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ABSTRACT

Nonintrusive diagnostic measurements have been performed in the supersonic reacting flow of
the Hypersonic Propulsion Test Cell 2 at the National Aeronautics and Space Administration's (NASA)
Langley Research Center (LaRC). A coherent anti-Stokes Raman spectroscopy (CARS) system was as-
sembled specifically for the Test Cell environment. System design considerations were: (1) Test Cell
noise and vibration, (2) contamination from flow field or atmospheric-borne dust, (3) unwanted laser
or electrically induced combustion (inside or outside the duct), (4) efficient signal collection, (5) signal
splitting to span the wide dynamic range present throughout the flow field, (6) movement of the sam-
pling volume in the flow, and (7) modification of the scramjet model duct to permit optical access to the
reacting flow with the CARS system.

The flow in the duct was a nominal Mach 2 flow with static pressure near one atmosphere. A
single perpendicular injector introduced hydrogen into the flow behind a rearward facing step. CARS
data was obtained in three planes downstream of the injector region. At least 20 CARS data points
were collected at each of the regularly spaced sampling locations in each data plane. Contour plots of
scramjet combustor static temperature in a reacting flow region are presented for three stations.

INTRODUCTION

Instrumentation for the propulsion facilities at NASA LaRC has been largely dependent upon
traditional wind tunnel techniques, e.g., pressure at a surface, thermocouple-based temperature mea-
surements, force measurements, and shock positions from schiieren techniques. This paper describes
the first measurements conducted in Test Cell 2 using a CARS system to measure temperature in a re-
acting supersonic flow. CARS is a laser-based technique which generates signals related to the tem-
perature and density of selected gases in the common probe volume of the system's laser beams. It can
make measurements of dominant species from signals generated by a single 10 ns laser pulse. In this
series of measurements, the CARS system was configured to measure static temperature with nitrogen
as the thermometry species in hydrogen-vitiated air combustion. Measurements with a CARS system
have been under way at NASA LaRC since 10811.2.3, The current tests were conducted as a joint ef-
fort between NASA LaRC and Los Alamos National Laboratory. The tests included both Laser-induced
fluorescence (LIF) and CARS measurements, but only the CARS system and results will be discussed
here.
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HARDWARE DESCRIPTION

TESTCELL

An overall view of the Test Cell is shown in Figure 1. A more complete description may be

found elsewhere?. Gas supplies were located near the facility. Trailer-mounted high pressure >13790
kPa (2000 psi) storage bottles for hydrogen, oxygen, and nitrogen (for purging) provided the test
gases. Air was supplied by the central facility which initially compressed the air to 5000 psi and dried
it (an important consideration in the humid Tidewater Virginia area). The control room for the facility
operations is over the Test Cell area.

The high enthalpy test gas required to simulate scramjet combustor flows was produced by a
hydrogen-air combustion heater with oxygen replenishment. Flow rates of the air, hydrogen, and oxy-
gen were set to achieve the desired test conditions. Typical test conditions are listed in Table I.

Table I. Nominal Test Cell gas flow rates. 3% fluctuations in day-to-day operations. 0.58 Fuel
equivalence ratio.

air 1.25 kg/s 2.75 Ilbm/s
hydrogen 0.025 kg/s 0.055 Ibm/s
oxygen 0.295 kg/s 0.65 Ibm/s
hydrogen fuel 0.0281 kg/s 0.062 |Ibm/s

Vitiated air heater
Water-cooled
supersonic nozzle

Optics
Table

Wef

Figure 1. Schematic of hypersonic propulsion Test Cell 2. The CARS equipment was situated under the
combustor model with optics supports rising on both sides.

The desired total heater flow rate was a nominal value of 1.58 kg/sec (3.5 Ibm/sec). Total
temperature and pressure were respectively 1416 K (2550 R) and 827 kPa (120 psia). These condi-
tions yielded a nominal static pressure of 103.4 kPa (15 psia), temperature of 850 K (1530 R), and a

unit Reynolds number of 1.22 X 108/m (4 X 106/ft) after expansion through the water-cooled Mach 2
nozzle. Volumetric oxygen content for the test gas was maintained at 21 percent. An air ejector was
connected to the exit of the diverging combustor duct (combustor model in Figure 1) to prevent atmo-
spheric back pressure from influencing combustor performance. Ejector flow rate was set to maintain
the static pressure at the end of the combustor near 13.8-20.7 kPa (2-3 psia) for the facility operating



with no fuel injection. All flow rates in the tests were measured using ASME sharp edged orifice
plates. A programmable controller was used to start fuel injection and the Test Cell and CARS data
acquisition systems.

The vitiated air exited the heater through a convergent-divergent two dimensional nozzle
achieving nominal Mach 2 at the nozzle exit. A 0.14 m (5.5 inch) straight-sided section followed the
nozzle. A rearward facing step of 0.762 cm (0.3 in) height was centrally located in the top of the
section. A single 0.61 cm (0.24 in) hydrogen injection port was located in the top of the duct 7.47 cm

(2.94 in) behind the injector. Following the step
Mach 2 section, the top wall of the duct diverged with a

Duct - three degree angle; the bottom wall was horizon-
tal.

flow The side walls were parallel from the nozzle

it to th jector. The duct fitted with
m :::ssgre :o:iecalzrng thee to;l:,c si‘g: sanld ebotvtvc;tm

\ N Purge which were part of the standard Test Cell
¢ Air instrumentation. Pressure port data were
Q recorded and used in CARS post data processing to

— Rotating

Seal confirm set point operation. Optical access ports

for the CARS system were located in the side
walls 38.1, 69.5 and 115.9 cm (15, 27.5 and
45.625 in) from the nozzle exit. The optical
access ports are shown schematically in Figure 2.
Figure 2. Schematic of the Window assembly. They provided vertical slits in the side walls for

CARS laser beam access. The slits were 3.175
mm (1/8 in) wide and were cut in inserts as shown in the schematic. Thus, blank inserts could be
substituted to minimize the influence of shocks from one of the upstream optical ports. As the tunnel
flow contained dirty water, provision was made for both purge air and a rotating seal in an effort to
maintain clean windows. The rotating seal, a slot cut in a rod, was opened by an air actuator under
computer control.

TEST CELL ENVIRONMENT

Window

Safety considerations were a driving factor in the design of the Test Cell and in detailing its op-
erating procedures. During maintenance, the Test Cell is heated or air conditioned, but during normal
operations, the Test Cell is closed and locked and the air ejector draws outside air through roof-
mounted louvers to minimize accumulation of combustibles if a leak occurs. No personnel are allowed in
the Test Cell while the manifolds are charged; thus, no direct contact with instrumentation is possible
for a period beginning about 1/2 hour before a test and during the several hours of a typical set of
tests. Sound levels in the Test Cell were known to be in excess of 140 dB. Thus, the CARS apparatus
had to be designed to cope with these conditions.

CARS SYSTEM

The CARS system previously used at NASA LaRC has been described elsewhere2 and will be
only briefly detailed here. CARS is a nonlinear Raman process in which laser beams incident on a sam-
ple at frequencies o (pump) and w, (probe) interact through the third-order susceptibility

@ _ 2aNct Av(@0/dDy; 7% (1)
hof “vj0,— (@, -0;)-il};

of the sample to generate coherent radiation at the difference frequency.
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If this difference frequency becomes close to a Raman resonance in the sample, the signal is sharply in-
creased. As this difference is scanned through many resonances, a spectrum is created which can be
compared to a calculated spectrum for determination of the temperature of the gas in the sample. In
practice, a broadband probe laser is used to generate the complete CARS spectrum in a single 10 ns
laser pulse. The intensity of the signal is related to the density, but the system was not configured for

density measurements. In equation 1, N is the number density of the probed species, Avi is
the population difference between the states studied, d0/d€2 is the Raman cross section and is

assumed constant over the frequency range studied, @, is the frequency of a Raman active rota-

p : o . G). . > ok
tion or vibrational state, rv,} is the Raman half width, and Xnr is a collection of susceptibil-
ity terms which are generally a slowly varying function of frequency.

The general arrangement of the optical components is shown in Figure 3. The support structure
for the CARS optical components was assembled from lengths of Klinger optical rails and connector
cubes. The structure was assembled to provide two surfaces, a 1.22 X 2.44 m (4 X 8 ft) optics pallet
on top and a lower surface for the Nd:YAG laser, dye pumps, and other non-optical components. A
framework was constructed around the rail assembly and over the optics pallet to provide support for
a housing around the optical assembly. The framework over the optics pallet formed two boxes sepa-
rated by an open space through which the tunnel duct passed. This housing was force ventilated by
service air to keep out dust from the Test Cell air. In addition, any accumulation of combustibles in the
box was prevented--an important consideration for the high energy associated with the laser. Initially,
sound absorbing material was considered for addition to the panels which formed the housing, but this
was found to be unnecessary. Air bag supports were provided to isolate vibrations transmitted through
the floor, but these supports were also found to be unnecessary. Additionally, the air bags allowed un-
wanted horizontal movement of the entire system, and their use was discontinued.

Nd:YAG
Combustor Model Input

14

Fiber Optic

Dichroic Signal Separator

Support Table

Figure 3. Schematic of the CARS optical system installed in Hypersonic Propulsion Test Cell 2.
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The Nd:YAG laser delivered 200 mJ, 532 nm, 10 Hz, horizontally polarized, 10 ns pulses
through a system of prisms to the pallet surface. At that point, as can be seen in Figure 3, the Nd:YAG
laser was split into three parts. One part was used to pump a broadband dye (probe) laser centered
about 606.5 nm as required for the CARS system to interrogate nitrogen. The two remaining green
(pump) beams were transmitted with the dye laser through a set of prisms to a lens mounted on a
translation stage . The components mounted on the translation stages provided movement of the CARS
sample volume (the common focal volume of the laser beams) in a plane perpendicular to the supersonic
reacting flow. The beams were arranged in the BOXCARS configuration with the beams in a vertical
plane. The focusing and recollimating lenses were 28 cm focal length. The interaction length for this
arrangement was found to be 0.8 mm (.032 in) full width at half maximum FWHM and the interaction
volume was estimated to be about 50 microns (0.002 in) in diameter.

Movement of the interaction volume and adjustment of the beam crossing were under operator
control via the data acquisition computer. The focusing and recollimating lenses and four turning
prisms were mounted on translation stages which were driven by stepper motors. This arrangement
allowed the CARS interaction volume to be moved in a plane perpendicular to the flow in the duct.
Initial alignment of the CARS pump and probe beams was performed by manual adjustments of optical
elements in the individual beam paths. "Fine tuning” of the crossing and adjustments after the Test Cell
was closed were made using two pairs of two degree optical wedges mounted in the optical path of one
pump and the probe beam as shown in Figure 3. These wedges were independently rotated by computer
controlled stepping motors.

DESCRIPTION OF SYSTEM-TO-MONOCHROMATOR SIGNAL COUPLING

Test Cell 2 is a hostile and cramped environment; therefore all possible equipment was re-
motely located. An optical fiber was used in a manner similar to the technique used by EckbrethS to
couple the CARS signal from the Test Cell to the control room where the monochromator and reticon
were located. Figure 3 shows some of the details of the hardware used to couple the CARS signal into

the fiber. Using the suggestion of S. Fujiie, a pair of dichroic mirrors were used to separate the w;
(pump) laser and w, (probe) energy from the w3 (signal) beam. For simplicity the Figure 3, one reflec-

tion of the signal and CARS laser beams is indicated on each of the mirrors of the dichroic signal sepa-
rator; in reality, up to four reflections were arranged on each of the two mirrors. Thus, a maximum
of 92 percent of the signal energy (based on signal reflection > 99 percent per surface) could be pre-
sented to the microscope objective for focusing into the optical fiber. The first surface reflection of

the pump beam was calculated to be 108 of the incident energy (based on ten percent reflection per
surface) after propagation through the mirror system. The 50 pm fiber was chosen as a compromise
between the desire for a large fiber on the collection end to improve coupling efficiency and a small
fiber on the output end to minimize the image width at the monochromator. Twenty meters of the fiber
carried the signal out of the Test Cell to the detector.

Figure 4 shows the components used to couple the CARS signal from the output end of the fiber
to the monochromator. At the monochromator, a combination of cylindrical lenses was used to focus

the CARS signal into a line image in the entrance slit. It has been shown? that a reticon, which was the
detector, can demonstrate linear response throughout its operational range by focusing (at the entrance
to the monochromator) the signal beam to a line rather than to a point , as would occur if a spherical

lens was used. With the indicated combination of lenses®, the focal point of the horizontal lens was in
front of the entrance slit; the focal point of the vertical lens was in the entrance slit and the height of
the signal beam was matched to the 2 mm height of the reticon detector; thus, the image height on the
detector was similarly matched. As signal intensity varied with density, dynamic range enhancement

was provided with a signal splitting device similar to that of Eckbreth®; this application differed in that
the signal splitter was placed immediately in front of the monochromator with the entrance slit turned
horizontally. Two images of the signal were formed at the entrance slit with the intensities differing
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by an order of magnitude. When the data were processed, the larger signal that did not exceed full
scale (16000 counts) was processed. Note that the monochromator slit function was optically
determined by the focusing characteristics of the cylindrical lenses rather than by a physical slit.

10 % Reflective Surface
50 p optical fiber

Cylindrical Lens

Microscope Objective
100% Reflective Surface

Figure 4. Details of the optics for coupling the CARS signal from the light fiber to the monochromator.

Remote operation of the CARS system required certain beam blocking and attenuation functions
be remotely performed. Part of this requirement was established by the necessity to operate the laser
continuously to minimize "drift." Switches were devised to allow computer control of two beam
blocks, an optical attenuator, and the air activated "seal” on the window (see Figure 2). These
switches operated 45 degree rotating solenoids or solenoid-operated valves. Beam blocks were pro-
vided in the output of the Nd:YAG laser and in the w, beam. A one percent transmission filter could be

inserted into the w3 beam. Thus, the strong CARS signal generated in air could be monitored, as the

system was remotely tuned with the rotating wedges. Optical tare values were determined by insert-
ing a beam block in the w2 beam and collecting 100 data points. For reacting flow temperature mea-
surements, after the tunnel was started, the window seal was opened, the main beam block was re-
moved and 20 CARS data points were collected. The sample volume was then moved and another 20
points were collected. At the end of the data sequence, the beam block was replaced and the window
seal was closed.

DATA COLLECTION

CARS data system software was structured to allow computer control of the entire sequence
once started. The starting event was produced by manual closure of a relay when the heater combus-
tion was triggered. Both the CARS and Test Cell data acquisition systems were started by this event
and both systems started clocks which were recorded with the data sets. About five seconds were re-
quired for the heater to reach stable operating conditions, then the injector fuel flow was started. One
second was allowed for injector fuel stabilization and the CARS sequence was started. The window seal
was opened and all beam blocking and attenuating flags were withdrawn. At this point, data from the
next laser firing were transferred to tape (the laser was normally operating even when data were not
being collected to provide laser stability). The data system was configured to record intensity mea-
surements from photomultipliers simultaneously with reticon data for density measurements, but
density measurements were not attempted. Normally, at least three positions were sampled during one
data sequence. This would involve recording twenty shots, stopping data transfer, moving the lens
assemblies, and transferring data again. The tunnel operation time was limited by heating of the air-
cooled combustion model (duct). At the end of the sequence, the flags were closed, the window seal
was closed, and the cycle was reset for the next tunnel start. For each day's operation, the CARS data



were collected once with the probe (dye)
laser blocked to record optical tare
measurements.

Vertical separation for the data
points was 0.71 cm (0.28 in), 1.22 cm
(0.48 in), and 1.63 cm (0.64 in) at each
successive downstream  station.
Horizontal spacing was 0.95 cm (3/8 in).
Thus a 9 X 7 matrix of sampling points was
assembled at each of the three stations.
The flow was not found to be symmetric;
therefore, the survey spanned the duct,
limited only by energy density considera-
tions for the windows (some pieces of Figure
glass were cracked) and the included angle
of the BOXCARS laser beam configuration. 2.73
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DATA REDUCTION
2.25
CARS nitrogen spectra were calcu-
lated for 20 degree K temperature incre-
ments and stored in a magnetic disc li- 1.77
brary. The calculations were convoluted
with a Lorentzian slit function similar to
the technique of Yuratich!0. The non-  1.29
resonant background values which were
used in the calculations were those of

Eckbreth and Hall'1. The temperature de- 0.81
pendence for the calculations was derived

from the exponential gap model of Rahn12.
A least mean squares fit of the CARS-reti-
con data to the pre-calculated library
provided temperatures for the CARS data.
A fitting operation for a single point typi-
cally took less than a second. Temperature
values were recorded in a disc file along Figure 5b. Middle station

with other housekeeping data (run number

and elapsed time) for later correlation with tunnel operating data. Library verification was performed
by comparing flat flame data collected with the system and processed with the library as described in
reference 1.
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-0.375

0.375
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In post processing of the temperature data, CARS temperatures were identified from portions
of the tunnel run which were sufficiently close to the desired operating condition. From these identified
data, three matrices of position and average temperature values were assembled. Contour plots of
these matrices are presented in Figure 5.

RESULTS AND DISCUSSION

Figure 5 shows contour plots of the CARS measurements of static temperature in a Mach 2 re-
acting vitiated air-hydrogen flow in a duct. For plotting convenience, the vertical scale has been in-
verted to appear as if the hydrogen was injected through the bottom wall; it was injected through a
perpendicular port behind a backward-facing step on the duct's top wall. Averages of CARS measure-
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3.59 ments were con-
structed from por-
tions of the data when
2100 the tunnel was op-
erating near the flow
values specified in
Table I. Typically, at
least 20 values (2
1800 seconds worth of
CARS samples) were
1650 averaged and many
points include up to
1500 60 samples.
Temperature limita-
tions on the uncooled
model curtailed CARS
data collection to
1200 three positions per

2.95
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2.31
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0.30 eatia : 2 4 tunnel operation.
") 1050

-1.5

The distribu-
tion of static tem-
perature in the duct
appears much as ex-
) ; pected. The high
Figure 5¢c. Downstream station. temperature region at

the wall in the up-

Figure 5. Contour plots of CARS measurements of static temperature at three stream station agrees

stations in a duct containing a Mach 2 reacting (hydrogen-vitiated with the observed in-

air) flow. In these views, the hydrogen fuel was introduced into the crease in wall tem-

flow by an injector behind a rearward-facing step at the bottom of perature downstream

the Figure. Horizontal and vertical coordinates are in inches. of the fuel injector.

Also, injection from a

single port is shown to be an inefficient way to heat all the air in the duct since uniformly heated flow

was not achieved. The selection of this injection configuration was made with the knowledge that it

was a less-than-perfect scheme, but it is a simple technique which has been extensively studied in

other tests. Thus, the additions of CARS measurements to the data base will be valuable for compari-
son with CFD results.

=1.125
0.375

This first attempt at measuring the static temperature distribution in the Mach 2 flow was suc-
cessful in many regards and, at the same time, indicated several desirable hardware changes.
Acoustically induced vibration was not a problem for the instrument. Neither vibration-isolation
mounts nor acoustically damping materials to line the inside of the instrument housing proved to be nec-
essary. The high mass of the optical assembly was probably a primary factor in this regard. Likewise,
no dust-induced problems arose, and the system design features were adequate to avoid laser-induced
ignition when reasonable procedures were used. Thermally induced alignment drift did occur, but the
remotely controlled wedges were effective in maintaining correct alignment. Efficient signal coupling
from the optical table to the monochromator was achieved and adequate dynamic range was demon-
strated for tunnel operating conditions.

Some of the desired changes will make data acquisition easier. Better control of the tunnel flow
rates will produce a greater percentage of acceptable data. The CARS system is currently being modi-
fied to operate at 30 Hz and the software will be rewritten to shorten the amount of lost time as the



CARS interaction volume is moved from point to point. Provision is also being made to include multi-
species density measurements in the system.

SUMMARY

A CARS system has been assembled to perform a survey of static temperature in a reacting
vitiated air-hydrogen Mach 2 flow in a duct in Test Cell 2 at NASA LaRC. Measurements were made in
three planes perpendicular to the flow. Contour plots of the data are presented.

Several features were included in the system to cope with the adverse conditions found in the
Test Cell environment. The system was designed to minimize effects of high noise levels, dust, and
thermally induced optical misalignment; to eliminate the potential for system-induced explosion; and to
provide for movement of the CARS sampling volume and efficient signal coupling from the CARS system
to the detector package outside the Test Cell. Provision was also made for flags and neutral density
filters to block or attenuate the beams. All system functions had to be performed remotely as the Test
Cell was closed due to safety considerations during normal operations. Provision was made for optical
access to the enclosed supersonic flow at three locations.

As expected, the CARS measurements revealed such features in the flow as maximum
temperature near the model wall in the region of the injector footprint. Incomplete mixing of the fuel
with all of the flow was also shown. These results are consistent with the knowledge that a single
perpendicular is not the best injector scheme for the subject flow.
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