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INTRODUCTION

During the three years of AFOSR support, significant progress has been made in
the following two rescarch areas: (1) Nonlinear spectroscopy of micrometer-sized
multicomponent droplets; and (2) Two- and three-dimensional scalar and velocity mapping.
Specific details of our accomplishments regarding the use of nonlinear optical spectroscopy
to characterize droplets and multidimensional diagnostics in flames can be found in the
publications resulting from the research (See list starting on page 24). All these papers
have been submitted to AFOSR in both preprint and reprint form.

RESEARCH ACCOMPLISHMENTS

1_Nonlipear Spectroscopy of Droplets

Nonintrusive in-situ optical diagnostics techniques have the potential of determining
the chemical species and physical properties of multicomponent liquid droplets in a spray
combustor. A spherical droplet or slightly deformed spherical droplet (in the form of an
oblate or prolate spheroid) has the following unique characteristics: (1) enhances the
internal intensity of the incident radiation; (2) increases the spontaneous emission rates for
the lasing and the spontancous Raman and Brillouin scattering processes; and (3) provides
optical feedback for the internally generated nonlinear waves. Consequently, the input
intensity threshold needed to achieve stimulated emission in the micron-sized droplets is
much lower than that expected from a liquid in a micron-thick optical cell. Our research has
shown that the nonlinear emission spectra from micron-sized droplets contain information
on the chemical species, the species concentration, the droplet radius, and, more recently,
the deformation amplitude of oblate and prolate spheroids.

Following is a brief summary of the research accomplishments in three areas related ‘
to the nonlinear optical interactions inside micron-sized droplets and the applications




of such nonlinear spectroscopy to determine the chemical and physical properties of the
droplets:

We modified the standard one-dimensional coupled nonlinear-wave equations that
are appropriate for stimulated Brillouin scattering (SBS) and stimulated Raman scattering
(SRS) in an optical cell in order to accommodate the droplet geometry. To our knowledge,
there does not exist a set of nonlinear-wave equations that can describe the experimental
observations from single droplets, such as the time delays for the growth of SBS and SRS
and the temporally correlated growths and decays among the SBS and the various-order
Stokes SRS waves. In our heuristic model, the internal intensity spatial distribution is
caiculated with the well-established Lorenz-Mie formalism. The internal intensity temporal
profile is the same as experimentally observed time profile. For each roundtrip around the
droplet rim, the Raman (or Brillouin) wave experiences gain at the regions of high internal
intensity and experiences loss all around the droplet rim because of radiation leakage, linear
absorption, and intensity depletion associated with generating other nonlinear waves. The 4
first-order Stokes SRS (or SBS) starts from the spontaneous Raman (or Brillouin)
scattering. The higher-order Stokes SRS starts from both the spontaneous Raman
scattering and the parametric signal associated with the four-wave mixing among the multi-
order Stokes SRS waves.

There are only two adjustable parameters in our heuristic model. The first
adjustable parameter is the Raman (or Brillouin) gain coefficient of a liquid. Because of the
cavity QED effect, the gain coefficient in a droplet can be enhanced relative to that in an
optical cell. The second adjustable parameter is the wave-vector mismatch Ak (or
coherence length) among the nonlinear waves participating in the four-wave mixing
process. The wave-vector mismatch among MDR's is difficult to predict because the
MDR's can have different phase velocities that differ from the plane wave phase velocity




in a liquid. By adjusting the Raman (or Brillouin) gain coefficient and the wave-vector
mismatch in our heuristic model, we were able to obtain good agreement with the
experimentally observed temporal profiles of both the SBS and the first- through third-
order Stokes SRS. The Raman and Brillouin gain coefficients affected the delay time
between the appearance of the SBS and first-order SRS, after the pump laser is turned on.
The wave-vector mismatch affected the temporal profiles of the SBS and the various order
Stokes SRS. In addition, the wave-vector mismatch affected the correlation of the
following: (1) the intensity valleys of the SBS with the intensity peaks of the first-order
Stokes SRS; and (2) the intensity valleys of the first-order Stokes SRS with the intensity
peaks of the second-order Stokes SRS. The adaptation of the standard nonlinear-wave
equation of plane waves to accommodate the droplet geometry appears to be reasonably
successful in explaining many observed nonlinear phenomena in droplets. (See publication
#3.)

In diesel fuel droplets it was reported that SRS is not observable because the
one- and two-photon absorption processes in the liquid suppress the SRS. One-photon
absorption in the green can be minimized by selecting the input-laser wavelength
(Ainpu) to be in the yellow or red region. Two-photon absorption in the blue may not
be avoidable, for two reasons. First, the two-photon absorption bands of most liquids
are not well known and are frequently ignored. Second, the two-photon absorption
band in the blue is hard to avoid, because even if Ainpud) is selected to be in the red
region, (Ainpw/2) Will be in the blue region. We incorporated two-photon absorption
effects into our heuristic nonlinear wave-equation model in order to simulate the
undesirable effect of some varying amounts of two-photon absorption.

Two-photon absorption can be grouped into two cases. The first is a degenerate
two-photon absorption case involves two red-SRS photons that are distributed around the
droplet rim. Another non-degenerate two-photon absorption case involves one red-SRS A
photon and one green pump-laser photon that is confined to a small focal region within




the droplet sphere. In the latter case, the non-degenerate two-photon absorption process
competes with the SRS gain process. Amplification of the Raman waves can only occur
when the Raman gain coefficient is larger than the 2-photon absorption coefficient. Thus,
the non-degenerate two-photon absorption process is the main inhibitor of SRS in droplets.
The degenerate two-photon absorption case, two-photon absorption only affects the steady-
state SRS intensity, i.c., after the SRS threshold has been exceeded. A preliminary report
of our study of two-photon effects was submitted as an abstract of a plenary lecture at the
1992 International Congress of Raman Scattering, held in Wiirzburg, Germany during
August 31-September 4, 1992. (See publication #5.)

The most well-studied nonlinear processes in droplets are lasing, SBS, and SRS.
The phase-matching condition is automatically satisfied for all these three processes. The
other types of four-wave mixing (FWM) processes that have been observed in droplets are
coherent anti-Stokes Raman scattering (CARS), coherent Raman gain, third-order sum
frequency generation (TSFG), and stimulated anti-Stokes Raman scattering (SARS).
SARS and CARS involve the same physical process. The CARS experiments require two
external beams: one pump beam at Wpumyp: and the other Stokes probe beam at Wsiokes =
Wpump - Wvib, Where Wiy, is the frequency of the vibrational mode. By contrast, the SARS
experiments require only one external pump beam at Wpump, because the Stokes probe
radiation t Qsyyes is provided by the intense SRS generated within the droplet.
Understanding SARS is important to the overall understanding of CARS in droplets.
Our experimental observation on SARS in droplets demonstrated the importance of having
the anti-Stokes frequency to be on or near an appropriate MDR. (See publication #4.) To
our knowledge, there are no prior reports on the observation of SARS in droplets. In order
to achieve the phase-matching angle between the pump and Stokes waves in the droplet, we
focused the pump beam on the droplet edge and thereby, launched a pump wave with wave
vectors that are more appropriate for phase matching with the Stokes SRS waves
(circulating around the droplet rim) and the resultant SARS waves. From our experiments




with ethanol droplets, we noted that the first-order SARS intensity is 104X lower than the
first-order SRS intensity. The first-order SARS intensity is considerably larger than the
second-order SARS intensity. The intensities of the second- and higher-order SARS were
comparable, indicating that the first-order SARS process involves a resonant third-order
susceptibility ) and the higher-order SARS process involves a non-resonant ¢®).

Our experimental results on TSFG in droplets clearly demonstrated the
importance of having the sum frequency output be on or near an appropriate MDR,
presumably because of wave-vector phase-matching considerations. (See publication
#6.) For the FWM processes (such as TSFG and SARS) in an extended medium,
wave-vector phase matching among the three generating waves and the resultant fourth
wave is a consequence of spatial overlap consideration as the four waves co-propagate
along the medium. There are two ways to envision the wave-vector phase-matching
conditions in droplets. One approach is to decompose the standing-wave nature of a
MDR as two counter propagating traveling waves that have equal but opposite phase
velocity. The other approach for treating wave-vector phase matching in droplets is to
calculate the spatial overlaps among the three generating waves and the resultant fourth
wave, analogous to the case for wave-vector phase matching of FWM processes in an
extended medium.

We have numerically calculated the spatial overlaps of various combinations of
four MDR's associated with third-harmonic generation (THG) by the internal SRS
waves that are on MDR's. The spatial overlaps among the four MDR's were calculated
in the radial and in the two angular directiqns of the sphere. The treatment of phase
matching of waves in droplets that are on MDR's is more accurate with the spatial
overlap approach than with the phase velocity approach, which is only accurate for
waves circulating in the equatorial plane. (See publications #7 and #11.)

A review of many of the nonlinear optical processes that can be observed with a
single mode (injection-seeded laser) is presented at a SPIE meeting in Dallas, Texas.




(See publication #2.) An extensive manuscript will soon be published in the conference
proceedings of Sth International Tops@e Summer School on Nonlinear Optics, held in
Aalborg, Denmark, 3-8 August, 1992. (See publication #16.)

We have been investigating ways to improve the generation of SRS for the minor

species (benzene, an example of a carbon ring compound which give rise to soot) in the
presence of the major species (dodecane). In a multicomponent fuel droplet, one
component can evaporate faster than the other components. An example is a low boiling
point liquid (pentane) mixed with a high boiling point liquid (1-methyl-naphthalene).
Consequently, the detection by SRS of the low boiling point component, after significant
amount of pentane vaporization has taken place, can be a problem. (See publication #12.)
The input intensity needed for reaching the SRS threshold for the minor species (pentane in
this example) can not be achieved, because the generation of SRS for the major species (1-
methyl-naphthalene in this example) can deplete the internal input intensity, making the
latter insufficient to pump the minor species.

For species detection of a multi-component fiuid droplet by SRS detection,
fluorescence seeding can preferentially increase the SRS intensity of the minor species.
The fluorescence spectrum is independent of the pump wavelength. By contrast, the
Raman spectrum is dependent on the pump wavelength, because the Stokes Raman
frequency shift is always equal to the vibrational frequency of the molecule. Good spectral
overlap between the fluorescence and the Raman scattering of the minor species is required
for selective fluarescence seeding of the SRS of the minor species. In addition, it is
required that the Raman scattering of the major species must be outside the fluorescence
emission profile.

Conventionally, SRS builds up from spontaneous Raman noise. In the absence of
injected external seeding radiation at the Stokes wavelength, the SRS processes can be




considered as the amplification of spontancous Raman noise by as much as ¢30. However,
when the droplet contains dye molecules that fluoresce within the Stokes Raman
wavelength region of the minor species, the Stokes SRS for the minor species no longer
needs to start only from spontaneous Raman noise. The SRS intensity is allowed to build
up from a much larger initial value, that is determined by the fluorescence of the dye
molecules rather than from the weaker spontaneous Raman intensity. Even though the
typical dye concentration is extremely low (e.g., 10-7 to 10-¢ M), the fluorescence noise is
still much larger than the spontaneous Raman noise, because the fluorescence cross section
(o = 10-16 cm2) is fourteen orders of magnitude larger than the spontaneous Raman cross
section (G = 10-30 cm?) of the minor species. Fluorescence seeding effectively lowers the
input-pump laser intensity needed to achieve a certain detectable SRS intensity of the minor
species. Moreover, fluorescence seeding also increases the growth rate of the SRS
intensity, because the parametric growth rate is dependent on the product of the input-pump
intensity and the Stokes intensity that has contributions from both the Raman and
fluorescence emissions. (See publication #8.)

However, we have recently concluded that, accompanying the fluorescence
seeding, there exist some increase of the SRS gain associated with the dye-lasing gain. We
are finishing a series of experiments to further our understanding of the roles of
fluorescence seeding and the concomitant "extra gain" provided by the population-inverted
dye molecules. We have demonstrated that we can achieve the improved sensitivity of SRS
of a minor species (3% benzene) in dodecane droplet containing 2x10-6 M R560 dye. (See
publication #15.) Without the addition of the R560 dye or not having the SRS wavelength
of benzene overlap spectrally with the fluorescence/lasing band of R560, we were unable to
detect the SRS signal from 3% benzene in dodecane droplets. Without adding R560, the

lowest benzene concentration we can detect is 5% in dodecane.




In the past, we have "assumed” the shape of our droplets to be spherical. The
special locations of MDR's are described exactly by the Lorenz-Mie theory that is
appropriate for electromagnetic waves interacting with dielectric objects with spherical
symmetry. MDRs are the narural modes of the droplet and are labeled by three indices:
(1) mode order £, which specifies the number of intensity peaks as the radial distance is
increased from the center to the droplet surface; (2) mode number n, which specifies the
number of intensity peaks in the equatorial plane as the azimuthal angle ¢ is varied from 0°
to 180°; and (3) azimuthal modes number m, which can assume the values
m =in,¥(n - 1),...., 0. For a perfect sphere, all the azimuthal modes (with different
m values) for a fixed n have the same frequencies. The azimuthal modes are, therefore,
2(n + 1) degenerate. However, for droplets with small amounts of shape distortions, the
degeneracy of the azimuthal modes are partially lifted. For MDR's with a particular Z and
n, the spectral frequencies of the MDR's with different m values are as follows:

2
@(m) = e [1-%[1- 3m ]

(n+1)

where a)) is the frequency of the degenerate MDR for a perfect sphere. The magnitude of
the shape distortion ¢ = (rp -r¢)/a, where 1y is the polar radius, r, is the equatorial radius,
and a is the radius of the equivolume sphere. Note that the frequency shift from «y is
dependent on /2 and on the sign of . For an oblate spheroid, rp <re and, therefore, ¢ is
negative. For a prolate spheroid, rp > e axid, therefore, ¢ is positive. Thus by measuring
the frequency shifts of the various MDR's with different m values, the absolute droplet
shape (whether it is prolate or oblate) and the distortion amplitude e can be deduced

spectroscopically.




We have observed the frequency splitting of degenerate spherical cavity mode by

. using a Fabry-Perot interferometer to analyze spectrally the SRS emerging from a single
droplet, which is flowing in a continuous stream. Because of the inertial effect, the droplet
shape is distorted into a prolate spheroid, with the axis of symmetry (z-axis containing the
droplet poles) along the flow direction. Unlike a sphere, where all the great circles have the
same circumference, the great ellipses of a prolate spheroid do not have the same length.
For an oblate spheroid, the round trip distance is slightly larger around the droplet equator.
Hence, the morphology-dependent resonance (MDR) of the droplet at the equator shifts to a
longer wavelength. Furthermore, for an oblate spheroid, the round trip distance is slightly
smaller around the droplet poles. Hence, the MDR of the droplet at the poles shifts to a
shorter wavelength. The wavelength positions of the MDRs with different inclination angle
0 from the droplet poles are explicitly given from the perturbation theory developed by the
group at the Chinese University of Hong Kong (See equation above.) In between the
equator and the pole, the MDRs appear at discrete wavelengths. We have deduced the
droplet shape distortion to be one part in 103 by fitting the observed discrete SRS peaks,
corresponding to MDR's with different m values. In specific, for MDR's with
m=nm=(n-2),m =(n-4)and m =(n - 6). (See publication #1.)

We have also observed that the SRS (on a MDR inclined at 8) will precess in time.
From the ray-optics view point, the radiation that circulates once around the oblate droplet
rim or around a great ellipse does not begin and end at the same point. The end point is
shifted by z; small angle d¢ because of the shape distortion. After many trips around the
droplet or after one precession period, the radiation will return to an inclination of ©.




We were able to measure the precession period of the SRS that is on a MDR inclined at
angle 0 using a streak camera. The relationship m = n cos6 is well known in angular
momentum theory in quantum mechanics. With the help of Professor Kenneth Young of
the Chinese University of Hong Kong, and by using the perturbation theory for MDR
shifts as a function of 6, we were able to deduce the droplet shape distortion from the
precession frequency. The droplet shape distortion was deduced to be 7 parts out of 103,
The discrepancy between the previous frequency-splitting measurement (of 1 part out of
103) and the present precession-time measurement (of 7 parts out of 10%) was attributed to
the following experimental parameters: (1) the droplets were larger for the time-dependent
experiment; and (2) the droplets were falling faster in the time-dependent experiment.
Because the shape distortion is highly dependent on both the Weber and Reynolds
numbers, we were satisfied that the time measurements gave a larger distortion than the
frequency measurements. (See publications #9 and #10.)

The frequency splitting of MDR's with different m values (as observed in the
frequency domain with a Fabry-Perot interferometer) and the precession frequency of a
particular group of MDRs with values around m (as observed in the time domain with a
streak camera) were reported in a SPIE conference in Shanghai, China. (See publication
#10.) Both the frequency splitting and precession frequency can not provide the sign of the
distortion amplitude, i.c., whether the droplet is prolate or oblate. A totally new technique
was developed for the sole purpose of determining the sign of e.

In 1984 in order to determine the evaporation of droplets, we used the frequency
shift in the lasing spectrum from individual droplets in a continuous stream, [for details see
H.-M. Tzeng, K. F. Wall, M. B. Long, and R. K. Chang, "Evaporation and Condensation
Rates of Liquid Droplets Deduced from Structure Resonances in the Fluorescence Spectra,”
Opt. Lett. 9,273 (1984)]. Since then, we were inspired by the theoretical papers of Prof.
William Sirignano on three interacting droplets that exhibit different evaporation rates.

10
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In the calculation, the lead droplet has the largest evaporation rate and the third droplet has
nearly the same evaporation rate of a continuous stream having the same droplet-droplet
separation.

In order to make contact with the theoretical models, we initiated an experiment to
measure the evaporation rate of closely spaced droplets in a segmented stream. A pair of
constant-voltage electrostatic-deflection plates were used to deflect the charged droplets in
an undesired segment. The uncharged droplets in the desired segment will remain
undeflected. Because of induced charges and the larger drag coefficients for the lead
droplet, the second droplet coalesces with the lead droplet, making the new lead droplet
(2)!8 or (3)1B times larger than the trailing droplets. We attempted to use a charge-
compensation technique (developed for ink-jet printers) as a means of producing a lead
droplet of equal radius with respect to the trailing droplets. However, we concluded that
the larger drag coefficient of the lead droplets will always cause coalescence with the
second trailing droplet.

In spite of the fact that our lead droplet is larger than the trailing droplets, we
noticed several interesting features regarding the evaporation rates of individual droplets:
(1) the lead droplet evaporates faster than all the trailing droplets; (2) each droplet
evaporates a little faster than its trailing droplet; and (3) only by the 6th trailing droplet,
does the evaporation rate equal the evaporation rate of a continuous stream. (See
publications #13 & #17.)

‘While studying the evaporation rates of closely interacting droplets, we were
amazed that the spectral resolution of a high-resolution spectrograph (not an interferometer)
were sufficient for us to resolve the fmquéncy shifts of the lasing emission emerging from
different parts of the droplet rim. The CCD camera, that was placed at the exit plane of the
spectrograph was able to provide spatial and spectral information of the lasing emission
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from different parts of the droplet rim. The spatial and spectral data had the form of >-
shaped curve or C-shaped curve, depending whether the droplet shape is prolate or oblate.
Thus, for the first time, we were able to deduce the absolute sign of e from the
frequency shift associated with deformed droplets. From the curvature of the D-shaped or
c-shaped curve, we were able to deduce the sign and the magnitude of e.

(See publication #14.) Finally, we are in the position to measure the droplet evaporation
rate, shaped distortion amplitude, the distortion shape, and the relative drag coefficient
among closely interacting droplets.

Laser diagnostic techniques have been developed that are capable of two- and
three-dimensional mapping of scalars and velocities in turbulent flames. Whenever
possible, the techniques are tailored to measure quantities and flow configurations of
current interest to combustion modelers. The availability of quantitative data on the
spatial and temporal characteristics of structures in turbulent reacting flows will aid in
understanding the interaction of chemical reactions with the turbulent motion. A better
understanding of this key interaction is important for testing existing models of turbulent
combustion as well as for suggesting new models. In the following sections, some of

the major accomplishments of the three-year funding period are outlined.

With AFOSR funding, we have developed a number of new laser-based imaging
techniques for measuring scalars in turbulent flows and flames (e.g., see publications
#18 and #19.) After the initial development phase, it is our goal to continue refining the
techniques and, in collaboration with other combustion researchers, to apply these
techniques to the study of relevant problems (See publication #20.) One example of
such a study is the simultaneous use of Lorenz-Mie and fluorescence imaging to study
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differential diffusion effects in a turbulent nonreacting jet. In the experiment, the use of
two different scattering mechanisms allowed the measurement of the difference between
the concentration profiles of a nondiffusive marker (aerosols) and a diffusive one
(biacetyl). During the first year of the grant, analysis was performed on data obtained in
collaboration with researchers from the University of Sydney. Matched instantaneous
image pairs of biacetyl and particle concentration showed differences; the particle images
exhibited sharper contours and a more convoluted structure with finer detail. The
fluorescence images showed a “superlayer” simi’ar to that found in Rayleigh images in
flows of this kind. Subtraction of one normalized image from the other in each pair
revealed numerically greater overall diffusion of the biacetyl gas, a direct indicatiun of its
molecular contribution to total mixing. These findings support the argument that
molecular diffusivity in general, and differential diffusion between species in particular,
must be accounted for in the interpretation of laboratory flame results that are used to
validate and test combustion models. (See publications #21 and #22.)

) Digital Particle | Velogi
Particle image velocimetry (PIV) has been established as a viable means for

making quantitative measurements of two velocity components within a plane
intersecting a flow. The technique is based on recording images of a seeded flow
illuminated by a multiple-pulsed laser sheet. Two components of the velocity are
determined from the separation of the particle images and the known time between laser
pulses. In most of the work done to date, photographic film is used to record the
images because of its high spatial resolution. In the last few years, however, electronic
imaging devices with high spatial resolution hve become available. We have
investigated the use of a cooled 2048 x 2048 pixel CCD detector for recording PIV data.

There are several advantages to the use of electronic imaging for PIV. Probably
the most significant is the elimination of the need for photographic processing of the
film. The data are stored directly in the computer and so the human intervention
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required in developing and digitizing of photographic negatives is eliminated. In
addition, the images are available in nearly real time allowing on-line optimization of the
focusing, temporal separation of the laser pulses, seeding density, and illumination sheet
intensity. An additional advantage of using cooled CCD arrays relates to their large
linear dynamic range. By taking advantage of this characteristic, we have successfully
determined velocity fields in flows with significant variations in seeding density (flames
are generally in this category). This capability is also useful in resolution of the
directional ambiguity in PIV.

Experimentally, the use of a cooled CCD array for digital PIV is quite
straightforward. The second or third harmonic of a double-pulsed Nd-YAG laser is
formed into an illumination sheet that intersects the flow. The laser pulse separation can
be varied between 40 and 200 pisec, and is selected according to the mean flow velocity.
The scattered light is imaged onto the CCD detector with the optical axis of the collection
lenses oriented normal to the illumination sheet. Subsets of the large image can be
directly analyzed by numerical Fourier methods to yield the autocorrelation of the sub-
image, which is in essence the local velocity. By processing sub-images over the entire
image, the velocity field can be obtained. Our current CCD detector allows resolution
of velocities on a 32 x 32 element grid, with a spatial resolution for each velocity vector
on the order of 0.3 mm.

Initial experiments in both nonreacting and reacting flows have been performed.
For the non reacting case, the flow observed was an air jet seeded with submicron
particles from an atomizing aerosol generator. Successful PIV measurements were also
made in an alumina-seeded premixed methane-air flame.

(3) Simmitaneous Velocity and Scalar Imaging

Another advantage of the digital PIV technique described above is its
compatibility with previously developed scalar imaging techniques. Although several
researchers have performed simultaneous velocity and scalar measurements at a single




point, the capability of obtaining velocity and scalar images is new. In an initial set of
experiments, laser-induced biacetyl fluorescence has been combined with digital PIV to
allow simultaneous measurement of the nozzle gas concentration and the velocity field in
a turbulent nonreacting jet. The nozzle gas was seeded with biacetyl as a marker, and
both the nozzle gas and the coflow were seeded with submicron-sized aerosols for the
PIV measurements. The third hanmonic of a Nd-YAG laser (355 nm) excited biacetyl
fluorescence at 470 nm, which was imaged onto a 384 x 576 pixel CCD detector
through an interference filter. The Lorenz-Mie scattering from the aerosols was imaged
onto a 2048 x 2048 element CCD for the velocity measurement.

More recently, the velocity and scalar imaging work has been extended to
reacting flows. In these experiments, biacetyl fluorescence and digital PIV were used to
map the unburned gas concentration and the velocity in a turbulent premixed methane-air
flame. Simultaneous concentration and velocity data in flames show the position of the
flame front as well as the velocity of the gases through the flame front. These data
should be useful for studying extinction and for understanding the coupling between the
turbulence and the chemical reactions. (See publication #23).

With AFOSR funding, we have initiated a set of experiments in which we hope
mdew@amimagingwchni@f«detaﬂ@gmemim&mﬁomaqmﬁty
directly relevant to modeling nonpremixed turbulent combustion. The availability of
uﬂm-ﬁacﬁonhnagesinﬂamwﬂlbegnimpammswpinmomngissu&srdaedm
the scales of flame structure and the operative burning regimes within turbulent
nonpremixed flames.

The mixture fraction, £, (defined as the mass fraction of atoms that originated
from the fuel stream) is of critical importance for modelers of turbulent nonpremixed
combustion. Since this conserved scalar quantity is not affected by the chemical
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reaction, it gives valuable information on the mixing process. Under certain conditions,
(high Damkohler number, chemical equilibrium, equal diffusivities) this conserved
scalar can be used to derive essentially all of the quantities of interest in the flame.
Experimentally, the determination of the mixture fraction in nonpremixed flames is quite
difficult since it involves simuitaneous monitoring of a large number of species. At
Sandia Laboratory the mixture fraction has been determined at a single point from
measurements of all major species using spontaneous Raman scattering. Results from
these studies are among the most complete sets of experimental data available in
turbulent flames. The data from single-point measurements are incomplete, however,
because of the lack of multi-dimensional information required to obtain gradients. The
scalar dissipation, % (defined as  =.2D VE: VE with D the diffusivity), determines the
rate of molecular mixing and is widely used in modeling turbulent reacting flows.
Therefore, techniques capable of two-dimensional or preferably three-dimensional
measurements of the mixture fraction are needed.

Because the scalar dissipation is calculated from the square of the mixture
fraction gradient, the scalar dissipation results are extremely sensitive to noise in the
experimental data. Therefore, it is critical to obtain mixture fraction images with high
signal-to-noise ratio. Because of the weakness of the Raman process, prospects for
extending the single-point Raman measurement of the mixture fraction to two
dimensions are remote. A means of determining the mixture fraction without measuring
all of the major species has recently been proposed by Stimer et al. [More detail is
available in S.H. Stdrner, R.W. Bilger, R.W. Dibble, and R.S. Barlow,
“Measurements of Conserved Scalars in Turbulent Diffusion Flames,” Combust. Sci.
Tech. 86, (1992) p. 223). In this work it was shown that the mixture fraction can be
determined in three different ways from simultaneous measurement of only two
quantities. The validity of the method requires a unity Lewis number and a one-step
reaction between fuel and oxidizer. The measured quantities are used to form
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a conserved scalar from which the mixture fraction is determined in an iterative process.
We have performed a number of experiments in which the mixture fraction was obtained
from images of the Rayleigh scattering and the fuel concentration. These experiments
were conducted in our laboratory with the collaboration of researchers at the University
of Sydney.

Mﬂmeselectedfamﬁrstsmdywasambulentnonpmnﬁxedacemlddxydc
flame. Acctaldehyde (CH3CHO) was chosen for its relatively high fluorescence yield
and small variation of fluorescence intensity with temperature, which allows the fuel
concentration to be found directly from the acetaldehyde fluorescence. An alternative
means of measuring fuel concentration is Raman imaging, but because of the need for
high signal-to-noise ratio to determine scalar dissipation, the more efficient fluorescence
process was investigated first. '

In our Rayleigh scattering/acetaldehyde fluorescence imaging experiments, the
ﬂowwas;illun:inawdbytwooverlappinglasersheets. The first, formed from the
second harmonic of a Nd:YAG pumped dye laser (320 nm, 10 mJ per 10 ns pulse,

10 mm sheet height), excited fluorescence from the acetaldehyde fuel. The second
illumination sheet, from a flashlamp-pumped dye laser (532 nm, 2 J per 2 us pulse,

2 cm sheet height), excited Rayleigh scattering. The fuel fluorescence was imaged onto
a gated-image intensifier that was optically coupled to a cooled CCD detector. The
Rayleigh scanering was imaged onto a separately gated intensifier optically coupled to
the second CCD detector. The two lasers and image intensifiers were fired sequentially
with a pulse separation of ~3 usec. This temporal separation ensured that there was no
interfevence between the detected signals from the two laser sheets, but was short
compared 10 the smallest flow time scales.

The raw images were corrected for background and non uniform detector
response. In addition, since the magnification of the two images and the illumination
sheet siae were diJerent, the necessary rotation, translation, scaling, and cropping
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were applied to the images to allow them to be compared on a pixel-by-pixel basis. The
fuel was a mixture of acetaldehyde diluted 1/1 by air (on a mass basis) to eliminate soot.

. It emanated from a piloted burner (d = 3.8 mm) with a velocity corresponding to

Re = 18,000. The flame was enshrouded in a low-velocity filtered-air coflow in order
to keep the measurement area clear of particles, which would interfere with the Rayleigh
images.
A conserved scalar, B, based on the fuel mass fraction (Yf) and the enthalpy
(H = cpTAQ) served as the basis for determining the mixture fraction:
B=Yf+cpTQ

g' B'BZ = ‘Yf'.'cJQ(T‘TZ)
B1-Po Yt +cp/QUTi-T2)

where the subscripts denote the fuel (1) and oxidizer (2) streams. Yfis obtained from
the fluorescence images and T is related to the Rayleigh images. The mixture fraction
can be expressed in terms of the fluorescence signal, F, and the Rayleigh signal, Ra, as

follows:

& = g A+ Ca(er/Ra - Tumien)
where C;, C;, and F o are calibration constants, ar is proportional to the local Rayleigh
cross section, and W is the local mixture molecular weight. Since at and W are both
functions of &, an iterative process was used on a pixel by pixel basis to derive the
temperature and mixture fraction. The procedure converges quickly, usually within
fewer than four iterations.

Preliminary data on the calculated temperature and mixture fraction obtained
from the instantaneous Rayleigh/fluorescence images show several interesting features.
Evident in the temperature mappings are the high temperature zones on the outer edge of
the flame. As expected, the mixture fraction peaks in the unburned regions near




the center of the jet. Results of these early experiments were presented at several
international meetings. (See publications #24 and #25.)

A closer inspection of the mixture fraction images obtained from the acetaldehyde
flame shows a slight decrease in the mixture fraction on the rich side of the
stoichiometric value, where the temperature has not yet peaked. A similar dip in the
mixture fraction on the rich side of the flame front was noted in measurements
performed in a laminar flame. One explanation of this behavior is pyrolysis of the
acetaldehyde fuel. To investigate this, experiments were done in which the acetaldehyde
fluorescence and fuel Raman scattering were measured simultaneously. The C-H Raman
scattering should be relatively insensitive to the breakup of the acetaldehyde into other
hydrocarbon fragments. The fluorescence, on the other hand, is expected only from the
acetaldehyde molecule itself, so differences in the Raman and fluorescence traces may be
indicative of pyrolysis. The experimental configuration was nearly the same as for the
fluorescence/Rayleigh experiments. Two changes were required: first, the appropriate
interference filter was added in front of the detector used to detect the Raman scattering,
and second, the flashlamp-pumped dye laser was focused to a line rather than a sheet to
provide increased Raman signal. A comparison was made of acetaldehyde fluorescence
and C-H Raman intensity along lines intersecting laminar and turbulent flames. In both
cases, the agreement was quite good despite the relatively noisy Raman signal. These
results support the assertion that acetaldehyde fluorescence is a good alternative to
Raman scattering as a means of marking the fuel, but do not explain the anomalous dip
in the mixture fraction on the fuel rich side of the stoichiometric value.

In a recent collaboration, Peter Lindstedt of Imperial College performed a detailed
calculation of acetaldehyde chemistry in an opposed jet configuration (See publication
#26). The results shed considerable light on the mixture fraction obtained in our
experiments. Calculation of the mixture fraction from the computed temperature and
fuel mass fraction using the two-scalar scheme outlined above results in a dip in mixture
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fraction on the rich side of the flame similar to those obtained in the experiments. One
of the most striking features of the calculation is the high concentration of CO (a
maximum mole fraction of nearly 20%) present in the flame. The combustion
characteristics of acetaldehyde appear to differ significantly from that of methane, so that
the two scalar approach that worked well for methane and propane may not work as well
for acetaldehyde. As one way to check that the results of the calculation are in
agreement with the experimental data, the computed results were used to generate plots
of the expected Raman and fluorescence signals. The results were in good qualitative
agreement with our experiments.

Another technique that has been proposed as a way of marking the fuel in
hydrocarbon flames is to introduce acetone as a tracer and detect acetone fluorescence.
Acetone is easily seeded into flows and has only mild toxicity. However, an unresolved
issue related to the use of acetone as a fuel tracer in flames relates to the behavior of the
fluorescence as a function of temperature. To test the use of acetone as a fuel tracer for
determination of mixture fraction, the fluorescence/Raman setup described above was
used to investigate laminar and turbulent acetone-seeded methane flames.

The acetone was seeded into the methane fuel by bubbling methane through liquid
acetone heated to 30° C. The methane and acetone vapor were diluted with air giving a
final mixture of 70% air, 25% methane, and 5% acetone by volume. The laminar flame
was stabilized on a 16 mm diameter nozzle, and the gas mixture had a Reynolds number
of 700 at the nozzle exit. Results of the fluorescence/Raman comparison in the laminar
flame show a clear departure between the normalized fluorescence and Raman signals,
with the fluorescence signal exceeding the Raman signal in the fuel-rich region of the
flame. This behavior is consistent with the fluorescence increasing as a function of
temperature as reported by other researchers (e.g., see Tait, N.P., and Greenhalgh,
D.A., Twenty-Fourth Symposium (International) on Combustion, The Combustion
Institute, 1992, p. 1621). A comparison of the normalized Raman and fluorescence
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signals in a turbulent flame showed similar results, with the fluorescence signal greater
than the Raman signal in some locations. A paper describing the various two-scalar
techniques that we have investigated for mixture fraction imaging has been accepted for
presentation at the Twenty Fifth International Symposium on Combustion in Irvine CA
in July 1994. (See publication #27.)

To avoid the problems related to the use of acetaldehyde or acetone as the fuel, a
set of experiments were done in which the concentration of fuel was inferred from the
Raman scattering of the vibrational C-H stretch of methane. The main drawback to
Raman scattering is the extremely small Raman scattering cross section and,
consequently, the difficulty in getting sufficient signals. As early as 1985, we
demonstrated simultaneous Raman and Rayleigh imaging, although the data were not
used to determine mixture fraction. Previous Raman imaging experiments made use
of a multipass optical cell to form the illumination sheet. In this work, a multipass cell
was not used, but a two-pass arrangement allowed two components of the scalar
gradient to be determined along a line.

In the Raman and Rayleigh line imaging measurements, a flashlamp-pumped dye
laser provided up to 1 J of energy at 532 nm. To reduce the beam divergence of the
laser and thereby reduce the waist of the focused beam, the laser cavity was lengthened
to 3.1 m. The beam was focused into the flame initially by a spherical lens. After
passing through the flame, the beam was re-collimated by a second lens, reflected from
a planar mirror, and refocused into the flame. The two beams were aligned so that the
reflected beam passed just over the top of the incoming beam. This two-beam approach
allowed gradients to be obtained in both the radial and axial directions. The beam waist
was measured to be 0.6 mm.

The scattered Raman and Rayleigh light was detected by two intensified CCD
detectors oriented perpendicular to the laser beam. The Raman-scattered light was
isolated by an interference filter and focused onto a single-stage image intensifier
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by an f1.2 camera lens. The output of the intensifier was optically coupled to a cooled
CCD detector. An f4.0 camera lens imaged the Rayleigh scattering onto a two-stage
image intensifier, which was optically coupled to the second cooled CCD detector.

Both image intensifiers were gated coincident with the laser pulse to eliminate flame
luminosity. (Note that the use of the intensifiers was primarily for gating rather than for
high gain.) The digitized output from both cameras was read into a single lab computer.

The raw Raman and Rayleigh line images were corrected for background and
nonuniform detector response. In addition, since the magnification of the two images
was slightly different, the necessary rotation, translation, scaling, and cropping were
applied to the images to allow them to be compared on a pixel-by-pixel basis.

The volume corresponding to each pixel was .09 x .09 x 0.6 mm3, with the largest
value corresponding to the beam thickness. Since the beam thickness represents the
main limitation to the spatial resolution in these measurements, the signals were
integrated in the cross beam direction and 3 pixel smoothing was applied in the radial
direction. The resulting images consist of two lines radially across the flow
corresponding to the main and reflected beams with a pixel resolution of 0.27 x 0.45 x
0.6 mm3.

The flame investigated was an axisymmetric, piloted methane-air flame. The main
fuel nozzle had a diameter of 3.8 mm. The main jet was surrounded by an annular
premixed pilot flame (pilot diameter 15 mm). A low speed annular coflow of filtered air
surrounded the burner to eliminate particles from the flow, which would interfere with
the Rayleigh scattering. The methane was diluted 3/1 on a volume basis to eliminate
soot. The Reynolds number was 20,600 and the beams intersected the flow at 25 nozzie
diameters downstream. The signal/noise for the ambient air in the Rayleigh images
is = 200. Because of the weakness of the Raman signal, the signal/noise for those
images is roughly 15.




23

Sets of 500 instantaneous shots were taken at a number of different locations
within the flame to allow statistical characterization of the mixture fraction and the scalar
dissipation. A complete description of the results obtained from this measurement
approach has been accepted for presentation at the Twenty Fifth International
Symposium on Combustion in Irvine, CA in July 1994. (See publication #28.)
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