rate equation 
for 69 

N O fluorescence spectrum in an 
NO-doped methane-air 
premixed flat flame 297/ 

state, collisional quenching of .... 89 
flame measurements, species 

amendable to 56/ 

Laser(s) (continued) 
flashlamp-pumped tunable dye 183 
flowing chemical 167 
fluorescence 

excitation in O H , multilevel 
model of response to 137-144 

exciting and detecting wave
lengths 108* 

measurements in flames, optical 
system for 110/ 

saturated 189 
advantages of 292 
C A R S vs 271 
studies of lithium in fuel-rich 

H 2 - O s - N 2 flames 189-194 
studies of sodium in fuel-rich in 

H 2 - 0 2 - N 2 flames 189-194 
theory of 292 

-induced fluorescence (LIF) ..6,167, 389 
combustion intermediates 

detected by 12* 
excitation spectrum of the C 2 

Swan band system in an 
acetylene-air flame 43/ 

excitation spectrum of 
C 2 0 ( ^ 3 n r - Z 3 r ) 392/ 

and hydroxyl concentration(s) .. 89 
as measured by 99/ 

and hydroxyl temperatures 89 
instrumentation 161/ 
intensity per transition strength 

vs. energy of initial rota
tional state, plot of 91/ 

measurements, problems 131 
in O H 12 
on O H in flames, studies of 13 
optical saturation in 137 
of PC A H in a flame 159-164 
signals from flame species, 

experimental arrangement 
used to measure 42/ 

signals, quantitative interpreta
tion of 6 

spectroscopy (LIFS) 61 
from atomic to molecular sys

tems, extension of 
saturation 40 

and concentration measure
ments 80 

detectability interferences 72 
detectability limits of 71 
and excitation dynamics 80 
in flames 61-80 

applied to O H 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 77 

saturated 19, 36 
signal, theoretical considera

tions of 62 
and temperature measure

ments 80 
spectrum of the Α 2 Δ <—> X V 

transition of the ground-
state C H radicals 400/ 

studies, advantages in using I 2 .... 168 
for studying the chemistry of 

sulfur 103 
as tool for the study of flame 

chemistry 103-12
-induced ionization 19
intensity 137 

becomes large, populations as .... 139 
ratio of populations as a function 

of inverse 142/ 
interferometry, droplet-size 

measurements in reacting 
flows 443-449 

intracavity 438 
irradiation 147 
light-scattering techniques for 

measuring flame gas properties 207 
multipass cell for pulsed Raman 

scattering diagnostics, 
N d : Y A G 255-258 

output power, spectrophone 
response as a function of 460/ 

phase-R corporation DL-1400 
flashlamp-pumped tunable 160 

power, fluorescence signal vs 150/ 
power, log-log plot of ionization 

signal vs 187 
probe (s) 

for combustion applications 19 
methods, energy-level diagrams 

for 4 
of premixed laminar C H 4 -

air flames 85-101 
purpose of 3 
results 11 

pulse (s) 
energy 160 
fluorescence signal vs. time, 

normalized 147/ 
low-pressure flames and short-

duration 131 
pumped dye lasers 293 
Q-switched neodymium 295 
Raman spectroscopy, species pro

files obtained by 89 

Laser(s) (continued) 
Raman technique vs. C W laser tech

nique for pdf measurements, 
pulsed 253 

resonance absorption 
apparatus, C O 404/ 
studies of C H 2 radical reactions, 

C O 403-409 
studies of 0 ( 3 P ) 1-alkynes 

reactions, C O 403-409 
scattering apparatus 437/ 
spectral bandwith via different 

methods, comparison between 
the values of 198 

spectral irradiance in a nitrous 
oxide-acetylene slot torch 297/ 

spectroscopic probe methods 4 
experimental setups for 8/ 

ing fluctuation measurement 
capabilities for 211 

studies of the kinetics of, 
C 2 0 ( ^ 3 n i a n d Z 3 2 " ) , 
pulsed 389-396 

technique for pdf measurements, 
pulsed laser Raman technique 
vs. C W 253 

velocimetry and Raman scattering 
diagnostics optical layout for.. 245/ 

L D V optics, geometry of the dual-
beam 445/ 

L E D (see Light emitting diode) 
Level populations of a four-level 

molecular model, for 147 
Level 1 to 2 steady-state rate equa

tions, for excitation from 65 
L I F (see Laser-induced fluorescence) 
LIFS (see Laser-induced 

fluorescence spectroscopy) 
Lifetimes for 0 > 0 ( Λ 3 Π ί ) , radiative .. 395 
Lifetime and quenching data, C 2 0 .... 395 
Light 

absorption by particles, measure
ment of 457 

absorption by soot, measurement of 457 
emitting diode ( L E D ) 250,251/ 

output, quasi-sinusoidal 250 
source, experimental results from 252/ 

extinction spectrum, normalized .... 458 
-scattering 

inelastic 209 
information from molecular .... 208 
space-resolved measurements 

from 210 
time-resolved measurements 

from 210 
information from elastic 

molecular 208 
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Light (continued) 
-scattering (continued) 

probes 207 
properties and particulate mass 

concentrations 457 
Line 

analysis, Voigt 176 
intensity 415 
reversal temperature profiles in 

H 2 - 0 2 - N 2 flame, sodium 110/ 
reversal temperature profile 

measurements were made for 
H 2 - O 2 - N 2 , sodium 109 

source, Lorentzian atom profile 195 
strength 415 

correction factors for pure rota
tional Raman scattering, 
rotational-vibrational 233/ 

Linear absorption 
coefficient 42
values for a six-angle case, 

reconstructed 430 
values for a twelve-angle case, 

reconstructed 430 
Linear two-line methods 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 193/ 
flame distribution 189 
in fuel-rich H 2 - 0 2 - N 2 flames, satu

rated laser fluorescene studies 
of 189-194 

over states in a H 2 - 0 2 - N 2 flame, 
fractional distribution of 
sodium and 193/ 

-scattering techniques for measur
ing flame gas properties, laser 207 

Lorentzian 
atom profile, line source 195 
broadened absorption line profile 196 
dispersion function 195 

Low-intensity limit 64 
Low-pressure flame(s) 

quenching studies in 133 
and short-duration laser pulses 131 
flat, O H profile through 135/ 

L V data, acquisition, optical 
layout for 220 

L V - R a m a n scattering timing 
sequence 243/ 

M 
Macroscopic flow equations, laminar .. 339 
Magnesium oxide 

B 1 + A*II transition, fluorescence 
excitation spectrum of 46/ 

Magnesium oxide (continued) 
B 1 + — X 1 + transition in an 

C 2 H 2 - a i r aspirating slot 
burner, fluorescence excitation 
spectrum of 45/ 

energy level diagram for 41 
w-Manifold states 176 

global quenching ionization rates 
for 179 

overall ionization rates 179 
Mean quenching rate 132 
Mercedes diesel 459 

spectrophone response to exhaust 
particulate from a cougar 
P R O C O and 461/ 

Mercury cougar P R O C O , gasoline 
powered 459 

Methane 
-air 

flame(s) 
C A R S spectrum of H 2 0 in .... 287/ 

premixed 3Of 
C H 4 profiles for 94/ 
C O profiles for 96/ 
C 0 2 profiles for 94/ 
concentration profiles from .... 387/ 
experimental results for a 

fuel-lean 92 
flat 

C A R S spectra in the region 
of the C O Q-branch 
from 39/ 

as a function of fuel-air 
equivalence ratio, C O 
partial pressure in 423/ 

as a function of rotational 
quantum number CO 
collision half width in .. 424/ 

premixed, laser-excited NO 
fluorescence spectrum 
in 297/ 

Voigt fit to absorption line 
profile for XO in 422/ 

fluorescence scans of emission 
in OH in 16/ 

H 2 profiles for 96/ 
H 2 0 profiles for 95/ 
H 2 0 spectra for a premixed .... 27 
hydroxyl concentration profile 

for a stoichiometric 98 
laser probes of premixed 

laminar 85-101 
NO concentration profiles 376/ 
Oo profiles for 95/ 
OH in 13 
postulated mechanism for 87* 
radiative trapping of sodium in 76/ 
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Methane (continued) 
-a ir (continued) 

rate constant measurement in .. 375 
rotationally resolved fluores

cent emission in O H , in .. 15/ 
species profiles for premixed, 

laminar 86 
temperature profiles for 94/, 95/, 96/ 

premixed, laminar 86 
theoretical results for a fuel-

lean 92 
-argon asymmetrical diffusion jet .. 428 
jet 

cross section for six-angle case, 
reconstruction of 432/ 

cross section for twelve-angle 
case, reconstruction of 431/ 

diffusion, multiangular absorp
tion measurements in

experiment, apparatus for 429/ 
in a mixed gas system, single-pulse 

measurements made for 27 
- 0 2 flame species concentrations 

and temperature, comparison 
of 93/ 

oxidation 
controlled by free radicals, 

rate of 357-363 
induction period of 357 
processes governing the rate of 

heat release during 357 
profiles for C H 4 - a i r flame 94/ 
single-pulse measurements for 27 
using O M A detection and a single-

laser pulse, broad-band C A R S 
spectrum of 32/ 

C H 4 + 0 2 + N 2 flame 153 
dye laser system for nitric oxide 

fluorescence measurements 
in 154/, 155/ 

laser excitation spectrum for nitric 
oxide 157/ 

Microdensitometer trace(s) 
of 1RS and O H D - R I K E S spectra 

of cyclohexane solutions 326/ 
of the O H D - R I K E S single-pulse 

spectra of solutions of benzene 323/ 
of RIKES spectra of solutions of 

cyclohexane in CC1 4 321/ 
of spectra from solutions of 

cyclohexane 325/ 
of spectra from solutions of cyclo

hexane in CC1 4 324/ 
Mie scattering 73 

from particles 438 
Mixing in gases using a C W laser, 

fast turbulent 247-253 
Mode competition, effect of 452 

Model(s) 
for atomic systems, two-level 40, 47 
phenomenological 331 
three-dimensional 334 
two-dimensional 334 
verification 11 

Modeled C A R S spectra for N 2 in a 
flame as a function of the bulk 
gas temperature 27 

Modelling 
asymptotic approach to 340 
combustion systems 332 
the data formations in flames 176 
detailed 

of combustion 331-354 
purpose of 333 
physical complexity of 335 

and kinetics 9 

phenomena 339 
problems in reactive flows 333 

Molectron Nd : Y A G pumped dye laser 148 
Molecular 

input parameters 3 
light scattering, information from 

elastic 208 
light scattering, information from 

inelastic 208 
model 145, 146/ 

for the level populations of 147 
scattering processes, primary 214 
species, saturation in 77 
species, spatial density profiles 

of 201 
systems, extension of saturation 

spectroscopy from atomic to .. 40 
systems, LIFS and 67 

Molecule concentration, radiation 
intensity and 4 

Molecule spectrum, diatomic larger .... 81 
Mollow's theory 77 
Multiangular absorption measure

ments in a methane diffusion 
jet 427-433 

Multifluid conservation equations 331 
Multilevel model of response to laser 

fluorescence excitation in O H 137-144 
Multipass cell(s) 438 

for enhancement of C W Raman 
scattering, optical 255 

experiment, far field isolator and 
pulsed 256/ 

nitrogen Stokes vibrational Raman 
signal from pulsed 257/ 

performance of pulsed 258 
Multiphoton 

excitation of fluorescence 9 
U V excimer laser photolysis, (a?nu) 

produced by 381-387 
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Multiphonon (continued) 
U V excimer laser photolysis, 

C2(X%+) produced by 381-387 
UV-photolysis-laser fluorescence 

detection system 382/ 
Multiple space scales 334 
Multiple time scales 333 

Ν 
N 2 - i at 2000 Κ, calculated band pro

files of Stokes vibrational Raman 
scattering from 236/ 

N H in a N H 3 - 0 2 flame, excitation 
scan of 10/ 

N H 3 - 0 2 flame, excitation scan of 
N H in 10/ 

N d : Y A G (see Neodymium-doped 
yttrium aluminum garnet) 

Near-resonant 
excitation, fluorescence spectru

from 78/ 
excitation of sodium, LIFS for 77 
Rayleigh scattering 75 

Neodymium-doped yttrium aluminum 
garnet (Nd :YAG) 86, 295 

laser multipass cell for pulsed 
Raman scattering 
diagnostics 255-258 

pumped dye laser(s) 41, 145 
molectron 148 

Neodymium laser, Q-switched 295 
Nitramines, gas-phase kinetic mecha

nisms in the combustion of cyclic 365 
Nitric oxide (NO) 153-158 

-acetylene slot torch, comparison of 
C N flame emission and laser-
excited fluorescence spectrum 
in 296/ 

concentration profiles 375 
from C H 4 - a i r flame 376/ 

detection in flames by laser 
fluorescence 153 

-doped C H 4 - a i r premixed flat flame, 
laser-excited N O fluorescence 
spectrum in 297/ 

excitation spectra for 153 
flame fluorescence measurements, 

experimental system for 153 
flat flame burner experiments meas

uring C O and 418 
fluorescence excitation in 298 
fluorescence spectrum in an N O -

doped C H 4 - a i r premixed flat 
flame, laser-excited 297/ 

formation 377 
in high temperature hydrocarbon 

combustion systems 399 
laser-fluorescence techniques for .... 153 
in N 2 , laser excitation spectrum for 156/ 

Nitrogen (N 2) 
analysis of the anti-Stokes-to-Stokes 

intensity ratio from 260 
B O X C A R S spectrum of 277/ 

in a sooting flame 37/ 
C A R S spectrum(a) 

comparison of single-pulse and 
averaged 278/, 282/ 

in a flame as a function of the 
bulk gas temperature, 
modelled 27 

as a function of bulk gas tem
perature plot of calculated .. 29/ 

gas in the combustion zone of a 
homogeneous flat flame 
burner 28/ 

probed within the homogeneous 
region of a flat flame 

spatial variation of temperature 
from averaged 281/ 

C A R S , time averaged 304 
concentration vs. temperature in 

H 2 - a i r turbulent diffusion 
flame 224/, 225/, 226/, 227/ 

density 
in a combusting stratified charge 

engine 259 
fluctuations 264 
measurements in a turbulent 

flow, Stokes 259 
vs. crank angle of the combus

tion chamber 264 
on exit plane of combustor, time-

averaged spectrum of 317/ 
at 1700 Κ onto measured spectra, 

overlay of computer-generated 
spectrum of 305/ 

laser excitation spectrum for nitric 
oxide in 156/ 

number density 
one standard deviation of 

fluctuations in 265/ 
near time of flame arrival, pdf s 

of 266/ 
vs. crank angle, relative mean .... 265/ 

Q-branch spectra of 304 
Raman and Rayleigh scattering 

from 216/ 
relative Stokes vibrational Raman 

intensity for 261/ 
rotational Raman spectra 232 
spectrum recorded on O M A during 

combustion, single-pulse 305/ 
Stokes-anti-Stokes intensity ratio .... 220 
Stokes vibrational Raman signal 

from pulsed multipass cell 257/ 
temperature measurements from .... 276 
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Nitrogen (N 2) (continued) 
temperatures in primary reaction 

zone and recombination 
regions, comparison of O H and 100/ 

thermometry 276 
accuracy of C A R S 276 

N O (see Nitric oxide) 
Normalized laser pulse, fluorescence 

signal vs. time 147/ 
Normalized light extinction spectrum 458 
Non-adiabatic quenching process, 

physical 190 
Noncolinear beam phase-matching 

techniques 33 
Nonlinear Raman techniques to a 

liquid photolytic reaction, appli
cation of single-pulse 319-327 

Nonlinear time-dependent slow flow 
equations 34

Nonresonant C A R S signals 7 
Number density of any rotational 

state, steady-state rate equation 
for 67 

Ο 

Ο + C 2 H 2 reaction 405 
Ο + N 2 reaction rate 375-380 

constant 375 
Ο + N 2 -> N O + N , rate constants 

for 379/ 
O H " (see Hydroxyl radical) 
0( 3P) 

1-alkynes 
absolute rate constants for C O 

production at 300 Κ for 408 
average C O vibrational energies 

for C O production at 300 Κ 
for 408 

reactions, C O laser resonance 
absorptions studies of ....403-409 

atoms, R C H diradicals formed in 
series of 1-alkyne reactions 
with 405 

reactions of C H 2 with 406 
0( 3P) + C H 2 , vibrational energy 

distributions of the C O formed in 407/ 
0( 3P) + C 2 H 2 reactions, vibrational 

energy distributions of the C O 
formed in 404/ 

0( 3P) + C 4 H 9 C 2 H reactions, vibra
tional energy distributions of the 
C O formed in 404/ 

Office National d'Etudes et de 
Recherches Aérospatiales 
(ONERA) 311-318 

C A R S diagnostics of reactive 
media at 311-318 

C A R S research effort at 311 

O H D - R I K E S (see Optical heterodyne 
detection of the RIKES signal) 

O M A (see Optical multichannel 
analyzer) 

One-photon absorption in a hydrogen-
oxygen-argon flame 183-187 

One-photon transition(s) 187 
of sodium 184 

O N E R A (see Office National d'Etudes 
et de Recherches Aérospatiales) 

Optical 
arrangement for droplet-size meas

urement in an industrial 
furnace 447/ 

arrangement for tunable diode laser 
absorption spectroscopy 414/ 

data acquisition system for vibra
tional Raman scattering tem

heterodyne detection of the RIKES 
signal (OHD-RIKES) 322 

single-pulse spectra of solutions 
of benzene, microdensi-
tometer traces of 323/ 

spectra of cyclohexane solutions, 
microdensitometer traces of 
1RS and 326/ 

layout for laser velocimetry data 
acquisition 220 

layout for laser velocimetry and 
Raman scattering diagnostics .. 245/ 

multichannel analyzer (OMA) ....276, 304 
detector and a single-laser pulse, 

broad-band C A R S spectrum 
of a gas mixture using 34/ 

during combustion, single-pulse 
N 2 spectrum recorded on .... 305/ 

multipass cells for enhancement of 
C W Raman scattering 255 

saturation in L I F 137 
system 

fluorescence power of 61 
for laser fluorescence measure

ments in flames 110/ 
single-beam 413 

transition rates calculation of 179 
Optogalvanic signal for excitation of 

sodium in a H 2 - a i r flame 177/ 
Optogalvanic spectroscopy 7, 175 
Overall ionization rates for η-mani

fold states 179 
Oxide-acetylene slot torch, compari

son of C N flame emission and 
laser-excited fluorescence 
spectrum in a nitrous 296/ 

Oxide-acetylene slot torch, variation 
of laser-excited C N fluorescence 
intensity with laser spectral 
irradiance in a nitrous 297/ 
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Oxy-acetylene slot torch, comparison 
of C H flame emission and laser-
excited fluorescence spectrum 
in 294/ 

Oxygen 
C 2 A r l V vs. α 3ΠΜ reactions with 387 
C A R S measurements of tempera

ture from H 2 and 280 
C A R S spectrum(s) of 

at one atmosphere pressure, a 
rotational 39/ 

in H 2 - a i r diffusion flame 290/ 
at 2000 Κ 289/ 

in an H 2 - 0 2 premixed flame, tem
perature analysis plot for rota
tional Raman scattering from .. 234/ 

jet, Raman scattering from 250 
profiles for a C H 4 - a i r flame 95/ 
profiles for unity initial ozone

fraction, calculated atomic 371/ 
Q-branch spectra of 304 
reactions of C H 2 with 406 
rotational Raman spectra 232 

Ozone 
decomposition reaction, tempera

ture data for 370 
mole fraction 

calculated atomic oxygen profiles 
for unity initial 371/ 

calculated temperature profiles 
for unity initial 372/ 

comparison of burning velocities 
over a range of 369/ 

computed profiles for unity initial 369/ 
initial 366 

results for 365-372 

Ρ 

Padley-Sugden burner 103 
sectional sketch of 105/ 

Pair population, depletion of 139 
Pair population, repletion of 139 
Particle(s) 

concentration, maximum 444 
mass concentrations, light-scatter

ing properties and 457 
measurement of light absorption by 457 
number concentration 444 
sizing measurements in water sprays 444 

P C A H (see Polycyclic aromatic 
hydrocarbons) 

P D E C O L 366 
Pdf s (see Probability density 

functions) 
Peak detection, saturation method 

with 200 

Phase 
-matching 

diagrams for C A R S signal 
generation 21/ 

diagram for three-wave mixing .. 273 
techniques, noncolinear beam .... 33 

-R corporation DL-1400 flashlamp-
pumped tunable dye laser 160 

Phenomenological models 331 
Photoacoustic 

effect 457 
as a soot monitor, validation of .. 458 

spectroscopy to characterize and 
monitor soot in combustion 
processes 457-462 

spectrum of airborne soot generated 
from a propane-0 2 flame 460/ 

spectrum of the propane-generated 

Photodissociation of hexafluoro-
butyne-2 and acetylene 383 

Photolysis, (α3ΠΜ) produced by multi-
photon U V excimer laser 381-387 

Photolysis, C 2 (A r l 2 / ) produced by 
multiphoton U V excimer laser 381-387 

Photolytic reaction, application of 
single-pulse nonlinear Raman 
techniques to a liquid 319-327 

Photomultiplier tube (PMT) 259 
Photon(s) 

absorption 62, 175 
count 72 

distribution(s) 247 
using a L E D source, detection 

of 251/ 
fluorescence 132 
flux (PP) 71 

fractional uncertainty 72 
Physical 

complexity of detailed modelling .... 335 
non-adiabatic quenching process .... 190 
quenching cycle, dynamic 

excitation- 190 
Plasmas fluorescence excitation pro

files, saturation broadening in 195-198 
Plasma temperatures density profiles 

laser-excited fluorescence 199-203 
P M T (see Photomultiplier tube) 
Poisson statistics 72 
Polar coordinates, projection 429/ 
Polarization of a medium 319 
Polarization-sensitive C A R S 288 
Polycyclic aromatic hydrocarbons 

(PCAH) 159-164 
in combustion systems 159 
in a flame, L I F 159-164 
fluorescence signal for 163 
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Population(s) 
depletion of the pair 139 
distribution(s) 4 

for O H , excited-state 70/ 
rotational 139 

dummy-level 144 
of an excited atomic state by 

LIFS, measuring 81 
excited vibrational level 131 
as laser intensity becomes large 139 
as a function 

of inverse laser intensity, ratio of 142/ 
of rotational quantum number, 

fractional 140/, 141/ 
of transfer cross section, dummy-

level 143/ 
ratio, quasi-equilibrium 65 
repletion of 139 

Premixed flames 
laboratory, determination of 

temperatures in 231 
full-rich H 2 - 0 2 - N 2 103 
laminar 

C H 4 - a i r , laser probes of 85-101 
C H 4 - a i r species profiles for 86 
C H 4 - a i r , temperature profiles for 86 
steady-state, detailed 

modelling of 365-372 
unbounded for multicomponent 

ideal gas mixture, equations 
describing 365 

Pressure 
distributions of a half-cylinder 

instantaneous 353/ 
effect on the rate of the C H + N 2 

reaction at room temperature .. 400/ 
forces on a half-cylinder, model 

calculation of wave-induced .... 348 
-jet nozzle, experimental results with 444 
regions of the long components 391 
variations over a half-cylinder 350/ 

Primary 
molecular scattering processes 214 
reaction zone of atmospheric-pres

sure hydrocarbon-air flames .. 85 
reaction zone and recombination 

regions, comparison of O H 
and N 2 temperatures in 100/ 

Probability density function(s) (pdf) .. 209, 
221/, 242 

basic quantities in analyses of C W 
laser scattering for 248 

calculation .247,249 
data obtained with the Raman 

Stokes-anti-Stokes technique, 
accuracy of temperature 220 

data, recent results for 217 

Probability density function(s) (pdf) 
(continued) 

measurements, pulsed-laser Raman 
technique vs. C W laser tech
nique for 253 

of nitrogen number density near 
time of flame arrival 266/ 

for temperature X velocity for 
turbulent diffusion flame ..221/, 243/ 

Product channels for C 2 + 0 2 386 
Profiles 

of laser-excited fluorescence, flame 
temperatures density 199-203 

of laser-excited fluorescence, plasma 
temperatures density 199-203 

for SO, fluorescence 119 
Projection in polar coordinates 429/ 
Propane 

profiles in a laminar 279/ 
-generated soot, airborne 459 
-generated soot, photoacoustic 

spectrum of 458 
- 0 2 flame, photoacoustic spectrum 

of airborne soot generated 
from 460/ 

Pseudo-first-order disappearance rate 
constants for ground-state C 2 0 .. 394/ 

Pulse count distribution 250 
Pulse shape, S 0 2 fluorescence 119 
Pulsed 

fluorescence 80 
-laser Raman technique vs. C W 

laser technique for pdf 
measurements 253 

-laser studies of the kinetics of 
C20(A3Ui and ΛΓ3^") 389-396 

multipass cell 
experiment, far field isolator and 

532 nm 256/ 
nitrogen Stokes vibrational 

Raman signal from 257/ 
performance of 258 

Raman-scattering diagnostics, N d : 
Y A G laser multipass cell 
for 255-258 

Pumped tunable dye laser flashlamp 
(Chromatix CMX-4) 104 

Pumping pulse in electronic states, 
rotational relaxation during 40 

Pumping, saturation method for 
sequential 200 

Pyrene, fluorescence spectra for 160 

Q 
Q-branch(es) 214 

from a C H 4 - a i r flat flame C A R S 
spectra in the region of C O .... 39/ 
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Q-branch(es) (continued) 
spectra of N 2 304 
spectra of 0 2 304 
transitions 235 

Q-switched neodymium laser 295 
Quantel CARS spectrometer in com-

bustor facility 316/ 
Quantum dependence of the CO colli

sion halfwidth in combustion 
gases on the vibrational and 
rotational 421 

Quantum number(s) 
CO collision halfwidth in CH 4-air 

flat flame as a function of 
rotational 424/ 

fractional populations as a function 
of rotational 140/, 141/ 

ionization for high-principal
Quasi-equilibrium ratio 14

population 6
Quasi-equilibrium 

radical concentration 359 
Quasi-sinusoidal L ED output 250 
Quench 

rate, kinetic 107 
summation term 107 
term expanded 107 

Quenching 63, 176 
A3Ili state long-decay component, 

Stern-Volmer plot for 394/ 
C2a3n„ reaction vs 385 
data, C 2 0 lifetime and 395 
collisional 

of the laser-excited state 89 
rates 6 
by rotational relaxation 107 
by vibrational relaxation 107 

of the excited-state level, electronic 40 
ionization rates for Na, global 179 
process for saturated laser excita

tion to the Na( 2P 3 / 2) 191/ 
rate 

constants 
for CoOC^IIi) 395 

fluorescence lifetimes 389 
long-component 391 

mean 132 
o f O H A 2 r I l l 
vs. flame pressure 134/ 

studies in low-pressure flames 133 
term in the fluorescence efficiency .. 106 

Raman 
effect, fundamentals of 212 
experiment, experimental arrange

ments of time-resolved 263/ 

Raman (continued) 
-induced Kerr effect spectroscopy 

(RIKES) 319 
spectra 320 

apparatus used to obtain 1RS 
and 321/ 

of solutions of cyclohexane in 
CC14, microdensitometer 
traces of 321/ 

intensity for nitrogen, relative 
Stokes 261/ 

and Rayleigh scattering from 
N 2 216/ 

scattering 6 
diagnostics 212 

Nd: Y A G multipass cell for 
pulsed 255-258 

 diagnosti
from the gas 247 
measurements of combustion 

properties 207-228 
measurement, geometry for 

typical 216/ 
optical multipass for enhance

ment of CW 255 
from oxygen jet 250 
properties of 214 
rotational 231 

rotational-vibrational line 
strength correction 
factors for pure 233/ 

spontaneous (SRS) 6 
disadvantage of 271 
for measuring gas temperature 

and species 
concentration 255 

timing sequence 243/ 
vibrational 

data, temperature-velocity 
correlation measurements 
for turbulent diffusion 
flames from 239-246 

from diatomic molecules 235 
fluctuation measurement capa

bilities for laser source 
characteristics, compari
son of 211 

intensity ratio of anti-Stokes-
to-Stokes 262/ 

methods for density measure
ment 209 

from N 2 - i at 2000 K, calcu
lated band profiles of 
Stokes 236/ 

spontaneous 259 
temperature from rotational 

and 231-237 
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Raman (continued) 
scattering (continued) 

vibrational (continued) 
signal from pulsed multipass cell, 

nitrogen Stokes vibrational.. 257/ 
spectra, N 2 rotational 232 

spectroscopy 
anti-Stokes 19 
coherent anti-Stokes (CARS) 20 
species profiles obtained by laser 89 
in a stratified charge engine, 

time-resolved 259-267 
Stokes-anti-Stokes technique, 

accuracy of the temperature 
pdf data obtained with 220 

technique vs. C W laser technique 
for pdf measurements, pulsed-
laser 253 

techniques to a liquid photolyti
reaction, application of
pulse nonlinear 319-327 

Radiance, evaluation of the 
fluorescence 195 

Radial 
profiles, X 308/ 
profiles, Y 307/ 
temperature profiles in a laminar 

propane diffusion flame 279/ 
Radiation-corrected thermocouple-

derived temperature profiles, 
comparison of the C A R S and .... 304 

Radiation intensity and molecule 
concentration 4 

Radiative 
lifetimes for C 20(^ 3n () 395 
processes for saturated-laser excita

tion to the Na( 2 P 3 / 2 ) 191/ 
trapping 73,74/ 

of sodium in C H 4 - a i r flame 76/ 
Radical 

balance process, equilibration of .... 124 
chain branching reactions 124 
concentration, quasi-equilibrium .... 359 

Radioactive trapping effect for sodium 75 
Rate 

coefficient, expressions for 372/ 
constant(s) 

for CoOO^ITi), quenching 395 
fluorescence lifetimes and 389 

for C H radical reactions at room 
temperatures 399 

for C O production at 300 Κ for 
0( 3P) 1-alkynes 408 

for the disappearance of C 2(a 3ITu) 386* 
for the disappearance of 

C2(XxXg) 386* 
experimental system used for 

measuring fluorescence exci-
citation spectra and reaction 390/ 

Rate (continued) 
constant(s) (continued) 

for ground-state C 2 0 pseudo-
first-order disappearance 
rate 394/ 

for H O + 0 3 - » H 0 2 + 0 2 337/ 
at 298 K, C20(X3T) reaction .... 395* 
long-component quenching 391 
Ο + N 2 reaction 375 
for Ο + N 2 -> N O + Ν 379/ 
measurement in a C H 4 - a i r flame 375 
state-specific ionization 176 

equation(s) 62 
for fuel consumption 358 
for the level populations of a 

four-level molecular level .. 147 
steady-state 

for laser-excited level 69 

for two-level system 63 
Rayleigh 

cross section, constant 436 
and fluorescence trapping in 

sodium, comparison of 79/ 
to resonance fluorescence signal, 

ratio of 78/ 
scattered light, intensity of 435 
scattering 72 

experiments 435 
from N 2 , Raman and 216/ 
near-resonant 75 
temperature measurement in tur

bulent flames via 435-441 
temperature and species variation 436 

-Taylor collapse, Lagrangian path-
lines at various stages of 353/ 

-Taylor unstable fluid layer 352 
Reaction(s) 

and flow, complicated 339 
rate constants, experimental system 

used for measuring fluores
cence excitation spectra and .... 390/ 

trajectories calculated with Sene-
nov's model 361/ 

trajectories calculated using a 
detailed kinetics model 362/ 

zones 133 
Reactive flow calculations 340 
Reactive flows modelling, problems in 333 
Recombination regions, comparison of 

O H and N 2 temperatures in pri
mary reaction zone and 100/ 

Recombination zone, measurement of 
O H concentration and tempera
ture in the flame 98 

Reconstructed linear absorption 
values for a six-angle case 430 
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Reconstructed linear absorption 
values for a twelve-angle case .... 430 

Reconstruction approach for combus
tion diagnostics, preliminary 
assessment of the tomographic .... 430 

Redistribution, collisional 77 
Relative Stokes vibrational Raman 

intensity for nitrogen 261/ 
Relaxation, collisional quenching by 

rotational 107 
Relaxation, collisional quenching by 

vibrational 107 
Relaxation, rotational 69 
Repletion of the pair population 139 
Resolution of C A R S , spatial 311 
Resolution of C A R S , spectral 312 
Resonance C A R S 315 
Resonance fluorescence signal, ratio 

of Rayleigh-to- 78
Resonant C A R S signals 7 
Resonant susceptibility associated 

with a homogeneously broadened 
Raman transition 20 

RIKES (see Raman-induced Kerr 
effect spectroscopy) 

R M S temperature profile in turbulent 
jet diffusion flame 440/ 

Room-temperature 
cell experiments 417 

Voigt fit to absorption line profile 
for C O in 419/ 

pressure effect on the rate of the 
C H + N 2 reaction at 400/ 

rate constants for C H radical 
reactions at 399 

Rosin-Rammler mean diameter 444 
Rotational 

C A R S spectrum of air at one 
atmosphere pressure 42/ 

C A R S spectrum of 0 2 at one 
atmosphere pressure 39/ 

distribution(s) 13 
population 139 

interactions, effects of 
vibrational- 231-237 

Quantum number(s) 
C O collision halfwidth in C H 4 -

air flat flame as a function 
of 424/ 

dependence of the C O collision 
halfwidth in combustion 
gases on the vibrational and 421 

fractional populations as a 
function of 140/, 141/ 

Raman scattering 231 
from 0 2 in an H 2 - 0 2 premixed 

flame, temperature analysis 
plot for 234/ 

rotational-vibrational linestrength 
correction factors for pure 233/ 

Rotational (continued) 
from 0 2 in an H 2 - 0 2 premixed flame, 

temperature analysis plot for 
(continued) 

and vibrational, temperature 
from 231-237 

-vibrational linestrength correc
tion factors for pure 233/ 

Raman spectra, N 2 232 
Raman spectra, 0 2 232 
relaxation 69 

during the pumping pulse in 
electronic states 40 

state, steady-state rate equations for 
the number density of any 67 

structure, O H energy-level 
diagram— 68/ 

temperature of determination 14 

tronic ground-state 89 

S 
Sample-and-hold (S/H) circuits 242 
Saturated 

excitation of the Na(3 2 P 3 / 2 ) level .... 189 
fluorescence 

of alkali metals in flames on ..189-194 
measurements for C H and C N , 

summary of 295 
measurements of the hydroxyl 

radical 145-151 
laser 

excitation to the Na( 2 P 3 / 2 ) , 
quenching processes for 191/ 

excitation to the Na( 2 P 3 / 2 ) , 
radiative processes for 191/ 

fluorescence 189 
advantages of 292 
C A R S vs 271 
studies of lithium in fuel-rich 

H 2 - 0 2 - N 2 flames 189-194 
studies of sodium in fuel-rich 

H 2 - 0 2 - N 2 flames 189-194 
theory of 292 

-induced fluorescence 
spectroscopy 19, 36 

L I F spectroscopy, experimental 
setup for 41 

L I F spectroscopy, historical 
development of 36 

Saturation 69 
broadening in flames fluorescence 

excitation profiles 195-198 
broadening in plasmas fluorescence 

excitation profiles 195-198 
energy density 63, 196 

for the two-level model 69 
energy flux 71 
fluorescence signal and 151 
high-intensity limit 64 
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Saturation (continued) 
in L I F , optical 137 
L I F spectroscopy from atomic to 

molecular systems, extension 
of 40 

method with peak detection 200 
method for sequential pumping 200 
in molecular species 77 
spectroscopy data two-level model 

used for 48/ 
use of 77 

Sautes mean diameter (SMD) 444 
Scaling for turbulence modelling 339 
Scattergram of temperature and 

velocity in turbulent diffusion 
flame 244/ 

Scattered light, intensity of Rayleigh .. 435 
Scattering 

diagnostics, optical layout fo
velocimetry and Raman

Mie 73 
for pdf, basic quantities in analyses 

of C W laser 248 
processes, primary molecular 214 
processes, typical cross section 

values for 215 
Raman 6 

timing sequence, L V - 243/ 
Rayleigh 72 

from N 2 216/ 
near-resonant 75 

Selected asymptotic integration 
method 341 

Semenov's model 
and branching chain reactions 357 
calculations using 360/ 
reaction trajectories calculated with 361/ 

Sensitivity of C A R S , detection 312 
Sequential pumping, saturation 

method for 200 
SH 

excited at 323.76 nm, fluorescence 
spectrum of 114 

measurements 114 
+ O H = SO + H 2 in fuel-rich 

H 2 - 0 2 - N 2 flames with 1 % 
H 2 S, equilibration test of 128/ 

in a rich H 2 - 0 2 - N 2 flame, fluores
cence profiles for 119 

S H A 2 2 + Χ 2 Π 
fluorescence profiles for H 2 - 0 2 - N 2 

flames with H 2 S 120/ 
fluorescence spectra in flames with 

1 % H 2 S 118/ 
fluorescence and synthetic emission 

spectra for C 2 H 2 - 0 2 - N 2 flame, 
comparison of 118/ 

laser excitation spectra in flames 
with 1% H 2 S 117/ 

S / H circuits (sample-and-hold) 242 

Short-duration laser pulses, low-pres
sure flames and 131 

Short-pulse excitation 145 
Similarity 

and detailed model solutions, 
comparisons of 349/ 

solution, closed form 345 
solution plotted as a function of 

time 347/ 
Signal 

averaging, effect of 225 
in C A R S , generation of 20 
conditioning circuitry, electronic .... 242 
intensity in C A R S experiments 20 
intensity, fluorescence 47 
levels, C A R S 272 
-to-noise ratio (SIN) 255, 322 

SIN (see Signal-to-noise ratio) 

-laser pulse, broad-band C A R S 
spectrum of C H 4 using O M A 
detection and 32/ 

-laser pulse, broad-band C A R S 
spectrum of a gas mixture 
using an O M A detector and .... 34/ 

-pulse 
and averaged C A R S signatures, 

comparison of 276 
and averaged C A R S spectra of 

N 2 , comparison of 278/ 
C A R S for combustion work 320 
C A R S spectrum(a) 304 

measurements 27 
measurements for methane 27 

in a mixed gas system 27 
N 2 C A R S spectra, comparison of 

averaged and 282/ 
N 2 spectrum recorded on O M A 

during combustion 305/ 
nonlinear Raman techniques to a 

liquid photolytic reaction, 
application of 319-327 

spectra of, microdensitometer 
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