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Development of Ultraviolet Raman Diagnostics
for Rocket Engine Injector Analysis

Joseph A. Wehrmeyer,* John M. Cramer,’ Richard H. Eskridge,I and Chris C. Dobson®
NASA Marshall Space Flight Center, Huntsville, Alabama 35812

The development of a laser-based combustion diagnostics system and its application to the analysis of a high-
pressure rocket engine injector flowfield are described. One dimensionally spatially resolved (linewise), multi-
species, single-pulse images are obtained with an imaging spectrograph/digital camera detection setup that images
spontaneous vibrational Raman light scattering caused by a pulsed ultraviolet laser, used to enhance Raman signal
strength by the inverse fourth power of laser wavelength scaling for Raman scattering cross sections. These images
provide temporally and spatially resolved qualitative information about the presence of gaseous major species
(water vapor and molecular hydrogen, nitrogen, and oxygen) during a hot-fire, high-pressure (6.04-MPa) test of
a single-element liquid oxygen/gaseous hydrogen swirled injector operating at a high oxidizer/fuel mixture ratio
(100) in a test article pressurized by a nitrogen coflow. Raman images, taken every 40 ms, are generally uncorrelated
with respect to each other during the constant pressure, main-stage portion of the test, but occasionally temporally
adjacent image pairs are correlated, suggesting large-scale motion in the flow, possibly from transverse movements
of the reactant jet within the diluent coflow. Simultaneous measurements of major species show unburnt ignitor
gas (hydrogen) during the startup transient and excess diluent (nitrogen) during the shutdown transient, along
with significant variations in the oxygen/nitrogen ratio during the test. Stimulated Raman and ozone production

problems are investigated.

Introduction

ASER-BASED combustion diagnostics utilizing such tech-

niques as spontaneous Raman scattering, coherent anti-stokes
Raman scattering, or laser-induced fluorescence have been under
development for decades and are now routinely applied in com-
bustion experimentation.! Such applications are usually at or be-
low atmospheric pressure, though high-pressure applications have
been demonstrated for all three techniques?~* When applied to
rocket engine development, spectroscopy-based optical diagnos-
tics encounter harsh conditions thatinclude strong flame luminosity
and very high pressure,enhancingline broadening,quenching,light
trapping, and nonlinear optical activity.

Using gaseoushydrogen (GH, ) as the fuel and eitherliquid (LOX)
or gaseous (GOX) oxygen as the oxidizer, hot-firing single-element
rocket engine injector flows have been examined using spark shad-
owgraphy (LOX up to 10 MPa) (Ref. 5), Mie scattering (GOX or
LOX upto2.79 MPa) (Refs. 6 and 7), Doppler interferometry (GOX
or LOX up to 2.79 MPa) (Refs. 8 and 9), laser-induced fluores-
cence (GOX at 1.31 MPa) (Ref. 9), predissociative laser-induced
fluorescence (LOX up to 1 MPa) (Ref. 3) and spontaneous Raman
scattering (GOX or LOX up to 6.89 MPa) (Refs. 4, 10, and 11). In
addition, spontaneous Raman scattering has been applied in multi-
element GH,-fueled hot-fire flows (GOX up to 2.1 MPa) (Refs. 12
and 13). Of the single-elementinjector flows examined, all were for
an axisymmetric, coaxial injector geometry with unswirled GH, as
the annular flow, though the core flows were either unswirled (shear
coaxial) GOX (Refs. 4, 6, 9, and 10) or LOX, (Refs. 3, 5, and 8) or
swirled (swirl coaxial) GOX (Ref. 4) or LOX (Refs. 7 and 11).
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These OX/GH, injector flowfields are of currentinterestin rocket
engine design. Liquid/gas shear coaxial injectors are used in the
space shuttle main engine’s main chamber. Gas/gas coaxial injec-
tors and liquid/gas swirled coaxial injectors are candidate injectors
for advancedrocketenginesemploying the full flow staged combus-
tion cycle,'* with the former injector type used in the main chamber
and the latter used in the oxidizer turbopump preburner, there pro-
viding combustion stability at high oxidizer/fuel (O/F) mixture ra-
tios through improved atomization and mixing due to swirl.!> Thus,
gas/gas and liquid/gas mixing are key processes to investigate, es-
pecially for flows of extreme O/F ratios. Nonintrusive laser-based
diagnostics can be used as part of this investigation.

Spontaneous Raman scattering, because it provides multispecies
information,is an importantlaser-basedtechniqueto assess the mix-
ingof molecularlydisparatereactantstreams. Additionally,the com-
plete major species information of Raman can provide local chem-
istry, temperature, and pressure information.!® Previous Raman
work in rocket engines used either a flashlamp-pumped pulsed dye
laser*!%13 or a frequency-doubled, pulsed, Nd-YAG laser*!!!2 as
the excitationsource, both operating at visible wavelengths. Though
adequate for low-pressure shear coaxial flows, the dye laser proved
inappropriate for high-pressure, swirled flows whose higher back-
ground luminosity resulted in unacceptable interference during the
long laser pulse (~3 us) (Ref. 4). Background luminosity in such
flows scales at least as the square of chamber pressure, though is
relatively insensitive to O/F ratio.’ To reduce detected background
luminosity, the shorter pulse length (~7 ns) Nd- YAG laser was used,
though, in general, these lasers have reduced pulse energy compared
to flashlamp-pumped dye lasers.

The shorter Nd- YAG laser pulse allows shorter detection system
gating periods to be used, resulting in less detected background
luminosity. Thus, the detected backgroundlevel (per unit of detector
area) drops accordingto the ratio 3 us/7 ns, or by a factor of ~400.
To avoid photolytic processes at the sample volume, the Nd-YAG
laser cannotbe focusedas tightly as the flashlamp-pumpeddye laser.
Spherical lenses, producingcircular beam waists, are typically used
for focusing of either laser. If the long pulse laser is focused just
to the point of laser-induced breakdown, it can be expected that
the short pulse laser beam waist will need to be larger in diameter
than the long pulse by a ratio of the square root of the pulse length
ratio, or square root (3 us/7 ns) ~20 because photolysis depends
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on laser intensity, which is inversly proportional to pulse duration
and to beam waist area (which depends on the square of diameter).
Because of its larger diameter and, hence, larger Raman image area,
the short pulse laser beam will be decreased in signal strength (per
unit of detector area) because its image is spread out over an area
that is 20 times the area required to image the more tightly focused
dye laser. Thus, the improvement in signal/backgroundratio going
from the long pulse dye to short pulse Nd-YAG laser (assuming
equal pulse energy) is 400/20, or a factor of 20.

In addition to photolysis, another considerationwhen using short
pulse lasers is the production of stimulated Raman scattering in
high-pressurerocket engines.*'? Pressure, path length, tightness of
focus, and laser pulse energy all affect the production of stimulated
Raman scattering, and, just as with photolysis, reduction of laser
intensity can reduce stimulated Raman scattering. Multipulse time-
averaged Raman signals'>'® can be used to increase signal strength
at the expense of losing instantaneous information, but such infor-
mation may be critical when analyzing mixing processes that may
include chemical reactions. Another way to increase signal strength
is to use optical filters, rather than a less efficient spectrometer, to
isolate spectrally a Raman signal,*!? but this generally does not
allow single-pulse, simultaneous species data collection onto one
imaging detector that provides spatial resolution in the detected
Raman signals. Thus, further development of Raman systems for
high-pressurerocket engine flows is desirable.

This paperaddressesthe need for improvedhigh-pressure Raman
systemsby describingthe developmentof high-pressurecombustion
diagnostics that utilize an ultraviolet (UV) light source. In particu-
lar, a narrowband, tunable (248-249 nm) krypton/fluoride excimer
laser is used. By using a UV rather than a visible light source, the
Raman scattering for a given laser pulse energy is increased by ap-
proximately the fourth power of the laser wavelength ratio.'® Thus,
the Raman scattered light produced by KrF excimer laser excitation
is (532/248)* ~ 21 times that of a frequency-doubledNd-YAG laser
at equal pulse energy. By using optical components optimized for
UV (e.g., blue enhanced intensifiers and UV-blazed gratings), the
detection system efficiency for UV light can be similar to that for a
visible Raman system. The increased signal strength of UV Raman
allows for single-pulse measurements while using spectrometers
coupled to array detectors for simultaneous, multispecies detection.
The work described here uses an intensified charge-coupled de-
vice (CCD) digital camera coupled to an imaging spectrograph for
single-pulse, multipoint (linewise), multispecies Raman measure-
ments. This work’s Raman data, though uncalibrated and, hence,
unable to be used for absolute concentration and temperature mea-
surements, nevertheless does provide insight into the flowfield of
a swirled LOX/GH, injector flowfield operating at high pressure
(6.04 MPa) by visualizing the movement of hot and cold flow re-
gions (from the single-pulse, linewise nature of the measurements)
and by showing instantaneous ratios of the major species Raman
signals (exploiting the multispecies capability). Though providing
more signal than visible excitation, UV Raman has the complica-
tions of fluorescence interference and possible ozone (Os) produc-
tion, with subsequent laser absorption by O3. These issues are ad-
dressed and bounds on system configuration are determined for the
successfulapplicationof UV Raman to high-pressure,oxygen-laden
combustion environments.

Experimental

A Lambda-Physik COMPex 150T laser, with anominal 0.001-nm
linewidth and 50-Hz maximum repetitionrate is used as the excita-
tion source. Locking efficiency (percent of output within the tuned
linewidth) is estimated to be better than 90%. The laser output is
directed, using mirrors located in eye-safe ducting, out of a mo-
bile instrumentationtrailer down to the test article located outdoors.
Figure 1 shows the experimental arrangement, which also includes
an etalon/photodiode array assembly for real-time monitoring of
laser locking efficiency. The path length is ~9 m from the laser
to the test article. With a beam divergence of 0.2 mrad, this re-
sults in a 2-mm expansion of unfocused laser output, which has a
nominal cross-sectional area of 1 x 2 cm. The test article consists
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Fig. 1 Experimental system schematic for UV Raman system and
high-pressure test article with extension tubes.

Fig. 2 Photograph of test article with throat plate removed.

of a windowed combustion chamber'” within which is mounted a
single-element swirled coaxial LOX/GH, injector, identical to one
examined using other diagnostictechniques” Figure 2 shows a pho-
tograph of the test article with the exit throat plate removed, show-
ing the 8.7-cm-diam circular chamber. Figure 3 shows a side view
schematic of the test article. The injector face is located 22.6 cm
from the throat plane. The injector is mounted in a 3.0-cm-diam
centerbody that extends 2.5 cm from the chamber head, which is
actually a 2.5-cm annular injector containinga fine pattern of triplet
elements, capable of providing a hot, reactive environment to be
seen by the injector (see Ref. 17 for chamber details). Another thin
annular flow at the chamber head periphery provides wall and win-
dow cooling. Table 1 lists the various flowrates for the oxygen-rich
injector flowfield examined in this work. At these flowrates, the
mean velocity expected in the test articleis ~5 m/s.
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Table1 Parameters for single-element swirled
LOX/GH; injector flowfield

Parameter Value
Chamber pressure, MPa 6.04
OJF ratio 100
Flowrates, kg/s
LOX 0.1886
GH, 0.00189
N, (annular injector and cooling circuits) 1.5
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Fig. 3 Side view schematic of test article, showing extension tubes
attached.

The laser beam propagates vertically through the chamber, enter-
ing at the top, exiting through the bottom, and terminatingin a beam
dump located outside the chamber. Optical access to the chamber
is provided by 2.86-cm-diam windows mounted vertically and hor-
izontally at three locations (1.1, 5.6, and 10.0 cm) downstream of
the injector face. For good spatial resolution, it is desirable to fo-
cus the beam to a tight beam waist located near the centerline of
the chamber. However, the resulting high laser fluence can cause
problems of stimulated Raman and laser-induced breakdown in the
chamber gases as well as possibly causing optical damage to the
chamber windows. For some of the work described in this paper
the laser beam was focused to a beam waist of ~1 mm diameter
(measured by inspection of optical damage on glass slides placed at
focus) at the injector centerline using a 2-m lens. Extension tubes,
shown in the schematic of Fig. 1 and appearing in the photograph
of Fig. 2 both above and below the test article, were used to extend
the windows from the beam waist. The design criterion for place-
ment of the windows (68.6 cm from injector centerline and beam
waist) was to subject them to a fluence of 2 J/em?, a level that when
exceeded can cause single-pulse color center production in certain
types of fused silica.'® Color center productionin fused silica, either
by single-pulse or multipulse processes, is to be avoided because it
gradually decreases the UV transmission of the material. Corning
7940 fused silica was the chosen window material and multipulse
damage (several thousand pulses) did occur. Suprasil 312 could be
a material more resistant to multipulse damage.

Scattered light was collected at 90 deg to the laser beam using
an F/5 fused silica air-spaced doublet. Another identical lens fo-
cused the collected light into a 0.3-m imaging spectrograph. The
long dimension of the entrance slit was vertically aligned with the
laser beam image so that the vertical dimension of the CCD pro-
vided spatially resolved data for an 8.4-mm laser beam length that
is located near the injector centerline. The hot-fire data of this paper
are obtained at the 10.0-cm axial location. Spectral information is
providedby the horizontal CCD dimension (12.7 mm), which, when
coupled with a 1200 groove/mm grating, provides a 34-nm range,
sufficient to simultaneously image the Rayleigh signal and the four

major species Raman signals (O,, 259; N, 264; H,0, 274; and H,,
277 nm). The CCD camera has an intensifier gated at 50 ns to sup-
press detected background luminosity.

Stimulated Raman Scattering

Because stimulated Raman scattering has been a problem in
past applications of pulsed lasers for high-pressure Raman gas
diagnostics*!? the range of operating conditions over which spon-
taneous Raman occurs was determined for the present system. The
combustion chamber’s exit throat was sealed, and N, at ~10°C was
introduced into the chamber at various pressures. The amount of in-
cidentlaser energy thatis Raman shifted dependsnonlinearlyon gas
pressure, laser pulse energy, and path length.!® With the path length
set at 68.6 cm (from the upstream beginning of the high-pressure
region down to the sample volume location) both the pressure and
pulse energy were varied. Figure 4 shows six consecutive single-
pulse N, Raman signals for three different pressurefpulse energy
combinations. The a-f spectra of Fig. 4 are for 310 mJ/pulse and
3.54 MPa (35 atm). Both the signal strength and spectral shape
are the same among these spectra. Increasing the pulse energy to
400 mJ causes the intermittent production of stimulated Raman in
some pulses (g-1in Fig. 4) with a portion of this coherent, directed
light subsequently elastically scattered and detected away from the
laser beam axis. The detected Raman signalis nolonger consistently
linearly related to laser pulse energy. Because of the nonlinearity of
the stimulated Raman process, small variations in the distribution
of laser intensity across the beam area result in large variations in
pulse-to-pulse detected Raman signal. Increasing the pressure up
to 69 atm while keeping the pulse energy constant at 400 mJ re-
sults in stimulated Raman production with every laser pulse (m-r
in Fig. 4). Table 2 lists the pressure/pulse energy combinations for
which stimulated Raman scattering either intermittently or always
occurs.

Table2 Range of pressures and pulse energies
for spontaneous or stimulated Raman®

Pressure, Pulse energy, mJ

atm 210 310 400
1 SP SP SP
18 SP SP SP
35 SP SP INT
69 INT ST ST
100 ST ST ST

“SP, spontaneous; ST, stimulated; INT, intermittent sponta-
neous or stimulated.
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Fig. 4 Three sets of consecutive single-pulse N, stokes vibrational
Raman signals: a-f, 310 mJ/pulse, 35 atm; g-1, 400 mJ/pulse, 35 atm;
and m-r, 400 mJ/pulse, 69 atm.
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Fig. 5 Log of N; stokes vibrational Raman signal (normalized by sig-
nal at 1 atm) vs log of pressure (normalized by 1 atm) for three pulse
energies; system using extensions and focused laser (large data points
average of 100 pulse sample, small data points maximum and minimum
of each sample).

Figure 5 shows average values of detected N, stokes Raman
signal (normalized by the Raman signal at 1 atm for the corre-
sponding pulse energy) as a function of pressure ranging from 1 to
100 atm, and pulse energy ranging from 210 to 400 mJ (2.7 x 10*
to 5.1 x 10* mJ/cm? fluence at beam waist). Maximum and mini-
mum signal strengths for each 100-shot sample are represented by
smaller symbols in Fig. 5. Linearity of the Raman signal with re-
spect to pressure and pulse energy is demonstrated at the lowest
two pressures for all three pulse energies. Relatively little scatter in
single-pulse data is also seen at these pressures with the maximum
and minimum values lying close to average values for each data set.
However, at 35 atm the intermittent production of stimulated Ra-
man for 400-mJ pulses cause the average value of that data set to lie
above the linear curve and the maximum value is almost one order
of magnitude greater than that set’s average value. Further increases
in pressure cause the average values to deviate even further (about
two orders of magnitude) from linearity with respect to pressure,
although at 69 atm and 210 mJ/pulse the intermittent absence of
stimulated Raman allows the minimum value for that data set to
lie near the linear curve. Thus, the maximum pressure for which
the Raman system, with a focused beam and extension tubes, can
provide data linear with respect to pulse energy and species number
density is approximately 35 atm. Higher temperatures with lower
number density at hot-fire conditions may raise this pressure limit,
butambient temperature calibrationsat high pressures*!°~13 are still
needed to transform Raman data into concentrationmeasurements.

UV Photolytic and Fluorescence Processes

UV Raman, although providing more Raman signal than visi-
ble Raman for a given pulse energy (assuming similar sensitivities
for UV and visible Raman detection systems), has the potential
to cause photolytic or fluorescent interferences. Broadband (248-
249 nm bandwidth) KrF lasers have been shown to cause significant
OH and O, fluorescence in atmospheric-pressure flames, but nar-
rowband, tunable lasers greatly reduce the interference when tuned
away from molecular transitions 2° As pressure increases, however,
the molecular transitions’ collision linewidths increase so that the
laser cannotbe tuned to completelyavoid fluorescenceexcitation. To
predict the influence of pressure on OH excitation, the linewidth of
the OH transitionsaccessedby the KrF laser were modeled. Figure 6
shows the theoretical pressure effect on the OH A < X (3, 0) tran-
sitions accessible by the KrF excimer laser. Collision linewidths
are estimated using data for (1, 0) transitions’! and are 0.08, 4,
and 8 cm™! for pressures of 1, 50, and 100 atm, respectively. The
Doppler width is modeled at 0.3 cm™! for all pressures. If fluores-
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Fig. 6 Calculated OH transitions near 248.5 nm for three pressures.
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Fig. 7 N, stokes vibrational Raman signal vs time for air-filled cham-
ber (with extensions) at various pressures and for broadband excitation.

cence interferenceis problematic, the unpolarized fluorescence can
be removed from polarized Raman signals by using polarized signal
detection techniques?

Another important UV process is the photolytic production of
O3. Ozone has a large absorption cross section at 248 nm and, if
present, can greatly attenuate laser energy delivered to the measure-
ment sample volume. Production of O; from irradiation of 1000-
torr O, with a tunable KrF laser has been demonstrated?® even
though 248-nm radiation is not energetic enough to directly dis-
sociate ground-state O,. The production mechanism is the initial
photodissociation of trace amounts of nascent O3 into OCP) and
vibrationally excited O,(X), which in turn is then photodissociated
into two O atoms via the high predissociation rate of O,(B) after
exciting O,(X) to O,(B). Here the symbols in parentheses represent
the electronic states of the atoms and molecules. Each of the three
resulting O atoms combines with an O, molecule in the presence
of a third body M to form Os;. Thus, three O3 molecules are created
from a single O3 molecule photodissociating through two separate
single-photon processes. The sequence is step 1,

05 + hv — OCP) + 0,(X)
step 2,
0,(X) + hv — 0,(B) — 20(P)
and step 3,

OCP)+0,+M — 0; + M
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Fig. 8 N stokes vibrational Raman signal vs time for air-filled cham-
ber (with extensions) at 40.8 atm and for three laser linewidth/tuning
combinations: narrowband at 248.40 or 248.37 nm, or broadband.

Because the last O3 production step involves a third body, and the
major O3 destruction rates involve two-body collisions only,?* the
overall productionrate of Oz increases with pressure. To determine
the effect of 248-nm O; production at high pressure, the sealed
chamber, with extensions, was filled with air at various pressures and
the single-pulse,time-varyingRaman signal was measured. Figure 7
shows the N, stokes vibrational Raman signal (normalized by the
first pulse’s signal for each of the four data sets) as a function of
time (10-Hz laser repetition rate, broadband laser). At 1 atm the
measured N, Raman signal remains relatively constant with time,
withrandom fluctuationscausedby pulse-to-pulsevariationsin laser
energy. However, at 14.6 atm the measured signal decreases with
time (as does the amount of laser energy exiting the chamber) due to
O; absorption. The rate of signal decreaseis even more pronounced
at 28.2 and 40.8 atm.

Operating the laser in the narrowband mode and tuning between
0, (B < X) transitions has been shown to influence the rate of O
production at ~1 atm (Ref. 23), but little influence of laser tuning
on the O3 production rate occurs when operating at 40.8 atm (see
Fig. 8). Tuning onto a particular excitation line, the (2, 7) P(7), re-
sults in a slightly higherrate of signal reduction compared to tuning
away from that transition. The signal reduction for broadband laser
excitation generally lies between that for the narrowband laser oper-
ating either on an O, absorptionline or away from an O, absorption
line, but differences among the three data sets are slight. This in-
sensitivity to tuning must be due in part to the broadening of the O,
transitions (for the O, photodissociation of step 2) with increased
pressure.

Becausethe extension tubes that separate the laser windows from
the beam waist are unpurged, they have the potential for harbor-
ing unreacted O, during a hot-fire test. The resulting O; produc-
tion and subsequent beam attenuation provide a severe challenge
to providing a Raman system calibration (necessary for quantita-
tive measurements) that is good for the test duration. This, when
coupled with the propensity for stimulated Raman to occur down
the length of the upper extension tube at high pressure, indicates
that unpurged extension tubes should not be used when applying
UV Raman to high pressure. For all subsequentdata, the extension
tubes are removed, forcing the laser to remain unfocused through
the combustion chamber to avoid window damage. Coarsened spa-
tial resolutionis the tradeoff, though flow structure can still be seen
in the hot-fire data of the following section.

Figure 9 shows the N, stokes vibrational Raman signal strength
(normalized by signal strength at 1 atm for the corresponding pulse
energy) for the new configuration. Linearity between signal and
pressure is generally observed for this ambient temperature data at
all pressures and pulse energies due to the absence of stimulated
Raman. Ozone production will still occur and attenuate the laser
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Fig. 9 Log of N; stokes vibrational Raman signal (normalized by sig-
nal at 1 atm) vs log of pressure (normalized by 1 atm) for three pulse
energies; system uses unfocused beam without extensions.

energy and Raman signal, but only over the 4.3-cm radius of the
chamber instead of the 68.6-cm path length provided by the exten-
sion tubes. Inside the chamber, the beam path is continually swept
by fresh gas during a test so that O; produced after a laser pulse will
be swept out before the next pulse.

Single-Pulse Raman Images for Hot-Fire Conditions

With extension tubes absent and using an unfocused laser beam,
single-pulse Raman images are obtained in a hot-fire environment.
Specifically, the reacting flowfield produced by a swirled LOX/GH,
injector is examined, a flowfield whose atomization characteristics
have already been investigated” Table 1 lists the flowfield condi-
tions. Measurements are obtained from the window set located far-
thestdownstream (10.0 cm from injector face) and near the chamber
centerline. The 8.4-mm spatial dimension of the CCD is binned into
12 strips, eachassociated with 0.7 mm of sampledlaser beam length.
The spatial resolution for each measurementlocationis 1.2 mm (de-
termined by the spectrographslit width) down the injector/chamber
centerline, 20 mm (determined by laser beam cross section) down
the optical detection system axis, and approximately 1.7 mm (deter-
mined by CCD binning and by the detection system’s depth-of-field
coupled with laser beam cross section) down the laser axis. The UV
Raman system was operated at 25 Hz.

A typical test run lasts for approximately 20 s with 10 s at steady
state. Figure 10 shows the chamber pressure P, rising from its
0.86 MPa (124 psia) start condition (N, purges on before start)
up to a steady-state pressure of 6.04 MPa (875 psia) (with propel-
lant flows at full values and the annular circuit providing additional
GN, flow to achieve desired pressure). During pressure ramp up a
GH,-GO, ignitor torch fires to ignite the injector propellants, and
at 4.74 s the torch is purged with GN,, resulting in a sudden burst
of rich, unreacted gas into the chamber with a concomitant spike in
P,.. The Raman image for this specific time (shown in upper left of
Fig. 10) shows unreacted H, in the chamber (shown by its 277-nm
Raman signal), and high signal strength for all species indicates
low-temperature, high-density conditions.

Typical Raman images obtained during steady state are shown
on the right of Fig. 10. These are four consecutive images, taken at
40-ms intervals (25 Hz), the time interval between consecutive laser
pulses. The top right graph in Fig. 10 shows typical signal strengths
during the test. The next image down, obtained 40 ms later, shows
an increase in the Raman signal intensity, especially for the N, sig-
nal. The third graph on the right of Fig. 10 still shows relatively
strong Raman signals, but the position of the maximum signal has
moved from 8.4 mm to the 0.0 mm location, showing movement (of
the region producing high Raman signals) transverse to the cham-
ber/injector centerline. The next consecutive Raman image at the
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Fig. 10 Spatially resolved, single-pulse Raman images for oxygen-rich swirled injector hot-fire test, 6.04 MPa (875 psia).

bottomrightof Fig. 10 shows the Raman signalsreturning to normal,
low values. In all of the four consecutive Raman images, there can
be seenthe O,, N,, and H,O Raman signals, indicating considerable
mixing has occurred at this downstream location between the injec-
tor propellants and the annular GN, flow. The pressure trace shown
in Fig. 10 was obtained from a high-frequency-respmse pressure
transducer and shows no large pressure fluctuations in the cham-
ber pressure during its main-stage operation. Thus, the increase
in Raman signal for the middle two Raman images is not due to
a pressure transient that would momentarily increase density and,
hence, Raman signal strength. However, this phenomenonof tempo-
rally adjacent Raman images being correlated to each other occurs
fairly often during the test, suggesting that there is some kind of
pressure-independent density fluctuation occurring at a relatively
large temporal scale (~40 ms). This temporal scale seems too large
for turbulent fluctuations. The average velocity in the test chamber
is ~5 m/s; within 40 ms the flow has traveled an average of 20 cm,
a length too long to be associated with a turbulent eddy size. Pos-
sible explanations for the temporal correlation between the middle
two Raman images include the movement of large-scale coherent
structures through the sample volume and flapping of the center
jet of productsfreactants within the N, diluent coflow, resulting in
Raman images that are intermittantly taken within the center jet and

at other times either partially or completely outside the jet. After
the propellant flows are shut down, the only specie remaining in the
chamber is N,, as seen in the bottom left graph on Fig. 10.

None of the single-pulse Raman images obtained during the test
showed any significant OH or O, fluorescence interference. This
is because the temperatures in the test article are generally below
1000 K, due to the high O/F ratio of the reactants and the relatively
largeamount of N, dilutionoccurringin the flow. Because of the low
temperatures, the concentration of OH outside of the flame zones
is very low, and the fraction of O, that is vibrationally excited is
also very low. Because only vibrationally excited O, can be excited
by a 248-nm laser,”’ neither OH nor O, fluorescence occurs in this
particular flowfield.

The wavelength-integratedRaman signal foreach majorspeciesis
showninFig. 11 asafunctionoftime. These dataare foronelocation
of the 12 separatelocations measured by the detectionsystem. Large
fluctuationsin signal strength occur for all three species, caused by
both local temperature (density) fluctuations and by fluctuations in
the local gas mix. This latter fluctuation can be demonstratedin the
ratio of one Raman signal to another. Figure 11e shows relatively
large fluctuations in the O,/N, ratio, indicating incomplete mixing
between the injector and annular streams. As the propellantcircuits
are purged during shutdown, the O,/N, ratio rises dramatically,
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Fig. 11 Time-resolved data from hot-fire test of oxygen-rich swirled
injector, steady-state pressure 6.04 MPa (874.7 psia); Raman signals are
wavelength integrated and are expressed in A/D counts.

probably due to the fuel circuit shutdown occurring 0.45 s before
oxidizer circuit shutdown, allowing unreacted O, to exist in larger
concentrations than at steady state.

Conclusions and Future Work

The productionof O; by the KrF excimer laser has been shown to
cause time-dependent absorption of the laser beam as it propagates
through the combustion chamber and extension tubes. Absorption
increases with pressure, and at realistic rocket engine operational
pressures this phenomenon prohibits the use of unpurged extension
tubes where quiescentO, may accumulate. Additionally,stimulated
Raman occurs for focused laser beams that require the extension
tubes (to lower laser fluence level experienced by windows) so that
the final Raman system configuration uses an unfocused laser beam
without combustion chamber extension tubes. The resulting spa-
tial resolutionis approximately 1.7 x 1.2 x 20 mm for single-pulse,
linewise (12 spatiallocations in 8.4 mm) measurements. Future im-
provements to the system include aperturing the unfocused laser
beam to a 1-mm-diam cross section to improve spatial resolution
while avoiding high fluence.

An O,-rich swirled injector flowfield is examined with the UV
Raman system. The presence and relative concentration of a par-
ticular major species during the test can be determined from the

Raman data. Fluctuationsin relative concentrations are seen during
the steady-state portion of the test, and often during the test these
fluctuations can be correlated between single-pulseimages taken at
40 ms intervals. This timescaleis too large for turbulenceto cause the
fluctuations,and test article chamber pressureremains constantdur-
ing main-stage operation. The fluctuations in Raman signal could
be due to intermittant sampling of the propellent stream and the
coannular diluent flow surrounding it. Significant deviations from
steady state are seen in the reactant concentrations at the test tran-
sients, such as the presence of unreacted H, at startup or excess
O, at shutdown. Future investigations will include an experimen-
tal calibration to transform the Raman measurements into absolute
concentrationand temperature measurements.

UV Raman scattering has been applied to the analysis of a high-
pressure reacting flow such as those found in liquid-fueled rocket
engines. The UV wavelengthof a KrF laser producesoveran order of
magnitude more Raman scatteringthan a visiblelaser of comparable
pulse energy,but with the extrasignal strengthcomes concernsabout
the UV system’s applicability to quiescent O, flows (because of O;
productionand subsequentlaserabsorption). The Oz productiontrait
of high-pressure UV Raman scattering generally precludes the use
of unpurgedlaser window extension tubes, where O, can be trapped
and then form absorptiveOs. By purging the laser window extension
tubes with a diluent, it could be possible to avoid O; production,and
then a tightly focused UV laser beam could be created in the test
article. As long as the test article has a moving stream of reactants,
the small amount of Oz generated within the test article, for each
single laser pulse, is swept downstream out of the laser beam path,
and significant laser beam attenuation should not occur. To avoid
the interfering effects of stimulated Raman scattering, the diluent
used to purge the extension tubes should be helium because of its
small scattering cross sections.

Temperatures in the N,-diluted, high O/F ratio flowfield exam-
ined are generally below 1000 K; thus, OH and O, fluorescence
were not a major concern. However, as the UV Raman system is
applied to higher temperature flowfields (near stoichiometricand/or
less dilute), the increased collisional broadening of excitation lines
at high pressure may produce significant fluorescence interference
of Raman signals. This could be a potential limitation to the appli-
cability of the UV Raman technique applied to high-pressurerocket
engine flows. Polarization separation techniques are being devel-
oped that address this potential problem so that the increased signal
strength provided by UV Raman can be exploited in H,/O, rocket
engines of all stoichiometries and possibly in soot-free regions of
RP1/0, engines *
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