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Coherent Anti-Stokes Raman Scattering Measurements
and Computational Modeling of Nonequilibrium Flow
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An experimental study is conducted in a high-enthalpy continuous facility to investigate the nonequilibrium
shock-layer air� ow induced by a two-dimensional body. The rotational and vibrational temperatures of nitrogen
as well as the number density are measured by recording the rovibrational spectra of molecular nitrogen using
coherent anti-StokesRamanscattering spectroscopy.Measurements are performed in the freestream and within the
shock layer induced by a disk model.Dif� culties speci� c to the applicationof an optical technique to a high enthalpy
� ow are discussed, and � ows parameters are given. The nozzle and shock-layer � ows are modeled numerically
using a nonequilibriumNavier–Stokes solver. Good agreement is achieved between the experimental and calculated
results.

I. Introduction

T HE variousphysicalandchemicalphenomenathat takeplacein
hypervelocity� ow� elds during the reentry phase of aerospace

� ightare extremelyimportantfor thedesignof thenextgenerationof
reuseablespacecraft.Improvingourunderstandingof thesecomplex
phenomena is being achieved through combined developments of
computational� uid dynamics (CFD) and experimentsin hypersonic
facilities.

Within this framework,arc-heaterwind tunnelsare usefulfor sim-
ulation of hypersonic � ow conditions for measurements on realistic
models that will be extrapolated to � ight conditions. These tools
are also of great interest for code validationpurposes.However, the
aerothermodynamicstates of the � ows produced in them are not yet
well understood. This is due to the complexity of the physical and
chemical phenomena occurring in these � ows. The � ow undergoes
vibrational excitation, dissociation, and ionization. Because of the
relatively low-density environment produced in these facilities, the
� ow is generally in nonequilibrium in both chemical composition
and internalmodes.Although real � ight conditionscannotbe repro-
duced, a signi� cant prediction of the thermal and chemical states
of the � ow upstream of the model, along with its nonequilibrium
calculation, will allow comparison of experiments and numerical
results around the model.

Experimentally, laser diagnostics based on molecular scattering
have received considerable attention for application in hypersonic
test facilitiesthanks to their nonintrusivenature and their properties,
among which are excellent temporal and spatial resolutions. These
methods can provide information directly related to the parameters
of the molecular state of the gas including temperature,density, and
velocity.Among these techniques,Raman scattering,electronbeam
� uorescence,and laser-induced� uorescence (LIF) seem promising
in low-density and high-temperature hypersonic � ows.1 ¡ 5 In par-
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ticular, coherent anti-Stokes Raman scattering (CARS) belongs to
these techniques.Both local number densitiesand temperatures can
be determined from the CARS signal. The density is related to the
absolute intensities of the spectral features whereas temperatures
can be inferred from the relative intensities of rotational and vibra-
tional lines contributing to the CARS spectrum. Determining these
physical qualities simultaneously would then be extremely useful
in high enthalpy � ows.

The objective of the present work is to study the behavior of a
nonequilibrium hypersonic air� ow interacting with a shock wave
surrounding a model. The experiment completes previous efforts
already done using planar LIF on NO (Ref. 6). Scanning CARS,7

well adapted to the study of low-pressure continuous � ows, is used
to probe N2 in a nonequilibrium hypersonic air� ow produced in
the arc-heater wind tunnel. This arc-jet facility is commonly used
for the investigation of heat protection material in spacecraft reen-
try conditions with relevant chemistry. From the data, rotational
and vibrational temperaturesof N2 and number densities have been
deduced in the freestream and behind a shock wave surround-
ing a blunt body placed in the � ow. The results are used as a
database to validate the Navier–Stokes solver CELHYO developed
at ONERA for prediction of viscous � ows in chemical and thermal
nonequilibrium.8

II. Theoretical Considerations
A. CARS

The theory of CARS has been described in detail elsewhere.9

CARS is a nonlinear optical technique that may be used to mea-
sure the rotational and vibrational population distributions of any
moleculehavinga Raman active transition.From such distributions,
one then deduces the number density of the species under study and
its rotational and vibrational temperatures if the distributions are
Boltzmann like. CARS is observed when three waves of frequen-
cies, x 0, x 1 , and x 2 , pass through a gas mixture. If the frequency
difference (x 1 ¡ x 2 ) is close to the Raman-active vibrational fre-
quency x P , an intense beam with frequency x 3 = x 0 + ( x 1 ¡ x 2 )
will be generated in the forward direction of the incident waves.
The two coherent incident waves x 1 and x 2 force the molecules to
oscillate in phase at the frequency (x 1 ¡ x 2 ). Then the x 0 radia-
tion is scattered off by moleculeswhose polarizabilityis modulated
by the oscillation. The new coherent wave is created through the
third-order nonlinear susceptibility v (3) . Usually, the same wave is
used to pump and probe the molecular oscillation( x 0 = x 1) and the
anti-Stokes frequency is then given by x 3 = x 1 + ( x 1 ¡ x 2 ).
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As is customary in CARS, information about the state of the
molecular system is derived from line shapes and line intensi-
ties. Spectra are recorded as a function of the frequency differ-
ence ( x 1 ¡ x 2), and the CARS signal intensity is proportional to
the square of the nonlinear susceptibility v (3) , the resonancesof the
latter having an amplitudeproportionalto quantum state population
differences.9 When the pump beam x 1 is monochromatic,the CARS
intensity I ( x 1 ¡ x 2 ) for an isolated line at x v J is then given by10

I ( x 1 ¡ x 2)

= K D Nv J
dr

d X
v J

2

S( x 1 ¡ x 2)P2
1 P2

C x 2

L( x 2) dx 2

£
g(vz) dvz

( x 1 ¡ x 2) ¡ x v J (1 ¡ vz /c) ¡ i C c

+ v nr

2

(1)

In this expression, P1 and P2 are the pump and the Stokes laser
powers, respectively. D Nv J is the population difference between
the initial and the � nal states of the Raman transition and d r / dX
is the spontaneousRamancrosssection.K is a proportionalityfactor
that take into account the optical transmissionof the signal channel,
the detector ef� ciency, and the probe volume geometry.The expres-
sion inside the braces represents the line pro� le. It is the convolu-
tion of the Stokes laser pro� le L( x 2) with the Raman line pro� le.
The Doppler broadening is taken into account by the term x v J vz / c,
where vz is the projection of the velocity along the difference of
wave vectors (K1 ¡ K2 ) of the pump and Stokes waves and g(vz) is
the Maxwell–Boltzmann distribution function. C c is the collisional
linewidth (half-width at half-maximum). Here v nr is a slowly vary-
ing nonresonant term; it is a background contribution due to elec-
trons and remote resonances from the other species present. For all
spectra reported, v nr was found to be negligibleand was systemati-
cally neglected. S( x 1 ¡ x 2) represents the effects of saturation due
to the Raman pumping and the Stark effect.11 It describes the devia-
tion of the CARS signal strengthvs pump powers from the classical
P2

1 P2 dependence. Without saturation effects, S( x 1 ¡ x 2) = 1. In
the saturation regime, this value depends on many parameters, and
a resolutionof the time evolution of the density matrix equation for
each velocity group is necessary.12

The spontaneous cross section, up to a constant factor, is

dr

dX
= a 2 +

4

45
c 2 J (J + 1)

(2J ¡ 1)(2J + 3)
(v + 1) (2)

for the Q branch of the stretching mode. The lower state has ro-
tational and vibrational quantum numbers J and v , respectively.
Also, a and c are the mean molecular polarizabilityand anisotropy,
respectively.

For a nonequilibrium� ow, the population fractions in Eq. (1) can
be written as

Nv J = gJ
N (2J + 1) exp[ ¡ G(v) / kTvib] exp[ ¡ Fv (J ) / kTrot]

Qvib Qrot

(3)

where the vibrational temperature Tvib is allowed to be different
from the rotational temperature Trot. G(v) and Fv ( J ) are the vibra-
tional and rotational term values.13 The nuclear spin multiplicity gJ

differs from unity for molecules with ortho- and paraspecies such
as nitrogen. These species are assumed not to interconvert during
the expansion, so that the rotationalpartition function Qrot is calcu-
lated by summing over only even (or odd) J values for a given spin
species. Qvib is the vibrationalpartition function.

Because of the low-density nature of the expanding � ow, scan-
ning CARS has been chosen to record the rotationaland vibrational
populations of molecular species to ensure the best instrumental
sensitivity. It uses a monochromatic laser for the pump beam and a
tunable narrowband laser for the Stokes beam. The total intensity
I ( x 1 ¡ x 2 ) is recorded as a function of the frequency difference
( x 1 ¡ x 2) by step by step scanning the Stokes frequency while the
pump frequency is � xed. At the same time, a second CARS signal
R( x 1 ¡ x 2) is generated in a referencechannel identical to the main

detectionchannel.The latter is generallyused to monitor signal � uc-
tuations resulting from laser power instabilities and from changes
in dye ef� ciency vs wavelength.9

B. Data Handling
According to Eqs. (1–3), the area under each Q rotational line,

with the quantity {I ( x 1 ¡ x 2) / R( x 1 ¡ x 2)}1/ 2, is calculated by in-
tegrating the line pro� le and divided by the reference signal. This
result is proportional to the rotational population difference and,
thus, to the rotational population if one assumes a nondependence
of the rotational temperature with the vibrational band. The rota-
tional temperature Trot of a given vibrational transition (v 0 0 and v 0 )
is measured by plotting a Boltzmann diagram of the rotational line
amplitudesvs the rotationalenergies Fv 0 0 (J ). Trot is obtained from a
linear regression with an accuracy D Trot depending on the number
of rotational lines, the energy gap between the lower and the up-
per energy levels probed, the signal-to-noiseratio at peak intensity
of each rotational line, and the value of Trot. A simple calculation
shows that D Trot is proportional to T 2

rot for � xed conditions. As a
consequence, D Trot ranges generally from 10 to 50 K for low v and
increasesquickly for high v when the signal strengthdecreases.De-
tailed expressionsof the data processingmay be found in a previous
paper.7

The total population difference between the v and v + 1 vibra-
tional states are deduced assuming a Boltzmann distribution at Trot

on the entire vibrational bands. Each vibrational band strength is
corrected for its dependence on v contained in the Raman cross
section and in the line pro� le through the Doppler broadening.The
vibration temperature Tvib, if existing, is deduced from the ratio of
the vibrationalpopulationof two vibrationalstates.Summing the vi-
brational populations gives the total number density of the species
using a scaling factor obtained from a calibration experiment in
which temperature, pressure, and composition are known.

C. CFD Calculations
The Navier–Stokes solverCELHYO,8 modeling internalor exter-

nal (one- or two-dimensional) hypersonicviscous � ows in chemical
and thermal nonequilibrium,was developedat ONERA. It has been
used here to simulate the high enthalpy � ow in the nozzle and the
� ow around the model.

The CELHYO code treats ideal mixtures of perfect gases made
of nh heavy species, with nm of them being molecular species. The
mixture is assumedto be composedof the � veneutralspeciesN2 , O2,
NO, N, and O. All of the species are described with the same mean
velocity v. Three degrees of freedom are considered:the translation
and the rotation, described by one temperature Ttrans ; the vibration;
and the dissociation.Energy is supposed to follow a Boltzmann dis-
tribution.The N2 and O2 vibrationalenergyare characterizedby two
distinct vibrational temperaturesTv . For the NO molecule, previous
determinations14,15 of the vibrational relaxation time give charac-
teristic times two orders of magnitude less than that of O2 between
3000 and 7000 K. On the basis of these results, the NO molecule
should then be considered at equilibrium (as in most CFD calcula-
tions). However, recent measurements of rotational and vibrational
temperatures in an expanding � ow shows nonequilibrium.16 In the
following, consider that the NO mass fraction is about 5% all along
the nozzle, which is small, the vibrational and the translationaltem-
peratures of NO are assumed to be equal.

The second-orderdiffusiveconvectivesystemgoverningthe mix-
ture under consideration is

@t u + div[ f(u) ¡ D(u) grad u] = X (4)

where f is the inviscid � uxes. Dissipative phenomena are modeled
by the diffusive tensorD. The source term X representsthe presence
of nonequilibriumphenomena. The variable u is

uT = ( q a )1 · a ·nh , q v1 , q v2 , q E , ( q b ev ; b )1 · b ·nv (5)

where E is the total energy of the mixture, v = (v1, v2 ) is the mean
velocity, and ev ; b is the vibrational energy of the molecular species
b assumed to be in thermal nonequilibrium. The mixture pressure
p is de� ned by
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p = j tr q E ¡
1

2
q v2 ¡

b

q b ev ; b ¡
a

q a h0
a + e a (T ) (6)

where j tr = c tr ¡ 1 and e a and h0
a are the translation and the heat of

formation of species a , respectively.
Detailed expressions of source terms and of the diffusive tensor

may be found in a previous paper.8 The chemical reaction model
taken for air is Gardiner’s.17 It consists of 15 dissociation reactions
and two exchange reactions. The vibrational relaxation of diatomic
species (N2 and O2 for air) occurs throughvibrational– translational
transfers, which are modeled following the Landau–Teller rule18

and using the molecular collisional data19 for N2 , O2, and NO and
the atomic collisional data20 for N and O. Vibrational–vibrational
processes are also taken into account with the formulation for the
source term and the data.20

The CELHYO code solves the Navier–Stokes balance equations
on curvilinear structured meshes using a fully implicit, � nite vol-
ume method. The viscous part is discretized according to a central
differencing procedure,whereas a quasi-second-orderaccurate up-
wind scheme yields an approximationfor the inviscid operator.Up-
streaming is achieved using an approach for upwind bias referred
to as hybrid upwind splitting.21 The method is designed to com-
bine the natural strengths of the Oscher solver and the Van Leer
splitting to improve accuracy in the resolution of boundary layers
and robustness in the capture of nonlinearwaves, respectively.Note
that no switch to be tuned up is involved here. Second-order ac-
curacy is achieved using a MUSCL approach written in primitive
variables. Special attention is paid when the method is applied to
mass fractions to preserve the local numbers of elements.

The implicitoperatoris madeof a linearizationof both the inviscid
and viscous � uxes in addition to all of the source term Jacobianma-
trices. For a detailed presentation of this time-marching algorithm,
the reader is referred to Ref. 8.

A no-slip velocity condition togetherwith a constant temperature
Tw for the translational and vibrational modes are prescribed for
the wall boundary. The wall is assumed to be noncatalytic, and the
normal gradient of pressure at the wall is zero.

III. Experimental Setup
A. Arc-Heater Wind Tunnel

The facility is the arc-heated wind-tunnel L2K of DLR Cologne
used primarily for testing the thermal protection materials devel-
oped for spacecraft under high enthalpy � ow conditions.22 L2K is
designed to run continuously for several hours, and it offers a wide
choice of operating conditions typical of those encountered at the
stagnation point during a Shuttle reentry. The main parts of the fa-
cility are the arc heater and the power supply, the test chamber with
the expansion nozzle, the freejet and diffuser, the heat exchanger,
and the supply equipment. The power-supply system is based on a
thyristor-controlledrecti� er consistingof four units of 350 kW (600
A, 590 V), which can be switched alternativelyto a parallelor series
connection.The current is controlledduring the test while the effec-
tive voltagedependson the resistanceof the arc heater.An arc heater
of the hollow-electrode concept (Huels type) has been applied for
the experiments.The arc heater is suppliedwith air at 1 bar delivered
by 1000-m3 storage tank, which may be pressurized to 6 £ 106 Pa.
Mass � ow rates up to 75 g/s can be controlled during the test time.
The high enthalpy gas � ows through a small settling chamber, then
througha conicalnozzletowarda vacuumchamber.The totalnozzle,
which is 0.40 m in length, has a throat diameter of 0.029 m, whereas
the exit diameter and the nozzle half-angle are 0.20 m and 12 deg,
respectively.The testing chamber has a cylindrical shape with a di-
ameter of 2.6 m and a length of 2 m transversalto the � ow direction.
The test chamber is connected to the pumping system by a diffuser
consisting of several cylindrical segments. The heat exchanger is
installed downstream of the diffuser to cool down the heated gas to
a temperature equivalent for the intake of the pumping system.

For the experiments, an arc current of 600 A is set with a mass
� ow rate of 0.049 kg¢ s ¡ 1 and a stagnationpressureof 1.3 £ 105 Pa.
The temperature and the total enthalpy in the supply reservoir are
estimatedfrom the measured settling chamberpressureand the total

mass � ow rate and from calculation based on the equilibrium � ow
solution from the reservoir to the throat. The mass-averaged total
enthalpydeliveredto the gases is then 7.3 MJ¢ kg ¡ 1, and the temper-
ature is assumed to be equal to 3910 K. The stagnation conditions
were controlled by means of a calibrated mass � ow controller and
a calibrated pressure transducer with a speci� ed accuracy of 1% of
the actualvalue.During the opticalmeasurements,these parameters
were held constant with a maximum deviation of 0.05 g/s for the
mass � ow rate and 1500 Pa for the stagnation pressure.

A water-cooled copper model is used for the experiment. It con-
sists of a circular disk, 50 mm in diameter, with its axis along the
center of the nozzle. The model is mounted on a holder, which can
be moved in the range of 1000 mm transversal to the � ow direction
and 1500 mm along the � ow direction.

B. Optical Setup
The core of the CARS system is an injection-seeded Q-switched

Nd:YAG laser chain delivering 800 mJ of 1064-nm radiation in
17-ns-long pulses at a repetition rate of 10 Hz. The laser chain is
composed of two laser heads (Quantel SF611) and a continuous
wave diode-pumped seeder (Quantel YS700). The Nd:YAG rods
are 7 mm in diameter and 9 mm in diameter for the oscillator and
the ampli� er, respectively.The 1064-nm output beam is frequency
doubled in a KDP crystal providing380 mJ at 532.1 nm with 14-ns
pulses length and a spectral linewidth [full width at half maximum
(FWHM)] less than 0.003 cm ¡ 1 . The 1064-nm beam exiting from
the � rst crystal is doubled again by another KDP crystal. Some
additional 40 mJ at 532.1 nm are produced and used to pump a
narrowband dye laser oscillator. Part of the 380 mJ main beam is
used to pump the dye ampli� er, and the remainder is used as the
x 1 pump beam. The resonator of the dye laser is composed of a
2100 grooves mm ¡ 1 holographic grating at grazing incidence, a
� at rotating back mirror, and an intracavity prism beam expander
yielding a linewidth (FWHM) of about 0.08 cm ¡ 1 . The wavelength
is selected by tilting the back mirror, which allows a coarse sweep
from 500 to 800 nm in steps of 0.5 nm or a � ne sweep of 6 nm
around the coarse drive setting in � ne steps of 0.01 nm. After the
ampli� cation, the x 2 beam passes through a telescope to control
the divergence and through appropriate optics for positioning the
beam. The Stokes laser is tuned close to 607 nm and delivers 4 mJ
in 11-ns pulses. At the output of the emitter bench, the x 1 beam
has already been split in two parallel beams separated 15 mm apart,
and one of them is overlappedwith the x 2 beam (planarBOXCARS
arrangement9). All beams are horizontally polarized.

A schematicof the CARS experimentalcon� gurationis presented
in Fig. 1. The beams are focused � rst in the testing chamber with
their axes perpendicularto the � ow axis, where the x 3 signal is cre-
ated. Then, the CARS signal is split off, and the laser beams pass
in a 1-atm pressure slow � ow of argon, where they are refocused.
A reference CARS signal is then created to monitor the � uctuations
of direction and of pulse energy of the x 1 and x 2 beams. The refer-
ence and the sample CARS signals are � ltered out from the pump

Fig.1 Schematicof the CARS arrangementwhere F1 and F2 are achro-
mats, M is the 400–700-nm broadband mirror, and D is the dichroic
mirror.
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beams using dichroic � lters backed by double monochromatorsand
transported to the photomultipliersusing optical � bers. The single-
pulse digitized sample and reference signals from gated electronics
are recorded by the computer, which also drives the scanning of the
dye laser frequency.The software calculates the signal-to-reference
ratio and averages N laser shots at each laser position.

The focal lengths of the focusing optics inside the testing cham-
ber are chosen according to the following con� icting constraints:
� rst, short focal lengths are preferable to shorten the probe volume;
second, long focal lengths are preferable to reduce the saturation
effects that are likely to appear becausepowerful lasers are required
to create the CARS signals in low-pressure media; third, the set of
the focal lengths must be adapted to the dimensions of the facility.
We know that 2 £ 30 mJ of pump laser and 4 mJ of Stokes laser are
the required energies to create measurable signals for the expected
N2 densities, and so the sample is selected to maintain11

0.1X s < D x , D x d (7)

0.1 X R s < 1 (8)

where X s is the Stark frequency shift at pulse maximum, X R the
Rabi frequency, D x the free spectral range between the Stokes laser
modes, D x d the Doppler linewidth (FWHM), and s the pulse dura-
tion. By the following of the development of Péalat et al.11 and by
assuming that D x ¼ 0.01 cm ¡ 1, D x d ¼ 0.016 cm ¡ 1 , and s = 14 ns,
focal lengths longer than 700 mm verify the given constraints and
cause negligible saturation effects.

The measurementsare carried out at a positionof 555 mm down-
streamfrom thenozzleexit and on the centerlineregionof the nozzle
� ow. The sample focal lengths are 750 mm. As a result, the achro-
mats are installed inside the testing chamber. The sample probe
volume (de� ned as the distance along which the entire anti-Stokes
signal is created) is 25 mm long and 100 l m in diameter. The focal
lengths of the focusing optics in the reference channel are 500 mm,
according to the dimensions of the cell.

IV. Results
A. CARS Measurements

Figure 2 shows a sample nitrogenCARS spectrumrecordedin the
freestream. The experimental spectrum is recorded at 600 spectral
positions with a frequency step of 0.01 cm ¡ 1 and a spectral resolu-
tion of 0.08 cm ¡ 1. About 10 photoelectrons per pulse are detected
at maximum. Consequently,a 30 laser shots average is taken at each
spectral position to improve further the signal-to-noiseratio that re-
sults in a time of 40 mn to record a spectrum. As indicated in Fig. 2,
the spectralbandsdetectedbyCARS are identi� ed as the Q branches
of the vibrational transitions (0, 1) and (1, 2). For each transition,
clearly resolved are the rotational distributionsof the two states of
the molecule: the para-N2 correspondingto the odd values of J and
the ortho-N2 correspondingto the even values of J . Rotational tem-
peratures in each vibrational transitionare measured by plotting the
ortholines’ and the paralines’ intensities as a function of energy of

Fig. 2 Nitrogen CARS spectrum of the (0, 1) and (1, 2) vibrational
transitions recorded in the freestream.

Fig. 3 Boltzmann plots of the orthorotational populations of the (0, 1)
(² ) and the (1, 2) ( ® ) vibrational transitions recorded in the freestream.

Fig. 4 Nitrogen CARS spectrum of the (0, 1) and the (1, 2) vibrational
transitions recorded x = 2 mm from the model.

the rotational states. The log scale plot, as shown in Fig. 3, indicates
that, within experimental errors, the rotational energy levels are in
equilibrium. The rotational temperature is deduced from the slope
of the linear best � t to the data. The scatter of the data points about
the straight line, §3%, merely re� ects errors such as measurement
uncertainty together with temporal � uctuations in mass � ow rate,
arc current, etc. The rotational temperatures, 330 and 334 K for the
(0, 1) and (1, 2) transitions, respectively, are found nearly identi-
cal and demonstratea nondependenceof the rotationaldistributions
vs v . The vibrational temperature,measured from the ratio between
v =1 and 0 populationsis 2510 § 130 K, where theaccuracyre� ects
the 5% uncertaintyon the vibrationalpopulations.The experimental
N2 number density in the freestream is determined using the peak
intensity of the different rotational lines compared with that of the
static room temperature scan at known pressure (¼ 130 Pa). The
resulting N2 number density in the freestream is then found equal
to 2.25 £ 1015 molecule¢ cm ¡ 3 with an estimated uncertainty less
than 10%.

To improve the data accuracy,average repetitiveCARS measure-
ments are performed during six runs at the same position in the
freestream.As a result, a mean rotational temperature of 332 § 6 K,
a mean vibrationaltemperatureof 2510 § 80 K, and a mean N2 num-
ber density of 2.2 £ 1015 molecule¢ cm ¡ 3 with a standard deviation
of 5% have been deduced giving indicationsabout the reproducibil-
ity of the experiments and of the test conditions of the runs.

CARS measurements are then performed at several positions in
the shock layer inducedby the disk model. The spectra are recorded
by moving the position of the model relative to a optical axis � xed
at 555 mm from the nozzle exit. The displacement occurs only on
the thickness of the shock layer (i.d. about 15 mm), which does not
change the physical properties of the shock layer.

The shock wave is located at 12.5 mm upstream from the model.
Far downstreamfrom the bow shock (i.d. between1 and 11 mm), the
CARS spectra display the same pro� le for all of the explored posi-
tions. For instance,Fig. 4 shows a typical nitrogen CARS spectrum
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Fig. 5 Boltzmann plots of the orthorotational populations of the (0, 1)
(² ) and the (1, 2) ( ® ) vibrational transitions recorded x = 2 mm from
the model.

Fig. 6 Boltzmann plots of the orthorotational populations of the (0, 1)
(² ) vibrational transition x = 12 mm from the model.

recordedat 2 mm from the model. As was the case earlier, the inten-
sity of the signal at the peak is about 10 photoelectrons per pulse.
Consequently, The spectra are recorded at 1900 spectral positions.
Each data point is the average of 30 laser shots, and the time needed
to record a spectrum is about 2 h. The spectral bands measured are
the (0, 1), the (1, 2) and the bandheadof the (2, 3) vibrational transi-
tions, respectively,where rotational lines up to J = 50 are detected
in each band.

Figure 5 shows the Boltzman diagrams of the orthostate for the
(0, 1) and (1, 2) vibrational transitions. The two resulting distribu-
tions are in equilibrium, and the rotational temperatures associated
to the (0, 1) and the (1, 2) transitions are found equal to 4280 § 90
and 4125 § 180 K, respectively.In the same manner, rotationaltem-
peratures deduced from the pararotational populations of each vi-
brational transition are identical. The vibrational temperatures for
each state of N2 are found similar ( » 2800 K) and less than the ro-
tational temperatures.All of these results allow us to conclude that
both N2 states have the same enthalpy level and identical behaviors
behind the shock wave.

In the shock-front region (i.d. between 12 and 13 mm), the ro-
tational populations are no longer aligned. This is clearly observed
on the Boltzmann diagram recorded at 12 mm from the model,
shown in Fig. 6. One explanation to consider can be related to
the dimensions of the probe volume and of the curvature of the
shock wave. The dimensions of the probe volume, 25 mm long and
100 l m in diameter, seem to be longer. Mixing of gases coming
from the freestream and from the shock layer, respectively, could
be present in the probe volume. The resulting rotationaldistribution
is, therefore, distorted, correspondingto the probing of adjacent N2

samples with different thermodynamic conditions. The low-J ro-
tational states will be characteristic of the nitrogen molecule close
to the freestream whereas the high-J rotational populations will
be representative of the nitrogen issued from the shock layer as
seems to prove the data processing of the rotational distribution in
Fig. 6. Although the rotational distribution is dif� cult to interpret

Fig. 7 Axial temperature distributions along the � ow expansion.

to measure the temperature, information about the position of the
shock wave can be easily determinedas the boundarybetween posi-
tions displayingor not displayinga nonlinear rotationaldistribution
for N2 .

B. Comparison Theory–Experiment
1. Nozzle Exit

The calculation of the � ow in the nozzle has been performed
using a quasi-one-dimensional approach. Seven orders of magni-
tude for the decrease of quadratic residuals have been obtained
after 2000 iterations. In this calculation, the relaxation of N2 and
O2 occurs through the vibrational– translational transfers with the
molecules (O2, N2, and NO) and the atoms (O and N) of the gas
mixture.Figure7 shows thecomputationaltemperaturedistributions
along the axis during the gas expansion. The freezing of the vibra-
tional energy is brought into evidence by the different temperature
distributions. The temperatures deduced from the experiments are
also shown in Fig. 7. The calculated temperatures, T =305 K and
Tvib (N2) = 2690 K, are in rather good agreement with the corre-
sponding experimental values: Trot = 332 § 6 K (assumed in equi-
librium with the translational mode) and Tvib (N2) = 2510 § 80 K.
The cause of the discrepancy between the theoretical and the ex-
perimental data could be explained by the possible effects of minor
impurities species on the relaxation processes of N2 (copper, water
vapor, etc.). Among the species susceptible to be ef� cient, H2O is
known to catalyzethe vibrationalrelaxationof numerousmolecules.
Its effect on the vibrationalrelaxationof N2 (v = 1) is several orders
of magnitude more ef� cient than that of the N2 molecules alone.
Recent calculations of the in� uence of H2O on the vibrational re-
laxation processes of N2 have showed noticeabledifferenceson the
temperaturedistributions.23 For example, a mass fractionof H2O as
low as 0.005 is suf� cient to carry away a decrease of the N2 vibra-
tional temperature and an elevation of the translational temperature
similar to the experimental ones. An alternative explanation of the
discrepancy may be that the vibrational temperature de� ned by the
distributionof the low vibrationalstates couldbe substantiallylower
than the average (energy-averaged) vibrationaltemperaturebecause
of a possible so-called Treanor distribution due to a preferentially
recombination in the higher energy states.24,25

The experimental total density of the � ow� eld is deduced from
the N2 numberdensityand by assumingthat the mole fractionsof the
gases are those predicted by the solver. The resulting total density
in the freestream is then 1.40 £ 10 ¡ 4 § 0.07 £ 10 ¡ 4 kg/m3, a value
in fairly good agreement with the calculated total density equal to
1.6 £ 10 ¡ 4 kg/m3 .

2. Shock Layer
A bidimensional calculation has been performed around the

model using a grid including 85 £ 55 points (Fig. 8). The right
angle of the model has been blunt with a small transition radius
(R =2.5 £ 10 ¡ 3 m) to avoid singularities during the computation.
The calculation is performed using the freestream conditions cal-
culated earlier as input conditions (Table 1). The wall is sup-
posed noncatalytic, and its temperature is set at a constant value
of Twall =1300 K, measured by a pyrometer during the experiment.
Six orders of magnitude for the decreaseof quadratic residualshave
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Table 1 Input conditions for the shock layer simulation

Mach number and temperature, K Density, kg/m3

M = 7.8 q 1 = 1.67E ¡ 04
Ttrans = 305 q N2 = 1.24E ¡ 04
Tvib (N2 ) = 2690 q O2 = 1.43E ¡ 05
Tvib (O2 ) = 935 q NO = 8.85E ¡ 06

q N = 3.76E ¡ 12
q O = 1.99E ¡ 05

Fig. 8 Model computational grid
(85 £ £ 85).

Fig. 9 Translational tem-
perature isolines.

been obtained after 2000 iterations.The translational and N2 vibra-
tional temperatureisolinesare shown in Figs. 9 and 10, respectively,
with the associated temperature ranges. Figure 11 shows the tem-
perature distributionson the symmetry axis in the shock layer. The
continuousand dotted lines display the calculated translational and
N2 vibrational temperatures, respectively. The calculation brings
showsan importantincreaseof translationaltemperaturethroughthe
1.5-mm-thick shock wave. The translational temperature displays a
� at pro� le in a large portion of the shock layer before decreasing

Fig. 10 Nitrogen vibra-
tional temperature isolines.

Fig. 11 Axial temperature distributions downstream from the bow
shock.

stronglyclose to the wall. The vibrational temperaturevaries slowly
in the shock layer from 2690 to about 2900 K. Near the wall, both
temperaturesbecome identical indicating a thermal equilibrium for
the gases. The experimental data are also shown in Fig. 11. All of
the rotationaltemperatures,measuredby the analysisof the different
rotational distributionsof each state of the molecule, are displayed
by the open symbols, whereas the � lled symbols show the vibra-
tional temperatures.The error bars represent the standard deviation
of the measurements. As a � rst result, the bow shock is well cap-
tured at the same computational position. The observed reduction
in the inferred thicknessbelow the predictedvalue is a consequence
of the dif� culty to interpret accurately the observed rotational dis-
tributions. The experimental rotational temperature pro� le agrees
fairly well with the numerical predictions, except in the postshock
region, where the calculated temperatures are exceeded by 10%.
The cause of this discrepancy is not yet known and is too large to
be the result of systematic errors. One explanation could be an im-
precise knowledge of the experimental temperature of the gases in
the settling chamber. Circulation and mixing between the hot gas
in the centerline region and the cold gas in the peripheral region
could be present as suggested by Durgapal and Palmer.26 Conse-
quently, the experimental centerline enthalpy could be greater than
the calculated mass-averaged total enthalpy, leading to an increase
of the translational temperature in the shock layer. The measured
vibrational temperature pro� le agrees with the predictions except
close to the wall, where measured temperatures are higher. This in-
crease could be due to a possible wall catalysis, which may lead
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Fig. 12 Axial density distribution downstream from the bow shock.

to the formation of vibrationally excited molecules. More re� ned
measurements closer to the wall are necessary to con� rm this trend.

Figure 12 shows the comparison between experimentaland com-
putationaldensity pro� les in the shock layer.Whatever the position,
differencesby only 10% are noted,demonstratinga goodagreement
between the experiment and the calculation.

V. Conclusions
It has been demonstrated that scanning CARS allows rotational

and vibrationaltemperaturesand numberdensitymeasurementsin a
continuoushigh enthalpy air� ow, both in the freestreamand behind
to the shock layer induced by a model. Good agreement has been
obtained with values predicted by the Navier–Stokes solver both in
the freestream and behind the bow shock. As expected, vibrational
nonequilibriumis demonstrated.The CARS methodis provedto be a
sensitiveandusefulprobeof moleculesunderthe high-temperature–
low-densityconditionsobtainedin a high enthalpy� ow. The present
work has, thus, highlighted the need for improved � ow� eld mea-
surements over the usual conventional tools for CFD validation and
has provided con� dence in the CELHYO solver.
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