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Coherent Anti-Stokes Raman Scattering Temperature
Measurements on an Air-Breathing Ramjet Model

M. Fischer,¤ E. Magens,† H. Weisgerber,¤ A. Winandy,‡ and S. Cordes§

DLR, German Aerospace Research Center, 51170 Cologne, Germany

Coherent anti-Stokes Raman scattering was used to measure nitrogen single-pulse spectra at the entrance
and exit area of a thrust nozzle. Thermodynamic nonequilibrium effects were proved at the exit of the hypersonic
nozzle, belongingto an air-breathing,hydrogen-combustingramjet model.To determine the accurracy of extracted
rotationaland vibrationaltemperatures, additional laboratory experiments were performed. The nozzle expansion
was characterized by wall pressure measurements.

Introduction

T HE presented investigationsare a part of the Special Collabo-
rative Research Program (SFB 253), a German basic research

program in hypersonics, whose aim is the investigation of funda-
mental problems related to the design of aerospace planes. The re-
search con� guration is a two-stagespace transportsystem similar to
the Sänger con� gurationof the German National Hypersonic Tech-
nology Program, whose � rst stage has an air-breathing, hydrogen-
fueled propulsion system (hybrid turbojet/ramjet). The design of
future space transport systems must rely on computational � uid
dynamics (CFD) codes because it is not possible to test all � ight
conditions experimentally. Of particular importance is the correct
modeling of the � ow in the propulsion system to get a precise pre-
diction of the thrust. To verify and optimize � ow simulation codes,
model experiments are necessary, which analyze the properties of
the � ow in detail. In this study coherent anti-Stokes Raman scatter-
ing (CARS) temperature measurements are performed to analyze
the thermodynamical behavior of the � ow in a model thrust noz-
zle. Freezing of the vibrational temperature on a level higher than
the translational temperature was expected due to the strong ex-
pansion in the propulsion system under study. The excess energy
stored in internal molecular modes of motion is lost for the thrust
of the propulsion system. This deviation from the thermal equilib-
rium would be obvious for a pure nitrogen expansion. But under
the present conditions, the exhaust gas contains about 30% water.
Therefore, the effective energy transfer of H2O–N2 collisions has
to be taken into account for a simulation of the N2 vibrational re-
laxation.The transitionprobabilityfor H2O–N2 collisions is at least
one to two orders of magnitudehigher than for N2 –N2 collisions.1 ;2

Because differing data existed on the effectivity of such collisional
processes, the quantitative examination of the relaxation process
had to be supported by experimental data.

CARS was chosen for the temperature measurement because the
exhaust gas mainly consists of nitrogen and water. Broadband
CARS3 enables nonintrusive single-pulse temperature measure-
ments of these major gas constituents,which carry the main energy
of the � ow. Measured probability functions for the temperature al-
low an analysis of mixing processes in the combustion chamber
(1–11 bar), as well as temperature measurements at the nozzle exit
(60–115 mbar).

Because the spectral shape of CARS spectra is sensitive to both
vibrational and rotational population, the rotational and vibrational
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temperatures can be extracted separately. This was the subject of
several publicationsdealing with measurements on D2 (Ref. 4), H2

(Refs. 5 and 6), and N2 (Refs. 7 and 8) in electric discharges and
microwave excited N2 (Ref. 9), N2 near an incandescent� lament,10

and N2 after the detonation of solid explosives.11 Furthermore the
CARS technique, adapted and used for temperature and concentra-
tion measurements since the 1970s (Refs. 12–14), was already suc-
cessfullyappliedunder the harshconditionsat ramjet facilities.15 – 19

The applicationof CARS was reviewed in severalpublications;e.g.,
see Ref. 20, 21, or 22.

Experimental Setup
Test Facility

The thrust nozzle test facilities A and B at the German Aero-
space Research Center (DLR), Cologne, have been presented
previously.23 ;24 Prior to this study, the temperature � eld at the exit
of a combustion chamber in after burner technology was tested at
the facility A.25 Facility A was designed for nozzle development
tests of short duration and had the capability of high mass � ows
up to 4 kg of air/s and 100 g of H2/s at 10 bar. It was shown that
the combustion was incomplete at the nozzle entrance. The smaller
facility B was built for fundamental studies, which need longtime
testing. Lower mass � ow rates drastically reduce the costs, and the
shorter optical path lengths facilitate the use of laser techniques in
turbulent � ames. The nozzle test facility B does not have the capa-
bility for thrust measurements but is especially designed for the use
of optical measurementtechniques.To simplify optical adjustments
and to reduce measurement time, the test facility enables the move-
ment and positioningof the object of investigationin all three space
axes during operation. During the experiments, the position of the
combustion chamber was automatically controlled and readjusted
to compensate temperature-inducedexpansions.Figure 1 shows the
object under examination.The facility was constructedaccordingto
the connected pipe principle. The combustion chamber is supplied
with compressed air, which is preheated by two electrical heaters
connectedin parallel.After the reactionof hydrogenand air, the ex-
haust gas expands in the nozzle (Fig. 2). Optical access to the � ow
is provided at the entrance and exit of the nozzle by water-cooled
adaptors to which window holders can be � anged. A wedge-shaped
diffusor is used to reduce the pressure at the nozzle exit, which pro-
vides a capability of altitude simulation. At the top, the hot exhaust
gas is cooled down by the injectionof cold air and � ows into a sound
absorber.

The principleaim of the actual experimentswas to provideexper-
imental data for a comparison with numerical simulations. There-
fore, the nozzle had to be supplied as homogeneously as possible
with hot, pressurized exhaust gas. For this reason we used an in-
house developed matrix-burner in the combustion chamber. This
(microdiffusion) burner conceptwas successfullytested in previous
laboratory experiments.26 The big matrix burner used here (Fig. 3),
consists of 127 closely packed tubes for the transport of preheated
air. The hydrogen � ows between these tubes. The air and hydrogen
mass � ows used are given in Table 1.
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Table 1 Mass � ows and air temperatures used
in the experiments

Pressure 1 bar 11 bar

Air temperature, K 600 900
H2 mass � ow, g/s 2 8.8
Air mass � ow, g/s 70 300

Fig.1 Thrust nozzle test facilityB;gas� ow direction is fromthebottom
to the top.

Fig. 2 Nozzle geometry and coordinate system corresponding to the
results: optical axis for the measurements parallel to the x axis; x, y, and
z dimensions given in millimeters; pressures and � ow velocities at the
entrance and exit area of the nozzle are given.

Fig. 3 Matrix injector for hydrogen and air; inner diameter of the
combustion chamber, 100 mm.

Fig. 4 CARS setup: view from the top for the folded BOXCARS ar-
rangement.

CARS System and Experimental Background
A commercial broadband CARS system, SOPRA, was used,

which is optimized for � ame measurements. Figure 4 shows the
CARS setup, which mainly consists of two stable units. The � rst
contains the CARS laser and the second the spectrometer and the
detector.Spectrometer and laser were located inside of the test facil-
ity during the experiments and controlled from a neighboringroom
separatedby concretewalls. The data evaluationand part of the data
acquisition were developed at the DLR, Cologne, and especially
adapted for measurements at high temperature and pressure.26;27

The CARS system was successfullyapplied in several applications,
e.g., Refs. 28 and 29. The laser system is based on a frequency-
stabilized, injection-seeded, single-mode Nd:Yag laser. The stable
infrared resonator emits pulsed radiation with a near Gaussian in-
tensity beam pro� le at a wavelength of 1064 nm. This laser beam
is � rst ampli� ed and then frequency doubled in a KDP-crystal re-
sulting in the pump beam .º1/ with a wavelength of 532 nm. The
pump beam has a pulse length of 14 ns, a repetition rate of 10 Hz,
and a pulse energy of 42 mJ at the laser exit. To generate the Stokes
beam, rhodamin 610 was used in the oscillator and ampli� er cell
of the dye laser. The dye laser is pumped transversely by a portion
of the green laser beam and emits broadband radiation .º2/ with a
pulse energy of about 3.5 mJ. The polarization of pump and Stokes
beam were parallel, relative to each other.

Because of the broadband operation of the dye laser, with each
laser pulse it is possible to record a complete nitrogen CARS spec-
trum, which can be evaluatedgiving a single-pulsetemperature.For
the evaluation of the signals, the spectral intensity distribution of
the dye laser is taken into account by normalizationwith a reference
spectrum measured in argon. The typical spectral width of the ref-
erence spectrum amounts to 110 cm¡1 full width at half-maximum.
The frequency stability of the dye laser was veri� ed by recording
referencespectra prior to and after the measurements.The variation
of the mean temperature caused by residual small frequency drifts
of the dye laser was less than 1%. For the temperature range of
these measurements, the data evaluationcould be limited to Raman
shifts (ºRS D º1 ¡ º2 ) between 2276 and 2345 cm¡1. This spectral
range covers the Q-branch transitionsoriginating from the � rst two
vibrational states of nitrogen and is also shown in the mean CARS
spectrum of Fig. 5.

The experiments at the nozzle entrance were performed in a pla-
nar BOXCARS beam arrangement and at the nozzle exit in a folded
BOXCARS beam arrangement.30 The probe volume is formed by
three crossinglaser beams, which interactwith the medium and gen-
erate a signal beam at ºCARS D º1 C ºRS. An achromatic lens with
a focal length of 300 mm was used to focus the laser beams. The
corresponding probe volume, in which 95% of the CARS signal
is generated, had a length of 3.2 mm under laboratory conditions.
The absenceof stimulatedRaman effects,which can result in an ex-
cess vibrationalpopulation,was proved by measurements in a low-
pressurecell.As a consequenceof thehigh CARS ef� ciencyreached
with the single-modelasersystem, even at the highestavailablelaser
powers we never found a population distortion due to such effects.
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Fig. 5 Mean N2-CARS spectrum belonging to the ensemble in Fig. 13,
measured at the nozzle exit; nonequilibrium population of the vi-
brational states is demonstrated by the two-dimensional temperature
� t to ground-state fundamental band (v = 0 ! 1) and � rst hotband
(v = 1 ! 2): Trot = 831 K and Tvib = 1124 K.

The optical axis for the measurements was adjusted parallel to
the x axis, shown in Fig. 2. The signals were guided by mirrors,
coupled into the spectrometer,and � nally imaged on the detectorby
a concave re� ection grating (Jobin Yvon, 2100 lines/mm). A linear
photodiode array with 512 diodes (model 1420/HQ from EG&G)
was used as detector. The phosphorus P46 of the image intensi�er
has a decay time in the nanosecond range.

The temperatures were evaluated by a weighted � t of the mea-
suredsingle-pulsespectratoprecalculatedtheoreticalspectra,stored
in a spectra library. The CARS theory has been described, e.g., in
Refs. 21 and 31–33. We used a home-madecode,34 which calculates
the third-order, nonlinear susceptibility according to an expression
given in Ref. 35 and strategies given in Refs. 21 and 36, including
Doppler and collisionalbroadening.The collisionalbroadeningpor-
tions of the line broadening,compare Eqs. (11) and (15) in Ref. 37,
were determined based on the use of the energy corrected sudden
exponentialpower (ECS-EP) law38 for the N2 –H2O relaxationrates
and by a modi� ed (m)-ECS-EP law26 for the N2–N2 relaxationrates.
The m-ECS-EP uses an amplitude factor A.T / similar to the factor
given in Ref. 39. Different � tting and scaling laws were tested in the
high-temperature range.26 In laboratory studies on a hydrogen/air-
fueledburnerat about10 bar, 2360K, we yieldedcomparableresults
using a combination of modi� ed exponential-gaphigh temperature
(MEG-HT)40 for the nitrogen selfbroadening and MEG37 for the
N2 –H2O relaxation rates. A detailed discussion of the in� uence of
these laws37– 41 is clearly outside of the scope of this work and will
be published shortly.

For the evaluation of independent rotational and vibrational tem-
peratures,a two-dimensionallibrary was used. The � t was based on
the assumption of independent Boltzmann distributions for the ro-
tational and vibrationalpopulations.This should be valid according
to an estimation made by the use of Ref. 42.

In the weighting process, the average intensity pro� le of the dye
laser, CARS speci� c noise, and detector properties are accounted
for. As main criterion in the selection of pertubed spectra, e.g., due
to breakdown in the gas caused by particles in the laser focus, the
intensity independent relative deviation of the experimental to the
� tted theoretical spectra was used.

Typically, a sequenceof 1200 single-shotbroadbandspectra was
recorded for one ensemble at a given measurement position. The
total integral intensity of the single-pulse spectra measured at low
pressure was clearly above the lower limit. The good spectral reso-
lution reached in the experimentsat low pressure (Fig. 5) and under
atmosphericconditionsis advantageousfor the determinationof the
rotational temperature and makes the identi� cation of mixed tem-
perature spectra easier.

The root mean square value of the one-dimensional single-pulse
temperatures and the absolute accuracy of the mean values are
known from experiments under laboratory conditions at temper-
atures up to 3000 K and pressures up to 10 bar (Refs. 26 and 27).
At, e.g., 1600 K, the root mean square value of the single-pulse
temperatures is less than 40 K (Ref. 27). The accuracy of the mean
temperatures is, under the given experimental conditions at the test
facility, about 2–3% for a one-dimensional temperature � t and 4%
for the independent � t of Trot and Tvib .

Results and Discussion
To obtain information on the stability of our two-dimensional li-

brary � t, we performed experiments in an oven cell. For a set of
different constant temperatures, we varied the signal level (Fig. 6).
The root mean square values of the one-dimensionaltemperature � t
and simultaneous� t of Trot and Tvib are compared in Fig. 6. Depend-
ing on the signal intensity in the � rst hotband, the reproducibility
of the single-pulse vibrational temperatures decreases drastically
at low temperatures. For the vibrational temperature range found
at the nozzle exit, rms(Tvib ) increases stronger than rms(Trot) at low
signal intensities.The graphite furnaceused (HGA 500 from Perkin
Elmer) was the same as described in Ref. 27. Although the oven ex-
periments were done at atmospheric conditions, a good estimation
of the possible errors at low pressure can be given from the results
at the same signal to noise ratio and 1 atm.

The temperature homogeneity of the � ow� eld at the entrance
area of the nozzle has been veri� ed under atmospheric conditions.
Figure 7 shows the achieved boxlike, equalized temperature pro-
� le, which is � at within about §35 K. This is more obvious in the
centerline plot, Fig. 8, where additionally the width of temperature
probabilitydensityfunctions(PDFs) is given.The narrow PDFs cor-
respond to a typical rms (T ) value of 52 K in the center area. Taking
into consideration the preheated air (600 K) we found a difference
of 270 K to a calculated equilibrium temperature. This difference
is caused by a combinationof three factors. First, an estimated heat
loss of about 100 K. Second, incomplete energy conversion of the
reaction resulting in a 140 K lower temperature, and � nally, the
transition time in the combustion chamber of about 0.006 s, which
is slightly insuf� cient to reach equilibrium conditions. Subsequent
concentration measurements of samples taken with a suction gas
probe yielded an energy conversion of 93.5% and a nearly constant
water content of about 30% of the exhaust gas.43

Fig. 6 Furnace experiments at 1 atm; ¤ , measured at 1254 K.

Fig. 7 Temperature distribution at the nozzle entrance measured un-
der atmospheric conditions; temperature of the preheated air, 600 K.
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Fig. 8 Temperature pro� le at y = 20 mm shows narrow temperature
PDFs, a typical value for rms (T) is given; 5% of the temperatures are
lower than T05 , and 5% of the temperatures are higher than T95 .

Fig. 9 Temperature PDF and mean N2-CARS spectrum measured at
the nozzle entrance; mean spectrum taken averaging all valid single-
pulse spectra from the maximumof the distribution; combustion cham-
ber pressure, 11 bar; and temperature of the preheated air, 900 K.

At 11-bar combustion chamber pressure, the CARS signal inten-
sity was reduced by diffraction index � uctuations, which caused
vehement laser beam distortions. Nevertheless, measurements in
the center of the nozzle entrance area were possible at the expense
of increased measurement time. The result is shown in Fig. 9. A
narrow temperature PDF was found at a median temperature of
2375 K. Previously performed laboratory experiments on a smaller
high-pressure matrix burner proved a � at temperature pro� le. In
view of the costs for the actual experiment and because of expected
Reynolds invarianceof the � ow, we havenotperformedfurthermea-
surements in the high-pressure zone up to now. We � rst continued
with experiments at the nozzle exit.

The measurement areas at the entrance and exit of the nozzle
are indicated in Fig. 2. Laser-two-focus velocimetry measure-
ments yielded a velocity of 70 m/s at the nozzle entrance and
about 2100 m/s at the exit with an equalized velocity pro� le along
the x axis.44 The temperature measurements at the nozzle exit
(Figs. 10 and 11) showed a marked difference between rotational
(equal to translational) and vibrational temperature of the nitrogen
molecule.Along the y axis, the rotationaltemperature Trot increases
nearly linearly from 600 K near the planewall (60 mbar) to 860 K at
the contouredwall (115 mbar). The stronger expansionon the plane
side does not only result in a lower rotational temperature but also
in an earlier freezing of the vibrational relaxation and, therefore, in
an increased nonequilibrium. The variation of the vibrational tem-
perature (Tvib) is smaller. Tvib rises to a maximum of about1190 K at
y D 40 mm with a subsequentslightdecrease.A smaller nonequilib-
rium is found at the contouredwall of the nozzle.Along the x axis, a

Fig. 10 Measured distributions of Trot and Tvib at the nozzle exit visu-
alizing the thermal nonequilibrium.

Fig. 11 Temperature pro� les along x axis (top) and y axis (bottom) at
the nozzle exit.

nearly symmetricpro� le was found for Trot and Tvib, with a plateauin
the middle of the � ow. The relatively small thermal nonequilibrium
of the nitrogen (about 400 K) is due to the high water content of
the � ow. The more ef� cient energy transfer of collisionswith water
causes an improved relaxation of the nitrogen and a freezing of the
vibrational relaxation farther downstream.

In Figs. 12 and 13, the PDFs for Trot and Tvib are given at
two positions. The small asymmetry and scatter toward the lower
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Fig. 12 Temperature PDF measured at the nozzle exit (x = 0 mm,
y = 10 mm) near to the plane wall: 15.9% of the single-pulse temper-
atures are lower than Tv ¡ s and 15.9% of the single-pulse temperatures
are higher than Tv + s .

Fig. 13 Temperature PDF measured at the nozzle exit (x = 0 mm,
y = 67 mm)near to the contoured side: 15.9%of the single-pulse temper-
atures are lower than Tv ¡ s and 15.9% of the single-pulse temperatures
are higher than Tv + s .

Fig. 14 Single-shot spectrum at low vibrational temperature showing
no thermal nonequilibrium.

temperaturesseen in the Tvib data are also a consequenceof the van-
ishing temperature sensitivity when no hotband can be monitored.
This is illustratedby the single-shotspectrum shown in Fig. 14. But
the mean nonequilibriumcould be clearly measured under the given
conditions.The accuracy of Tvib is still about an order of magnitude
better than the temperaturedifference to be measured.Additionally,
the part of the rms (T ) producedby CARS itself was about 38 K for
Trot and 100 K for Tvib, known from the oven measurements evalu-
ated at the signal to noise ratio of the nozzleexperiment.Both values
are clearly smaller than the measured PDF widths. Nevertheless, a
considerablenumber of events clearly shows no excess vibrational
population. Hence, the vibrational temperature PDF of the nozzle
� ow� eld cannot be Gaussian.

Figure 5 shows a mean nitrogen spectrum at the nozzle exit
belonging to the single-pulse data ensemble in Fig. 13. For the

Fig. 15 Comparison of CARS temperatures and temperature results
of an Euler calculation.

Fig. 16 Experimental wall pressure data given as ratio total pressure
to wall pressure.

ground state fundamental band (v D 0 !1) and the � rst hotband
(v D 1 ! 2), a good agreement of theory and experiment is found
with the same set of (Trot, Tvib). A comparison of the measured tem-
perature data in y direction (Fig. 11 bottom) with a calculation by
a two-dimensional � nite element code solving the Euler equations
for a chemically reactingmixtureof ideal gases45 ;46 usinga reduced
chemical kinetics scheme47 is shown in Fig. 15. The Euler calcula-
tion basedon experimentallydeterminednozzleentranceconditions
(2375 K and 70 m/s), assumed chemical equilibrium species con-
centrations at the nozzle entrance and homogeneous concentration
pro� les. It matches the slope of the experimental rotational temper-
atures fairly well for y ¸ 20 mm. But the rotational temperatures
calculated are about 100 K higher. To explain the discrepancies
more sophisticatedNavier–Stokes calculationsare in preparationto
include the boundary layer, which reduces the effective free area of
the � ow, the expansionratio, and the velocity.Additionally,freezing
of the vibrationalenergy has to be taken into account.The amountof
vibrational energy stored in the molecules is lost for the expansion,
resulting in lower velocities and translational temperatures (DTrot)
at the nozzle exit.

Wall Pressure Measurements
The measured wall pressure data (Fig. 16) re� ect the devel-

opment of the expansion. To recall the z axis and shape of the
nozzle, compare Fig. 2. The expansion ratio A=A¤ is 12.5 for the
nozzle. The � ow accelerates more strongly on the contoured side
near the nozzlethroat.This behavioris in goodagreementwith Euler
calculations45 shown in Fig. 17. Farther downstream, the expansion
on the plane side is much stronger and reduces the wall pressure to
60 mbar at the exit, compared to 115 mbar at the contoured wall.

Conclusion
A matrix burner has been developed and was successfully used

to generate an equalized temperature � eld at the entrance of a
hypersonic nozzle. Single-pulse N2-CARS temperature measure-
ments with high spatial and temporal resolution were performed to
characterize the � ow� eld in entrance and exit area of the nozzle.
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Fig. 17 Experimental nozzle wall pressure data compared to pressure
results of an Euler calculation.

The � ow shows a marked chemical and thermal nonequilibriumbe-
cause molecular exchange processes cannot keep the pace of the
expansion. Previous numerical calculations veri� ed the freezing of
chemical reactionsnear the nozzle throat. The complete description
of the expansion requires an included simulation of the vibrational
energy content. The measured data will serve as a basis for the op-
timization of � ow calculations, including the in� uence of N2–H2O
collisions on the nitrogen relaxation.
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as well as Michel Péalat and his group at ONERA.

References
1Cottrell, T. L., and McCoubrey, J. C., Molecular Energy Transfer in

Gases, Butterworths, London, 1961, pp. 78–97.
2Taylor, R. L., and Bitterman, S., “Survey of Vibrational Relaxation

Data for Processes Important in the CO2 –N2 Laser System,” Reviews of
Modern Physics, Vol. 41, No. 1, 1969, pp. 26–47.

3Roh, W. B., Schreiber, P. W., and Taran, J. P., “Single-Pulse Coherent
Anti-Stokes Raman Scattering,” Applied Physics Letters, Vol. 29, No. 3,
1976, pp. 174–176.

4Nibler, J. W., McDonald, J. R., and Harvey, A. B., “CARS Measure-
ments of Vibrational Temperatures in Electric Discharges,” Optics Commu-
nications, Vol. 18, No. 3, 1976, pp. 371–373.
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