
AIAA JOURNAL
Vol. 37, No. 6, June 1999
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Planarlaser-induced � uorescence (PLIF) images ofnitric oxide in hypersonic � ow over a wedge and a hemisphere
are compared with a theoretical PLIF model. The theoretical PLIF images are based on computational � uid
dynamics (CFD) models including a perfect-gas model and a nonequilibrium chemistry model. Two-dimensional
maps of the � ow parameters generated by the CFD are used to predict the theoretical PLIF images, including the
effects of collisional quenching. We � nd good agreement between the model and the experimental measurements.
We explain how this method of computational � ow imaging can be useful for designing experiments.

I. Introduction

A EROSPACE vehicles leaving and entering Earth’s atmosphere
experience Mach numbers on the order of 25 and stagnation

temperatures on the order of 7000 K. Arguably, ground-based fa-
cilities offer the only practical means of testing aerospace vehicles
during theirdevelopment.Free-pistonshock tunnelsarehypersonic-
� ow facilities designed to simulate these high-speed � ight condi-
tions. Measurements obtained in these facilities are used to under-
stand the � uid mechanics and chemistry of hypersonic � ows and
their effects on space vehicles. The data are commonly used to val-
idate computational � uid dynamics (CFD) codes.1 ;2 The validated
codes provide a means for predicting in-� ight behavior and aid in
vehicle design and performance evaluation.

Planar laser-induced � uorescence (PLIF) is a versatile tool for
nonintrusively measuring a wide range of � ow parameters in su-
personic and hypersonic � ows.3 Nitric oxide (NO) is one of the
primary spectroscopic species for diagnostics measurements using
PLIF. NO is a particularlyconvenienttarget species for PLIF in free-
piston shock tunnels because large quantities (up to 8% by volume)
of NO are naturally produced by the tunnel.

Free-piston shock tunnels present a challengingenvironment for
PLIF. The high-enthalpy � ows produced in these facilities cause
experimental problems not usually encountered in other � ow facil-
ities. There are large pressure and temperature variations that can
cause large � uorescence signal variations due to sharp gradients in
speciesdensities,Boltzmannfractions,and collisionalquench rates,
and to changes to the spectral overlap between the laser and the
absorption transition. Other problems include laser-beam attenua-
tion and spectral hole burning, spectral interferencefrom other � ow
species, e.g., O2, and � uorescence trapping. PLIF has previously
been performed in free-piston shock tunnels,4 ;5 where quantitative
measurements were limited to lower enthalpy � ows because lumi-
nosity from contaminants in the � ow overwhelmedPLIF intensities
at higher enthalpy conditions.
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In most reactive environments (including supersonic air� ows),
PLIF signal intensities are complicated by collisional relaxation of
the laser-excited molecules, or collisional quenching. In the limit
that the collisional quenching rate Q is large compared to that of
spontaneousemission A the observed � uorescence intensity is pro-
portional to the species concentration nNO divided by Q. Because
Q depends on unknown environmental variables, such as the tem-
perature, pressure, and the gas composition, it is dif� cult to relate
LIF intensities directly to species number density.

In this paper, we apply the quenching and � uorescence models
describedby Paul et al.6 to calculatetheoreticalPLIF images, known
as computational � ow imaging (CFI) PLIF.7 Collisional quenching
dependson the � ow conditions;we determinethese � ow conditions,
including maps of each individual species, from CFD models. The
collisional quenching rate is then calculated at each position in the
image. Togetherwith informationabout the excitinglaser,we calcu-
late theoreticalPLIF images to compare with experimental images.

TheoreticalPLIF imagesareusefulforseveralreasons.Performed
prior to an experiment, they can be helpful for designing optimal
excitation and detection strategies.6 For example, the images are
useful for choosing rotational transitionsthat would yield signal in-
tensities within the dynamic range of the detection system. Another
important use for the theoretical images is for determining the rela-
tive importanceof differenttheoretical(or experimental) parameters
and assumptions.

Finally, the potential exists for validation of CFD predictions
by direct comparison of CFI-PLIF images with experiments. Such
comparisonsareparticularlyusefulwhenPLIF is notable to measure
a more fundamentalphysicalparameter,such as temperature.This is
frequentlythecase,especiallyin turbulentand/or veryhigh-pressure
environments.In such cases,CFI-PLIF can providethe best possible
point of comparison between experiment and theory.

II. Theory
A. Fluid Mechanics

Because the collisional quenching rate depends on the composi-
tion, pressure,and temperatureof the � ow, calculationof theoretical
LIF intensities depends on calculationof the � uid mechanical envi-
ronment. For this study, we have chosen two simple � ow con� gu-
rations: a wedge and a hemisphere in a hypersonic � ow. The wedge
is a good test for the theoretical model because it has uniform � ow
in the postshock region and it generates a Prandtl–Meyer expansion
fan at the end of the body. Both of these features provide simple but
important tests for the CFI-PLIF.

Flow over a hemisphere provides a more rigorous test for the
CFI-PLIF method because it has a much larger range of conditions
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in a single image. As the gas passes through the bow shock, the
pressure jumps by nearly a factor of 60. Then, as it expands around
the body, the pressure drops by a factor of 15. The severe range
of quench rates, temperature, and other properties is a good test
for the CFI-PLIF model. Furthermore, studying a hemisphere � ow
demonstrates PLIF’s capability to perform measurements in three-
dimensional � ows.

1. Freestream Conditions
The freestream conditions have been determined using a one-

dimensional nonequilibrium nozzle � ow code STUBE,8 together
with an experimental pitot probe survey. The pitot surveys were
used mainly to account for boundary layers that form along the
walls of the nozzle. For these conditions, the chemical composition
freezes out at some distance downstream of the nozzle throat. We
have modi� ed STUBE to allow calculation of sudden vibrational
freezing. The frozen vibrational temperature Tv; f for each of the
molecular species was determined with STUBE. For each species,
vibrational relaxation length Lv was calculated at each point along
the nozzle centerlineusing the Landau–Teller model, and was com-
paredwith the distance L f the � ow moves for the vibrationalenergy
to fall to 1=e of its localvalue.Sudden freezingoccurswhen the con-
dition Lv ¿ L f changesrapidly to Lv À L f , with the Lv D L f point
de� ning Tv;1 . For the � ow condition used in this experiment, we
determined Tv;1 to be 2100, 2800, and 1520 K for N2, O2, and NO,
respectively.When determining the � ow conditionsdownstreamof
a particular species’ vibrational-freezingpoint, the contribution of
the vibrational modes to the energy of the molecular species was
� xed at its frozen value.

Despite this method being the preferred way of predicting the
freestream conditions, for the hemisphere computation to be dis-
cussedwe didnot invokevibrationalfreezingin theone-dimensional
nozzle-� ow code because the two-dimensional CFD code used to
compute this � ow ignores vibrational nonequilibrium. Had we in-
vokedvibrationalfreezing,the total thermal energy input to the CFD
code would have been incorrect. The main implication of ignoring
vibrational freezing is that the calculated freestream temperature
is higher than the actual freestream temperature as described in
Sec. III.

2. Wedge CFD
The wedge used in these experiments was a 35-deg half-angle

wedge oriented at zero angle of attack in the � ow. The wedge had
a triangular cross section with a length (along the centerline) of
35.7 mm and a base of 50 mm. Experimentally,we observedthat the
� ow near the shoulder of the wedge separated in a direction nearly
parallel to the freestream. Therefore, we have chosen to model this
� ow theoretically assuming a wedge with a � at section attached to
the shoulder as shown in Fig. 1.

The � ow in the freestream (region 1) is uniform. An oblique
shock forms at the tip of the wedge, resulting in a small uniform-
� ow regionwhere the gas travelsparallel to the surface of the wedge
(region2). At the shoulderof the wedge, a Prandtl–Meyer expansion
(region 3) cools the � ow and turns it parallel to the top surface of
the wedge. At the end of the expansion fan, the gas reaches another
uniform region (region 4).

For the wedge experiments, the attached oblique shock wave was
weak enough that a perfect-gas treatment of the � uid mechanics is
justi� ed. For this condition,we have calculated that both chemistry
and vibration are essentially frozen, so that the ratio of the speci� c
heats ° can be taken as 1.4 (Ref. 9). Temperature T1 , pressure P1,
Mach number M1 , and the species concentrations are determined
from STUBE. The � ow conditions across the oblique shock were
determined from the normal shock equation, using the component

Fig. 1 De� nition of � ow re-
gions: 1, uniform freestream; 2,
postshock region; 3, expansion
fan; and 4, postexpansion fan
region.

of the � ow velocitynormal to shockwave. Given P2 , T2 , M2, and the
� ow direction, we calculated the � ow through the Prandtl–Meyer
expansionfan using the methodof characteristics.10 Finally, the uni-
form conditions in region 4 were determined from the terminating
characteristicof the expansion fan.

3. Hemisphere CFD
The hemisphere used in these experiments had a 25.4-mm ra-

dius. The freestreamconditionswere identical to those used for the
wedge measurement. In the experiment, the � ow in the freestream
is chemicallyand vibrationallyfrozen as describedearlier.The � ow
at the stagnation point at the nose of the hemisphere is in chemical
and vibrational equilibrium.As the � ow expands around the model
it transits regions of chemical and vibrational nonequilibrium and
eventually freezes, chemically and vibrationally. Because we did
not have access to a CFD code that included both chemical and vi-
brationalnonequilibrium,we were required to make several simpli-
fying assumptions regarding vibrational nonequilibrium: First, the
freestream conditions for the hemisphere were calculated assum-
ing vibrational equilibrium. Second, � ow over the hemisphere was
calculatedby using the CFD code of Mundt.11 This inviscid compu-
tation was two-dimensionalaxisymmetricand includednonequilib-
rium chemistry, but assumed vibrational equilibrium everywhere.
Section IV.C further discusses the impact of the assumptions about
the vibrationalstate of the gas. The CFD code is designedto include
boundary-layercomputationsnear the body surface, but this option
was not invoked in these calculations.

B. PLIF Theory
The theory of PLIF is well developed.12 However, only recently

has a complete and reliable model6 been developed that predicts
the collisional quenching of nitric oxide by gases relevant to high-
temperature,hypersonicair� ows.Assumingnegligiblesaturationof
the molecular transition and rapid repopulationof the laser-excited
ground state, the � uorescence intensity ILIF is6

ILIF / ÁnNO

i

fBi Bi gi .1/

where the summation is performed over all transitions i; Á D A=
.A C Q/ is the � uorescenceyield, fBi is the Boltzmann fraction, Bi

is the Einstein B coef� cient, and gi is the spectral overlap integral

gi D
1

0

gL ga dº .2/

where gL is the spectral pro� le of the laser, ga is the absorption
line shape, and both gL and ga are normalized so that their integrals
over all frequenciesequal unity. The laser pro� le can be speci� ed as
either Gaussian or Lorentzian, while the absorption pro� le can be
speci� ed as either Gaussian (for computationalef� ciency) or Voigt.
In these computations,we assumed a Lorentzian laser pro� le and a
Voigt pro� le for the molecular absorption.The overlap integral also
takes into account contributions from nearby transitions; although
in this experiment we chose relatively isolated transitions(less than
3% contribution to the signal from nearby lines).

To improve the agreement between theory and experiment, we
found that we also needed to account for several other effects not
included in the simple model just described. These include satu-
ration of the molecular transitions, laser-sheet attenuation due to
absorption, and the intensi�ed charge-coupleddevice (ICCD) cam-
era’s gating time.

Saturation of the molecular transitions was incorporated into the
model by multiplying Eq. (1) by the factor

1

.1 C I=Isat/
.3/

where13

Isat D h!00=¾ .4/

Here the transition cross section ¾ is evaluated using the Voigt line-
shape pro� le assuming a monochromatic laser. Thus, ¾ is indepen-
dent of pressure when Doppler broadeningdominates and inversely
proportional to pressure when collisional broadening dominates.
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Because the populationdecay rate 00 is proportionalto the pressure
P (Ref. 14), Isat scales as P2 in the collisionally broadened limit
and as P in the Doppler-broadenedlimit. Note that in the collision-
ally broadened limit, this expression is equivalent to those given in
Eckbreth15 and Boyd.16 Whereasmore sophisticatedmodels for sat-
uration exist,15 this simpli� ed model providesa computationallyef-
� cient � rst-order prediction of saturation.This simpli� ed approach
is justi� ed in the presentwork where saturationhas been minimized
by keeping the laser intensities low.

The magnitude of the saturation intensity in this work was deter-
mined from measurementsby Danehyet al.,14 who measured Isat for
the OP12(1.5) transition of nitric oxide in a room-temperature, low-
pressure gas cell. Then Eq. (4) was used to scale Isat with respect
to temperature, pressure, and line strength. In the experiment, we
minimized saturation effects by keeping the laser intensity as low
as possible. For the wedge experiments, I=Isat < 0:15, whereas in
the hemisphere experiments I=Isat < 0:3 everywhere except in the
freestream, where I=Isat ¼ 0:6.

Attenuation of the incident sheet of laser radiation due to absorp-
tion by the nitric oxide has been modeled using the Beer–Lambert
law.15 At each pixel in the computed image, the absorption coef� -
cient was determined for the range of frequencies contained within
the laser spectrum. Assuming that the medium was optically thin
across a single pixel, the incoming light was attenuatedaccordingto
the calculatedabsorptioncoef� cient and an attenuatedspectral laser
pro� le was computed.This modi� ed spectral pro� le was used in the
calculationof the overlap integralgi to determinethe PLIF intensity.
This process continued through the entire image. We designed the
experiment so that attenuationwas minimized to less than about 5%
across the imaged � ow� eld.

Because the � uorescence lifetimes (3–150 ns) in this experiment
were comparable to the intensi� ed CCD camera gating times (50–

600 ns), the camera attenuated the � uorescence under some exper-
imental conditions. As a � rst-order correction to account for this
effect, we applied a multiplicative correction to Eq. (1) to account
for this reduction in PLIF signal. We assumed that the laser pulse
length is short compared to the � uorescence lifetime and then de-
termined the fraction F of the exponentiallydecaying � uorescence
collected by the camera:

F D 1 ¡ e¡¿gate=¿LIF .5/

where ¿gate is the duration of the intensi� er gate and ¿LIF D 1=
.A C Q/ is the � uorescencelifetime.For the wedge experimentsde-
scribedsubsequently,¿gate D 600 § 30 ns, so that F ¼ 1. For the case

Fig. 2 Arrangement of apparatus for PLIF experiments on the T2 shock tunnel.

of the hemisphere, F decreases to about one-third in the freestream,
where ¿gate D 50 § 30 ns is smaller than ¿LIF .

Effects ignored by the theoretical PLIF model include radiative
trapping, transientmultilevel population transfer effects, and mode-
structure variations in the excitation laser. However, we have de-
signed our experiment to minimize in� uence of these effects. Ra-
diative trapping was avoided by collecting � uorescence only from
transitions terminating in excited vibrational states in the ground
electronic state. Multilevel population transfer effects were mini-
mized by keeping the laser intensity low. Finally, the effects of laser
mode � uctuationswere reducedby signal averagingwhere possible.
No attempt has been made here to determine absolute experimental
� uorescence intensities.Thus, all comparisonsbetween experiment
and theory shown subsequentlyhave been arbitrarilyscaled for best
� t.

III. Experiment
The experimentswere performedon the T2 free-pistonshock tun-

nel at the Australian National University.A descriptionof the shock
tunnel and its operation is given by Stalker.17 The T2 nozzle has a
15-deg full-angle conical geometry with a 6.4-mm-diam throat and
an exit-to-throat area ratio of 144. The test gas in the shock tube
was initially 98.9% N2 and 1.1% O2 resulting in 98.1% N2 , 1.1%
NO, 0.4% O2 , and 0.3% O in the test section during operation.The
primary shock speed was 2.4 km/s, which correspondsto a � ow en-
thalpy of 5.8 MJ/kg. The nozzle-reservoirpressurewas measured to
be 27.0 MPa, and the calculated reservoir temperature was 4500 K
(calculated using the equilibrium shock tube code ESTC18 ). The
freestreamtemperature,pressure,Mach number, and velocitycalcu-
lated assumingvibrationalequilibriumwere 560 K, 5.6 kPa, 6.6, and
3.2 km/s, respectively (calculated using the quasi-one-dimensional
nonequilibrium nozzle-� ow code STUBE8 ). The freestream tem-
perature,pressure,Mach number, and velocity calculated assuming
sudden vibrationalfreezing in the nozzle (see Sec. II.A.1) � ow were
440 K, 4.5 kPa, 7.7, and 3.2 km/s, respectively.

A schematic of the experiment is shown in Fig. 2. We frequency
doubled the output of an excimer-pumped dye laser to obtain 5-mJ
light between 224 and 247 nm; this frequency range coincides with
the (0, 0), (0, 1), and (0, 2) vibrationalbands for the A26C Ã X 25
electronictransitionof NO. A small portionof the beamwas split off
and used for wavelength calibrationby performingLIF in an H2/O2

� ame. The laser linewidth was measured to be 0.18 cm¡1 based on
LIF measurements in a gas cell � lled with a low pressure of nitric
oxide. This is consistentwith speci� cations from the manufacturer.
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We tuned the laser to a NO transition prior to each experimental
run of the shock tunnel. Immediately before the run (<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 transducer detected the shock re� ection at the end of the
shock tube and the laser was � red 350 ¹s later. This delay was
chosen to coincide with the period of steady � ow in the shock tube.
An ICCD camera (in-house assembled dual-MCP, � ber optically
coupled to an 8-bit CCD, 512£ 240 pixels, ¸50-ns gating period)
captured the � uorescence image at right angles to the laser sheet.
The � uorescence was re� ected off two dielectric mirrors that only
directed the nonresonant� uorescencebands v 00 D 2, 3, and 4 toward
the camera.19 This transmission function was chosen to maximize
the signal while minimizing natural � ow luminosity and reducing
in� uences from radiative trapping.

The variation in energy across the laser sheet was measured si-
multaneouslywith a dye cell and CCD camera.20 This energy distri-
bution measurement was then used to correct the PLIF image, and
it also accounts for pulse-to-pulse spatial � uctuations in the laser
energy.

The spectrumof the laser also � uctuatedbecauseof mode compe-
tition within the laser cavity. These spectral � uctuations lead to un-
certainties in the measured PLIF intensities, especially in the lower
temperature and pressure regions of the � ow where the absorp-
tion transitions are narrower and smaller than the laser linewidth.
In higher pressure regions of the � ow, the uncertainties caused by
mode � uctuationsare signi� cantly reducedbecauseof the increased
broadeningof the transitions.The uncertaintydue to lasermode � uc-
tuations has been reduced in the wedge experiments by averaging
repeated images.

IV. Results
A. Simulated PLIF Image

Investigating the computation of an individual PLIF image can
be informative because contributions to the signal intensity from
different terms in Eq. (1) can be identi� ed. Figures 3 and 4 show the
computationof a PLIF image for the wedge � ow assuming the laser
is tuned to the R R22.26:5/ transition of NO at 44441.1 cm¡1 , and
the laser has a linewidth of 0.18 cm¡1. The wedge is shown in the
bottom right-hand corner of Figs. 3a–3e. Flow is from left to right.
Each image is 50 £ 50 mm. The � uorescence intensity (Fig. 3e) is
effectivelytheproductof Figs. 3a–3d accordingto Eq. (1). However,
small contributionsfrom laser-sheetattenuation,saturation,and the
camera gating time, together amounting to <15% signal variation,
have also been included in the � nal image.

It is interestingto note that the � uorescenceintensity stays within
a factor of 5 everywhere in the image, despite the quenching rate
increasing by a factor of 40 across the shock (and consequently the
� uorescence yield decreases by a factor of 18). The signal decrease
caused by the collisional quenching is mostly offset by � vefold in-
creases in the NO number density and Boltzmann fractionas shown

Fig. 3 Typical spatial variationsof calculated parameters contributing
to a CFI-PLIF image for excitation of the RR22(26.5) line of NO.

Fig. 4 Plot of one row of calculated parameters contributing to a CFI-
PLIF image for the conditions shown in Fig. 3.

Fig. 5 Calculated PLIF intensity for similar conditions as Fig. 3 but
with four different values of the laser linewidth.

in Figs. 3 and 4. Note that in Fig. 4 each curve is a plot of the pa-
rameter magnitude for a horizontal cross section taken 6 mm above
the wedge.

The spectral overlap integral g varies by less than a factor of
three in the computation.Thus, its contribution to the signal is not a
dominatingfactor in this experiment.However,becauseg is strongly
dependent on the laser’s frequency and linewidth, it can dominate
the appearanceof an imageundersome circumstances.For example,
Fig. 5 shows that if the linewidth of the laser varies by a factor of 10
or 100 (which can be realized in the laboratoryby using intracavity
etalons and/or injectionseeding), the � uorescenceintensitychanges
appreciably.As the laser’s linewidth increases,the magnitudeof the
� uorescence intensity decreases because the laser is much broader
than the transitionand thus the spectraloverlapdecreases.A second
important trend shown in Fig. 5 is that the signal becomes more
uniform throughout the image as the laser linewidth increases.This
is because Doppler and collisional shifts are not large enough to
move theabsorbingfrequencyoutsidethe laserpro� le when the laser
linewidth is large. InFig. 5, each curve is a plotof thepredictedPLIF
intensity for a horizontalcross section taken 4 mm above the wedge.

Computation of � uorescence intensities for a variety of laser
linewidths is an excellent example of the utility of this CFI-PLIF
method. Based on this computation, one might choose to use a
larger laser linewidth in an imaging experiment to ensure that there
will be ample signal intensities throughout the imaged region. This
could be very important, for example, in the case of 2-line PLIF
thermometry experiments.12 Conversely, if desired, one can use
a narrow-linewidth laser to exaggerate the signal variation due to
Doppler or pressureshifts.This might be particularlyuseful in PLIF
velocimetry.

According to the computation, the low-intensity laser sheet used
in this experiment only saturates the transition slightly in the
freestream (I=Isat D 0:15/ and negligibly in the postshock region
(I=Isat D 0:02/. Furthermore, the fractionalbeam attenuationis neg-
ligible in the freestream(0.004 per cm) and only slightly noticeable
in the postshock region (0.03 per cm).
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Fig. 6 Comparison between theoretical (top left) and experimental (top right) wedge � ow images.

B. Wedge Results
Figure 6 shows the comparison between the calculated and ex-

perimentalPLIF images for the wedge � ow. The � ow is from left to
right, and the laser sheet enters from the top of the image. The bot-
tom of the image correspondsto the centerlineof the � ow. The graph
representsa horizontalslice throughboth images above the shoulder
of the wedge as indicatedby the horizontalline on the theory image.
The error bars show the estimated uncertainty in the CFI-PLIF the-
ory, based on 1U 0 (see Sec. VI). The imaged region is 50 £ 39 mm.
The experimental image in Fig. 6 is an average of four single-shot
PLIF images of the R R22(26.5) line of NO. These images were aver-
aged to reduce shot nose and also to reduce the uncertainty in signal
intensity due to laser mode structure as described earlier.

The theoreticalPLIF images agree well with the experiment.The
predicted shock angle of 46.5 § 0.7 deg agrees extremely well with
the shockanglemeasured from the images: 46.5 § 0.5 deg. Because
shock angle is a relatively strong function of ° , this agreement
supports that our supposition that the vibrationalmodes are frozen.
[The vibrational relaxation length behind the shock is greater than
10 cm (Ref. 9), whereas our entire imaged region is half that size.]

The intensities of the calculated PLIF images also show close
agreement with experiment. The calculated PLIF image was ar-
bitrarily scaled to match the experimental signal intensity in the
freestream.In both experimentand theory, the signaldropsby about
a factorof two acrossthe shock.Both images show the signal rapidly
rising in the expansion region; however, the maximum signal in the
expansion region for the experimental image is lower than the cal-
culation. This discrepancy may be because the large PLIF intensity
saturated the 8-bit ICCD camera on three of the four images used to
producethe experimentalimage. The oneunsaturatedimageshowed
a signal increase from freestream to expansion of nearly a factor of
three: similar to the calculation.In the future, we will avoid detector
saturation by using an ICCD camera with a larger dynamic range.

C. Hemisphere Results
Figure 7 shows the comparisonbetween a calculatedimage and a

single-shot experimental PLIF image for the hemisphere � ow. The
� ow is from left to right, and the laser sheet enters from the top of
the image. The bottom of the image corresponds to the centerline
of the � ow. The experimental image is from a single tunnel run.
The left graph representsa horizontalslice throughboth images just
abovethe hemisphereas indicatedby thehorizontalwhite line on the
theoretical image. The right graph is a diagonal cut from the bottom
left corner to top right corner as indicated on the theoretical image.

The imaged region is 39 £ 39 mm. As discussed in Sec. II.A.3, the
calculatedimages excludethe effectsof vibrationalnonequilibrium,
which are appreciable both in the freestream and in the region of
the postshock � ow away from the stagnation point.

For the transition excited [PP11(35.5)], the PLIF intensity rises
dramatically across the shock and then remains roughly constant
as the gas accelerates from zero velocity at the stagnation point to
supersonic speeds farther downstream.

Although the shock shapes in the two images are similar, a closer
comparison between experimental and theoretical shock-standoff
distancespoints out a signi� cant discrepancy.The measured shock-
standoffdistancedividedby the radius of the hemisphere is approx-
imately 0.14, whereas that value determined from the computation
is 0.11. This discrepancy can be attributed entirely to the incorrect
assumptionof vibrationalequilibriumthat is inherent in the compu-
tation.In fact, these two shock-standoffdistancescorrespondclosely
to those predicted for chemically frozen � ow in the limits of vibra-
tionally frozen (° D 1:4) and vibrationally equilibrated (° D 1:29)
diatomic � ows, respectively.21 Recall that the CFD code used ear-
lier to compute the wedge � ow assumed the � ow was vibrationally
frozen, resulting in excellent agreement between the shock angles
in experiment and theory.

Figure 7 shows that the intensities of the calculated PLIF im-
age also show reasonable agreement with the experiment, espe-
cially considering that properties such as the pressure vary by up
to a factor of 50 in the image. The calculated PLIF image was ar-
bitrarily scaled to match the experimental signal intensity in the
postshock stagnation region. According to this scaling, the theory
slightlyoverpredictsthe PLIF intensityin the freestream.This could
also be caused, again, by the assumption of vibrational equilibrium
in the computation: the arti� cially high freestream temperature (by
120 K) incorrectly predicts a larger signal for this high-rotational-
quantum-number transition. However, the more likely reason for
this discrepancy is that the � uctuations in the laser mode structure
result in 25% uncertainties in the PLIF intensity in the freestream,
as described earlier.

In the shock layer, the agreementbetween experimentand theory
is reasonablygood, but discrepanciesoccur as the � ow continues to
expand around the hemisphere. Based on the large uncertainties in
both the experiment and the calculation (see Sec. VI), it is dif� cult
to say whether the observed discrepancies are caused by improper
modeling of the � uid dynamics or the � uorescence or because this
image is based on a single tunnel run. Nonetheless, the CFI-PLIF
predicts the same trends as seen in the experiment.
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Table 1 Flow parameters and normalized sensitivities in each region of the wedge � ow, computed for the conditions of the experiment

Parameter Units Region 1 Si Region 2 Si Region 3 Si Region 4 Si

T K 440 2.23 3080 ¡1.65 2290 ¡1.49 1470 ¡0.90
P Pa 4500 0.63 163000 ¡0.46 57400 ¡0.21 12100 0.29
Vy m/s 0 n.a. 1330 0.08 848 0.15 0 n.a.
ÂNO 0.0111 0.64 0.0111 0.69 0.0111 0.61 0.0111 0.59
I W/cm2 24.7 0.87 23.9 0.98 23.1 0.97 22.2 0.92
ºlaser cm¡1 ¡0.061 1.04 0.20 ¡0.91 0.089 ¡0.68 ¡0.060 0.80
1ºlaser cm¡1 0.18 ¡0.37 0.18 0.03 0.18 ¡0.17 0.18 ¡0.27
Q .£106/ 1/s 3.89 ¡0.44 152 ¡0.96 50.1 ¡0.90 9.70 ¡0.67

Fig. 7 Comparison between theoretical (top left) and experimental (top right) hemisphere � ow images.

V. Sensitivity Study
We have computedthe sensitivityof the CFI-PLIF intensityto the

most importantinputparameters:both � uid mechanicaland spectro-
scopic.These sensitivitiesare usednext to determinethe uncertainty
in the CFI-PLIF intensitydue to uncertainty in the various input pa-
rameters to the code. This sensitivity study can also provide insight
toward developing new diagnostic capabilities.

The normalized sensitivity Si of the CFI-PLIF intensity to a pa-
rameter Pi is

Si ´ @ ILIF

@ Pi

ILIF

Pi

(6)

Si ¼ 1ILIF=ILIF

1Pi=Pi

(7)

where i is an index indicating a speci� c input parameter. It is nor-
malized so that the sensitivity indicates the relationship between
fractional changes in the input parameter and fractional changes
in the CFI-PLIF intensity. For example, a sensitivity of unity in-
dicates that a 1% change in the parameter results in a 1% change
in the CFI-PLIF intensity. The sensitivity was computed by run-
ning the CFI-PLIF code for slightly different input parameters and
using the results to evaluate Eq. (7).

When varying one parameter in� uences others substantially,we
determine the sensitivity by expanding out the differential. For ex-
ample, small changes in the � ow velocity cause large changes in
the temperature and pressure throughout the � ow� eld. We then use
the following equation to isolate the changes in CFI-PLIF intensity
caused by the change in individual parameters:

1ILIF

ILIF
D

i

Si
1Pi

Pi
.8/

In general, there is one suchequationfor each input parameter.Thus,
a system of N equationsand N unknownscan be solved in each � ow
region to determine the various sensitivities based on N different
runs of the CFI-PLIF code, each with unique input parameters.

We have performed this sensitivity analysis for the case of � ow
over the wedge (see Sec. II.A.2). We evaluated the sensitivity at one
point in each of the four regions in Fig. 1. Points 1–4 are locatedpre-
cisely where their respectivenumerals are shown in Fig. 1. Table 1
shows the results of the sensitivity analysis computed for the same
conditions as Fig. 6.

Several interesting conclusions can be drawn from these results.
First, a review of Table 1 shows that CFI-PLIF is most sensitive
to changes in temperature. For the rotational quantum number J ,
chosen for the computation (J D 26:5), the sensitivity was a posi-
tive number greater than unity in the cold freestreamand a negative
number less than ¡1 in the hot postshock region. In other words,
a 1% increase in the temperature would cause a 2.23% increase in
PLIF intensity in the freestream, but would cause a 1.65% decrease
in intensity in the postshock region. The sensitivityof the CFI-PLIF
to temperature is mainly caused by the exponential temperature de-
pendencein the Boltzmannfraction fBi . This computationcon� rms
the widely known fact that, depending on the selected J; PLIF is
very sensitive to temperature and is, thus, a sensitive method for
performing thermometry.

Comparedto the temperature,the CFI-PLIF intensityis much less
sensitive to the pressure. In this computation, the NO mole fraction
is constant, and so increasing the pressure increases the NO number
density,which increasesthe PLIF intensity.However, increasingthe
pressurealso increasesthequenchingrate,whichdecreasesthe PLIF
intensity. These two effects offset each other resulting in a weak
dependence on pressure resulting mainly from the overlap integral
and because Q and A are comparablein the � uorescenceyield term.
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For the orientationof the laser sheetwith respect to the � ow direc-
tion in this experiment, the CFI-PLIF intensity is insensitive to the
� ow velocity.In region 2, for example, the temperatureand pressure
are very high, and so the absorption is very broad. This results in a
low sensitivity to Doppler shifts in the absorption spectrum. If the
laser frequency was shifted approximately one-half of the transi-
tion linewidth, the sensitivity of the CFI-PLIF intensity to velocity
would be maximized, which would be ideal for velocimetry.

The CFI-PLIF intensity shows a weak dependence on the mole
fraction of NO. An increase in mole fraction results in both an in-
crease in NO number density and an increase in quenchingbecause
NO–NO self-quenching is one of the dominant quenching mech-
anisms in this � ow. These two effects partially cancel each other,
resulting in sensitivity less than unity. There is little laser-beam at-
tenuationcaused by NO absorptionat these conditions,so that laser
beam attenuation has little in� uence on the sensitivity.

The laser intensity in this experimentwas chosen so that I ¿ Isat.
Thus, the CFI-PLIF intensity shows a near-unity sensitivity to the
laser intensity.

The sensitivity to changes in the laser frequency was computed
differentlythan the other parametersbecausetiny fractionalchanges
in the absolute laser frequencyresult in massive changes in PLIF in-
tensity. Instead, the sensitivityhas been computed for small changes
in laser frequency as a fraction of the laser’s linewidth. Further, the
value of ºlaser shown in Table 1 is the frequency shift between the
laser frequency and the peak of the pressure and Doppler shifted
absorption spectrum. The computed sensitivities range from 1.04
to ¡0.91 depending on where the pressure and Doppler shifts have
moved the absorption peak relative to the laser tuning.

The PLIF intensity is comparatively insensitive to variations in
the laser linewidth. The computed sensitivities are consistent with
the results of Fig. 4, which shows that increasing the laser linewidth
decreases the signal in regions1, 3, and 4, whereas it has little effect
on the signal in the postshock region, due to the large pressure and
Doppler broadening there.

Finally,we determinedthe sensitivityto the quenchingrate by ad-
justing the quenchingcross section for NO–NO self-quenching(the
dominant quencher in the � ow) by a small amount and then using
Eq. (8) to compute the resultingsensitivity.In all cases, increases in
quenchingcausedecreasesin CFI-PLIF intensity.This effect is most
severe, however, in the postshock region where Q À A, and so the
� uorescence yield term is proportional to A=Q. In the freestream,
Q and A are comparable, and variations in quench rate have less
in� uence on the PLIF intensity.

VI. Uncertainty Analysis
We have determined the uncertainty in our CFI-PLIF computa-

tionsbasedon theuncertaintiesin thevariousinputsand the sensitiv-
ities to these inputs. We computed the overall fractionaluncertainty
1U

1U 2 D
i

.Si 1Ui /
2 .9/

where 1Ui is the fractional uncertainty in the parameter i . Table 2
shows the result of the uncertaintyanalysisfor the same four regions
of the � ow. The uncertainties shown are expressed as a fraction of

Table 2 Computed fractional uncertainties for the wedge � ow

Region 1 Region 2 Region 3 Region 4

Parameter 1Ui Si 1Ui 1Ui Si 1Ui 1Ui Si 1Ui 1Ui Si 1Ui

T 0.034 0.076 0.034 ¡0.056 0.034 ¡0.051 0.034 ¡0.031
P 0.044 0.028 0.044 ¡0.021 0.044 ¡0.009 0.044 0.013
Vy n.a. n.a. 0.010 0.001 0.010 0.002 n.a. n.a.
ÂNO 0.150 0.096 0.150 0.104 0.150 0.092 0.150 0.089
I 0.250 0.218 0.250 0.245 0.250 0.244 0.250 0.230
ºlaser 0.050 0.052 0.050 ¡0.046 0.050 ¡0.034 0.050 0.040
1ºlaser 0.056 ¡0.021 0.056 0.001 0.056 ¡0.009 0.056 ¡0.015
Q 0.150 ¡0.066 0.300 ¡0.288 0.200 ¡0.181 0.150 ¡0.101

1U 0.27 0.40 0.32 0.27
1U 0 0.12 0.30 0.19 0.11

the parameter and are based on computationsof the � ow conditions
considering the uncertainty in the measured input parameters (such
as shock speed and shock tube � ll pressure) combined with knowl-
edge of various random and systematic errors present in the system.

The computed uncertainties is rather large: in the range of §27–

40%. The largest contributions to this uncertainty are from 1) in-
accurately measuring the laser intensity, 2) large uncertainties in
the quenching cross sections taken from the literature, and 3) a
large uncertainty in the NO mole fraction because of a low level of
con� dence in the chemical and vibrational nonequilibriummodels
used to predict the freestream composition. Note that uncertainties
in the freestream temperature are ampli� ed by the large sensitivity
of the CFI-PLIF signal to temperature.On the other hand, averaging
the results of � ve experiments reduced the uncertainty associated
with the absolute tuning of the laser frequency.

Because comparisons between experiment and theory in Sec. IV
have been arbitrarilyscaled by a constant for best � t, we have effec-
tively removed uncertainties associated with parameters that scale
the image as a whole, i.e., parameters that have similar magnitudes
and sensitivitiesin all of the � ow regions.Thus, in our comparisons,
we have effectively avoided uncertainties associated with the laser
intensity and NO mole fraction and to a lesser extent quenching.
By excluding the uncertainties from the laser intensity and the NO
mole fraction, we obtain smaller estimates of the uncertainty 1U 0,
also shown in Table 2, that are more relevant to the comparison of
experimental and computationalPLIF images shown in this paper.

The largeuncertaintiesassociatedwith the CFI-PLIF images lim-
its the use of this method for directly validating CFD codes. Typi-
cally,onewouldhopeto comparehypersonicCFD codeswith exper-
imentaldata that are accurate to §10%orbetter.However,CFI-PLIF
can still be useful for designing experiments. It can still be used to
predict trends and to test out various detection strategies. Further-
more, when no other comparison between experiment and theory
can be made, CFI-PLIF offers a reasonablemethod for comparison.

Two sources of uncertainty present in the experiments have not
been included in the CFI-PLIF computation and, thus, are not in-
cluded in the uncertainty analysis. These are image shot noise and
the effect of shot-to-shotvariations in the laser mode structure.The
signal variations shown in the graph of Fig. 6 are typical of the shot
noise in the present experiment. Typically, the shot noise amounted
to a 6% uncertainty in the experiments.

Pulse-to-pulsevariations in the laser mode structure in� uence the
LIF intensity through the spectral overlap integral gi . We have the-
oretically estimated the uncertainty in the overlap integral from a
simple model for the laser mode � uctuations.22 For the conditions
of the four � ow regions described earlier, we computed at least 100
simulated laser pro� les and computed the standard deviation of the
resulting overlap integral. For a single image, the predicted uncer-
tainties (equal to the standard deviation) ranged from 10% of the
signal intensity in the freestream where the transition linewidth is
smaller than the laser linewidth to 2% of the signal intensity in the
postshock region where the transition linewidth is broad compared
to the laser. Averaging four images in the present experiment re-
duced these uncertainties by a factor of 1.7. Thus, shot noise and
laser mode � uctuations caused comparable uncertainties in the ex-
periment. However, the experimental uncertainty was smaller than
the uncertainty in the theoretical images.



722 DANEHY ET AL.

Severalprecautionscanbe takenin futureexperimentsto decrease
the uncertainties in the computed images. First, the laser intensity
should be measured more accuratelywith a wavemeter on each run.
Second, we can determine the NO mole fraction spectroscopically
to achieve a higher accuracy. Third, we can change the gas compo-
sition of the � ow so that quenchers with better known quenching
cross sectionsdominate. In the currentexperiments,N2, which has a
poorlyunderstoodquenchcrosssectionabove2000K (Ref. 6), is the
dominant quencher in region 2. O2 and NO have better understood
quenching cross sections, and so increasing the amount of these
speciesin the testgaswould decreasetheuncertaintyassociatedwith
quenching.Fourth, averagingmore images would reduce the uncer-
taintiesassociatedwith lasermode � uctuations.All of thesemethods
would improve the accuracy of the CFI-PLIF computations.

VII. Conclusions
We havepresenteda theoreticalmodel for predictingPLIF images

and have comparedthis model with two differenthypersonicshock-
layer measurements.The theoreticalmodel uses CFD codes to pro-
ducemaps of temperature,pressure,velocity,and speciesconcentra-
tions. The frequency, linewidth, and energy of the exciting laser are
used with the results of the CFD to compute � uorescence images.
The model determines the contributions to collisional quenching
from all of the molecules in the � ow. It includes computation of
the Boltzmann fraction for the molecular transitions excited and
the spectral overlap between the laser and the excited transition(s).
The model also addresses several effects that were not dominant in
this experiment: laser-sheetattenuation, saturationof the molecular
transition, and the � nite intensi� er gating time. The model could be
improved by including a more rigorous treatment of effects related
to laser-mode � uctuations, the � nite duration of the laser pulse, and
populationtransfer between the various energy modes in the molec-
ular system.

The relative intensities of experimental and theoretical PLIF im-
ages for the wedge experiments compare well. Agreement for the
� ow over the hemisphere was not as good, though the agreement
was within the uncertainties of the calculations and measurements.
Although the comparisonsshown offer considerablesupport for the
PLIF model, further comparisons with a CFD code that includes
vibrational nonequilibrium would more fully validate the method.
Furthermore, several aspects of the experiment could be performed
differentlyto decreasethe uncertaintiesin the resulting images.Sev-
eral physical effects included in the model, such as the laser-sheet
attenuation and the excitation of overlapping transitions, have not
been throughly tested in this experiment. These will be addressed
in future experiments.

Sensitivity and uncertainty analyses have also been performed.
The uncertaintyanalysissuggeststhat, in its present form,CFI-PLIF
should be used cautiously for directly validating CFD codes. How-
ever, it can be used reliably for predicting trends while designing
PLIF experiments.
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