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OBJECTIVE

Light scattering optical probes for combustion resesrch have
received strong attention lately because of their ability to provide
simultaneous spatielly- and temporally-resolved measurements of
temperature and molecular composition without appreciably perturbing the
combustion process.

In this work, our objectives were (1) to explore the zones of
applicability of pulsed vibrational Raman scattering (VRS) for
combustion measurements through experimental studies of laminar premixed
and turbulent diffusion flawes with various gaseous fuels, and (2) to
compare the relative applicabilities of VRS and coherent erti-Stokes
Raman spectroscopy (CARS) to simple flames and practical combustor

devices,

The major limitations of pulsed Raman scattering (and, to a lesses
extent, CARS) identified in the experimental program were laser-induced
particle incendescence and molecular fluorescence. Analytical analyses
of these problems are treated in detail and some suggestions for
minimizing them are given.
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I. EXPERIMENTAL RAMAN AND COMBUSTION APPARATUS
A. Laser Raman Apparatus

A schematic overview of the combustor geometry optical
configuration and electromic data processing used in this work is given
in Figure 1, [1] A horizontally burning flame - either a laminar
premixed flame from a porous plug burner or a turbulent diffusion flame
from the turbulent combustor — is positioned for study relative to a
fixed-bed Raman optic configuration. The laser used to excite the Raman
scattering is 8 Candela dye laser, which consists of an oscillator and
tvo amplifiers pumped by linear flashlamps. The oscillator output is
tuned and line-narrowed by three intracavity prisms placed just before
the totally reflecting mirror. The amplified output is deflected
through 180° by three additional prisms, and directed along s 3-m path
to 2 1.5-cm aperture which spatially and spectrally filters the laser
beam. This configuration ensures a sharp focus and removes unwanted
background light from flash lamps and dye fluorescence. The laser beam
is focused by a 200-mm focal length lens into a small region of the
flame. The laser power for each laser pulse is measured by a vacuum
photodiode while the approximate spectral distribution of each laser
pulse is monitored by a 1/4-m Littrow-mount grating spectrometer with TV
camera readout. The laser produces pulses of about 1 J at the test
zone, within a 0.2-nm bandwidtbh tuned to 488 nm. The pulse duration is
1-2 pus, and a repetition rate up to 1 pps is obtainable with these
output parameters.

Light scattered at right angles from the incident 1laser beam is
collected by two lenses and focused through the enmtrance slit of a Spex
3/4-m single spectrometer. The laser focus and collection optics
magnification gives a sample volume {(spatial resolution) of 0.3.x 0.3. x
0.7 mm (greatly exaggerated in Figure 1). At the exit rlane of this
spectrometer, five rhotomultiplier tubes (P¥T'’s) detect enti-Stokes
vibrational Raman scattering from N, and Stokes scattering from Ny, 07,
R, and Hy0. Signals fror the photomultipliers and laser detector are
sampled several microseconds before and after the laser pulse. Both the
‘before’ and ‘after’ signals from each detector are digitized and their
difference represents the net Raman signal. Temperature is determined
by the intensity ratio of anti-Stokes to Stokes Ny VRS signals and the
concentrations of Ny, 0y, and R)0 are determined by the intensities of
their respective Stokes signals normalized by the laser eaergy.
Corrections are made for photomultiplier sensitivities, Raman cross
sections, and Raman band contour temperasture variastions. A fifth
photomultiplier detector located at the side-port exit slit of the Spex
monochromator monitors pulsed Rayleight scattering.

The data collection is controlled by a microcomputer which fires
the laser, collects and digitizes the signals from the energy meter and
PNT's, and stores the data on floppy disc oxr cassette tapes for
subsequent processing. Steps in signal processing are shown on the
bottom of Figure 1. Scattering intensities for No anti-Stokes and N2
Stokes signals are messured for each laser pulse. Their ratio can be
related to values of temperature based upon theoretical calculations and
calibrations, Repetitively pulsing the laser at the same flame location




permits the buildup of a probability density function (pdf) for
temperature. Similarly, molecular concentrations of H,, Ny, B0 end e,
are determined from every laser shot from the corresponding Stokes
scattering intensity normalized by laser energy, and pdf’s of these
scalars are built up in the same way. As in temperature measurements,
corrections are made for photomultiplier sensitivities, Raman cross
sections, and Raman band contour variations with temperature.

f;‘ B. Laminar Premixed Flames

The goals of this work have included diagnostics of both laminar
premixed and turbulent diffusion flames, in order to study Raman
scattering measurement limitations wunder 1limiting conditions. The
laminar premized flames studied here were prcduced on a water—cocled
porous plug burner (diameter 2.5 cm) burning into another water—cooled
porous plug (of larger diameter) placed 2.0 cm away and connected to s
rough vacuum line. In this way, a stable, horizonmtally burning flame at
atmospheric pressure was produced which had the advantage of uniform
flame conditions for the test zone definmed by the intersection of the
vertically-passing laser beam with the collection optical path,

e atan

Accurate flow metering technigues (using critical flow through
orifices monitored by precision pressure gavges) were utilized to
produce reproducible and clearly-defined flame conditions. The critical
flow orifices were calibrated in our laboratory through the use of basic

o volume displacement techniques.

In the next section, the turbulent diffusion flame test facility is
described. The entire porous plug assembly just described cam be fit
inside the test zone of this turbulent combustor by removing onme of its
windows, so that the optical paths for the lamipar premixed and

1 { turbulent diffusion flames could be made essentially identical for the
b purposes of system calibration.
- C. Turbulent Combustor Facility

Turbulent diffusion flames were produced for this work in a jet
diffusion flame combustor, constructed with a view toward flexible use
for fundamental turbulent combustion studies. Although the Dbasic
flow-induced tunnel desigm could accommodate, im primciple, a variety of
combustor configurations (i.e., jet diffusion, rearward facing step,
{ splitter plate, bluff body, swirl, etc.), a turbulent jet diffusion
! flame (s central jet of fuesl surrounded by a coflowing air stream) was 1
chosen for this study for the following reasons:

1) Turbulent jet diffusion flames provide reproducible and easily
_ characterized fuel-air mizing in the shear layer between the two gas
i . streams,

2) They permit easy control of turbulence mixing levels by variatiom
of the initial velocities of each stream.

;5 3) They have been studied extensively (at least for Hy-air systems)
¥ by physical probe techmiques by Bilger and others. [1]

3
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4) They permit simplification of theoretical modeling approaches, in
order to consider more clearly their key elements.

5) They are easily duplicated (because cf the simplicity of design)
in other loberatories for verificetion of experimental results and
evaluation of new experimental techmiques.

Figure 2 contairs a diagrar of the combustor. A 7 h.p. fan with a
E maximun: rate¢ thkrougkput of 1450 cfm (Barry Industrial Fan, Model
! 609-DT) mounted on the roof of the laboratory draws conditiomed room air
into the combustor tunnel. The tunnel was designed to minimize
. background sir flow turbulence levels in the test section through the
L use of an inlet section contairing a large, square 0.5 c¢m x 0.56 cm
bellmouth, a honeycomd flow straightemer, 5 screens, and a 14-to-1 area
contraction section. Additiorelly, provisions have been made to inject
1-p diameter alumina seed particles into the air and/or fuel flow for
laser velocimetry measuremerts.

The inlet section is attached by a flange to the 0.15-m square by a
2-m long test section wkich has large flat pyrex windows on all four
sides, providing excellent optical access to the flame for a 1length of
0.89 m. Because these windows sare epoxied to aluminum framwes which
attach to the test section by O-riug seals, each window is eesily
demounted for cleaning or for insertion of metal sideplates containing
physical probes or specisl windows. (See, for example, Figure 3.)

Fot-film anemometers, pitot static probes and pressure taps in the
metal sidewall shown in Figure 3 were used tco check the guality of the
air flow in the combustor. For example, the rms turbulence levels in
the test zone, sensed by hot-film anemometry, were found to be 0.2% at
a flow velocity of 10 m/s. Low background turbulence in the initial air
flow is importemt to insure that the fuel/air mixing is induced
f predominantly by the shear—-induced turbulence in the mixing Iayer
S between the two flows.

vy

The central fuel tube (3.2-mm internal <diameter erd 1.6-mm wall
thickpess with an external taper over a 2-cm lenmgth to a knife-edge tip)
is centered ir the entrance of the test section by metal struts near the
combustor inlet and fine wire spiders near the fuel tube exit. The fuel
flow rate is controlled by the same critical flow metering techniques =as
are used for the porous plug brrmers. Air velocity ir the test section
is servo-controlled over the range 1 to 30 nm/s. the fuel-to-air
velocity ratio is, typically, varied from 2 to 10, producing Hy-air
turbulent diffusion flames whose lengths range from 50 cm to greater
than 1 m,

The 0.15-m square test section slides into & larger 0.18~m exhaust
duct with tapered Teflon wedges to give a more gradual transitionm. The
1 exhaust ductwork is designed with two stainless steel honeycomdb
1 sections, aerodynamically designed turming vames at all cormers, and
rubber gaskets to prevent flow disturbances or fan-induced vibratioas
from propagating back into the test section.

The purpose of this sliding fit st the end of the test section as
well as the flexible rubber section in the exhaust ductwork is to make
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the inlet ard test sections movable in three dimensions (see Figure 2b)
ip order to permit flame profile studies using fixed-bed optical probes.
Positioning sccuracy (within a fraction of a mm) for the movable
combustor is obtained by precision screw drives. This combustor design
thus facilitates mairpterance of the demanding optical aligoments
required in tests of optical disgnostics such s8s have been carried out

here, and becomes particm

faecility that involves the coupling together of separate cptical probes

(stch as, for example, pu

larly useful for work carried out with the

1sed Faman scatterirg and laser velocimetry).
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II. RESULTS OF RAMAN SCATTERING FROM LAMINAR PREMIXED FLAMES

A. Calibrations

The Raman detection system described in Section I.A. must be
calibrated in order to provide accurate measures of temperature and
molecular density. This calibratic was cerried out in two independent
ways. First, a standard lamp with known intensity as a functiomn of
wavelength was used to measure the relative sectral response of the
spectrometer and the various photomultipliers at each of the detected
wavelength regions. Then signals from the individual Raman channels
were corrected for the measured spectral response of the
spectrometer—PMT system, the relative Raman cross sections of the
different molecules, and the temperature-dependent fractions of the
calculated vibrational Raman bands which fell within the experimentally
determined spectral bandpasses. (This form of calibration can be wused
in an absolute sense, or in a hybrid fashion, relative to a room
temperature nitrogen measurement, in order to calculate various flame
species densities and temperatures from measured Raman signals.)

The second independent procedure utilizes Raman measurements of
ambient air and room temperature H, to determine Raman intensities of
known molectular gas densities. Calibration of the relative
sensitivities of Nj vibrational Stokes and anti-Stokes channels for
temperature measurements was made by comparison of temperatures measured
by pulsed Raman techniques with those previously determined in
isothermal laminar, premixed Hjy-air flames by rediation-corrected
fine~wire thermocouples and by cw VRS bandshape analysis. (3] The flame
temperatures for this burner are far below calculated adisbatic flame
temperatures for the Hy-sir mixtures utilized because of appreciable
heat losses to the water cooled porous plug. Similarly the calibration
factor for Hy0 vapor was determined from Raman measurements of laminmar,
premixed H —-air flames where the N -to—Ezo mole fraction ratios coumld be
calculated from krown input gas compcsitions. The calibration is
extended to other temperstures, as in the lamp <calibration just
described, by using calculations of the fraction of the vibrational
Raman band which falls within the measured experimental bandpass.
(Water vapor measurements are somewhat less certain because calculations
at high temperatures of water bandshapes are of limited accuracy in the
‘tail’ of the comtour. This part of the VRS contour is increasingly
important at elevated temperatures, and is wuncertain because of
insufficient knowledge of the energy level structure of water vapor -
especially, the rotational structure of excited vibratiomal levels.)

In practice, the standard lamp calibration was performed once, and
the laminar flame calibration measured every few days, while N, room
temperature calibrations are checked several times each day. Close
agreement with room air shots for the nitrogen Stokes channel, and with
lamp calibrations for all channels, is takem to indicate satisfactory
system alignment and performance.

Experimental pulsed Raman measurements (from 200 laser—-shot runs)
of temperature and major species mole fractions for two such laminar,
premixed Ho-air flames (¢ = 1.0 and 0.55) are compared in Table 1 with
the theoretical burnt gas mole fractions calculated from the initial

6
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compositions and the temperature meastcred previously by fine-wire
thermocouples and c¢w Raman bandpass analysis. The agreement is
excellent, indicating that systematic errors are acceptebly low (V40K
for temerature and 1 percent for mole fraction of major species for the
range of premixed flames studied.)

B. HE—Azr Flames

In addition to system calibrations, analyses of Raman scattering from
laminar, premixed Eo-air flames help define our measurement resolutionms
under the best possitle combustion conditions for Raman measurements -~-—
very snall fluctuations from any remnant turbulence, and low background
lominosity. For example, Figure 4 shows the temperature pdf from a 200
laser-shot data set obtained from an essentially isothermal zome (whose
temperature was known from previous calibrations) in a premixed
stoichiometric Hoyair flame. [1) We expect this pdf to be a
sharply-peaked function. Since the widths of such measured
distributions are caused primarily ty measuremert urcertzinties, they
define our experimental resolution for the Raman technique described
here. Repeated determinations cf the temperature pdf for this flame are
characterized by a symmetric distribution about an average temperature
of 1550 K. Table 1 includes a more detailed analysis of pulsed Raman
neasarements of two different Eoair premixed flames giving average
values, relative standard deviations, and normalized moments of the pdf
distributions for temperature and mole fractions of all the major flame
species. [1] In both flames, temperature pdf’s are characterized by a 4%
relative standard deviation.

In order to determine whether or not the relative standard
deviations found from calibration pdf’s of the type shown in Figure 4
were reasonable, theoretical estimates of precision were first made
using a propagation-of-errors analysis. The relative standard
deviation, RSD, for an individual temperature measurement (single laser
shot) can be calculeted approximately from

-1 ‘/8'1‘ 2 3T 2| 1/2 (1)
RSD_ 2 = | (—=—0.) + (—— 0 )
T T aNs S aNAS AS

where 0g = /ﬁs and 0pg = /EAS are the standard deviations in the
individual photon counts. Here Ng and Njg are average values of
detected photon numbers for N2 Stokes and anti~Stokes vibrational Raman
scattering, respectively. The approximation is good if O /NS and

oas/Nas are small compared to unity. This can be simplified €%§

r |1 1 N1z 2)
RSD, * — E_ + 2
v LNg Ny

where 6, for N equals 3374K. Here, the characteristic temperature, Oy,
corresponds to the population of the first excited vibrational level for
a particular molecular species (in this case, Np) being (1/e) times the

7




total populaticn for thermal equilibrium conditions. The number of
photons detected in each channel can be determined either by
experimental measurement or by calculations which include known leser
intensity, Raman cross section, collection efficiency, and detector
quantum efficiency. Either methcd gives apptoximately the same result.
An an example, with an incident laser pulse of 1 J, Npg= 128 and Ng =
1265 detected photons for scattering from No in a Fp-air flame at 15CC
F. Values correspending to other temperatures can be calculated from
the known dependence on temperature of the Stokes and anti-Stokes
intensities. Using these values we have calculated the relative standard
deviation as a function of tempereture and N2 density for our
experimental configuration, with the result that the RSD for temperature
will remain nearly 4% for all expected stoichiometries and temperetures,
except for rich mixtures below 950 K where they are larger. The very
good agreerenrt between theoretical predictions for the RSD for
temperature (4%) and the experimentsl results in Table 1 suggest that
the spread in the pdf shown in Figure 4 can be almost entirely ascribed
to the expected statistical fluctuations in the number of detected
photons per laser shot.

Similar calculations for the expected RSD single shot measurements
of species concentration or mole fraction measunrement indicate

(3)

which for N, at 1500 K equals 3%. However, the standard deviation in
concentreticn is also increased by temperature uncertainties which
affect concentrations through the correction factor for the fraction of
the Raman and in the experimental bandpass. For N; at 1500 K a 4%
temperature fluctuation increases the standard deviation in Ny
concentration by 0.8% for a total o 4%. This agrees with the measured
standard deviaticn of 4% for N7 in Table 1.

Relative standard deviations for concentrations of other molecular
species can be calculated from Eq. (3) by determining the Stokes
vibrational Raman signal obtained from that molecular species
(proportional to the molecular concentration, the relative sensitivity
of that FMT channel, and the fractiom of the total Raman band
collected). For the same 1500 K flame, the <calculated RSD values
(including the effects of a 4% temperature fluctuation) are 6% and 11%
for Hy and 0, respectively, compared with the measured values of 9% and
15%. Thus, the measured valtes cf moleculer concentration fluctuations
for steady, laminar flames are also suhstantially controlled by photon
counting statistical fluctuations.

C. Propane-Aizr Flames

In an effort to assess the feasibility of extending pulsed Raman
measurements to hydrocarbon flames, several propane-air and
Hz-ptopune-air premixed, laminar flames were investigated. No
experimental difficulties were encountered in nonsooty burnt gas regionms
of these flames. For example, in a propane-air flame of fuel/air

8
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equivalence ratic, ¢, equal to 1.5, for which the gas flow velocity was
set nearly equal to the burming velocity (18 cm/s) to minimize Leat '
lcsses to the burner, the measured average temperature from pulsed Raman
scattering in the burnt gas flame region 1 cm from the burner was 2048
K, with a relative standard deviation of 5%. This temperature is close
to the calculated adiabatic temperature of 1971 K. Flemes of other
equivalence ratics and flow rates also gave measurements in agreement
with calculated values when reascrnable Leat losses to the burner were
included. Thus, the agreement within experimental error betweer the
measured and calculated temperatures and the low measured standard
deviatica of 5% strongly indicate that the increased lumincsity of
propane-air flames has nc deleterious effect om our pulsed Raman
messorements. This result is expected because the 'before’ and 'after’
sample-and-hcld electronics subtracts cut most of the luminous flame
backgrounds from each Raman channel,

% However, great difficulty was found in making meanirgful Raman
measurements in sooty regions of very fuel-rich (¢> 3.0) propane-air
premixed flames because cf large laser-induced backgrounds. Background
interfererces caused by soot or soot precursors are well illustrated by
measurerents obtained from an intermittently sooting regiomn im rich
premixed propane-air flames (¢ = 3) produced on the porous plug burner.
These flames were cbserved on tle brrner axis at a point 3 mm above the
flame front, where, in the rich flame, the orarge glow characteristic of
soot thermal emissicn was just becoming well established. A slight
flickering of this region was visible to the eye, and photomultiplier
observaticn showed it to be clearly oscillatory. Backgrotnd
interfererce in pulsed Raman measurements was evaluated by slowly
sweeping the spectrometer drive as the laser fired continunously at "1
pps. In a gas regior free of backgrourd interference, this procedure
traces out a slit function convoluted with the Eaman line shape for each
{ Raman channel, such as the result shown at the toip of Figure 5§ for Ny
2 3 in the stoichiometric flame. {4,5]

3 - In the rich flame, frequent off-scale readings were obtained, as
shown in the middle plot im Figure 5§, although the pre-pulse levels were
always well on scale. Thus the off scale readings were caused by a
laser-induced signal rather than the natural luminosity of the flame.
However, ar appreciable fractionm cf the laser shots produced data which
, were on-scale in all chennels. Just this data was used by means of
i conditioned sampling on the bottom plot in Figure §, illustrating that a
' reasonable reproduction of the slit function cam be obtained from the
on-scale data. We conclude that the sooting region was oscillsting in
and out of the Raman measurement volume.

Thus, it appears that pulsed Raman measurements can be obtained |in
some intermittently sooting or otherwise strongly luminous regions at
times when the soot or other Iluminous source density is very low.
Generally, however, straightforward Raman measurements will be obscured
by 1laser—induced background in regions where the socot or other
laser~induced luminous source densities are large. Potential sources
for this background include 1laser-induced particle incandescence or
molecular fluorescence. Since these processes sppear to be the major
limiting factors for single-pulse spontaneous Raman measurements in
gaseous hydrocarbon flames, they are examined in detail im Section IV.

9
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III. RESULTS OF RAMAN SCATTERING FROM TURBULENT FLAMES

A. Raman Measurements om Hé—Air Flames

Meaningful measurements on turbulent flames require techniques that
have sufficient temporal erd spatial resolution to make statistically
significant measurements on homogeneous sample volumes withipn the flame.
Work in this laboratory (funded in part by this AFOSR contract and also
by General Electric, ONR and DoE) has demonstrated that pulsed Raman
scattering is a reliable, quantitative technique for spatislly and
temporally resolving simultaneous measurements of temperature and
concentrations of all major molecular species in turbulent H)-air
diffusion flames. Extensive data bhave been taken and results are
presented in the form of average values, scalar pdf’'s and their
normalized moments, and comparison plots of species concentration vs.
temperature. Comparison with adiabatic flame calculations -
quantitatively including the effects of radiative heat 1loss and
incomplete combustion -~ demonstrates that differential molecular
diffusion (i.e., preferential diffusion of HZ) is an important process
in fuel-rich flame regions of moderate Reynolds nomber (i.e., Re=1500
flames).

These results are presented here to demonstrate the accuracy of the
pulsed Raman technique in turbulent flames — a goal of this AFOSR effort
- and, sdditionally, as an example of the application of this data to
develop insights into important flame processes and the validities of
modeling assumptions.

Two different H,-air turbulent jet diffusion flames in the
turbulent combustor described in Section I have been extensively
investigated. Flame 1 had an initial Hz average velocity at the fuel tip
of 50 m/s (calculated from previously calibrated volumetric flows and
the known fuel tube cross-section), corresponding to a Reynolds number
of 1500, based upon the H, cold flow through the 3.2-mm-i.d. fuel tube.
An air flow of 10 m/s (measured by pitot tube and hot film anemometry)
surrounded the fuel tip for an initial H,~to-air speed ratio of 5. The
visible flame was V1 m in length with a maximum diameter of .25 mm and a
maximum rise due to buoyancy of v10 mm at the flame tip. The second
hydrogen—air turbulent flame studied (Flame 2) had initial velvcities of
H, and air of 150 m/s and 15 m/s, respectively. The Reyneolds number of
the jet was therefore increased to 4500 while the initisl Hz-to-air
speed ratio increased to 10. As expected, the appearance of the flame
was markedly changed, with the visible flame length decr2asing to ~.0.9
m, and flame fluctuations increasing sigmificantly.

Figure 6 shows probability density functions (pdf's) for
temperatures measured in three different Hy—air flames with our pulsed
Raman apparatus. [1] The pdf to the 1left in Figure 6 shows the
temperature histogram from a 200 laser shot data run obtained from an
essentially isothermal zone (whose temperature was known from previous
calibrations) in a premixed stoichiometric Hy-air flame. We expect this
pdf to be a sharply-peaked function, and the width of the measured
distribotions defines our experimental resolution for the Raman
technique described here. Measurememt resolution is discussed in detail
in Section II, but the pdf is repeated here for comparison with the two
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pdf’'s measured in turbulent flames. The pdf’s at the center and
right-hand sides of Figure 6 were obtained in the
experimentally~determined mixing layers of Flame 1 and Flame 2,
respectively, and represent the broadest pdf's observed in these flames
at an axial location of 50 diameters downstream of the fuel nozzle. The
much wider distribution of the pdf’s in the turbulent flame are the
result of real temperature fluctuations in the flame. Note that the
center pdf in Figure 6 shows no signs o¢f intermittency (i.e., no
evidence of a bimodal pdf shape) in agreement with the steady appearance
of this flame. The pdf to the right in Figure 6 has a much broader
distribution (from room temperature to the adiabatic H,-air flame
temperature) and does displsy promounced intermittemcy which reflects
the change in flame character caused by the increase in turbulence level
in Flame 2.

Table 2 shows average values, standard deviations and normalized
zero moments calculated from the temperature pdf’s of Figure 6. The
normalized zero moments (denoted ZL) in Table 2 are calculated by

_ . P § (4)
z =@ @t b
3 J

where X is the average value and x; the instantaneous value of the
variable summed over the number of data points J in the sample. The
value of Z; is, by definition, equal to 1. If all of the values of x
- are identical, i.e., if the measured property is a constant, then all o
the moments Z, = 1. However, as the distribution of x broadens, the
higher moments (Zl‘for L > 1) will increase. These zero moments can be
converted easily to central moments such as mean square deviation,
skewness, and kurtosis. 7

, The pdf's of concentration of 32' N,, 0, and Hy0 show similar

s effects as in Figure 6. Table 3 summarizes Raman results obtained at ‘

- the centerline and mixing layer of both the Re = 1500 and 4500 turbulent

: diffusion flames as well as for the laminar premixed flame. The
relative standard deviations of each scalar variable measuvred in the
turbulent flames have larger values in the mixing layer compared to the
centerline, and larger values for the Re = 4500 flame than the Re = 1500 1
flame, indicative of the relatively higher levels of turbulent
fluctuations present under these respective conditions.

_ Extensive Raman data were taken in Flame 1 at five downstream
. positions [x/d = 25-150 were x is the axial (horizontal in this
; horizontally burning flame) distance measured from the fuel tip]. At
each value of x/d, data were taken at various off axis positions, y/d =
-7 to +7, where y is the vertical distance from the extension of the
fuel tube centerline to the measurement zome. Typically 200 laser shots
(data points) were taken at each flame location studied. To illustrate
these results, radial profiles of average values of wmolecular
concentrations have been calculated from the pdf data. [1] For ezxample,
Figure 7 presents average values of mole fractions of the major flame
species at an axial location of x/4 = 25, These transverse profiles
show, ss expected, high Hz concentrations in the center which decrease
going to the edge of the flame, and the opposite tremds for N2. 320. and
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Further downstream, these profiles chang>. Figore 8 presents
results at x/d = 100. The H; mole fraction decreases and the various
mole fraction profiles tend to flatten out.

In the data presented in Figures 7 and 8 the 0) mole fraction was
not measured directly, but was calculated assuming that the overall
ratio of nitrogen atoms to oxygen atoms remained a constant in all parts
of the flame. Subsequent data wherein the 0) concentration was measured
directly *has shown the same behavior. Additionally, the temperature
profiles also flatten appreciably as x/d increases, as can be seen in
Figure 9, where results are plotted for x/d4 = 25, 100, and 150,
Asymmetry is clearly visible in Figs. 7, 8, and 9, the center of the
temperature or molecular species profiles rises L8 mm from the projected
fuel tube centerline at x/d = 150, as a result of buoyancy on this
horizontally burning flame. These average value plots show trends
qualitatively similar to Kent and Bilger’s dats [2] on similar flames
using physical probe techmigues.

The key point in the work presented here is that, in addition to
sverage values, the pulsed Raman data from our experiments give a direct
measure of the fluctuations about these average values. Data presented
in the form of individual pdf’s or their calculated moments are useful
because theoretical models are being developed based upon these
functions as inpots. However, this type of presentation does mot fully
utilize the information in these Raman measurements, because it does not
take into account the simultaneous nature of the temperature and
concentration measurements. This aspect of the data can be represented
in the form of three-dimensional joint pdf plots, which show the
probability for obtaining simultaneous values of two  varisbles.
Alternatively, plots could show the distribution of a function of
simultaneous values (for example the product of hydrogen and square root
of oxygen densities) which may be useful in characterizing finite rate
chemistry effects. Other data analysis techniques (i.e., mixzture
fraction-conditioned averages) which may be more sensitive indicators of
finite rate chemistry are also being explored.

We have found that scattergrams of simultaneous measurements of two
quantities are perhaps the most useful presentations for comparison of
data to model predictions. 1In this form, the density of points on the
scattergram takes the place of the third dimension in a
three-dimensional joint pdf plot. We have called these scattergrams
'comparison plots’ because they facilitate a direct comparison with
several different flame models. The comparison plot presentations are
discussed in the following section on Comparison with Theories.

B. Comparisop with Theories

In other sections of this report we describe the overall
experimental aspects of our 1light scattering/combustion measurement
program. Here we point to new results obtained in that effort (on the
differential diffusion of H2 fuel) -- as an illustration of an
investigation into basic flame processes, vwhich makes available
additional information concerning the fundamentsl assumptions used in
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flame modeling. The canonical type of experiment described for our
turbulent combustion progrem is well-suited for this kind of
investigation, since it can, to a substantial extent, isolate key
features of a combusticn process, and thereby bring to bear relatively
clear evidence about one’'s ideas concerring this process.

In order to develop advanced flame models, new information
concerning key flame processes is clearly required. We have already
mentioned molecular diffusivity effects, many others also need strong
clarification concerning their importance and magnitudes. One of the
prime areas is that concerning the fundamentals cf the ;rocesses
controlling the chemical production term in advanced flame wmodels. For
example, the effects (or regimes where the effects can be neglected) of
finite rate chemistry are of considerable importance not only in the
implementaticn of modelirg procedures, but in the very selection of the
class «f model to be adopted.

Figure 10 is a comparison plot of simultaneously acquired N,
concentration vs. temperature data given by the points compared with a
simple adiabatic equilibrium (AE) flame model represented by the solid
line. [4] The AE calculations were performed for fuel/air equivalence
ratios between 0.2 and 6 using the computer code of Gordon and McBride.
{61 The initial conditions were fuel and air at stmospheric pressure
(750 Torr) and temperature (298K). The air represented in these
calculations included 1% by volume water vapor, representing a typical
laboratory enviromment. According to the conservation equations, the AE
model should describe the temperature and concentration fields

/ accurately under the following assumptions:
(1) Radiation losses are negligible,
. (2) Chemical reactions are effectively instantaneous (fast
 ° chemistry), and
-t (3) Mass and heat diffusion occur according to ideal assumptions
. (unity Lewis number, no differential diffusionm).

The roughk general agreement between experiment and theory in Figure 10
indicates that the adiabatic equilibrium model is a reasonable starting
point for understanding H,-air turbulent flames. However, slight
deviations from theory sre observed in lean (upper part of the curve)
flame zones and more significant deviations are evident im rich regions.
Similar plots have also been made for the concentrations of and 520
versus temperature which give entirely compatible results -- large
deviations in rich flame regions. Measured N, and H0 concentrations
were consistently higher than predicted by the AE model while Bz
concentrations were lower,

Several potential sources of systematic experimental errors were
checked to see if they could explein the observed deviations. In
particular, we found that the effect of possible concentration and
temperature variations across the dimensions of the measurement 3zo0ne
(0.3 x 0.3 2 0.7 mm) could not sccount for the observed deviations and
careful spectrometer recalibration and refinement of
temperature-dependent corrections produced very small changes in the

iﬁg 13

N . R -
4 preesy
i gi_.,m ; ”‘




Ve,

data. Since our anmalysis of experimental errors could not sccount for
the observed deviations, we examined the effects that would be caused by
failure of each of the assumptions required to validate the AE model.

Radiative heat loss moves points of the nitrogen—temperature
theoretical curve in Figure 10 in directions nearly parallel to the lean
leg segment in the same temperature range. Thus, the effect of
radiation losses is to shift the rich leg of tke theoretical plot toward
the experimental points without significantly altering the lean leg
agreement. However, calculations of the maximum radiative heat 1loss
that can be expected to occur over the time required for a gas volume to
pass through the test zome (v0.1 s) show that the resulting changes in
temperature ( 80K at 1800K) and concentrations are much too small to
account for the observed deviations. For example, a radiative heat loss
of .250K is required to brirg the theoretical curve into agreement with
the rich Teg experimental data (x/d = 75) at 1800K.

Finite rate chemistry is another potential cause of experimental
deviations from the theoretical predictions. Qualitatively, the -effect
of incomplete combustion is similar to radiative heat 1loss. Also the
effect should be greatest nmear the stoichiometric mixture fraction [7]
(the high temperature 'nose’' of the C(N;) vs. T plots). Eowever, the
large nonequilibrium effects required to bring the theoretical curves
into agreement with experiment - particularly in very rich flame regions
- and their consistent occurrences for every laser shot, do mnot appear
compatible with the short (perhaps 0.1 ms) reaction time scales in
hydrogen combustion.

Potential causes discussed above for the departure of experimental
data from the AE model do not account for the observed deviations and,
in particular, for the fact that the observed peak temperature at all
axial positions is close to the adiabatic Hy—air flame temperature --—
which would not be true if radiative losses or finite rates were the
dominant effect. The explanation which emerges thea is that the
preferential diffusion of Hy from rich flame zones, which can be
characterized by a non-unit Lewis number, is the primary cause of the
observed experimental results.

The effects of differential diffusion are anticipated to be
greatest in laminar diffusion flames, steadily decreasing as the
turbulence level increases ard turbulent diffusion begins to predominate
over molecular diffusion. Thus, we would expect the effect of
differential diffusion in our mildly turbulent flame to be intermediate
between thst calculated recently for a laminar Hy-air diffusion flame by
Miller and Kee (8] and the AE caslculation. Our experimental results are
in agreement with this expectation, i.e., the measurements of the
concentration of N, versus temperature generally fall between these two
theoretical curves, as illustrated in Figure 11. This strongly supports
the conclusion that the deviations shown in the figure result primarily
from differential diffusion —— a result that seems reasonable in 1light
of the rapid diffusional capabilities of H2 and the moderate turbulence
level in this flame.

Recent calculations by R. Bilger [9] that include explicitly the
effects of differential diffusion using perturbation techniques, are in
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good agreement with our data. His results for the mildly turbulent
flame described previously are shown superimposed on the date in Figure
12. Recent experiments performed on the more turbulent flame (Re=4500,
hydrogen fuel tip velocity = 150 m/s, air velocity = 15 m/s) produced
conditioned average results closer to the AE model, as expected from the
reascning above and as predicted by Bilger’s calculations. Conditioned
averaging was utilized in this case to separate lean and rich leg
concentrations on the basis of hydrogen concentration.

These results help to establish the AE model as a useful first
approximation for use in more detailed Ho-air models, and to define the
range over which differential diffusion effects must be included. More
importartly, however, the aspects of this work related to the limits of
accuracy of scalar measurements tsing Raman techniques, have
demonstratec that vibrational Raman scattering can produce

* A sufficient number of simultaneous scalar measurements
(temperature and major flame species) to characterize a mnon-sooting
turbulent diffusion flame well,

* with sufficiently high accuracy to make feasible relatively subtle
comparisons of the physical phenomena contributing to tke flame
behavicr (and of arplicable models).

No other diagnostic method to date can produce such diversity of
laboratory data with such high accuracy.

C. Measurement Difficulties in Hydrocarbon-Ajir Flames

Results from pulsed Raman scattering in premixed propane-air flames
produced on porous plug burners (described in Section II.C) indicated
that severe measurement difficulties would occur imn sooty regions of
hydrocarbon-air flames. To assess this problem in nonpremixed flames, a
L set of mesurements were made ir propane-air and propane/fy-air turbulent
diffusion flames, These experiments were conducted in the same
combustion tunnel used for the corresponding Ho-air flame studies.

-

'S

Photographs of propane/Hjy~air and Hy-air flames are shown in Figure
13, in order to facilitate discussion of the key results. The Hj-air
flame indicated corresponds to Re=1500, and has been <cescribed in
Section III.A. The propane/Hy-air flame, resulting from an initial fuel
mixture of 10% propane and 90% hydrogen burning with the surroundirg
co-flowing air stream, exhibits a compound physical structure. Pulsed
Raman data were taken throughout this flame, the results of which are
summarized in Table 4 for the various spatial positions sampled.

v g

9 Raman measurements were not successful at flame Jlocations where
yellow soot radiation was evident, or on the axial flame centerline
before and after the bright luminous sooting zome. In these locations,
all photomultiplier channels registered off-scale readings analogons to
the results in fuel-rich premixed propane-air flames. (See Figure §.)
As was the case for the premixed flames, these offscale readings were
the result of laser-induced soot incandescence or laser-induced
broadband fluorescence, and not the result of ordinary flame luminosity.
At other flame locations, reasonable results were obtained from the mean
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values of pulsed Raman measurements of temperature and major species
mole fractions.

In propane-air turbulent diffusion flames, the bright luminous zone
included essentially all of the flame, and no successful Raman
measurements were obtained., Thus, the results in hydrocarbon turbuleat
diffusion flames demonstrate the same measurement difficulties with
pulsed Raman techniques as observed in sooty premixed hydrocarbon
flames.
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IV. THE LIMITATIONS OF LASER-INDUCED PARTICLE INCANDESCENCE AND MOLECULAR
LUORE E IN RAMAN SCATTERIN

The major limitation of pulsed Raman scattering identified in the
experimental studies undertaken in this program is laser-induced back-
ground luminescence from sooty flame zonmes of hydrocarbon flames.
Experiments on premixed, laminar flames and nonpremixed, turbulent
flames indicate that meaningful pulsed Raman measurements are difficult
to obtain in these regioms because of high laser-induced background sig-

nals. Eckbrethlo found that the focused high power (~108 ¢o 1010 W/cmz)
laser beam required for such measurements strongly heats the soot parti-
cles. These hot particles create a laser—induced background of thermal
radistion which can be stromger than intrinsic thermal radiationm from
the flame, and comparable to or stronger tham typical Raman scattering
signals., Also, thermal energy transferred from the soot particles to
the gas, and additionmal chemical reactions caused by their suddenly
increased temperature can seriously perturd the measured gas properties
(e.g8., N2 vibrational temperature, major gas concentrations) if those

properties have time to respond to this absorbed emergy during the laser
pulse.

A somewhat similar combination of background and perturbation prob-
lems can occur in regions where there is significant molecular absorp-
tion of the incident laser radiation (for example, from high molecular
weight organic molecules kmown to occur in sooty flame regioms). Here
the interference can take the form of laser—-induced fluorescence, while
the fraction of absorbed laser emergy which is not radiated can alter
the measured gas properties.

Soot-induced and molecular absorption-induced problems in Raman
, scattering measurements have not been investigated over the full range
1 of conditions 1likely to be encountered inm combustion gases: however,
- individual observations, and analyses of these to be discussed subse-
. quently, suggest that these problems will generally prevent straightfor-
ward applications of Raman scattering to sooty hydrocarbon flames. Pos-
sible solutions to these problems, which may allow Raman scattering
measurements to be obtained in at least moderately sooting regions, will
be described at the end of this sectiom.

A. Absorption of Light Energy by Soot Particles

The focused laser beams used in single pulse Raman scattering (and

CARS) have typical power densities om the order of 108 to 1o9 '/c-z.
Soot particles exposed to such light fluxes are heated at an extremely
rapid rate, reaching their vaporization temperature (~4000K) in a small
fraction of a nanosecond. The rate at which light energy is absorbed by
a particle is given by

Py = I, oppg 1)




where Io is the incident light power density and %\BS is the absorption

cross section for the particle, For strongly absorbing, small (< 100 nm
radius) spherical particles, the absorption cross section is nearly
equal to the extinction cross section (scattering plus absorption) given

by

2
8n m -1 3
cExT :.T-In [ _i_——— ] r (2)
n o+ 2

Here r is the particle radius, A is the light wavelength, and m is the
complex index of refractivity. The symbol Im denotes the imaginary part
of the term in brackets. Although even small soot particles are not
generally spherical, general conclusions drawn about them on the basis
of this equation are likely to be at least qualitatively correct.

Values for the complex refractive index of soot in the literature
range from m = 2 - 0,31 tom = 1,57 - 0.56i, with the latter value pre-
ferred in recent work. These values substituted into Eq. (2) yield,
respectively,

oypg = 1.7 * 10° (enl) o° (3)

and

Oygs = 4-1 ° 103 (cm_l) " (4)

AB

at 500 om, in the middle of the visible range.

A useful alternative expressiom of the absorption cross section
S\Bg OVer wider size range is

O\BS = bnrslb r (8 (Sa)

2

ABS = Bﬂt r>d (¢b)

where & is 100 nm and B ¥ 0.9 is a correction for that part of the
extinction due to scattering. This approximation applies also to parti-
c¢les larger than 100 nm and agrees well with Bq. (4) for the smaller
particles.




B. Soot Charxacteristics

The characteristics of soot in hydrocarbon flames affect both the
level of laser—induced background and the possibility of measurement
perturbations. Although the actual properties depend strongly on the
type of flame and position within the flame, it is possible to specify
general ranges which characterize many combustion measurements. For
example, the measured soot volume fraction in ethylene, benzene and

pyridine flames (Haynes, et ll.)11 range from 10_9 to 2 x 10-6. while

number densities range from 109 to 1012 per cns. Generally the largest

number densities seem to correlate with low volume fractions, and thus
very small particles, with diameters on the order of two or three nm.
In laminar diffusion and premized flames, where the time since the
beginning of soot formation can be related to position in the flame, the
mass average soot depends strongly on the rate of thermal (Brownian
motion) coagulation, independent of the mode of soot formation. Ana-

lyses of this process11 produce the size dependence shown as a function
{ of volume fraction and time in Figure 14. The particle size estimate
" also allows rough estimates of soot number density and the comsequent
) average separation between particles, as a function of time and volume
E fraction, also shown in Figure 14, The utility of these estimates is
improved by their relatively weak dependence on the soot volume frac-
tion. The moderate disagreement between the results shown in Figure 14
and the experimental results inm mature soot regions is possibly
explained by noting that the presence of turbulence tends to speed the
rate of coagulation, producing larger particles. Furthermore, well down-
stream of the particle zone, 1larger particles seem to predominate,
perhaps indicatiag that the smaller particles have disappeared through
oxidation.

C. Rate of Particle Heating

The rate at which particles are heated by absorption of the laser
radiation can be calculated neglecting cooling by conduction and radia-
tion in these high fluxes. Thus

e,

a0 . _Toams _ 3P 4 ' (6)
a Cp (4nr3/3) 4Cpd r

where C is the heat capacity and p is carbon density. Here the ratio
(8/r) is set equal to 1 if it is less tham 1, from Eqs. (Sa, Sb).
Representative values at high temperatures are

. C=2.117/3% (Ta)

p = 2|/c13 (7b)
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Note that in the particle size rang. up to 100 nm radius, the heating

rate is independent of particle size. Thus, in a flux of 109W/cn2, if i
we assume an initial temperature of 1500K, small soot particles will be
heated to their vaporization temperature in

ty ¥ 0.1 ns (8)

while a 500 nm radius particle requires

ty ¥ 0.6 ns (9)

Even in such short times, it can be shown that the temperature nearly
equilibrates throughout the particle,

D. Soot Evaporation Rates

Exposed to these high light fluxes, small-to-medium soot particles
can effectively disappear by vaporization in a short fraction of a 1 ps
Raman pulse (or even a 10 ns CARS pulse). The vaporization rate is
determined by equating the emergy absorption rate and energy consumption
rate by vaporization. Thus for small particles

L8 -1 px 318 (10)

where L is the heat of vaporization and M is particle mass. The kinetic
energy of the vapor and emergy taken up by additional heating (necessary
( to sustain the high rate of vaporization) are small (~ 10%) in com-
| parison to the energy sink of vaporization., Differentiating

M = 4x Pt3/3 (11)

with respect to time and substituting into Eq. (A10), we obtain, after
integration i

= exp [-t/t ] (12)

where the characteristic time for vaporization is

t = 4ocL8 (13)
v T8

[+

Thus this time is independent of particle size for particles with radii
smaller than 100 nm, There is some uncertainty about the appropriate
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heat of vaporization, partly becanse it depends on the degree of poly-
merization of the resulting vapor. In the temperature range from 2000-
4000K and high light flux levels, the predominant vapor constituent is

likely to be C3 and we shall use the thermal constants appropriate to
this process; e.g.,

L=17-10%y/¢g (14)
In this case
2
- 6.2 J/cm
t, -———I;—-—— (15)

Thus at an incident flux of 109 watts/cmz. only about 6 ns is required
to vaporize small soot particles to 1/e (37%) of their original radius,
or 5% of their original mass. For large particles, the RHS of Eq. (10)
is multiplied by 8/r. Accordingly, we obtain

18
o (16)
pc

In this case, the time required for nearly complete particle vaporiza-
tion is

4chr°
tv = —T—r = 60 nsec (17)

[+]

for an incident flux of 109 W/cm2 and particle radius of 1 pum.

E. Peak Particle Temperatures

The thermal emission created by laser-heated particles depends
strongly on the temperature they reach. Vaporization-controlled parti-
cle temperatures in the laser beam can be calculated using a method

developed by Jones, Langmuir and Mlckny12. The derivation assumes that
the mass leaving the surface must equal that which would strike it per
second in a vepor in equilibrium with the particle, givean by

N
a 2 v \1/2
a& " 4Ry (e as

where P, is the vapor pressure, R is the universal gas constant and 'v

21




is the molecular weight of the vapor (~ 36). Thus in a vacuum, where no
recondensation of carbon vapor occurs, the evaporation rate is given by
Eq. (18). Vapor pressure is expressed by the Clausius-Clapeyronm equa-
tion:

L (6 - Oo)

P, = P, exp [—ﬁ—eo—- Mc] (19)

where Mc is the molecular weight of atomic carbon and P, is the vapor
pressure at a reference temperature Oo. Substituting this value into
Eq. (18), we find

L (6 - Oo)

4Lp
o v \1/2
exp [ ) eo Mcl (20)

5 M
=5 @ e

where the factor (8/r) is omitted from r =) 100 nm in accordance with
Eqs. (5a, 5b).

The relationship between peak particle temperature O and light flux
I° from Eq. (20) is plotted in Figore 15 for r = 10 nm and r =) 100 nm.

¥e note that the temperatures shown for low fluxes can be less than the
vaporization temperatures for carbon. The primary reason for this
result is that the treatment assumes vaporization into a vacuum. Thus
the temperatures it predicts are lower than would be expected in the
present case, particularly for larger particles which will de surrounded
by a high pressure vapor shell during the early stages of vaporizatio.
(see subsequent discussion). The trend toward higher tewperatnres is

evident from the experimental data presented by Eckb!eihis. T data
show temperatures several hundred degrees higher they rii¢dicted »y Eq.

(20) at flux levels near 108 W/cmz. It is likely thai the difference
between actual peak temperatures and predicted values will be much
larger at higher flux levels.

F. Expansion of the Surrounding Vapor

If the particle vaporizes at the rate determined by its latent heat
of vaporization, the volume V of surrounding vapor must expand at the
rate

2
I Bnr
L (21)
v

vhere the factor (r/8) is omitted for large particles (R > 100 nw), and
Py is the vapor density. Differentiating
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we obtain

2
ar _ LoPT

R
4R va

5

The density of C3 vapor at 4500K and atmospheric pressure is 9.8 x 10
3lcn2. If this value is substitoted into Eq. (23), we find that the
initial expansion rate of the vapor shell (that is, for r = R) for a 100

om particle in a flux of 109 chm2 is 3.3 x 107 cm/sec, or about 200
times the sound velocity! This result strongly suggests that the den-
sity and degree of polymerization of the carbon vapor must be much
higher than assumed near the particle surface. It also raises the pos-
sibility that inertial and collisional confinement of the vapor may
cause the particle to absorb much more emergy than necessary for vapori-
zation, thereby creating shock waves or iomization which could spread
energy rapidly through the gas volume, causing measurement perturbations

even on the time scale of nanoseconds,

G. Expansion Phenomena Versus Particle Size

Based on the previous discussion, we can speculate about the vari-
ous processes which occur during vaporization of soot particles by an
intense laser beam and how these processes depend on particle size. It
will be assumed throughout this section that the laser flux rises

instantaneously to 109 W/cm2 and that it is uniform at this power den-
sity over the observed regiom.

i. Small Particles (r ® 5 nm): The particle absorbs sufficient energy
to vaporize in 6 ns. Although the initial molecule number density near
the particle surface is very bhigh, vaporization proceeds rapidly because
the molecules are free to stream out to a distance of one mean free path
in the combustion gases (~ 500 nm), requiring only about 0.3 ns to reach

this distance at the average 03 molecular velocity at 4500K. At this
time, the average carbon molecule number density is low relative to the
combustion gas density, on the order of or less than 1% of it, depending
on the average molecular weight of the carbon molecules. For cases
where the laser excitation wavelength does not correspond to absorption
wavelengths of the carbon vapor molecules, absorption and comsequent
thermal or fluorescence emission of the carbon vapor derived from soot
particles is likely to drop sharply after the particle is vaporized
(i.e., within the first 10 ns of the pulse). However, effects of reac-
tion of the vapor with surrounding combustion gases may sustain a higher
level of fluorescence; this process is difficult to estimate.
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ii. Medium Particles (r ® 100 nm): As in the case for small parti-
cles, sufficient emergy to vaporize is absorbed in 6 ns. Vapor will
stream out to one’ mean free path in less than 1 ns; at this time the
number density of carbon molecules will be much larger then the back-
ground gas density (specifically, about seventy times the background
density if the average molecule contains three carbon atoms). Conse-
quently we will assume that stromg absorption continues until the vapor
shell has time to expand to about ten mean free paths, say 20-50 ns. In
this case, the carbon vapor may absorb several times as much energy as
required to vaporize the original particle, raising the possibility that
shock waves and ionization will be generated. Each of these processes
can distribute thermal energy much faster than ordipary thermal diffo-

sion.

iii, Large Particles (r = 1000 nm): The larger particles require much
longer to vaporize, because the rate of emergy absorption per carbon
atom is lower, ss indicated by Eqs. (1) aud (5). This behavior can be
interpreted as the result of shielding of the inner atoms; i.e., carbon
particles with radii > 100 om are optically thick. Thus a 1000 nom
radius particle will not vaporize over the duration of a typical CARS
pulse (10 ns). Bowever, the ratio of vaporization rate to surface area
is of the same order as for & 100 nm particle; therefore, the very high
density and initial rate of expansion found for a 100 om particle is
also encountered for larger particles. In fact, if the particle
approaches complete vaporization the vapor shell must expand to approxi-
mately one hundred mean free paths before the carbon molecule denmsity
drops well below the average combustion gas density. Thus we estimate
that absorption will continue for 100~200 ns (if the pulse lasts that
long)., The consequent high temperatures suggest a stromg likelihood
that shock waves and ionization will be generated.

H. Measurement Perturbations From Soot Absorption

Only about 10% of the soot vaporization enmergy is taken up as
kinetic energy of vapor molecule translation, vibration and rotatiom.
Recovery of the rest depends on the relative magnitudes of energy
released in subsequent exothermic chemical reactions compared to the
latent energy absorbed in vaporization. If these balance, and equili-
brate over the measurement zone in a time short compared to the laser
pulse, measurements of temperature will be perturbed by the relative
amount

fp L
w1100 (24)
s

for L = 7 - 104 J/g. Here $ is the soot volume fraction. This rough
estimate gives a fairly small perturbation for volume fractions of 10—9

to 1076 typical, at least, of premized flamesll.
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reasoned that even this perturbation could mnot be
transmitted to a large fraction of the gas volume by ordinary heat con-
duction during a2 short laser pulse (~ 10 ns), except possibly in the
case of a very large volume fraction and very small particles. In that
case, the interparticle spacing is sufficiently small (~ 1 um) to allow
significant heat conduction in 10 ns.

Eckbret

However, we have noted the possibility that larger particles (R )
100 nm) can absordb more than the energy necessary for vaporization, and
consequently can generate shock waves and ionization., Each of these
processes can transmit energy over distances of 10 micrometers or more
in a few ns. Consequently, the possibility of measurement perturbation
needs to be examined carefully in the case of large particles, even for
the short pulses characteristic of CARS measurements. However, it is
clear that CARS presents less chance of measurement perturbations;
although the peak power densities encountered in typical CARS and single
pulse Raman scattering measurements are about equal, the longer pulse
required in typical Raman scattering measurements allows much more time
for absorbed energy to affect measured quantities, while the greater
energy requirements increase the potential magnitude of these effects.

I. Optical Background From Soot

The optical background created by ordinary thermal emission from
soot, and the emission from laser-heated particles, can be calculated by
using the absorption cross section to determine the optical absorption
of the soot region over the path length z viewed by the Raman scattering
receiving channels. This absorption is equal to the soot emissivity e
over the same path length. Thus

e=1-exp [ - 282 5 ) o 2288 (5, (25)

where the approximation is valid when the resulting emissivity is much
less than one, and the factor in parentheses is omitted for large parti-
cles. (We assume for simplicity that the particles are all either
"small” or "large”.) For example, a 5 cm thick region with a small par-

ticle soot volume fraction of 10-7 will have emissivity

e ® 0.034
while if the particles are all large, say 1000 nm radius, the emissivity
will bde

s ¥ 0.0034

The spectral brightness of thermal emission from soot in this
region in units of watts/(cm? nm sr) is
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BT = 'Hl (26)

where H, is the Planck function. Assuming a soot temperature of 1500K,

A
we find that the thermal emission brightness at 550 anm is

7

By (550 om, 1500°K) = 2 x 10° watts/(cm® sr om)

for the small particle range assumed above, Notice that the brightmess
is a factor of ten smaller for the same volume fractiom of large (r =
1000 nm) particles.

In comparison, the brightness BR of the Raman scattering cam be

calculated by assuming (for simplicity) that the incident beam has
rectangular cross section of width W and depth D (in the direction of
the collection optics). Then

PN
B = M°R

R VA 27

where P is the incident laser power, NH is the molecule number density
for the observed species and initial state, g is the corresponding

Raman scattering cross section and A is the Raman scattering line width,
Using the representatives values P = 106 watts, W = 3 10-2 cm,

N 18 23, A=1omando, =5z 101

M= 2 x10 cm R anISt. we find

BR = 3,3z 10-5 W/cm2 sr nm (28)

In this case the spectral brightness of the Raman scattering is abdbout
150 times greater thanm the soot thermal emission. On the other hand, at
a soot temperature of 2000K, the Raman scattering and soot emissions are

about equally bright for a volume fraction of 10“7 and s viewed region
of 5 om thickness., Since the Raman scattering cannot be made much
brighter without danger of laser breakdown of the gas, these estimates
illustrate rough limits for Raman scattering visibility against intrin-
sic soot thermal emission as a function of soot size distribution,
volume fraction, tempersture and path length.

In many cases, a more stringent limit is set by the laser—induced
soot heating. If the particles are heated to 5500K by the laser deam,
the laser—induced brightness is given by

By = ¢’ H, (O)f (29)
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Here &' is the emission for the laser—heated region
' « 3DB? = )
e = 08 (5 (30)

and £ is the fraction of the pulse over which the laser-induced emission
persists (ranging from ~1 % for small particles to > 10% for large onmes

for a one microsecond, 109 chuz pulse, sccording to our previous argu-

ments concerning particle vaporization), Assuming D =3 - 10-2 cm also,
we find for ¢ = 10'-7

e’ =2 x 104 ({100 om)

e’ =2 x 1070 (1000 om)

Then the laser—induced brightness is

B, =4z 106 Wen? srnm (r =5 om, £ = 1%, 6 = 5500°K)
By = 4z 1075 Wem? srom  (r = 100 om, £ = 5%, © = 6500°K)

B, =2x 105 W/em? sr om  (r = 1000 om, £ = 20%, € = 7000°K)

These results suggest that the laser—induced soot incandescence should
not constitute a serious background for the smallest soot particles and
will be comparable to the Raman scattering in the presence of larger
particles, (Our calculations are somewhat more optimistic than those
presented in Reference 10 becaunse there appears to be anm error overes-
timating the radiation from particles by a factor of tem in those refer-
ences, snd because we have taken into account particle vaporization.)
However, the simplicity of the approximations used to draw these comclu-
sions makes them uncertain. In particular, uniform light iatemsity ia
time and space has been assumed. In practice, the beam is wesker early
in the pulse and along its boundaries., Since the particie-temperature
and thermal emission are weak functions of beam intemsity, the thermal
emission will be fairly uniform across the beam, However, the particles
will vaporize much more slowly in the weaker flux times and regions.
This behavior will increase the factor f and intensify the laser~induced
background problem.
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In practice, a sharp drop in laser-induced emission has been seen
by Eckbrethi®

greater than 107 W/cmz. The peak durations are consistent with size
distribntion measurements which indicated a preponderance of larger par-
ticles. The persistent luminescence could be due to slow vaporization
of larger particles, or particles on the edge of the laser beam. Alter-
nately, it could be fluorescence from reaction products of the vaporized
carbon with surrounding molecules, or, as Eckbreth suggests, it could
arise from an observed thermal defocusing of the beam within the dye
laser used for his experiments. The latter process would expose new
soot particles during the latter stages of the pulse.

during a several microsecond pulse at incident intensities

Our experiments indicate laser—induced luminescence levels approxi-
mately ten times the Raman scattering signal in incipient sooting
regions of the rich premizxed propane air flame. Volume fractions and
particle sizes in this region have not been determined yet, nor has the
time dependence of the laser—induced radiation been measured. However,

the soot volume fraction should be lower than 1077 in this region
because the oramge glow characteristic of soot emission was just becom—
ing visible. It is possible that the predominant background emission
bers is fluorescence from soot precursors. VWe cannot draw reliable com-
clusions about the source of observed background in our experiments
until the time and spectral dependence of this radiation is studied as s
function of laser power. The fluorescence intemsity is expected to fol-
low the laser pulse fairly closely, while the emission from small soot
particles should drop off sharply ss the soot vaporizes. Because the
anti-Stokes fluorescence at large shifts should arise mostly from multi-
ple photon events, it should vary more rapidly with laser power than
induced thermal emission.

J. Methods of Minimizing Laser—Induced Soot Incandescence Backgrounds

Whether or not our observations were of soot emission, analysis of
the laser-induced soot luminescence indicates that Raman scattering will
face comparsble to stronger background in the more dense soot regionms.
There are several ways which have been suggested to relax this limita-

tion. Eckbtothlo has tried rapid alternation of the laser beam polari-
zation during the pulse using a Pockels cell driven by a sine wave, The
soot emission should not be changed by this oscillation, but the Raman
scattering should follow the oscillation because of its strong polariza-
tion dependence. A filter passing only the polarization modulation fre-
quency should then separate the Raman signal from the unmodulated back-
ground due to soot luminescence (or quenched fluorescence). To our
kxnowledge, this approach has been demomstrated but not tried exten—
sively, probably because it reduces the effective laser emergy by a fac-
tor of at least two, and does not provide sufficient discrimination in
practical implementation.

Ve have attempted to use conditioned sampling approaches to circum-

vent this laser-induced background problem in turbulent diffusion
flames. One approsch involved setting the detection electromics (or
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computed analysis program) to omit all signals larger than a threshold
value set larger than any possible Raman signal. This permitted good
Raman dats to be collected from clean flame zones under conditions where
sooty regions were oscillating in and out of the optical detection zonme.
This form of conditioned sampling can provide valid temperatures and
major species concentration data in unsooty flame pockets and a measure
of the relative number of soot versus monsoot containing pockets at that

flame location.

In a second conditioned sampling approach, the pulsed Raman laser
was triggered only when scattering from a probe cw laser indicated the
absence of large soot particles in the sample zone., This technique was
not successful because no strong particle scattering from a 4 watt cw
laser could be detected in sooty flame zones, even though the sensi-

tivity of the channel was sufficient to see 106 detected photons/sec
from Raleigh scattering. The lack of Mie scattering pulses indicated
that only soot particles smaller than 0.1 pum were present. This form of
conditioned sampling does not appear to be a promising general approach
for these sooting flame regions because the distributiom of background
producing constituents appears to be homogeneous. However, in sections
of the flame further downstream or in other flames where a few large
soot particles may be present, this technique may be useful,

Alternately in approaches that we have not tried experimentally,
the effective soot emission might be reduced in regions of smaller par—
ticles by gating the detection system to look only at the latter part of
the pulse, after the particles are vaporized. Finally, an approach
which seems the most widely applicable is to vaporize the soot particles

by a laser prepulse. From Eq. (13) omnly 7 J/cm2 (or 70 mJ in a 1 .nz

cross section beam) is required to reduce the volume fraction of smaller

soot particles to 5% of its original value., In this case, a larger

- laser pulse following several microseconds later will probe a region

which is relatively particle-free. The success of this approach

) requires weak fluorescence from molecules formed by the excess carbon
and insignificant perturbation of the measured quantities by particle
vaporization. A more detsiled analysis and experiments in this area are
clearly worthwhile.

K. Messurement Perturbation and Background From Molecular Absorptjom and
Fluorescence

In addition to soot precursors, s number of other molecules found
in combustion gases have significant absorptiom cross sectioms inm visi-
ble light bands. Among these are Cz, cs, CH, ON, N°2 and OH, Although

these are nearly always minor constitueats, onmly a small smount of
absorption is necessary to perturdb the gas tempersture significantly.
The equilibrium temperature rise is givea by

\]

on
AQ = zp— (31)
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where Qo is the integral of the power density over the duration of the
laser pulse. The molecular absorption coefficient is given by i

k= NH %)Bs

where NM is the number density of absorbing molecules, and %ABS is the
corresponding absorption cross section per molecule at the laser
wavelength, For our single pulse Raman measurements, Qo ~ 103 J/cnz,

Substituting values of C and pz for high temperature nitrogen:

C=1.3 J/g°K,

Py = 2.4 x 1074 g/cn’, !

we find

A0 = 3.3 x 105 (em®K)k.

Thus, even absorption corresponding to an optical mean free path (63%)
absorption) of 100 m can produce a 330K temperature rise in flame gases.
This level of absorption would be created by molecules having an adbsorp—

tion cross section of 10-18 cm2 at concentrations of about 20 ppm. If ‘g

1 the absorbed energy is communicated to measured quantities, such as the

vibrational excitstion of N2 during the laser pulse, significant meas-

urement perturbation will result. However, this effect could be miti-
gated by the bleaching tendency of the intense laser beam to saturate
the absorbing species and to excite or dissociate the absorbing
molecules into nonabsorbing species.

In addition to causing possible measurement perturbation, some of
the 1light absorbed by molecules is reradiated in the form of fluores-
cence, Typically, the re-emitted fraction is very small, on the order

of 10"4 or less, because most of the energy is degraded by collisions
before emission cam occur. Nevertheless, the re—-emitted fractiom can
provide a significant background to Raman scattering. For example, if
the mole fractionm, XA, of the absorbing species in molecular states

leading to absorption of the laser radiation is 10-6. the mole fraction,
xk' of the observed Raman species is 0.1, the absorption cross sectiom

18

is 10~

10-6, then the ratio of Raman scattering to the flvorescemce background
is

cnz. and the re-emitted fractiom, F, in the Raman bandwidth is ;
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41X, 0
- "3g% 0, 2
R W = 1.3 x 10° (cm® sr) OR (32)

Since typical Raman scattering cross sections of importance here are on

the order of 10—30 cnzlst. this estimate indicates the possibility of
strong interference from a relatively minor species. However, the pred-
iction can be pessimistic for severasl reasoans. First, the absorption

cross sections for small molecular species reach 10_18 cnz only in con~

fined bands, which often can be avoided using a tuned laser source.
Second, tke bleaching effects of high intensity laser beams mentioned
previously can reduce fluorescence commensurate with absorption. Third,
methods distinguishing against fluorescence are available, including
Raman scattering measurements confined to the anti-Stokes side, and the
polarization modulation described previously,

In practice, Leonard13 and Yaneyl4 have identified fluorescence
background using UV excitation (337 mm) in jet turbine exhaust gas.
Fluorescence excited by cw 488 nm radiation, apparently originating from

pyrollaed fuel (soot precursors) was observed by ﬂaynesll, and Eck-

breth inferred the presence of C2 fluorescence associated with soot

vaporization., On the other hand, we have not observed significant
fluorescence background in our Raman scattering measurements on
bhydrogen—air flames and light bhydrocarbon premixed flames (methane, pro-—
pane), except possibly im incipient sooting regions of the rich propane
flame.




V. COMPARISON OF RAMAN SCATTERING AND CARS FOR TURBULENT COMBUSTION
MEASUREMENTS

A, Characteristics of CAR

7]

CARS is the most developed of several nonlinear optical

15-17

processes that have received considerable atteantion for combustion

analysis since its initial application to flames eight years a;ols,
Compared to spontaneous Raman scattering, CARS has two major advantages
-— increased signal intensities and a collimated output.

To discuss the signal levels attainable in an idealized case, we
assume collinear monochromatic pump and Stokes beams overlapping in a
diffraction-limited focus. For this case, the anti-Stokes signal power
is given by

= (2? (T- P P 112 (33)

where A is the light wavelength, P is the power of each indicated beanm,
and x is the third order nonlinear susceptibility. When ls is tuned to

equal the wavelength of an isolated, homogeneously broadened Raman line,

6
i) N.o
S _J_JL
-—-g——— (34)
167 he

Here Nj is the concentration difference between the upper and lower
molecular states involved in the transitionm, aj is the Raman scattering
cross section, and 1 is the Raman linewidth in wavelength units. Typi-

cal values found in combustion measurements are:

A = 500 nm

ls = 566 nm (N2 vibrational @-branch)

XAS = 448 nx

Nj = 1011 0-3 (for a particular rotational
contribution to the vibrational Q-branch)

o = 5 x 101 cn?/ar

Ly = 53107 om

PP 1 Mw

0.1 Mv
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For these values, PAS & 30W. In comparison, the overall Stokes Q-branch

ordinary Raman scattering from 1 mm pathlength and comparable incident

beam poirer will be about 10-6W. For a fair comparison, we should
include the contribution to the CARS signal from the other rotatiomal
components of the Q-branch (increasing the CARS power by a factor ~ 10),
take into account that beams used in pulsed CARS measurements are rarely
diffraction-limited (decreasing the CARS signal by several orders of
magnitude), and note that typical Raman scattering pulses will persist
for about one hundred times 1longer than the pulse used for CARS
(increasing the total energy in the Raman scattering signal). Neverthe-
less, even with the lower signal stremgth inherent in the CARS confi-

guration most used in single-pulse combustion measurements (BOXCAR819

with at least one broadband laser), CARS offers approximately 103 total
signal advantage over Raman measurements for major species.

Secondly, the CARS signal is collimated in a beam with a divergence
similar to that of the incident laser beams. This permits nearly all of
the CARS signal to be collected, versus only about 1% for the nearly
isotropically scattered spontaneous Raman signals. This is particularly
important in probing complicated combustors whose design can permit dou-
ble ended optical access regquired for CARS, but which oftemn do not
tolerate the large apertures or windows necessary for efficient Raman
collection., The collimated CARS output also greatly enhances (typically
by four to six orders of magnitude) background rejection of blackbody
radiation from combustor walls, soot incandescence, or laser-induced
fluorescence.

Bowever, CARS does have significant disadvantages compared to Raman
scattering, discussed in the following paragraphs. These include:

1. More costly and complex experimental configuration;
2. Much more sophisticated data analysis;

3. Sensitivity to laser power and beam quality fluctuvations, tur-
bulence effects, and background gas compositioms: and

4, Difficulty 1in simultaneously measuring several molecular
species,

CARS requires the interaction of two laser beams. In combustion meas-
urements, the pump beam is often split and crossed (BOXCARS) to increase

spatial resolntionzo. For time-aversged measurements, both lasers can

have narrow frequency outputs, and the CARS spectrum is gemerated by
sweeping the frequeucy of one of the lasers. For single~pulse measure-
ments, an alternative approach is required using a multichannel detector
and one brosdband laser which spans a wavelength range broader tham the
Raman band of interest. Botk the BOXCARS and broadband configurations
decrease the generated signal inteusity and increase experimental com-—
plexity.
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Analysis of CARS data to determine temperature or species concen—
tration requires a considerable amount of calculation. Unlike spontane-
ous Raman processes where the intensities of many closely spaced lines
(i.e., rotastional lines in a vibrational Q-branch) can be summed to cal-
culate the total intemnsity, individual CARS resomances interfere with
each other and with background gas nonresonant contributions. The
effect of these interferences depends on the Raman limewidth, which in
turn is a function of background gas composition, pressure and tempera-
ture. Thus the CARS spectrum is a complicated function of molecular
energy levels, temperature, pressure and Raman line widths. It has been
found necessary to have an accurate prediction of the spectrum under
various conditions in order to determine temperature or molecular
species concentration. Fortunately, theoretical CARS spectral calcula-
tions in agreement with experimental measured spectra have been made for

many diatomic molecules as well as for H2021'23,

CARS temperature measurements are obtained from the ratio of signal
intensities in two or more spectral bands. Since band ratios are less
sensitive to the effects discussed above than individual band intensi-
ties, accurate CARS temperature measurements appear to be obtainable
under many conditions encountered in practical combustors and in fact,
several examples of such measurements have been reported.

On the other hand, the most direct way to measure major species
concentrations is in terms of their absolute band intensities (or inten~
sities relative to a standard). Eq. (33) indicates that the integrated
CARS signal depends roughly on the cube of the overall laser pulse
energy (assuming Py proportional to P, and constant pulse shapes).

Thus, modest laser pulse energy fluctuations can cause large pulse-to-
pulse CARS signal fluctuations.

In addition, CARS absolute signal intensities depend strongly upon
the spatial, spectral and detailed temporal dependence of the incident
laser beams. In standard CARS combustion measurement configurationms,
the pump and Stokes beams are generated by two separate lasers.
Although the Stokes laser is usually pumped by a fraction of the pump
laser beam, each laser displays partially uncorrelated spatial and tem—
poral structure. Analysis of the time dependence of the input laser
beams and CARS output signal using a very fast photodiode has demon—
strated that large variations in the shape of the Nd:Yag pump 1laser
pulse occur due to longitudinal mode beating. The interaction between
the mode beating of the Nd:Yag pump and the Stokes dye laser accounts
for much of the temporal modulation of the CARS intensity.

The combination of these effects in CARS signal production has been
described successfully in theoretical studies only with simplified

models of the laser emission24' 25. However, experiments have demon-
strated the significance of these effects. In room temperature studies
of still laboratory air, 50%-70% shot-to-shot fluctustions in CARS sig-

nal intensities have been obsctvod26 even after correction for overall
pulse eonergy fluctuations, These fluctuations can bde reduced by
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directing part of the incident laser beams through a reference cell con-
taining the gas at known pressure and temperature and normalizing the
observed CARS inteunsity in the sample by that simultaneously measured

from the reference cell. Goss and Switzer27 have reported reduction to
10%-20% in still air by careful balancing of the optical elements and
pathlengths in the reference and signal legs.

Since, in many cases, signals arising from major species will be
proportional to the square of the species concentration, this fluctuna-
tion corresponds to ca 5%-10% uncertainty in the concentration of those
species., Some additional improvements have been obtained by use of a

single longitudinal mode Nd:Yag laser27, and further refinements of

reference cell balancing. Thus, using these techniques, CARS has been
shown to provide excellent concentration measurements in still (or non-
turbulent) gases, However, many applications require that the measure-
ment zome be viewed through a turbulent flow.

In a turbulent gas, local variations in refractive index (which can
arise from fluctuations in concentration and temperature) alter the
focal spot sizes, shapes and positions of the pump and Stokes beam.

Goss and Switzer26 have investigated the influence of these effects by
introducing a turbulent helium flow in front of a still air measurement
region. In one typical case, they found that the very stromg turbulence
introduced by this configuration reduced a collinear CARS signal by a
factor of eleven. Calculations based upon an approximate turbulence
model for a flame indicated that appreciable collinear CARS signals
fluctunations should be expected when the beams must traverse several
tens of centimeters or more of turbulence to the measurement zome. For
BOXCARS, the sensitivity to turbulence is greater because the beanms
traverse significantly different paths to the measurement zome.

Several schemes to remove turbulence effects in concentration meas-
urements have been investigated. Goss measured the nonresonance CARS
signal separately, and used this in-situ reference to correct for beam

defocusing. Shirley et 8128 found that interference between the reso-
nance and nonresonance CARS signals can be used to determine concentra-
tion from band shape rather than band intensity, coanverting the comcen-
tration determination from an absolute intensity to a relative intemsity
measurement, This interference occurs naturally for intermediate
species, and can be induced for major species by polarization tech-
niques. Both approaches appear to provide strong correction of tur-
bulent CARS fluctuations in favorable cases (strong nonvesonance signal)
but suffer from weak signal effects under many combustion conditionms,
making single pulse measurements difficult. Furthermore, both methods
reciire at least approximate knowledge of the in-situ nonresomance cross
section. Although this cross section is approximately constant in
combustion products of varying composition, it can vary stromgly inm
fuel-rich regions,

Thus the present evidence suggests that reliable single pulse major
species turbulent concentration measurements can be obtained over short
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distance, up to perhaps 10-30 centimeters for collinear CARS, without
turbulence compensation, In other turbulent configurations, in-situ
references or line shape analysis, both using nonresonance CARS contri-
butions, appear to provide useful compensation for turbulence effects
under favorable conditions but are not yet generally applicable for sin—
gle pulse combustion measurements.

One of the advantages of Raman scattering not shared by CARS is the
ability to measure temperature and a number of molecular species concen-
trations simultaneously using only one laser in a straightforward
fashion. Straightforward application of CARS for multiple species meas—
urements presently would require an additional laser beam and detector
for each additional molecular species. However, recently reported
observations of rotational CARS may point the way toward relaxed laser
requirements for multiple species measurement, since in rotational CARS
transitions from many molecular species occur in a relatively narrow
wavelength range which can be covered by ome broadband Stokes laser.
Until recently, the problem with this approach has been separating the
rotational anti-Stokes lines from the pump beam, since they lie rela-
tively close to it spectrally and sufficiently strong spectral discrimi-

nation is difficult to achieve over a small wavelength spanzg' 30. This

problem ggs been relaxed by the demonstration of a folded BOXCARS confi-
guration in which the Stokes beam is placed in a plame perpendicular
to that defined by the two pump beams. In this case, it can be shown
that the CARS beam is well separated in direction from the pump and
Stokes beam. Thus one can obtain strong spatial discrimination against
those beams, relaxing the need for stromg spectral discrimination.

B. Nonsooting Laboratory Flames

Table 5 compares the capabilities of pnlsed Raman scattering and
CARS for diagnostic measurements in clean, laboratory-scale turbulent
flames., The Raman characteristics have been experimentally measured in
our laboratory using pulsed Raman measurements on premixed, laminar and
ponpremixed turbulent Hz-air and proptue/ﬂz~air flames. Characteristics

of CARS are ”"best values” obtained from the literature and represents
work done by a variety of researchers.

The spatial resolution is essentially identical (s cylinder ~ 0.6

pm long and 0.1 mm in diameter) for Raman and for BOXCARSsl. The
differences in temporal resolution and repetition rate listed in Table §
are not inherent characteristics, but reflect the type of lasers com—
monly used for each technigue. For pulsed Raman scattering where pulse
energy is the most important factor, flash lamp pumped dye lasers are
often employed. The 2 ps and 1 pps values in Table 5§ correspond to our
current laser facility which has an output power of ~ 1 J/pulse. Sandia
National Laboratories (Livermore) Combustion Research Facility has a
larger flash-lamp-pumped dye laser which not only has increased power (S
J/pulse) but a higher repetition rate as well (10 pps). In CARS , where
peak pulse power is the critical parameter, Nd:Yag lasers with pulse
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widths of 10 ns and repetition rates of 10 pps are the most commonly
utilized.

i. Temperature Measurements. Pulsed Raman measurements of laminar,
premixed Hz-air flames discussed in Section II bhave demonstrated an

experimental average value accuracy of 50K with a single palse measure-
ment standard deviation of 4%. Accuracies are limited by system cali-
bration and background suvbtraction errors while precisions are photon-
noise limited.

Temperature can be determined from CARS intemsity ratios from two
vibrational bands of N2 or from comparison of N, vibrational CARS band

shapes with computer calculated spectra as a function of temperature.
Since these procedures require only relative CARS intensity measurements
and the entire N2 vibrational spectrum can be obtained for each laser

shot using & broadband Stokes laser and a multichannel detector, they
are relatively insensitive to laser beam fluctuations, turbulence
effects and local molecular environments. Temperatures determined from
band analysis of CARS N2 spectra agreed within 50K with temperature

measured by NaD linme reversal and radiation corrected thermocouples in

laminar premixed flames32. A BOXCARS optical configuration was used to

insure a small sample volume. HNowever, the CARS spectra were generated
by slow spectrometer scans requiring many laser pulses.

CARS spectra can be obtained with both high temporal (single laser
pulse) and high spatial (BOXCARS) resolution, as has been demonstrated

by Eckbreth for laminar premixedsz and laminar diffusion fllne531. How-

ever, no values of precision for these single shot data were stated.

Goss et :126 have used a collinear CARS configuration (large sampling
volume) to obtain temperatures from single laser shots in a premixed
propane/air burner, The results of eighteen independent measurements
were 2144 + 140K. The average temperature obtained was 100K higher than
the average temperature determined by sodium D line reversal. The pre-
cision (+ 140K) indicates a 7% standard deviation, which may be further
degraded when going to a BOXCARS configuration since BOXCARS intensities

are {Jggfally lower than collinear CARS by one or two orders of magni-
tude“V*“’, The precision of a set of temperatures from temporally and
spatially resolved CARS data from a laminar flame remains to be verified
experimentally, as well as the effect of refractive index changes in
turbulent flame environments.

ii. Concentration Measurements. Concentration measurements of major
flame species can be measured in a single laser shot with Raman scatter-
ing, as this study bhas demonstrated (see Sections II and III). All
major flame species (i.e., Hz, NZ' 02 and 320) were measured simultane-

ously with standard deviation in the most favorable cases of % 4%, As
in Raman temperature measurements, the accuracy of conceatration values
are limited by calibration and background subtraction errors while the
precision is photon-noise 1limited. The lower 1limit of concentration
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that can be reliably determined with a single laser pulse is ~ 0.01 mole
fraction, limited by background subtraction uncertainties. This concen-
tration limit can be lowered (to ~ 100 ppm) for time averaged measure-
ments if detailed spectral scans using a multichannel detector or multi-
ple laser shots are taken to measure the background more accurately and
if multiple laser shots are averaged to decrease the photon noise.

Concentration measurements for CARS intensities are more difficult
to obtain quantitatively and are the subject of much current research.
In early work using reference cells, CARS was used to measure Hz concen—
tration profiles in a premixed natural gas/air flnmela. However, this
work is only qualitative in that no temperature dependent corrections

were made for line width or population distribution changesls. Single
mode laser and reference cells were used to measure nitrogen and oxygen
concentration (with background cancellation usimg polarization tech-

niques) concentration in a premixed propane/air flamezs. After tempera-

tures were determined, concentrations were measured by integrating the
entire Q-branch, a procedure which neglects the dependence of Raman
cross section and line width on the rotational quantum number J as well
as the affects of any nonresonant backgrounds. Although no quantitative
analysis has established the errors inherent in this method, an average
concentration measurement accuracy of better than 5% (or 0.03 mole frac-
tion) was quoted for N,.

The shape of the CARS profile has been used to follow 0017‘ 33 and

033 concentrations in flames. Good agreement between measured CO deter-

2
mined by CARS and by probe sampling was obtained at the X(COz) = 0.04
[ 1eve133.
| - The capability of single pulsed CARS measurements of N2 concentra-

tion and of simultaneous temperature and N2 concentrations have been

26 from a premixed propane/air flame although the results were

15

1 reported

; not analyzed. Eckbreth has estimated that using in-situ nonresonant
34

background or band shape analysis33 that single pulse concentration
measurements with a precision of + 10% are possible. This is an area of

active research interestzc’ 28, 34 and the capabilities and limitations
of concentrations measured by time- and space-resolved CARS techmiques
may soon be more fully known.

Because of the much larger signal inteusities for CARS compared to
Raman scattering from major flame species, ome might expect that CARS
would be capable of measuring minor flame species. However, this is not
true because CARS intensities depend on the square of the concentration
of the observed species (Eqs. 33 and 34) and its signsl diminishes
rapidly into the nonresonant background with decreasing concentration.
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Experimentally, both background subtraction techniques and band shape

analysig techniques appear to be approximately comparable in sensi-
tivity”” with a minimum CO detectability of ~ 0,01 mole fraction in high
temperature flame zones and 0.001 in lower temperature regions. A

theoretical comparison of detectubilityss limits for background subtrac-—
tion CARS and Raman scattering concluded that Raman scattering was more
sensitive in clean flames but that this superiority was rapidly degraded
in luminous flame environments,

Our conclusion is that pulsed Raman scattering is preferable to
CARS in clean laboratory scale turbulent flame studies primarily because
single pulse concentration measurements from Raman scattering are more
accurate, more precise, and can casily yield simultsneous multispecies
information. However, CARS is an extremely useful techmnique for study-
ing laboratory systems which are not amenable to Raman scattering. ]

C. Sooty Flames and Practical Combustors

The range of applicability in turbulent combustion for Raman
scattering and CARS is summarized in Table 6. As demonstrated in this
study, pulsed Raman scattering is well-suited to laboratory scale Hz end

hydrocarbon flames, However, in the presence of soot, Iarge laser—
induced backgrounds can make this technique unsuitable, although appli-
cation of Raman scattering to larger scale (more practical) combustors
have been successful to & limited extent, Examples include jet engine

exhanstss' 37, stratified charge enginesss, internal combustion engines

prior to ignitionsg' 40 and combustion tunnelsl4' 41. Bowever, these

applications often would be 1limited to certain fuels, fuel-to-air
ratios, combustor zomes or times in the combustion cycle when Raman
measurements were possible.

CARS, because of its much stronger inherent signal intensity and
collimated output, is much more immune to the background interferences
(i.e., luminescence, soot incandescence, fluorescence) which can make

L Raman measurements impossible. Lower laser emergies are required for
CARS, minimizing sample perturbations arising from particle or molecular
. sbsorption. In additiom, although tlLe optical access necessary for CARS
] is double-ended, only narrow aperture windows are required, which are
often more compatible with practical combustor designs than a larger
aperture window necessary for efficient collection of Raman scattering.
These capabilities of CARS are demonstrated by its recent application to

temperature measurements in sooting propane diffusion fln-essl, the exit

42

plane of a kerosene burmer “, a bluff body stabilized propane diffusion
44

flame coubustor‘s. an engine cylinder ', and in the primary use of a
f swirled, coannular burnmer with Jet A liquid fuel and the exhaust of a

! JT-12 combustor cun‘s.
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VI. SUMMARY

Vibrational Raman scattering has been shown to be a reliable,
quantitative method for instantaneous, simultaneous measurement of
temperatures and molecular species concentrations in a variety of
laboratory scale flames. Results with a 1J/pulse laser on laminar,
premixed Hy-air flames demonstrate a low measurement uncertainty for
temperature (4% standard deviation) and major species concentration due
almost entirely to theoretically predicted photon statistical
fluctuations. All major flame species (Hp, 03, Ny, H20) are measured
simul taneously and other molecular species can be added with minor
experimental changes. The excellent agreement with theory for
concentration and with thermocouple results for temperature demonstrate
that systematic Ramar measurement errors are acceptably low (1 mole
fraction percent and 40K) with current calibration techniques.

Results of pulsed Raman studies of turbulent flames indicate no
added difficulties., Valid measurements with a temporal resolution of
2ps and a spatial resolution of “0.1 mm~ are obtained in all parts of
the flame including mixing layers of Hy-air turbulent jet diffusion
flames where large fluctuations exist (i.e., temperatures ranging from
300-2400K at a given flame location). Comparisons with adiabatic flame
calculations demonstrate the importance of differential diffusion in
mildly turbulent H, —air flames, and the Raman data was subsequently used
to validate advanced models which include differential diffusion
effects. [9]

The major 1limitations of pulsed Raman scattering are high
laser—induced optical background signals which were observed im sooty,
hydrocarbon flame regions and which precluded meaningful Raman
measurements. Measurements in nonsooting propane-air flames demonstrate
that flame luminosity is not a problem because the gated electronics
auntomatically subtract this background. However, in sooty regions of
premixed laminar or non-premixed turbulent propane-sir flames,
background signals caused by laser-induced particle incandescence or
molecular fluorescence are dominant.

An analytical study of these processes suggests that soot, in the
presence of the high flux laser pulses (*10° watts/cm?) necessary for
Raman or CARS, rapidly reaches vaporization temperatures of about 4000k,
radiating thermally at this elevated temperature until it disappears by
vaporization. Calculations of intensity of this laser—-induced soot
incandescence suggest that it will not be a serious background for small
(r=5nm) soot particles and will be comparable to Raman scattering
intensities in the presence of larger (r"1000nm) particles. This
calculation is somewhat more optimistic than the analysis in Ref.
(Eckbreth) because there appears to be an error overestimating radiation
from particles by an order of magnitude in that reference and because we
have tsken into account particle vaporization,.

In addition to high optical backgrounds, this 1laser-induced soot
incandescence and vaporization process can cause serious sample
perturbations. The vaporizing particle produces a plume of
predominantly carbon vapor which can by collisions transfer emergy to N2
and other gas molecules (perturbing temperatures based wupon N2
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vibrational populations) or react with the surrounding gas, further
changing its composition and temperature. The rates of energy tramnsfer
and chemical reaction may be slow enough to cause limited effects for
CARS measurements made on a 10ns timescale, but may not be insignificant
for pulsed Raman measurements with a microsecond temporal resolution.

Several methods of circumventing soot incandescence (permitting the
possible application of pulsed Raman scattering to some sooty flame
environments) are suggested based upon conditioned sampling data
collection (and/or analysis) or double pulse laser techniques.

In general, however, coherent anti-Stokes Raman scattering (CARS)
appears to be a better choice for sooting flames because the shorter
laser pulses and somewhat lower laser emergy requirements minimize soot
incandescence and potential sample perturbation effects and because its
collimated signal output permits excellent rejection of the
laser-induced background. The collimated output and larger signal
intensities inherent in CARS give it significant additional advantages
over Raman scattering for temperature measurements in large scale
combustors since large optical access is not required for efficient
signal collection (small aperature double-ended optical access is still
required however) and thermal radiation from combustor walls is wmore
easily rejected.

However, for studies of nonsooting laboratory flames, Raman
scattering is generally preferable to CARS. Both concentration and
measurements determined from Raman measurements are essentially photon
noise limited. Concentration measurements based upon CARS data are much
more dificult to quantify. Methods for improving precision in
concentration measurements are under active investigation and include
single mode lasers and reference cells, ratioing CARS intensities to
: simultaneously measured non-resonant CARS emission intensities, and
[ bandshape analyses of the interferences of the resonant and non-resonant
¥ susceptibilities., Precisions for single pulse concentration values
measured by these advanced CARS techniques bhave not been firmly
established but are estimated to be higher (i.e., 1less precise) than
those attainable by RS. For temperature measurements the accuracy of RS
and CARS are essentially equal (V50K error), but the precision of
single-laser-pulse temperature measurements are more firmly established
for RS (+ 4% relative standard deviation) than for CARS.

‘e

i Additionally, Raman scattering has the capability of measuring many
different molecular species concentrations simultaneously  using
relatively simple equipment. Only a single laser is required an
multiple species capability is obtained by adding a detector channel for
each additional species. For example, in this study on Hy-air premized
and turbulent, nonpremixed flames temperature and concentrations of all
major flame species (Hy, Ny, 03, Hy0) were measured simultaneously for
each laser shot. This information providing correlations and joint
probability density functions, is extremely valuable as demonstrated in
our analysis for differential diffusion effects.

For CARS, multiple species capabilities would generally require the
use of several Stokes laser beams to span the spectral ramge for widely
separsted vibrational Raman lines and a number of detector channels
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would be necessary for each species (or group of spectrally~close
species neighbors) to properly correct for temperature and non-resomant
background effects. (A possible new direction being considered for such
multicomponent measurement capability is pure rotational CARS, which is
in the early stages of study.)

Thus Raman scattering is preferable to CARS for measurements in
clean, laboratory-scale flames. Indeed, if Raman scattering were
several orders of magnitude more intense than it is, it would be the
method of choice over CARS for nearly all combustion measnrements. As
it is, CARS provides the best choice in many combustion eanvironments for
which dominant problems exist concerning discrimination agzinst
intrinsic or laser-induced background, reduction of measurement
perturbations, or application to combustors where optical access is
limited to very small apertures. For these advantages, one must pay the
price of some combination of additional overall experimental complexity,
poorer accuracy and/or less simultaneous species concentration
information (limiting for flame modeling efforts).
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Table 3.

Summary of Raman Results for a Laminar Premixed Flame,

and at the Centerline and Mixing Layer of Two
Turbulent Diffusion Flames.
LAMINAR TURBULENT TURBULENT
PREMIXED FLAME DIFFUSION FLAME DIFFUSION FLAME
é=1 Re = 1500 Re = 4500
x/ld = 50,y/d = 3.75 x/d = 50, yild = 5.0
1773. 1844. 1137.
70. 250. 654.
0.04 0.14 0.58
1.00 1.00 1.00
1.00 1.02 1.33
1.00 1.05 2.05
1.01 1.1 338

Z,= LWL ()t
j=1
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Table 5. Comparison of Raman Scattering and CARS For
Turbulent Laboratory Flames

Raman® CARSb
Spatial Resolution <0.1 mm3 same
Temporal Resolution 2 us 10 ns
Reretition Rate 1 pps 10 pps
Temperature
Accuracy of 100 pulse ave. about 50K about 25-~50K
Precision of single pulse datum o=%4% +2-7%
Major Species Concentration
Accuracy of 100 pulse ave. about 0,01 mole about 0.03
fraction
Precision of single pulse datum 0>%4% +5-10%
Lower conc. limit for single 0.01 mole 0.001-0.02
pulse fraction
Simultaneous multi-component Yes Difficult
measurements (HZ,NZ,OZ,HZO)

a Based upon GE measurements on laboratory flames.

b Best estimated values from major laboratories (United Technologies
Research Center, ONERA, Sandia-Livermore, Systems Research Labs,
Harwell, Yale Univ., and others).




Table 6. Range of Applicability for Turbulent
Combustion Measurements
Raman CARS
Hy and Nonsooting Yes Yes {
Hydrocarbon Flames !
Best Choice for Hp X |
and Nonsooting '
Hydrocarbon Flames i
Sooting and Spray Very Limited Yes (Especially
Flames Good for Temp.)
Large Scale Very Limited Wide Appli-~ !
Combustors cability
Best Choice for X
Sooting, Spray Flames,
or Large Scale
Combustors

b
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Figure 1. Schematic of Turbulent Combustor Geometry and

Optical Data Acquisition System for Vibrational Raman

Scattering Measurements of Temperature and Concentrations

of Major Flame Species. Also shown are sketches of

expected Raman contours of Stokes and anti-Stokes Raman

scattering from Ny, the temperature calibration curve,

and an example of a probability density function for

temperature at a specific location in the flame. :
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Figure 3. (Top) -~ View of combustor through window on near

side, with fuel tube at left-hand-edge. A hot-film anemometer
and a pitot tube are suspended into the flow from a metal
plate which replaced the far-side window. (Bottom) - View of
combustor from side opposite to that shown in top view. Here,
the metal plate replacing the viewing window is instrumented
with the pressure taps used to determine the axial pressure
gradient.
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Figure 4. Probability Density Function (Histogram) of
Temperature Experimentally Measured in an Isothermal Zone
of a Premixed, Laminar Hg-Air Flame with a Fuel-to-Air
Equivalence Ratio of 1.0
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Figure 5. Measurement of Spectrometer Slit Function for
Propane-Air Flames Corresponding to Fuel/Air Equivalence
Ratios ¢ of 1 and 3.%*5 For the middle curve, the spikes
resulted from strong laser-induced optical signals. The
bottom curve has been treated by conditioned sampling.
The spike at the right-hand edge is a laser-induced
signal that was not suppressed by the sampling threshold.
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Figure 6. Probability Density Functions (Histograms) of
Temperature Experimentally Measured in (a, left) an
Isothermal Zone of a Premixed, Laminar Hp-Air Flame with

a Fuel-to-Air Equivalence Ratio of 1.0; (b, center) the
Mixing Layer of a Moderately Turbulent H2-Air Jet Diffusion
Flame; and (c, right) the Mixing Layer of a More Turbulent
Hy-Air Jet Diffusion Flame.®




MOLE FRACTION

0.8

0.6

0.4

0.2

H, 50 m/sec
AIR 10 m/sec
H, Re 1500
,/ xid 25

e \ , .
Hzo\'\/. \ / \V.‘
- =N 4
TNV AN
- Ol(CALC)—F, / kvl \ '\
Y L‘j...’ﬁu-----"..x".ll
-20 -10 0 +10
BOTTOM

VERTICAL DISTANCE FROM
COMBUSTOR CENTERLINE (MM)

Figure 7. Radial Profiles of Average Values of Major
Flame Species Mole Fractions at an Axial Location of 25
Fuel~Tip~-Diameters Downstream in a Turbulent Ho-Air
Diffusion Flame with a Reynolds Number of 1500.! Each
data point consists of an average of 200 instantaneous
measurements (laser shots). The concentrations of 03
were not measured here but were calculated assuming a
constant ratio of oxygen to nitrogen atoms at all

flame locations,
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Figure 8. The Same as in Figure 7 Except Further Down-
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Figure 9. Radial Profiles of Average Values of Tempera-
ture at Three Different Axial Locations in a Turbulent
Hy-Air Diffusion Flame With a Reynolds Number of 1500.}
Each data point consists of an average of 200 instan-
taneous measurements (laser shots).
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Figure 11. Comparison of Simultaneous Nitrogen Con-

centration and Temperature Measurements with Laminar

(Miller and Kee®) and Adiabatic Equilibrium Model 1
Predictions.
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Figure 13. Comparative photographs of Hjy-air (top) and propane/
Hy ~ air (bottom) turbulent diffusion flames. The 3.2-mm-ID
fuel tip is visible at the right-hand edge of each picture.
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Figure 14. Volume Average Soot Particle Equivalent Radius

Calculated From Coagulation Theory, Assuming Soot Created
as Fine Particles at Volume Fraction ¢ at Time t Previous
to Plot, and Average Size Changes From Coagulation Alone.
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