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Fluorescence Imaging of Rotational and Vibrational
Temperature in Shock-Tunnel Nozzle Flow

Philip C. Palma,¤ Paul M. Danehy,† and A. F. P. Houwing‡

Australian National University, Canberra, Australian Capital Territory 0200, Australia

Two-dimensional rotational and vibrational temperature measurements were made at the nozzle exit of a free-
piston shock tunnel using planar laser-induced � uorescence. The Mach 7 � ow consisted predominantlyof nitrogen
with a trace quantity of nitric oxide. Nitric oxide was employed as the probe species and was excited at 225 nm.
Nonuniformities in the distribution of nitric oxide in the test gas were observed and were concluded to be due to
contaminationof the test gasbydriver gasor cold test gas.The nozzle-exit rotationaltemperature was measured and
is in reasonable agreement with computational modeling. Nonlinearities in the detection system were responsible
for systematic errors in the measurements. The vibrational temperature was measured to be constant with distance
from the nozzle exit, indicating it had frozen during the nozzle expansion.

Introduction

C RUCIAL to the design of future aerospace vehicles is the ac-
curate prediction of physical and chemical effects in� uencing

the aerodynamics at hypersonic velocities. Realistic evaluation of
hypersonic phenomena on a particular vehicle design can be man-
aged in one of three ways: � ight tests of actual vehicles, simula-
tion of � ight conditions on scale models in ground-based test fa-
cilities, or numerical simulations implementing models of physical
and chemical processes, known as computational � uid dynamics
(CFD). The � rst case is prohibitively expensive and reserved for
the prototype design. Individual ground-based facilities can only
simulate � ow conditions for a portion of the � ight trajectory. The
� ows produced by such facilities only partially simulate � ight � ow
conditions.The latter method, CFD, is a promising alternativewith
the advent of low-cost, high-power computing resources.However,
CFD codes require validation against experimentaldata before they
can be con� dently used to predict in� ight behavior and aid in ve-
hicle design and performance evaluation. The experimental data
must come from the � rst two methods mentioned, therefore, em-
phasizing the close relationship that exists between the alternative
approaches.

The shocktunnelis a ground-basedtest facilitycapableof produc-
ing very high enthalpies and shock-layer temperatures. It consists
of a converging–diverging nozzle attached to the end of a shock
tube. The performance of the shock tunnel can be enhanced by em-
ploying the free-pistondriver technique,1 thus making it capable of
producing chemically reacting � ow phenomena (real-gas effects).
Shock-tunnel � ows generally only last for a few milliseconds due
to the impulse nature of the shock tube and as necessitated by the
extreme gas temperatures attained.

Many optical techniqueshave been used for � ow visualizationin
shock tunnels and to complement surface pressureand heat transfer
measurements. Schlieren photography, shadowgraph, and interfer-
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ometry havebeenusedextensivelyto providetwo-dimensionalmea-
surements with high temporal resolution. However, they can only
provide an integrated measurement along the line of sight through
the � ow, which masks any three-dimensionalbehavior in the � ow.
Planar laser-induced � uorescence (PLIF) has been widely used for
� owvisualizationin subsonicand supersonic� ows andas a combus-
tion diagnostic.2;3 It provides high spatial and temporal resolution,
provides two-dimensionalquantitativemeasurements,and is chem-
ical species speci� c. PLIF uses a thin sheet of laser light to excite
a radiative transition in a particular chemical species in the � ow.
The laser sheet interrogates a thin (·1-mm) cross section through
the � ow� eld, allowing PLIF to resolve three-dimensional� ow fea-
tures.The short durationof the laserpulseand resulting� uorescence
makes PLIF particularlyuseful for impulse facilitieswhere the � ow
may only last for a millisecond.

The high-enthalpy � ows produced by free-piston shock tunnels
have a unique set of experimentalproblemsnot encounteredin other
� ow facilities. Flows generated by free-piston shock tunnels have
large pressure and temperature variations that cause large � uores-
cence signal variations due to high collisional quenching rates and
changesto the spectraloverlap integralbetween the laser and the ab-
sorption transition.4;5 Other problems include excessive laser-beam
absorption, which can lead to hole burning of the laser spectral
pro� le,6 spectral interference from other � ow species, and � uores-
cencetrapping.A more severeproblemis that metalliccontaminants
that are erodedfrom the shock-tubewalls producestrongemissionin
high-temperature regions in the � ow� eld.7 This background emis-
sion can easily overwhelm the � uorescence signals, so that careful
spectral and temporal � ltering of the signal is necessary. This re-
mains the greatest obstacle for the application of PLIF to shock
tunnels.

To validate complex � ow� elds calculatedusing CFD codes with
experimental data from ground-based facilities, one must have an
accurate knowledge of the freestream conditions produced by the
facility. Measurements of rotational and vibrational temperatures,
static pressure, velocity, and chemical species number densities
are necessary to specify completely the thermodynamic state of
the freestream. In the past, CFD codes have been used to pre-
dict these freestream parameters based on calibrations with pitot-
pressure data, but little work has been performed on testing the
validity of these nozzle-� ow calculations. In the current study, we
attempt to address this research shortfall by concentrating our ef-
forts on measuring rotationaland vibrational temperaturesfor nitric
oxide (NO) using PLIF.

The process of validating a CFD code can be a particularly ardu-
ous one. The methodology and strategies used are, therefore, very
important. The process of validation should commence with the
study of simple � ows, that is, continuum, no real-gas effects, and
gradually increase complexity of the � ow, that is, increase Mach

1722



PALMA, DANEHY, AND HOUWING 1723

number, add chemical effects. Experiments should be designed to
test a single � ow phenomenonwhile minimizing competing effects
that may complicate data interpretation (cause-and-effect tests).
Simple models can be used to test speci� c � ow phenomena, and
in some cases this is more desirable. Following this methodol-
ogy, the � ow employed in the experiments presented here was a
low-enthalpy nitrogen � ow. The effects of chemistry are removed,
simplifying the problem considerably.The vibrational temperature
freezes during the nozzle expansion, and the temperature at which
this freezing occurs has a signi� cant in� uence on the nozzle-exit
rotational temperature.

For example, consider the current � ow conditionscalculatedwith
a quasi-one-dimensional inviscidnozzle-� owcode(describedlater),
where the vibrational-freezing temperature and chemistry can be
varied.If we calculatethe two extremecasesforvibrationalfreezing,
one where the vibrational temperature is held in equilibrium with
the translational temperature throughout the nozzle expansion and
the other where it is frozen at the nozzle-reservoir temperature, we
get 560 and 345 K, respectively, for the nozzle-exit rotational tem-
perature.By comparison, the effect of switching chemistrybetween
equilibrium and nonequilibrium produces only a 20-K difference
at these operating conditions. Hence, by measuring the rotational
temperature, one can get a measure of how much energy is stored
in the vibrational modes of the test gas and, therefore, infer the
vibrational-freezingtemperature of N2.

Ideally one would like to measure the vibrational temperature, in
this case of N2 because it is the predominant test gas species, for ex-
ample, using broadband coherent anti-Stokes Raman spectroscopy
(CARS).8 Unfortunately in the current work we can only measure
the NO vibrational temperature with PLIF. Because NO is a mi-
nority species in the � ow (1%), its vibrational-freezingtemperature
has a negligibleeffect on the nozzle-exitconditions.It can,however,
be used to test the NO vibrational-energytransfer rates used in the
nozzle-� ow code.

To use NO PLIF to measure temperature, a small amount of NO
must be present in the � ow. Nitric oxide is stable and can be eas-
ily seeded into the test gas9;10; however, this is not necessary here
because of the high temperature (4430 K) achieved in the nozzle-
reservoir region. A small amount of O2 added to the test gas is
suf� cient to produce NO at the nozzle exit without the need for
handling toxic NO. The O2 dissociates in the nozzle-reservoir re-
gion and recombines with nitrogen atoms to form »1% NO. This
value is constant downstream of the nozzle throat as the � ow be-
comes chemically frozen. This approach also provides an opportu-
nity to test the PLIF technique without complicating effects from
other � ow species, for example, O2, or from excessive beam at-
tenuation caused by high NO concentrations which are typical of
air� ows.

A recent PLIF study11 on an arc-heatedfacility at � ow conditions
similar to the current experiment produced good results; however,
due to the running time of several hours, the experimenters were
afforded the luxury of scanning their laser across many excitation
lines to build up a spectrum. They observed vibrational nonequi-
librium which was also con� rmed by N2–CARS experiments.12

Very little work has been performed on impulse facilities due to
the dif� culties it entails. The objective of the current work is to ex-
plore these dif� culties and develop PLIF to the stage where it can
be used alongside other diagnostics regularly employed on shock
tunnels.

The thermometry strategyemployedhere involvesusinga single-
laser/camera combination and making measurements over multiple
tunnel runs. It assumes that the � ow conditions do not vary sig-
ni� cantly between runs and, therefore, that images from different
runs can be averaged together during data analysis to improve the
temperature accuracy. This format is mainly a consequence of the
limited availabilityand quality of the apparatusemployed.Note that
this approach only works if one has a facility whose reproducibility
and ease of operation (turnaround)is high. On large facilitieswhere
turnaroundis low and where run-to-run � ow variationsare too large
to ignore, single-shot PLIF with two-laser/camera systems would
need to be utilized.

PLIF Theoretical Considerations
LIF Theory

The theory of PLIF is well developed,2;3 and only the points
relevant to the current work will be discussedhere. In particular,we
will present a general theory and then make approximationsthat are
relevant for the current application.

In a typical PLIF experiment, a laser is tuned to an optically
allowed electronic resonance of a particular molecular species.
The molecules in a particular electronic-rotational-vibrationallevel
mv 00 J 00 (typically the ground state) are excited to an electronic-
rotational-vibrational level nv 0 J 0. Molecules in the excited level
nv0 J 0 can then emit radiation (� uorescence),which is collectedby a
detector[typicallya two-dimensionalcharge-coupleddevice (CCD)
array]. Moleculesmay also undergocollisionswith other molecules
or atoms, which cause a transfer of population out of the laser-
coupled state nv 0 J 0 to nearby rotational levels. This is known as
rotational-energytransfer(RET). These collisionallyexcitednearby
rotationallevelsalso � uoresce,resultingin a broadband� uorescence
signal. Similarly, theremay also be vibrational-energytransfer from
the excitedvibrationallevel.Other collisionsmay cause some of the
molecules in the excited state to be deexcited nonradiatively (colli-
sional quenching),which produces a correspondingdecrease in the
total amount of � uorescence signal.

The number of � uorescence photons reaching a single pixel of
the CCD detector is given by3

Np D NT fB BJ 0 J 00 EG8.Ä=4¼/´` (1)

where NT (per cubic centimeters) is the number density of ab-
sorbers, fB is the Boltzmann fraction, BJ 0 J 00 [s¡1(W/cm2=cm¡1)¡1]
is the Einstein absorption coef� cient for this particular rotational–
vibrational transition, E ( joules) is the energy of the laser pulse,
G (centimeter) is the spectral overlap integral,8 is the � uorescence
yield, Ä is the solid angle subtended by the detector, ´ is the de-
tection ef� ciency, and ` (centimeter) is the length (or depth) of the
interactionvolume along the line of sight.The interactionvolume is
de� ned as that volume in the � ow whose � uorescence is collected
by a single detector pixel. The length and breadth of the volume
are determined by the dimensions of the pixel, and the depth is
determined by the thickness of the laser sheet.

Each of the parameters in Eq. (1) shall now be de� ned in
more detail. The number density of absorbers can be de� ned by
NT D .pÂ=kT / where p (pascal) is pressure,Â is NO mole fraction,
T (degreeKelvin) is the kinetic temperature,and k is the Boltzmann
constant. The Boltzmann fraction is given by

fB D [.2J 00 C 1/=Z total] exp.¡FJ 00=kTrot/ exp.¡Gv00=kTvib/ (2)

Here, we have indicated the rotationaland vibrationalcontributions
to fB and made the distinction between the rotational temperature
Trot and vibrational temperature Tvib . FJ 00 is the rotationally depen-
dent part of the energy of the absorbing state, and Gv00 is the vibra-
tional energy. Z total is the total partition function.

The � uorescenceyield8 representsthe ratio of deexcitationtran-
sitions that produce � uorescence photons to the total number of
deexcitation transitions. It is given by

8 D Aeff=.Atotal C Q/ (3)

where Aeff (per second) is the effective spontaneous emission rate
for the collected � uorescence, Atotal (per second) is the sum of spon-
taneous emission rates for all possible radiative transitionsfrom the
excited level, and Q (per second) is the collisional quenching rate.
Aeff represents the way that Atotal is modi� ed by spectrally selective
elements in the detection chain, (for example, � lters, camera quan-
tum ef� ciency). Therefore the effective emission rate is given by13

Aeff D
X

v00

T¸v00 Av0v00 (4)

where T¸v00 is the spectraltransmissionfunctionfor the detectionsys-
tem at the wavelength ¸ and the summation is over all vibrational
bands of the lower electronic state.



1724 PALMA, DANEHY, AND HOUWING

The spectral-overlap integral G (centimeter) represents the
degree of overlap between the irradiance line shape L.º/
(centimeter)and the absorptionline shape Y .º/ (centimeter),where
frequency º is in units of inverse centimeter. It is given by

G D
Z

Y .º/L.º/ dº (5)

where Y .º/ and L.º/ are both normalized such that
Z

L.º/ dº D 1;

Z
Y .º/ dº D 1

The de� ned absorption line shape is derived from the de� nition of
the spectral absorption coef� cient, which is given by

kº D S12Y .º/ (6)

where S12 (per square centimeter) is the line-strength factor for the
transition.With kº expressed in this manner, S12 containsonly terms
relatingto the transitionprobabilityand is independentof line shape
effects. The exact form of the line shape function is determined by
various spectral-line broadening processes.

Thermometry
There aremany differentapproachesto LIF thermometry,2;3;14 but

here we discuss only the method used in the current experiments.
This method is basedon the two-line planar-thermometrytechnique
of McMillin et al.9 and Palmer et al.10 Consider the temperatureand
rotational-leveldependence of each quantity in Eq. (1). Hence, we
have

N p / E NT .T / fB .T; J /B.J /G.T; J /8.T; J / (7)

where for simplicity B D BJ 0 J 00 , T D Trot, and J D J 00. Now, if we
make � uorescence measurements by exciting two different rota-
tional levels (denoted by numbers 1 and 2), and take the ratio of the
signals, we obtain

signal ratio D Np1=N p2 D C .E1=E2/.B1=B2/. fB1= fB2/ (8)

where C is a constant and we have assumed the quantities G.T; J /
and 8.T; J / are independent of the excitation level J and, hence,
any temperature dependencecancels out in the ratio. Also, we have
assumed that the number density of NO molecules NT .T / remains
constant between the two measurements and also cancels. We will
justify these assumptions later. The laser energy E is not dependent
on J but usually � uctuates from pulse-to-pulse and so is retained
for completeness. Equation (8) shows that the only temperature
dependenceis throughtheBoltzmannfraction,and this is thebasisof
most LIF thermometry techniques.Substituting for fB from Eq. (2)
and assuming that each transition is within the same vibrational
band, that is, Gv00 is constant, we obtain

N p1

N p2
D C

E1 B1.2J1 C 1/

E2 B2.2J2 C 1/
exp

µ
¡.FJ1 ¡ FJ2/

kTrot

¶
(9)

and solving for Trot

Trot D [.FJ2 ¡ FJ1/=k]

¿ µ
C

E2 B2.2J2 C 1/

E1 B1.2J1 C 1/

Np1

Np2

¶
(10)

In a typical temperature measurement, one measures the � uores-
cence signal Np and laser pulse energy E for each rotational level.
Then, when calculated values for FJ 00 and BJ 0 J 00 are used, the tem-
perature can be obtained.This assumes that the value of C is known
or has been determined empirically. When more than two lines are
used, a Boltzmann plot of

[N p=E BJ 0 J 00 .2J 00 C 1/] (11)

vs FJ 00 gives a straight line with slope ¡1=.kTrot/. The y intercept is
.C¤/, where C¤ D NT G8Ä´` exp.¡Gv00 =kTvib/=Z total is assumed

to be a constant independent of J .

Vibrational temperature can be measured in an analogous way.
Measuring � uorescence images for two or more transitions with
different v 00 and plotting

[Np=E BJ 0 J 00 .2J 00 C 1/ exp.¡FJ 00 =kTrot/] (12)

vs Gv00 gives a straight line with slope ¡1=.kTvib/. When FJ 00 is kept
as constant as possible, its in� uence is minor, and the vibrational
temperatureis, therefore,determinedindependentlyof the rotational
temperature.

Assumptions and Calibration
The constant C in Eq. (10) can be written such that all of the

quantities related to the detection system are collected into a new
constant C 0. Hence, we have

C 0 D Ä1´1`1

Ä2´2`2
(13)

C D C 0 NT 1G181

NT 2G282
(14)

For PLIF thermometry in unsteady or turbulent � ows, it is nec-
essary to use two lasers and two cameras. The two transitions are
excited in rapid sequence, thus, freezing the � ow motion and ensur-
ing that the � ow conditionsremain the same for both measurements,
that is, NT 1 D NT 2. However, for steady or repeatable � ows, it suf-
� ces to use one laser and camera to and assume a degree of � ow
reproducibility. For pulsed facilities, it is ideal to make the mea-
surements on a single shot because each tunnel run is not perfectly
repeatable. In the current work, the measurements were made over
many tunnel runs because it was not possible due to monetary con-
straints to use two-laser/camera systems. To reduce the in� uence
of shot-to-shot � ow variations, � ve runs were averaged for each
transition, and the shock speed was monitored. Tunnel runs where
the shock speed varied by more than 1% from the average were re-
jected. If a singledetectionsystem is used, then Ä1´1 D Ä2´2, and if
we assume perfect � ow reproducibility NT 1 D NT 2, and, therefore,
C 0 D 1.

In Eq. (8), we assumed that the ratios 81=82 and G1=G2 were in-
dependentof temperature.This is a good assumption if 8 and G are
independent of J and reabsorption of � uorescence is negligible.15

For the A26C.v 0 D 0/ band of NO, the spontaneous emission rates
and collisional quenching rates are independent of rotational quan-
tum number.16 Rotational-level-dependent quenching has been ob-
served in OHA26C for low J and temperatures in the range
300–1200 K. According to Paul et al.17 and based on computational
models, it should also manifest in NOA26C at J < 5 when temper-
atures are less than 300 K. J -dependent quenching would cause a
signi� cant systematic error in low-temperature NO thermometry if
low J lines were used. Although low J lines are used in the cur-
rent work, systematic errors are avoided because the temperatures
measured are greater than 300 K. Hence, we have Aeff 1 D Aeff 2 and
Q1 D Q2, and, therefore, 8 is also independent of J .

The overlap integral G depends on the laser line shape L.º/ and
the absorption line shape Y .º/. The absorption line shape Y .º/ is
affected by collisional broadeningand shifting,18;19 Doppler broad-
ening, and Doppler shifts due to the � ow velocity.Only the Doppler
broadeningvaries with J , but for transitionsin the same vibrational
band, ºa1 ¼ ºa2 , and so Y .º/ can be considered independent of J .
Provided the laser-line pro� le overlaps the absorption-line pro� le
in the same way for both transitions, G1 D G2 . The overlap inte-
gral will vary throughout the � ow� eld due to variations in pressure
and temperature, but will remain independent of J . For vibrational
measurements,the Dopplerwidth increasesby 8% between 225 and
245 nm, which causes the overlap integral to increaseby 2.2%. This
producesmeasured vibrational temperatures that are systematically
high by C0:4%. From the precedingconsiderationsand the fact that
C 0 D 1, it follows that C D 1 . Provided that the assumptions about
the NO spectroscopy are valid, then the main concern here is that
the laser is tuned to the transition in the same manner for both lines.
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Ideally one would prefer to test these assumptions by calibrat-
ing the whole system at a range of known temperatures. A suitable
calibration device operating at similar pressures and temperatures
to the shock-tunnel� ow is dif� cult to � nd. A continuouslyrunning
device might at least enable Boltzmann plots to be obtained where
deviations from a straight line may indicate systematic errors due
to the measurement system. In the current work, with no such de-
vice available, the system was tested by performing measurements
in the shock-tunnel test section � lled with a static NO/N2 mixture
at room temperature. The main dif� culty this presented was due
J -dependent attenuationof the laser beam along the 150-mm beam
path from the entrance window to the imaged region. Only when
transitions with similar beam attenuationwere chosen did the mea-
sured temperatures agree with the ambient temperature.

The preceding analysis ignores the effect of laser-mode � uctu-
ations on the overlap integral. The radiation contains longitudinal
modes, and the amount of radiation in each mode changes from
pulse to pulse. If the homogeneous absorption linewidth is much
greater than the laser linewidth, these � uctuations would have little
impact.All of the modes would fall under the absorptionpro� le. For
a dye-lasercavity of 30 cm, the cavity-modespacing is 0.017 cm¡1,
which corresponds to 11 modes excited under the 0.18 cm¡1 full
width at half-maximum(FWHM) laser pro� le. Note that the � uctu-
ations may be reduced by normalizing the � uorescence images by
LIF measurements performed simultaneously in a separate refer-
ence cell. Therefore, each laser pulse can be corrected for overlap-
integral � uctuations.This approach was used elsewhere20 to reduce
the standard deviation in temperature measurements by a factor of
three in comparison with energy corrections alone. In the current
work the pressures are quite low, and the freestream homogeneous
absorptionlinewidth is »0.02 cm¡1 , only marginally larger than the
mode spacing. Hence, mode � uctuations cause large variations in
the measured shock-tunnel � uorescence signals. Also, the � uores-
cence images were normalized only by the total laser energy. From
50 tunnel runs, the standard deviation of the � uorescence signal
was found to be »25%. Averaging 5–8 images for each transition
helps to reduce the in� uence of these � uctuations and leads to an
estimated uncertainty in the rotational temperature of 4% (due to
laser-mode � uctuations alone).

An alternative way to calibrate a LIF image is to use a known
temperature somewhere in the image. In supersonic � ows, this cal-
ibration point can be obtained from the stagnation point on a body
or alternativelyfrom the freestream temperature, if either is known.
Another technique that measures accurately at a single point may
also be used, for example, single-pulse/single-point broadband
CARS thermometry.8

Thermometry Strategy for Current Work
The format for the experiments was as follows. The light from a

single narrowband laser system was formed into a sheet and used to
probe the shock-tunnel � ow. An intensi� ed CCD camera collected
the � uorescence signal at right angles to the sheet. Only one image
was obtained per tunnel run. To make temperature measurements,
differentabsorptiontransitionswere probedon separate tunnel runs.
Generally eight images were produced for each transition and av-
eraged. The temperature thus determined is an average of the � ow
conditions for that series of shock tunnel runs.

The excitation scheme employed involves excitation of NO
throughthe A26C Ã X25.v00 D 0/ bandat 225 nm (Fig. 1).The � u-
orescencespectral distributionis shown at the bottom of Fig. 1. The
branchingratios were taken from Piper and Cowles.21 Fluorescence
is thencollectedfrom thev 0 D 0 ! v 00 D 2, 3, and4 vibrationalbands
by spectrally � ltering the � uorescencewith re� ective � lters. Detec-
tion at the excitationwavelength is avoided to prevent contributions
to the signal from laser scatter. Furthermore, � uorescence transi-
tions ending in the less-populatedvibrationalbands (v 00 ¸ 1) are pre-
ferred to reduce the in� uenceof � uorescencetrapping,which occurs
when� uorescencephotonsare reabsorbedbymoleculesbetweenthe
interaction-volumeand the detector.Broadband-�uorescencedetec-
tion was employed to collect the � uorescence from all of the rota-
tional levels populated by collisions and not just the laser-coupled

Table 1 Calculated freestream conditions
at 285 mm from the nozzle throat

Parameter Freestream

Temperature, K 396
Pressure, kPa 4.4
Doppler FWHM, cm¡1 0.11
Collision FWHM, cm¡1 0.02
Collision shift, cm¡1 ¡0.006
Overlap integral G , cm 3.94
Collisional quenching rate Q, s¡1 3:8 £ 106

RET rate, s¡1 4:0 £ 108

Fluorescence lifetime, ns 114
Saturation irradiance Isat,a kW/cm2 160§ 22

aDetermined experimentally.

Table 2 Transitions selected for thermometry

Transition

Line v00 J 00 Frequency, cm¡1 FJ , cm¡1 Gv , cm¡1

a 0 oP12 2.5 44069.416 73.58 948.66
b 1 R2 2.5 42229.348 73.41 2824.76
c 2 sR21 8.5 40562.179 71.37 4672.68
d 0 R2 23.5 44382.109 1045.85 948.66
e 1 R2 23.5 42516.527 1035.33 2824.76

Fig. 1 NO A2§++ ÃÃ X2¦ electronic transition.

level.2 This has two advantages. First, collecting all of the � uores-
cence gives higher � uorescence intensities. Second, most modern
lasers have a high degree of polarization that can make the � uores-
cence from the laser-coupled level highly anisotropic.22 The levels
populatedby RET have reducedanisotropydue to depolarizingcol-
lisions,and thus,collectingthebroadband� uorescencesigni� cantly
reduces these effects.

PLIF Transition Selection
The freestream conditions were calculated using the quasi-one-

dimensional nozzle � ow code STUBE as described later in the sec-
tion on � ow modeling.These conditionswere then used to calculate
the various spectroscopic quantities that in� uence the selection of
transitions. For example, at the estimated freestream temperature
and pressure, the absorption linewidths are small (0.11 cm¡1) and
therefore,a large number of lines were well isolated. A summary of
the freestream conditions appears in Table 1.

Lines were chosen on the basis of a large value of separation in
ground-stateenergies to maximize temperaturesensitivity, isolation
from nearby lines, minimal attenuation of the laser beam, minimal
saturationof the transition,and a signalstrengthabove the minimum
detectable signal level of the detector. The transitions selected are
shown in Table 2. All of the transitionshave very low beam attenu-
ation and are well isolated. Transitions with similar FJ values were
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chosen so that vibrational temperature measurements could also be
made.

The saturation irradiance Isat is de� ned as the laser irradiance I at
which the LIF signal Ssat has reduced to half the value it would have
in the absence of saturation, or its linear value Slinear (Ref. 3). This
can be written as Ssat D Slinear[1=.1 C I=Isat/]. The in� uence of sat-
uration is minimized by choosing transitions in weak branches and
by varyingthe laser energy to achievethe same level of saturationon
each transition(I=Isat » 2%).Many lines in theNO spectrumconsist
of overlapping line pairs, where two transitions originate from the
same lower level but terminate on closely spaced upper levels. The
separation of these upper levels is determined by the spin-rotation
splitting constant of the A26C state. These line pairs can be used
for thermometry if saturation is negligible, as in Ref. 10, but in the
current work they were avoidedbecausenegligiblesaturation could
not be assured.

Flow Modeling and the Facility
The nozzle-reservoir conditions were calculated using the one-

dimensionalcodeESTC.23 ESTC uses the initialshock-tube� ll pres-
sure and temperature, test gas composition, measured shock speed,
and measured reservoir pressure to determine the reservoir temper-
ature. This temperature is then used in the quasi-one-dimensional
inviscid nozzle-� ow code STUBE.24 One-dimensional codes are
very useful as engineering tools because they provide reasonably
accurate solutions in only a few seconds.

STUBE was modi� ed to include a simple vibrational-freezing
model. The vibrational-relaxation time was calculated using the
theory of Landau and Teller and the constants from Ref. 25. With
use of this relaxation time, it was possible to determine the point
during the nozzle expansion at which the vibrational temperature
freezes. A sudden freezing criterion is imposed, and the vibrational
temperature held constant for the remainder of the expansion. The
model accounts only for vibrational–translation energy transfers,
and vibrational–vibrationalenergy transfersare ignored.Becauseof
limited availability of relaxation-rate data, the Landau–Teller rate
constant for NO–N2 collisions was assumed to be the same as that
for NO–NO collisions.However, the relaxationrate forNO–NO col-
lisions is greater than that for the NO–N2 collisions.26 Therefore,
the model overestimates the relaxation rate of NO, and, thus, un-
derpredicts the NO vibrational freezing temperature.This has little
effect on the other calculated nozzle-exit parameters because NO
is a minority species in the current experiment. It does, however,
provide a point of comparison with the experimentally measured
NO vibrational temperature.

Figure 2 shows a schematic of the T2 shock tunnel.1 A 1.20-kg
piston is free to move inside the 3.1-m compressiontube, which has
an internaldiameterof 76mm.The shocktube is 1.98m in lengthand
has an internal diameter of 21 mm. Attached to the end of the shock
tube is a converging–divergingnozzle,which exits into a test section
that has optical access through four window ports. For the current
experiments,the primary diaphragmwas made from0.74-mm-thick
mild steel (not scribed) and has a burst pressure of 46.9 MPa. The
secondarydiaphragmwas made from 0.025-mm-thickMylar® . The
present study employed a 7.5-deg half-angle axisymmetric conical
nozzle. The throat of the nozzle is 6.35 mm in diameter, the axial
length of the expanding section is 255 mm, and the nozzle-exit
diameter is 73.6 mm. A pitot-pressure survey was conducted at the
nozzleexit to estimate the size of the inviscidcore.A reducednozzle

Fig. 2 T2 free-piston shock tunnel.

angle of 7.0 deg was used with STUBE to account for the effect of
the boundary layers on the nozzle walls.

The tunnel was operated with a helium/argon driver (81.3-kPa
He/37.3-kPa Ar) to obtain tuned-piston operation.27;28 The shock
tube was � lled with 100 kPa of a mixture of 1.1% O2 in N2 at 293 K.
The piston is drivenby air from the high-pressurereservoir,which is
� lled to 4.34 MPa just before the shot. When the piston is released,
it is propelled down the compression tube, compressing the driver
gas and causing the diaphragmto rupture.A shock wave propagates
through the test gas in the shock tube, and its speed is measured by
three timing transducersalong its length. The transducersare placed
at 1281, 316, and 11 mm from the nozzle inlet. The speed computed
basedon the shock transit time between the � rst two transducerswas
2.49 km/s, and between the last two it was attenuated to 2.34 km/s
due to viscous effects. The shock speed is expected to decrease
rapidly near the start of the shock tube and be relativelyconstantby
the time it gets to the nozzle inlet.Hence, the value of 2.34 km/s was
used in calculatingthe nozzle-reservoirconditions.The shock wave
re� ects at the shock-tube end producing a high-pressure and high-
temperature reservoir of test gas. The measured nozzle-reservoir
pressurewas 27.9 MPa. From thesevalues the reservoir temperature
was calculatedusing ESTC to be 4430 K, and the total enthalpywas
5.8 MJ/kg. The conditionscalculatedusing STUBE at 285 mm from
the nozzle throat are shown in Table 3.

Experiment
The experimentalarrangementis shownin Fig. 3. The lasersource

is a frequency-doubledexcimer-pumped dye laser producing up to
6 mJ of radiationat 225nm, with a linewidthof 0.18cm¡1 . The pump
laserwas a XeCl excimerlaser (Lambda Physik;EMG 150 ETS) op-
erated as an unstable resonatorthat producedapproximately250 mJ
at 308 nm. The dye laser (Lambda Physik; Scanmate II) was oper-
ated with different Coumarin laser dyes (Lambdachrome LC4500,
4700, and 4800) to produce 40 mJ of tunable narrowband radiation
between 450 and 490 nm. This was then frequency doubled in a
beta-barium borate (BBO) I crystal to produce about 6 mJ of UV

Table 3 Summary of � ow conditionsa;b

Parameter Value

Nozzle-reservoir conditions ( from ESTC)
Shock speed us , km/s 2.34§ 0.02
Pressure P0 , MPa 27.9§ 0.7
Temperature T0 , K 4430§ 50
Density ½0 , kg/m3 21.2§ 0.5
Enthalpy h0, MJ/kg 5.58§ 0.08

Nozzle-exit conditions ( from STUBE)c

Static pressure P1 , kPa 4.36§ 0.2
Temperature T1 , K 417§ 10
Density ½1 , kg/m3 0.0353§ 0.08
Velocity u1 , km/s 3.11§ 0.02
Mfrozen , Frozen Mach number 7.74§ 0.02

Vibrational freezing temperatures
T N2

v , K 2150
T O2

v , K 1380
T NO

v , K 670

aAll values calculated except shock speed and reservoir pres-
sure (measured).
bUncertainties determined by varying input parameters.
cAt 285 mm from nozzle throat.
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Fig. 3 Apparatus for LIF imaging experiments.

light between 225 and 245 nm. Approximately 10% of the laser
radiation was split off with a beamsplitter (uncoated fused silica)
and directed through a small turbulent � ame to perform LIF exci-
tation scans. The NO is produced by entrainment of the air in the
� ame. The LIF was collected at right angles to the beam and then
imaged onto a 0.5-m spectrometer. The spectrometer was operated
as a 9-nm bandpass � lter, which allowed detection of LIF from the
NO (0,1) or (0,2) vibrational bands while blocking the very strong
OH � uorescence at 308 nm. The � ame was chosen (rather than a
reference cell containing NO) so that excitation scans of the v 00 D 1
and 2 vibrational bands of NO could also be performed.

The remaining laser radiation passes through a periscope to
bring the beam to the same level as the shock-tunnel test section.
An 80-mm wide sheet was produced using a 20-mm-focal-length
cylindrical lens and a large spherical lens (1000-mm focal length,
100-mm diameter). The variation in energy across the laser sheet
was measured simultaneouslyby use of a dye cell (100-mm length)
and a standard CCD camera (Pulnix TM-760).29 This energy distri-
bution measurement was used to correct the PLIF image obtained
on the same laser pulse. The laser sheet was focused in front of the
test sectionso that the sheet thicknessat the test sectionwas 0.8 mm.
This reducedthepossibilityof saturation.The totalbeamenergywas
monitored with a back re� ection from a prism using a UV-sensitive
photodiode. The cylindrical lens overexpands the beam consider-
ably so that the total sheet energy was reduced to only »60 ¹J.
This corresponds to an irradiance of 3.7 kW/cm2, where we have
used a sheet area of 0.64 cm2 and assumed a laser pulse duration of
25 ns.

The saturationirradiancewas measuredusinga staticNO/N2 mix-
ture in the shock-tunnel test section, as described in the section on
calibration.When the change in conditionsbetween this static mea-
surementand the freestreamconditionsis allowed for, the estimated
saturation irradiance for the freestream is 160 kW/cm2 . Therefore
the laser irradiance used for the experiment was only 2% or the
saturation irradiance (I=Isat » 0:02).

The � uorescence from the test section was collected at right an-
gles to the sheet and re� ected from two mirrors and into the in-
tensi� ed CCD camera. The mirrors are re� ective � lters, designed
to maximize the � uorescence signal and minimize � ow luminosity.
The detectorused for these experimentswas an in-houseassembled
intensi� ed CCD camera.30 The CCD camera (EEV Photon; P/N

P45580/V5.3/PHO) is an 8-bit asynchronous device that is trig-
gered separately from the intensi� er. The � uorescence lifetime in
the freestream is »114 ns, and so an intensi� er gate of 650 ns was
used. This allows greater than 99% of the signal to be collected
and about 40 ns between the start of the gate and the laser pulse
to account for time jitter in the triggering system. Several “laser
off ” shots were also performed to verify that there was no � ow
luminosity.

To ensurean accuratemeasurementof the laser energyused in the
experiment,it was necessary to ensure that the test-sectionwindows
were cleaned before each tunnel run. The tunnel was then reloaded
and pumped to less than 25 Pa. A LIF excitation scan was then per-
formed in the � ame, which ensured that the laser was tuned to the
correctNO transition.The laserwas run at 1 Hz while the tunnelwas
being � lled. Immediately before � ring (<2 s), the tunnel operator
stopped the laser via a remote switch next to the � ring valve. After
the � ring valve was opened, the nozzle-reservoir pressure trans-
ducer detected the shock arrival at the end of the shock tube, and
the laser was � red 350 ¹s later. This delay was chosen to coincide
with � ow establishmentin the nozzleand before the expectedarrival
time of driver gas. The intensi� ed camera and the sheet monitor-
ing camera were also triggered from the nozzle-reservoir pressure
transducer after a suitable delay.

Results and Discussion
The imaged region is de� ned by the box in Fig. 4, which shows a

rotationaltemperaturemap at the nozzleexit. The � ow is from left to
right.For theseexperiments,onlyhalf of the freestreamwas imaged,
and this 50 £ 52 mm region incorporates the � ow centerline. The
camera actually views a 55-mm-wide region, but the laser sheet is
reduced to 50 mm so that the edges of the sheet observed in the LIF
image can be correlatedwith the sheet-energycorrectionimage.The
imaged region starts at 16§2 mm from the nozzle exit and includes
a portionof the centerline,as well as the edge of the core � ow. Here
allowance has been made for the recoil of the shock tunnel when
it is � red, which causes the nozzle to move 8 § 1 mm farther away
from the imaged region. Note that the bottom part of the image
outside the box is simply the re� ection of the top portion of the
image.

For a uniform freestream � ow, a uniform � uorescence signal is
expected. However, during the course of the experiments, several
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� ow nonuniformitieswere observed (Fig. 5), particularly along the
centerline of the � ow. Regions of no LIF signal were observed in
approximatelyone-thirdof the 68 tunnel runs performed.They have
the appearance of small turbulent clouds of gas.

Several explanations exist for these nonuniformities.First, these
dark regionsmay be explained as pockets of driver gas that have ar-
rived prematurely,perhaps due to instabilitiesat the contact surface
or jetting of driver gas into the nozzle-reservoir region via shock-
wave/boundary-layer interaction.31;32 The driver gas has no NO in
it and, hence, producesno LIF signal. Second, because the NO used
in the current experiment is generated in the shock-re� ection pro-
cess, there exists a boundary layer of test gas on the shock-tube
walls without NO. This boundary layer may mix with the test gas
in a similar method to the shock-wave/boundary-layer interaction
alreadydescribed.Third, the lack of signalmay be due to particulate
matter obstructing the � uorescence between the plane of the laser
sheet and the exit window. It is known that the nozzle-boundary
layer entrains particulate matter from the nozzle walls because this
has been observed by Mie scatter when detecting at the laser wave-
length (Fig. 6f). However, facility cleaning showed no change in
the appearance of the nonuniformities, which leads us to believe
that one of the � rst two scenarios is correct. A subsequent study
by O’Byrne et al.33 supports this conclusion. Attempts to seed the
driver gas with NO produced negative results that are inconclusive.

Fig. 4 Schematic of the nozzle exit and positions of the cross sections
shown in Fig. 7.

Fig. 5 Collection of LIF images showing � ow nonuniformities. Flow is from left to right.

Note that very little mixing has occurred, as indicated by the
high contrast of some of the dark-gas pockets. At later test times
(>350 ¹s), LIF images display a gradual uniform decrease in in-
tensity, which may be due to either a drop in the nozzle-reservoir
pressure and, hence, nozzle-exit density, or an increased proportion
of driver gas uniformly mixed with the test gas, or both.

Individual images showing � ow nonuniformities were rejected
from the temperature analysis. Each image obtained from a single
tunnel run was corrected for camera background offset, absolute
laser energy, and the variation of the laser energy across the im-
age. The corrected images for each transition were then averaged,
typically eight images per transition. These averaged images are
shown Fig. 6. Because of the limited dynamic range of the camera
and the signi� cant variation in � uorescencesignal intensities, espe-
cially from different vibrational bands, the camera intensi�er gain
was varied for different transitions. Therefore, the intensi� er gain
control was calibrated at the same time that linearity tests were per-
formed on the intensi� er. This explains the intensity-scalingfactors
at the bottomright of each image in Fig. 6. For Figs. 6a–6f, the gains
were 6.5, 7.2, 7.5, 6.8, 7.2, and 7.5, respectively. Images taken at
higher gains, such as Fig. 6c, show signi� cant shot noise despite av-
eraging. The re� ective � lters ef� ciently block the laser wavelength
when excitation is performed in the (0,0) and (0,1) bands. However,
elastically scattered laser light is not � ltered out by the detection
system for excitation of the (0,2) band near 245 nm. To account
for this, several runs were performed with the laser at 245 nm but
detuned from any NO transitions.The averageof six such images is
shown in Fig. 6f. The signal occurs predominantlyat the edge of the
core � ow and is most likely due to Mie scattering from particulate
matter that has been entrained in the nozzle-wall boundary layer.
There is no signal in the central core of the � ow, indicating that it
is relatively clean of particulatematter. Figure 6c is a corrected LIF
image obtained by subtracting Fig. 6f to account for the elastically
scattered laser light.

A rotationaltemperaturemap was calculatedby taking the ratioof
Figs. 6a and 6d and using Eq. (10). The temperature map produced
is shown in Fig. 4. However, a more quantitativeassessment can be
made by examining the vertical cross sections given in Fig. 7. Each
cross section was made by averaging a 50-pixel-wide vertical slice
through the image. The pixel densitywas 9.2 pixels/mm, and so this
corresponds to approximately a 5-mm-wide slice. The data were
further smoothed by running a 20-pixel-wide (2-mm) integration
window through the data. The cross sectionsare at 10-mm intervals
and clearly show the decrease in temperaturewith distance from the
nozzle exit. Note that the data shown in Fig. 7 greater than C10 mm
from the centerline are a re� ection of the data from below ¡10 mm.
The � rst slice, corresponding to 274-mm from the nozzle throat,
shows a marked temperature rise at the edge of the core � ow. This
temperature rise is caused by viscous dissipation34 in the nozzle-
wall boundary layer, and on closer examination of the image in
Fig. 4, can be seen to agree very well with the position of the nozzle
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Fig. 6 Averaged LIF images of the freestream; � ow left to right: a–c) low-J lines show the same characteristic shape, d) and e) high-J lines,
and f) signal produced when laser is detuned from a transition at 245 nm.

wall. There is a small temperature rise (<3%) on the centerline,
which may be caused by some upstream disturbance. Slices taken
farther downstream show a more uniform temperature pro� le. A
second temperature map was made from transitions in the (0,1)
band (Figs. 6b and 6e) and showed similar characteristics;however,
the signal-to-noiseratio was signi� cantly poorer.

Figure 8 shows streamwise temperaturemeasurementscompared
with STUBE calculations. Each experimental data point was ob-
tained by averagingover a 2 £ 10 mm region at several points along
the � ow centerline.The two limiting cases for vibrationalrelaxation
are shown to indicate the con� dence interval for the calculations.
The upper curve represents the case when the vibrational tempera-
ture is equilibrium with the kinetic temperature,whereas the lower
curve indicates the extremely unlikely case where the vibrational
temperature is frozen at the nozzle-reservoirvalue. The solid curve
represents the case obtained by letting the N2 vibrational temper-
ature freeze at 2150 K during the nozzle expansion, as explained
earlier. Good agreement with STUBE is obtained with the tempera-
ture from the v00 D 0 level, but the temperature from the v 00 D 1 level
is high by 30 K.

Temperature Uncertainties
The major uncertainty in the freestream measurement is due to

� uctuations in the laser spectral pro� le. More precisely, it is due
to the � uctuation in the distribution of energy amongst the cavity
modes of the laser. The uncertainty in a single image due to laser-
mode � uctuations was determined by considering the data from all
tunnel runs to be 25%. Averaging eight images gives an uncertainty
of 9.4%for eachaveragedimage in Fig. 6.For two-linethermometry,

we use the ratio of two such images, and therefore, the uncertainty
in the ratio is

p
2 greater. The uncertainty in the temperature ±T is

related to the signal ratio R according to

±T=T D .kT=1E/.±R=R/ (15)

where 1E is the difference between the energy levels
(1E D FJ1 ¡ FJ2). For the freestream rotational-temperature mea-
surements 1E D 972 cm¡1 , T ¼ 450 K, and 1E=kT ¼ 3:25, and
therefore, the uncertainty in the rotational temperature due to laser-
mode � uctuationsis only 4%. Other sourcesof randomerror include
the laser-energymeasurements, camera gain and gate repeatability,
time jitter in the laser system, laser-tuning inaccuracies, and � ow
repeatability.All of these uncertaintiesare negligible in comparison
with the laser-mode � uctuations.

Methods to reduce the in� uence of laser-mode � uctuations in-
clude normalizing by LIF signals simultaneously measured in a
reference cell at similar conditions20 or modifying the laser source.
Increasing the cavity length reduces the mode spacing and, thus,
increases the number of modes overlapping the transition. A dye
laser with a longer cavity should offer improved results, albeit with
reduced spectral resolution.

Systematic uncertaintieshave been reducedor avoidedby careful
experiment design and transition selection. We estimate that beam
attenuation,signal interference,andsaturationproduceda combined
error of less than 1 K. It is possible that transition overlaps or other
interferences may occur that are not predicted by the calculations,
but these can only be discovered by temperature veri� cation exper-
iments. Another systematic error source is due to nonlinearities in
the intensi� ed camera system. This a possible explanation for the
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Fig. 7 Cross sections through the rotational temperature map perpen-
dicular to � ow direction at various distances from nozzle throat.

Fig. 8 Rotational temperatures along the centerline of the � ow com-
pared with STUBE calculations.

differentrotational temperaturesderived from the v 00 D 0 and v 00 D 1
bands. The linearity of the detector was tested by performing LIF
in a static N2/NO mixture and plotting the integrated LIF intensity
againstlaser energy.However, the testwas ineffectiveat gainsabove
7.0 because shot noise caused a large number of the pixels to satu-
rate (exceed the 8-bit dynamic range of 255 counts). The test could
only indicate the camera was linear up to 100 counts. Because the
signal from the low J line used for the v 00 D 1 rotational-temperature
measurement is stronger than the high J line, it is more likely to
suffer from saturation effects. A reduced low J signal would pro-
duce a higher rotational temperature as observed. The signals ob-
tained from the v00 D 0 band were measured at lower gains, where
the camera was veri� ed to be linear up to 220 counts. To get agree-
ment betweenthe two measured temperatures,the signalfrom image
Fig. 6b would need to be 20% greater. It is feasible for the camera
nonlinearities to be measured and calibrated out; however, a supe-
rior solution is to replace the camera with one that does not suffer
from these limitations.

Vibrational Temperatures
Freestream vibrational temperatures were also determined from

the LIF images shown in Fig. 6. Using the signals from the v00 D 0,
1 and 2 low J transitions Figs. 6a–6c, and plotting the expression
in Eq. (12) vs Gv00 gives a Boltzmann plot, as shown in Fig. 9.
From the slope of Fig. 9, we can get the vibrational temperature.A
similar approach is taken to that of the rotational measurements to
reduce shot noise uncertaintiesby averaging the temperature over a
2 £ 10 mm region. Figure 10 shows the vibrational temperatures at
variousdistancesfrom the nozzleexit along the � ow centerline.The
temperature error bars are due to laser-mode � uctuations. It is ob-
servedfrom Fig. 10 that the measuredvibrationaltemperatureis sig-
ni� cantly higher than that predicted from the computationalmodel.
The temperature is constant with distance from the nozzle exit in-
dicating that it is frozen. The measured temperature is 785 § 30 K
compared with the value from the vibrational-relaxation model of
670 K. The underpredictionof the vibrational-freezingtemperature
was expected due to the lack of vibrational-relaxation data.

Fig. 9 Boltzmann plot obtained by plotting Eq. (12) vs Gv00 . nonlinear
camera response results in v00 = 2 signal being less than that expected
from a straight line � tted to the v00 = 0 and 1 signals.

Fig. 10 Vibrational temperatures along the centerline of the � ow.

The estimated systematic uncertainties for the vibrational-
temperature measurements due to beam attenuation and signal in-
terference from nearby lines are ±T=T ¼ C0:7% and ¼ C0:3%, re-
spectively.Uncertaintiesdue to saturationare negligiblebecausethe
laser energy was varied to achievethe same amount of saturationfor
each transition.The Doppler width decreasesby 8.0% between 225
and 245 nm, which causes the overlap integral to increase by 2.2%.
This produces measured temperatures that are systematically high
by C0.4%. Combining these uncertainties,the estimated systematic
error for the vibrational measurements is C0.85%, or C7 K.

However, it is also believed that camera nonlinearitieshave con-
tributed to lowering the measured vibrational temperature in a sim-
ilar way to that described for the rotational-temperature measure-
ment. From the Boltzmann plot in Fig. 9, it can be seen that the
signal intensity from the v 00 D 2 level is »35% less than that pre-
dicted by a straight line � t from the v 00 D 0 and 1 signals. Be-
cause this signal was acquired at the highest intensi� er gain, it is
most affected by camera saturation. A lower v 00 D 2 signal would
lead to a lower observed temperature. In fact, if we use only the
� rst two vibrational levels (v 00 D 0,1), we get a temperature of
»850 K. However, just as with the rotational measurements, we
suspect that the v00 D 1 transitions may also be affected by cam-
era saturation, so that the actual vibrational temperature may be
even higher. Increasing the v00 D 1 signal by 20% as described
in the rotational measurements earlier leads to a temperature of
»950 K.

Agreement with CFD
To calculate the nozzle-exit conditions, accurate knowledge of

the nozzle-reservoirtemperature is required.Here we have used the
average shock speed measured between two transducers 11 and
316 mm from the nozzle inlet. We have assumed that this is a
good estimate for the shock speed at the nozzle inlet. If the shock
speed is decreasing at the linear rate along the shock-tube, then
the shock speed at the nozzle inlet would be only 2.25 km/s, lead-
ing to an underestimate of of the nozzle-reservoir temperature by
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200 K and nozzle-exitrotational temperatureby 30 K. Furthermore,
the calculations for the nozzle-reservoirconditions (using the code
ESTC23) make several assumptions and exclude losses due to vis-
cous, radiation, and conduction effects, driver gas contamination,
and shock-tunnel impurities.

If the N2 vibrational-freezing temperature could be measured,
for example, with broadband CARS, then it would be possible to
make a reasonable estimate for the nozzle-reservoir temperature.
This would be one method of validating the assumptions used by
ESTC. In related work, we measured the temperature at the stag-
nation point on a hemisphere using PLIF. This work will be pre-
sented elsewhere, but we mention it here because a measurement
of the stagnation point temperature would give a lower bound for
the reservoir temperature.The vibrational temperature of NO at the
stagnationpoint on a hemispherewas measured to be 4500§ 270 K.
Unfortunately, the large uncertainty in this measurement prevents a
de� nitive estimate for the reservoir temperature,but it demonstrates
an alternativeapproachthat may aid in validatingshock-tunnelCFD
codes.

Conclusions
PLIF of NO has been used to characterise the nozzle � ow from a

free-piston shock tunnel. Flow nonuniformitieshave been observed
that indicate a contamination of the test gas by driver gas or test
gas from the boundary layers on the shock-tube walls. This is the
� rst time to the authors’ knowledge that such nonuniformitieshave
been observed. This discovery may have signi� cant consequences
for free-piston shock tunnel research, in particular in experiments
involving combustion research, where a pocket of driver gas pass-
ing through a combustor could extinguish or considerably affect
ignition.

A rotational temperature image was made at the nozzle exit and
shows reasonable agreement with CFD calculations.Temperatures
of 440 § 25 K and 460 § 25 K were measured at 285 mm from
the nozzle throat for transitions in the v 00 D 0 and 1 vibrational lev-
els. Nonlinearities in the homemade camera system are believed
responsible for inconsistencies between these two measured tem-
peratures.The � rst measurementwas performedat lower intensi� er
gains, where the system’s linearity had been validated. The vibra-
tional temperature of NO at the nozzle exit was measured to be
785 § 30 K. It is believed that this temperature may actually be
as high as 950 K and that camera nonlinearitieshave caused a sys-
tematic error in the measurement.Nonetheless, the temperaturewas
found to be constant with distance from the nozzle exit, indicating
that it is frozen.

Note that the thermometry strategy employed here requires the
high reproducibility and ease of operation of this small facility. In
larger facilities, where run-to-run variations outweigh any advan-
tages gained by averaging over multiple runs, one would need to
use single-shot PLIF with all its associated problems.

We conclude that PLIF is a useful technique for observing � ow
nonuniformities and mapping � ow� eld distributions.More work is
required to validate its accuracy; however, the problem with cam-
era nonlinearities is easily solved by modern commercial camera
systems. The validation of nozzle-� ow codes requires improved
knowledge of the nozzle-reservoirconditions.
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