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Planar Doppler Velocimetry in a Large-Scale Facility
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A planarDoppler velocimetry (PDV) system was developed and demonstrated in a small-scale facility (Mach 1.36
freejet) and then applied in a large-scale subsonic wind tunnel, where measurements were made over a delta wing
at a 23-deg angle of attack. This PDV system utilized a pulsed, injection-seeded, frequency-doubled Nd:YAG laser
to interrogate the � ow. Back-illuminatedcharge-coupled device (CCD) cameras in conjunction with an iodine � lter
were used to record imagesproduced by the scattered laser light,permittingthedeterminationof the velocity at each
CCD pixel. The PDV instrument also included custom software and a frequency-monitoring system composed of
photodiodes,gated integrators, and a second iodinecell. With this setup, we recorded the shot-to-shot iodine-� ltered
and reference images and the associated laser frequency. In the freejet, mean velocities in the core were measured
by PDV to within 6.4 m/s (out of » 260 m/s) of the value obtained by laser Doppler velocimetry. In the wind tunnel,
freestream empty-tunnel measurements indicated bias and random errors of less than 2 and 4 m/s, respectively.
The dominant source of random error arose from laser speckle, and the dominant source of bias error came from
the characterization of the iodine � lters. Measurements over the delta wing showed similar velocity ranges but
smaller vortex cores when compared to the velocity � eld predicted by a computational � uid dynamics model.

Introduction

P LANAR Doppler velocimetry (PDV) is a relatively new means
of investigatingthe velocity � eld of gaseous � ows. The method

relies on a determination of the Doppler shift associated with light
scatteredfromparticlesseeded into the � ow� eldand employsplanar
illuminationof the probe region with light from a narrow-linewidth
laser.The lightscatteredfrom the � ow� eld particlesis then recorded
with a digital array detector, and the Doppler shift is derived at
each pixel. There are several reasons for interest in this technique.
First, it can providea means for rapidlysurveyingthree-dimensional
� ow� elds. This is an attractive feature in facilities where runtime
is expensive. Second, simultaneous detection in three scattering
directions yields three independent Doppler shifts, and therefore,
three velocity components can be measured simultaneously.Third,
because it is a planar technique, it can be used to investigate the
formation of � ow structures. Fourth, it promises to be feasible in
large-scale facilities, where other nonintrusive techniques such as
particle image velocimetry and laser Doppler velocimetry (LDV)
become more dif� cult to apply.

PDV produces a quantitative velocity image of the plane of in-
terest according to the following mechanism. For each pixel in the
camera � eld of view, the local velocityis related to the Doppler shift
according to the relation1

D fDoppler = [2 sin( u / 2) / k ]V cos( X ) (1)

where D fDoppler is the Doppler shift, k is the wavelength of the
incidentlaser light, u is theanglebetweenthe incidentandscattering
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vectors, and X is the angle between the velocity vector and the
direction of PDV system sensitivity. This direction of sensitivity
is the same as that of the vector difference between the scattering
and incident vectors. V is the velocity magnitude, and V cos( X ) is
the magnitude of the velocity component in the direction of PDV
system sensitivity.

At the center of the PDV technique is the molecular � lter, which
provides the means for measuring the Doppler shift. The � lter is a
cylindrical glass tube � lled with the vapor of a selected molecular
species. The purpose of the � lter is to convert frequency variations
in the scattered light to intensity variations. The selected species,
therefore, must have absorption lines near the frequency of the in-
cident laser light. Doppler shifts arising from the � ow velocity will
thenshift the scatteredlight relative to theabsorptionline,producing
a variation in the transmission of light through the � lter. Further-
more, by employing a pulsed laser, one can achieve time resolution
equal to the pulse duration, for example, » 10 ns with a Q-switched
Nd:YAG laser.

The roots of PDV can be found in the work of Shimizu et al.,2

who proposed the combinationof molecular � lters and lasers to cre-
ate a high spectral resolution light detection and ranging (LIDAR)
system. Two groups of researchers introduced molecular � lters to
velocity measurements in the aerodynamic context. Miles et al.3

showed that such � lters could be used in wind-tunnel applica-
tions to suppress the scattering from walls and windows that can
obscure the � ow� eld scattering. They also demonstrated that the
time-averaged velocity at each pixel in a digital image of the � ow
could be obtained by acquiring images while scanning the laser fre-
quency. Working independently, Komine and Brosnan4 and Mey-
ers and Komine5 introduced the PDV technique (referring to it as
Doppler global velocimetry) and pioneered several of the features
common to many PDV systems. This approach relies on scatter-
ing from a particle-seeded � ow, eliminating the need to scan the
laser wavelength.Also, two � ow� eld images, viewing the � ow with
and without a � lter, are acquiredsimultaneouslyand then ratioed to
yield the scattering transmission.These works outlined many of the
fundamental attributes of PDV and stand as the original proofs of
concept.

Miles et al.6 studied the characteristics of iodine molecular � l-
ters and described their use in conjunction with Nd:YAG lasers.
Furthermore, their theoretical model of the iodine spectrum has
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been widely used to calibrate the frequency axis of experimental
iodine spectra.7 , 8 Iodine � lters have been studied by several other
researchers with the goal of optimizing their performance.9 , 10 Pa-
rameters considered have included the dimensions of the � lter, the
number density of the vapor as controlledby the temperature of the
iodine reservoir, the use of a buffer gas to broaden spectral features,
and the selection of the spectral feature to be used as the � lter.

Predominantly, the continuous-wave single-mode, argon-ion
laser (k =514 nm) and the injection-seeded, frequency-doubled,
Q-switched Nd:YAG laser ( k =532 nm) have been employed for
PDV. The Q-switched Nd:YAG laser is an attractive choice be-
cause frequency tuning is easily accomplished through changing
the voltage to the seed laser, the pulse durations are short (typi-
cally » 10 ns), and the pulse energy is large (up to » 1 J at 532 nm).
Thus, even when the laser beam is formed into a large interrogat-
ing sheet, one can easily obtain strong scattering signals. However,
several researchers have noted that the frequency of the injection-
seeded Nd:YAG laser is subject to a long-term drift and a pulse-to-
pulse variation, both of which can introduce errors into the veloc-
ity measurement.7, 8, 10 Of course, one can simply monitor/record
the mean drift over time,11– 13 but ideally the frequency should be
recorded on a shot-to-shot basis.10 , 14 This is most accurately and
easily done by employing an additional iodine � lter and sampling a
portion of the interrogating laser beam.

The PDV technique has been assessed for accuracy in a number
of ways. Several researchers have compared PDV measurements
to known velocities on rotating wheels.10, 11 , 14 Clancy et al.12 and
ClancyandSamimy15 developedtwo-and three-componentPDV in-
struments,completewith a frequency-monitoringsystem, and com-
pared PDV and LDV velocities recorded in a Mach 2 freejet. Here,
the mean PDV velocities matched well the values from LDV, but
there was some difference between the PDV- and LDV-derived tur-
bulence intensities.A relatively recently recognizedand signi� cant
source of error in instantaneousrealizationsof PDV is laser speckle.
Smith and Northam16 and Smith et al.17 were among the � rst to call
attention to the contributionmade by this interferencephenomenon
to the noise that appears in single-shotPDV images. Here, the rela-
tive noise produced by speckle is proportional to the lens -number
and inversely proportional to the average dimension of the detector
resolution element.14 , 18

Most PDV applications have been in relatively small facilities.
Elliott et al.9 used PDV to study compressiblemixing layers. Smith
and Northam16 and Smith et al.17 studied a sonic jet and an overex-
panded supersonic jet, using spatial correlation techniques to show
the organizedmotionof the shock diamondstructureand interaction
of the shock system with the large-scalestructures in the shear layer.
Smith13 continued his study of supersonic jets by including a low-
speedseededco� ow aroundtheprimaryjet so that the full shear layer
could be studied. Arnette et al.19 developed a two-componentPDV
system and used it to studya compressibleturbulentboundarylayer;
they were able to obtainmean velocitypro� les that agreedwith LDV
measurements and provided superior near-wall resolution.

Meyers et al.,20, 21 Beutner et al.,22 Meyers,23 and Roehle24 have
focused on development of PDV for wind-tunnel applications. In
the course of their work, which included experiments with delta
wings and models of an F/A-18 aircraft, the high-speed civil trans-
port, and a helicopter tail rotor, widely emulated data processing
steps were introduced, including image mapping, pixel-sensitivity
normalization, and low-pass � ltering. In the work of Roehle,24 the
wake region behind an automobile was characterized with a PDV
instrument that included a � xed camera view but multiple laser de-
livery angles, accomplished through � ber coupling the argon-ion
laser output to the sheet-forming optics. Here, the planar velocity
� eld (time averaged for 30 s) showed considerably greater spatial
resolution than did LDV measurements made over a 2-h period.

Many of the PDV systems developed to date have recorded only
a single velocity component. Early multicomponent PDV systems
used two cameras per velocity component. Smith and Northam,16

Smith et al.17 and McKenzie9 were among the � rst to combine side-
by-side the � lteredand un� ltered images on a singlecharge-coupled
device (CCD) array. Other efforts to reduce the number cameras
required include those of Arnette et al.,19 who devised a scheme
employing three cameras to measure two components, and Clancy

et al.12 andClancyandSamimy,15 who combinedthepairs of � ltered
and un� ltered images on a single chip in measurements of multi-
ple velocity components. Along these lines, Arnette et al.25 have
suggesteda novel two-colormethod that combines signal and refer-
ence information onto a single-color CCD camera. In this scheme,
two laser sheets having different frequencies are overlapped in the
probe region. Scattering at the one laser frequency is absorbed by
the � lter (placed before the camera) according to the Doppler shift,
while scattering at the other laser frequency is unaffected by the
� lter; the resulting composite image consists of alternating signal
and reference pixels, obviating the need image mapping.

To end this review of the antecedents of the current PDV system
thatis basedon interrogatinga seeded� ow, someexamplesof related
techniques using unseeded � ows are noted. Miles et al.6 pointed
out that time-averagedthermodynamicproperties,pressure,density,
and temperature,and velocity could be obtained from the gas-phase
Rayleigh scattering by frequency tuning the laser across a � lter
transition. Shirley and Winter26 and Elliott and Samimy27 demon-
strated a method capableof yieldinginstantaneousone-dimensional
measurements of thermodynamic properties and velocity using an
anamorphic lens for light collection.This lens images the scattered
light at each viewing angle (up to §20 deg) along one dimension
of the CCD. Consequently, the intensity at each viewing angle can
be measured independently; in effect, one spatial dimension is sac-
ri� ced to obtain instantaneous quantities along the line of the laser
beam.

Experimental Arrangements
Our PDV system, developedjointly at the RutgersUniversityGas

Dynamicsand LaserDiagnosticResearchLaboratoryandat theU.S.
Air Force ResearchLaboratoryat Wright–PattersonAir Force Base,
is shown in Fig. 1. The four chief componentsare the laser and sheet
forming optics, the iodine � lters, the laser-frequency-monitoring
system, and the receiving optics and CCD cameras. Two similar
frequency-doubledNd:YAG lasers were used in the current exper-
iments: a Spectra Physics GCR-170 providing 450 mJ per pulse
with a Lightwave injection seeder (supersonic jet measurements),
and a Spectra Physics GCR-150 providing320 mJ per pulse with an
Original Equipment Manufacturer (OEM) seeder (delta-wing mea-
surements). Each laser performedsimilarly,operatingat a repetition
rate of 10 Hz with a pulse duration of » 10 ns. With injection seed-
ing, the laser producesa narrow linewidth pulse ( » 100 MHz) whose
center frequency can be tuned over a range of 70 GHz by applying
a bias voltage to the seeder. The absorption line used in this study
was at 18,789.28 cm ¡ 1 . A combination of spherical and cylindrical
lenses formed the laser sheet that de� ned the measurement plane.
For the jet experiments, the laser sheet was collimated;however, for
the wind-tunnelexperiments, this was impracticalgiven the 30-cm-
square probe region.

For PDV, the long-term frequency drift and pulse-to-pulse � uc-
tuations necessitate a frequency-monitoringsystem. Measurements
with our frequency-monitoringsystem (describedsubsequently) in-
dicatedthat the standarddeviationof the shot-to-shotlaser frequency
was 11 MHz in the small-scale laboratory (supersonic jet exper-
iments) and 41 MHz in the large-scale wind tunnel. The higher
level of � uctuation in the latter facility, in which the laser rested on
top of the wind tunnel, was attributed to tunnel vibration. Without
accounting for these frequency � uctuations, spurious velocity � uc-
tuations would be measured in the � ow: 4 m/s for the supersonic jet
and 13 m/s for the wind tunnel. Clearly, this error is small relative
to supersonic velocities but potentially large for subsonic values.
Note also that several investigators have reported a chirp, or spa-
tial variation in frequency, for the Nd:YAG laser of up to 150 MHz
(Refs. 7, 8, and 15). The low level of the chirp in the current ex-
periments, however, was con� rmed in empty-tunnel tests where no
spatial gradients in the frequency were observed.

Two iodine � lters were used in the current system.Each � lter cell
is a glass cylinder, 7.6 cm in diameter and 25 cm in length, with � at
windows at each end. A side arm and a small cold tip extend from
the cylindrical body. Iodine crystals were placed in the side arm,
and the cell was then evacuated. The cylindrical portion of the cell
was wrapped with heating tape and insulation and was maintained
at 378 K via a closed-looptemperaturecontroller.The side arm was
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Fig. 1 Experimental arrangement for PDV.

maintainedat a lower temperature,313K, by a constant-temperature
water bath.After solid–vaporequilibriumwas establishedin the side
arm, a valve was closed shutting off the side arm from the cell body
and � xing the number density of the iodine in the cell body. Such a
� lter is termed a starved cell because all of the iodine is in a gaseous
state. In the current experiments,two cells with shut-offvalves were
not available,and consequentlythe constant-temperaturewater bath
was used to controlthe iodinenumberdensityin the secondcell.This
type of cell is termed a saturated cell because vapor and solid exist
in equilibrium.The starved-celldesignresults in a lower uncertainty
becauseit is independentof the side-armtemperatureonce the valve
is closed.28

Because one can easily add nitrogen to the cell (typically
» 20 torr), the iodine transitions can be pressure (collisionally)
broadened.The nitrogenwas addedafterforcingessentiallyallof the
iodine into the solid state by submerging the cold tip in a bath of dry
ice and acetone. Once the desired pressure of the nitrogen had been
set, the cold tip was reheatedto the cell-bodytemperature.In thecur-
rent experiments, both broadened (supersonic-jetexperiments) and
unbroadened (subsonic-delta-wingexperiments) � lters were used.

Figure 2 shows the effect of variations of three cell conditions:
nitrogenpartialpressure,side-armtemperature,and main-bodytem-
perature.These pro� les have been normalizedby the intensitymea-
suredwith no iodinepresent in the cell; thus, they show the variation
in the continuumabsorptionas well as the discrete absorption lines.
Figure 2a shows the broadening effect as the partial pressure of the
buffer gas is increased. Pressure broadening extends the range of
measurable Doppler shifts for a given experimental geometry and,
thus, is especially useful for supersonic � ows. Figure 2b shows the
effect of the side-arm temperature (or iodinenumber density) on the
absorption pro� le with no nitrogen present. Increments of 5 K in
side-armtemperaturealter thecell performancedramatically.There-
fore, in a saturated cell it is important to control the temperature of
the coldest point in the cell precisely. Figure 2c shows clearly that
the temperature of the cell body is not as important as the side-arm
temperature inasmuch as the pro� les overlie one another for a range
of cell temperatures (373–413 K). The chief reason for keeping the
cell at an elevated temperature is to prevent iodine condensation
anywhere other than in the side arm.

A laser-frequency-monitoring system was implemented to com-
pensate for the laser’s pulse-to-pulseand long-term frequencyvari-
ation and to characterize each � lter’s frequency-transmission re-
lationship. The laser frequency associated with each PDV image
was recorded through the use of a second iodine � lter, termed the
frequency-monitoring� lter. As seen in Fig. 1, a portion of the laser
beam was directed to the frequency-monitoring/calibration system.
This beam was � rst expanded (to a 25 mm diameter, to prevent
saturation of the iodine transitions) and was subsequently divided
into three parts, using Inconel-coated beam splitters. Two of the
beams were directed through the frequency-monitoringand camera
� lters, when calibrating the iodine � lters, and then onto high-speed
photodiodes(Thor LaboratoriesDET210); the remainingbeam was
sampledby a referencephotodiode(without passingthrougha � lter)
and accounted for shot-to-shot beam energy � uctuations.The � lter
transmissionis then simply given by S� lter / Sreference . In each case, the
beam was focusedonto a � ash-opaldiffuser located about25 mm in
front of the respectivephotodiode; this ensured that the photodiode
signal was insensitiveto alignmentvariations.Each photodiodesig-
nal was detected by a Stanford Research Systems gated integrator
(SR250). Typically, the sampling gate for each SR250 was set to
about 50 ns; triggering of the gated integrators was accomplished
using either the Q-switch signal from the laser or the Transistor
Transistor Logic (TTL) pulse from a Stanford Research Systems
delay generator (DG535). The SR250 output voltage was digitized
to 12-bit accuracy with the Stanford Research Systems computer
interface (SR245). The SR245 was interfaced to the personal com-
puter and the custom software through an Institute of Electrical and
Electronics Engineers 488 port.

Other SR245 ports were employed to control the laser-frequency
set point and to record the voltage associated with the Q-switch
buildup time. This voltage indicates whether the laser pulse is com-
posed of a single longitudinal mode. For buildup-time voltages
greater than a given value (speci� c to each laser), the laser pulse
is composed of multiple longitudinal modes; an image associated
with a multimode pulse was, of course, discarded. This was an im-
portant feature for successful wind-tunnel measurements because
vibrations caused the laser to operate multimode for some of the
laser pulses. To demonstrate the ef� cacy of this approach and the
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a)

b)

c)

Fig. 2 Effects of cell conditions on � lter performance. For the nominal side-arm temperature (TI2 = 313 K), iodine partial pressure was estimated to
be 1.0 torr and nominal conditions are a 373-K body temperature, a 313-K side-arm temperature, and no buffer gas. Varied conditions are a) nitrogen,
buffer gas, partial pressure; b) side-arm temperature; and c) � lter-body temperature.
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Fig. 3 Frequency for 66 laser pulses as measured by the frequency-monitoring system and by the PDV camera system in a uniform Mach-0.2 � ow;
difference between the two frequency measurements has an rms of less than 4 MHz.

frequency-monitoringsystemin general,we recordedlaser frequen-
cies in the empty-tunnel � ow. In Fig. 3 we show the frequency de-
rived from the monitoring system and from the PDV cameras. To
minimize the effects of turbulence and speckle on the frequency
inferred from the camera measurements, and therefore focus on the
performance of the wavelength reference system, we averaged the
signal from a group of pixels. The rms of the laser frequency, from
either the cameras or frequency-monitoringsystem, was 41 MHz,
but the rms of the differencebetween the frequency-monitoringand
the camera measurements was less than 4 MHz. This demonstrates
that the precision of the frequency-monitoringsystem is better than
4 MHz; in fact, this number includes noise contributions from the
camera frequencymeasurement and the � ow (throughvelocityvari-
ations).

The receiving optics consisted of a polarizer followed by a
7.6 £ 7.6 cm cube beam splitter providing separate optical paths
to two 16-bit back-illuminated PixelVision CCD cameras (Model
SV512V1), each having a 512 £ 512 array (with 24-l m-squarepix-
els). These cameras were � tted with Nikon 105-mm micro-Nikkor
lenses, set to an -stop of 5.6. The purposeof the polarizerwas to re-
duce polarization-dependent scattering variations that might occur
in the � ow� eld and through the optical system. Also, the polar-
izer was expected to reduce the background intensity relative to the
particle-scattering intensity. The purpose of the beam splitter was
to ensure that the viewing angles of the signal and reference cam-
eras were identical. The signal camera viewed the � ow through a
molecular iodine � lter, while the reference camera viewed the � ow
without a � lter. Camera exposure times were set to 60 ms using the
integrated mechanical shutter. The measurement timescale, how-
ever, was determined by the 10-ns duration of the laser pulse rather
than by the camera exposure time.

As already noted, some investigatorshave combined both signal
and reference images onto a single CCD chip. Although this ap-
proach reduces the number of cameras required,especiallyvaluable
when measuring multiple velocity components, it has two disad-
vantages: 1) The number of available pixels is reduced by a factor
of two. 2) The signal and reference images may overlap to some
degree, as discussed by McKenzie.10 The extent of the overlap is
dependenton the aperture setting of the lens that follows the image-
splitting apparatus. Though small apertures decrease the overlap,
there is an imperative in instantaneousPDV measurements to open
the aperture to minimize laser speckle.14, 18 Also, by properlymask-
ing the overlappingregion near the object plane,or by having a dark
� eld adjacent to the measurement region, this effect can be reduced.

Axisymmetric Jet Facility
To demonstrate its capabilities, our PDV system was tested on

a small-scale supersonic jet. This � ow� eld was selected because it
was expected to offer a minimum of complications.It could be well
seeded(at least in thecore) so that largescatteringsignal levelscould
be achieved. Furthermore, it provided easy optical access with very
little secondary scattering from the � ow facilities. The apparatus
itself was relatively small, and the PDV system and laser could be
isolated from the � ow facility so that the effect of vibration was
negligible.

The jet experiments were performed at the U.S. Air Force Re-
search Laboratory, Wright–Patterson Air Force Base. The jet is-
sued vertically through a Mach 1.36 converging–diverging nozzle
designed by the method of characteristics(12.7-mm exit diameter).
The stagnationpressurewas 283kPa, and the stagnationtemperature
was » 294 K. The � ow was seeded with ethanol,which was injected
into the stagnationchamber. It was estimated that the particlesize of
the condensed ethanol was on the order of 30 nm (Refs. 3 and 19).
The laser sheet contained the axis of the jet, with the direction of
laser propagationmakingan angle of 10.1 deg with respect to the jet
axis. The viewing direction was normal to the laser sheet so that the
measured velocity component was at an angle of 45.8 deg relative
to the jet axis.

For comparison with PDV, the velocity of the jet was measured
with a two-component coincident LDV system. A TSI color-burst
system was used to compute the Doppler shifts. From these two-
component LDV measurements, it was possible to � nd the mean
velocity component in the direction measured by the PDV system.
LDV-derived velocities were recorded at several axial locations,
including two that correspondedto regions in the PDV imaged area
at values of x / D =3 and 7. For the LDV measurements, the � ow
was seeded with 0.5-l m aluminum–oxide particles.

Subsonic Wind-Tunnel Facility
The delta-wingexperimentswere performedat the U.S. Air Force

Research Laboratory’s Subsonic Aerodynamic Research Labora-
tory wind tunnel (Air Vehicles Directorate, Wright–Patterson Air
Force Base). Much of the interest in PDV is rooted in its presumed
ability to provide high-spatial-resolution measurements in large fa-
cilities. A principal purpose of the wind-tunnel tests was to demon-
strate this. The delta-wing � ow� eld was selected because of the
interest in the interaction of leading-edge vortices with tails and
because the test � ow� eld had been simulated with a computational
� uid dynamic (CFD) model.29
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Fig. 4 Geometry of PDV measurements in the Subsonic Aerodynamic Research Laboratory and schematic of the � ow over a delta wing.

In applying PDV in large-scale facilities, several dif� culties not
present in the smaller-scale laboratory must be addressed. The test
environmentis relativelyharsh,with largerextremesof temperature,
vibration, and acoustic noise. The temperature variations necessi-
tate that the iodine-cell conditions are well controlled and that the
laser frequency drift is monitored and recorded. The vibrations can
cause the laser to � uctuate in frequency much more than normal
(as already noted) and in general will require vibration isolation
so that the laser remains seeded. Even the sound generated by the
wind tunnel was found to degrade laser-seeding performance. To
be successful in a large wind-tunnel environment, effects of vibra-
tion must be mitigated: For example, rigid optical mounts should
be used and camera lenses must be secured so that they will not
vibrate out of focus. Because the system is more sensitive to day-
to-day changes in the unregulated environment of the large-scale
facility, iodine-� lter absorption pro� les and camera-calibrationim-
ages were taken at the beginningand end of each day. This required
that the alignment and placement of dot- and calibration-cards be
repeatable and easy. An additional problem encountered in large-
scale facilities is more limited optical access. As a result, the laser
sheet may be viewed at oblique angles, limiting the lowest -stop
that can be used without excessive image blur. Optical access lim-
itations also result in PDV system sensitivity directions that are
generallynot aligned with the desired velocity components (at least
to the degree possible in smaller facilities). A � nal complication is
that the data should be analyzed quickly so that errors are quickly

detected and tunnel time is not wasted on data that would later be
discarded.

Figure 4 shows the PDV arrangement with the delta wing in the
test section of this facility. It is an open-circuit, low-speed wind
tunnel with a 3.05 £ 2.13 m test section. In the inlet, a movable
multiport, smoke-generatingrig was available to seed the � ow. This
seedingapparatuspermitted the seeding of a stream tube in the � ow
having an area on the order of 1000 cm2. Based on comparable
seeding systems, the seed particleswere expected to have diameters
characterized by a log-normal probability distribution with a most
likely diameter on the order of 1 l m (Refs. 10 and 20). The model
was a 70-deg-sweep delta wing with sharp leading edges, set at an
angle of attack of 23 deg. Measurements were obtained on the wing
at four different chord locations (85.7, 97.1, 102.9, and 114.3%
chord) at a freestream Mach number of 0.2. This corresponded to
a freestream velocity of 68 m/s and a root-chord-based Reynolds
number of 1.87 £ 106 . At this condition, no vortex bursting was
present over the model surface. Measurements were also made of
the samemodelequippedwith two verticaltails.These tailshad a 35-
deg leading-edge sweep and unswept trailing edges. Their trailing
edges were aligned with the trailing edge of the wing, and their
position was chosen to lie along rays emanating from the apex at
64.3% span. This position was chosen to approximate the vortex-
core trajectory for the clean delta wing. The measurements were
made at the same chord locations, angle of attack, and freestream
velocity as the measurements for the clean wing.
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Fig. 5 Procedure for PDV measurements.

The laser sheet was oriented spanwise across the tunnel with a
propagation direction normal to the model surface (Fig. 4). The
direction of PDV sensitivity, based on this geometry, was ¡ 0.210 i
¡ 0.003 j +0.978k. The velocity component measured was, thus,
predominantly vertical and slightly upstream. This direction was
chosen because its velocity component was strongly affected by
the leading-edgevortices and was the simplest to implement in the
tunnel with the current optical access. Because measurements were
sought between the tails, it was necessary to impinge the model
with the laser sheet. Of course, this is not ideal because the surface
scatteringis much stronger than the particlescatteringin the vicinity
of the impingement.

Data Processing
The following four steps are required in the current imple-

mentation of PDV: 1) Calibrate the iodine cells to determine the

transmission-frequency relationships.2) Find the tie points to over-
lap views of the two cameras. 3) Determine the calibration param-
eters, that is, those that scale the intensity of the reference images
relative to that of the signal images. 4) Calculate the velocity using
the data images and the informationobtained in steps 1–3. This pro-
cedure is shown schematicallyin Fig. 5 and described in detail next.

Iodine Cell Calibration
The conditionsfor the two cells (side-armtemperature,body tem-

perature, and partial pressure of buffer gas) were set according to
the expected velocity ranges. Before � ow� eld measurements were
made, thecamera� lter was moved to its calibrationlocation(Fig. 1).
Both cells were then calibrated simultaneously. Calibration con-
sisted of scanning the laser frequency (by incrementing the voltage
from the SR245 output port) while measuring the transmission of
the iodine cells.
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Table 1 PDV system characteristics for jet and wind-tunnel experiments

PDV characteristic Jet facility Wind-tunnel facility

u 90 deg 110.8 deg
X 45.8 deg 102.1 deg
(@V / @u ) / V ¡ 0.9%/deg ¡ 0.6%/deg
(@V / @X ) / V 1.79%/deg ¡ 8.16%/deg
Sensitivity, (2/ k ) sin( u /2) 2.66 MHz ¢ (m/s) 3.10 MHz ¢ (m/s)
Sensitivity ¡ 1 , [(2/ k ) sin( u /2)] ¡ 1 0.376 (m/s) ¢ MHz 0.323 (m/s) ¢ MHz
Spatial resolution 0.16 mm/pixel 0.98 mm/pixel
d f c /d (% transmission) ¡ 6.1 MHz/(% transmission) 4.4 MHz/(% transmission)
d f r /d (% transmission) ¡ 7.6 MHz/(% transmission) 4.1 MHz/(% transmission)

The raw data from the calibration consisted of ordered pairs of
data for the camera � lter and for the frequency-monitor� lter. In each
case, the abscissa was the voltage to the seed laser and the ordinate
was the ratio of the gated-integrator voltage from the � ltered pho-
todiode to that from the un� ltered (reference) photodiode. Before
these ordered pairs of data could be used, the abscissa needed to be
converted from units of seeder voltage to units of frequency. This
conversionwas performedby identifyingfeaturesof the iodinespec-
trum (from the calibration scan) and comparing their separation in
terms of voltage to their known separation in terms of frequency.7 , 8

For the velocity measurements, only the approximately linear por-
tion along one side of a single absorption line was used for fre-
quency discrimination. The low-frequency (red) side of the line,
which possesses a shallower slope than the high-frequency (blue)
side, was used in the jet experiments, whereas the blue side was
used in the wind-tunnel experiments. These choices were made to
increase the respective range and sensitivity for jet and wind-tunnel
experiments.

The method just outlined resulted in transmission curves for the
two � lters, the camera � lter and the frequency-monitor� lter, having
a common abscissa (relative frequency); however, the ordinates of
these curves were independent of one another. Differences in the
performance of the beam splitters, the optical paths, and the gated
integrators meant that the voltage ratios representing the transmis-
sion of the � lters had undetermined scales. Each curve was nor-
malized by its maximum transmission within the range used for
frequencydiscrimination, resulting in normalized transmission that
varied from » 0 to 1. Inverting the axes of these curves produced
functions of frequencyvs transmission for the camera � lter, f c , and
for the frequency-monitor � lter, f r . The former function is used to
establish the shifted frequency of the light scattered into the PDV
optical system at each pixel, and the latter function is used to es-
tablish the frequency of the laser pulse. Table 1 gives approximate
values for their slopes in the linear region.

Tie-Point Determination
It was necessary to align the � elds of view for the two cameras so

that they overlappedas nearlyas possiblebefore taking their ratio on
a pixel-by-pixelbasis. To accomplish this alignment, the following
steps were taken.

A card that � lled the � eldsof viewof both the signaland reference
cameras was placed in the image plane (plane of the laser sheet).
This card was marked with a rectilinear pattern of dots. The centers
of these dots were found to subpixelaccuracy(0.1 pixels) by � nding
the intensity-weightedcentroid in the region surrounding each dot.
In later stages of the data reduction, the output of the dot-� nding
program was used to map pairs of signal- and reference-camera
images so that they corresponded on a pixel-to-pixel basis. The
mapping programused bilinear interpolationto locatea sourcepixel
in the unmapped image for every pixel in the mapped image. The
locationin the source image was not generallygivenby integerpixel
values. Therefore, the intensity value assigned to the mapped image
was calculated as a weighted average of the nearest four pixels.

After the mapping, the images were low-pass � ltered, to reduce
the speckle noise, by replacing the value at each pixel with the av-
erage of the 25 pixels (5 £ 5 matrix) in the region centered at that
pixel. This level of � ltering was selected to give low random error
while maintaining a spatial resolution suf� cient to capture the � ow

features of interest. For the jet measurements, the size of individual
pixels mapped into the object plane was 0.16 mm; for the subsonic
wind-tunnelsmeasurements, this value was 0.98 mm. Clearly, how-
ever, we have lowered the spatial resolution (by smoothing) in an
effort to reduce noise in the velocity images; if one can tolerate
increased noise in the velocity image, fewer pixels are needed for
the low-pass � lter. Because the noise-to-signal ratio (NSR) is in-
versely proportional to the average number of speckle cells within
each resolution element,14 , 18 we effectively increase the number of
specklecells, and decreasethe NSR, within each resolutionelement
by binning. Furthermore, apart from effects such as image blur and
mapping errors (which create a correlation in signal from one pixel
to the next), we expect that the speckle noise will, thus, decrease
proportionally with 1/ Nb , where Nb is the binning number, for ex-
ample, Nb =5 with 5 £ 5 binning. As noted earlier, one can lower
the speckle noise without also degrading the spatial resolution by
increasing the lens aperture.14, 18 In the jet experiments, for exam-
ple, the NSR of the recorded scattering (without low-pass � ltering)
was reduced from about 7.6 to 4.2% when the lens -stop was de-
creased from 5.6 to 2.8. However, in practice image blur, which will
be more likely with obliqueviews in large-scalefacilities,may limit
the optimum aperture setting.

Calibration for Electronic Gain and Optical Path Differences
In additionto the describedmappingprocedure,a calibrationpro-

cedure was necessary so that the ratios recorded by the camera sys-
tems corresponded to the camera frequency function f c , which had
been establishedwith the frequency-monitoring/calibrationsystem.
To determine the calibrationparameters, a series of images, termed
the green-card images, was acquired at the frequency of maximum
transmission.These images were used to scale the reference-image
intensities to those of the signal images. The calibrationmethod for
the tunnel experiments is described next.

A uniform card was placed in the image plane. The laser beam
was diverted and directed througha diffuser such that it illuminated
the green card. Several background images were acquired with the
laser on but blocked. These images were subtracted from subse-
quent green-card images so that the bias of stray background light
was removed. In the subsequent images, neutral density � lters were
placed in the path of the laser beam. The result was a wide range of
illumination intensities for the series of green-card images.

After the background subtraction step, the images were mapped
and low-pass � ltered. Because these images were acquired at the
maximum transmission, the ratio of the signal to reference images
should be unity on the normalized scale of the camera frequency
function f c . Therefore, calibration parameters, slope and intercept
determined from a least-squares � t, were found to match the signal
and the reference images at each pixel. Because of the background
subtraction, the values of the intercept were expected to be close to
zero, and this was indeed the case. Conducting a least-squares � t
enables the linearity of the camera to be veri� ed; though this not an
issue for most CCD detectors, we have noted some nonlinearity in
the response of intensi� ed CCD cameras.

Determination of Velocity
The preceding outlined steps provided all of the necessary map-

ping and calibration data. The series of steps in the fourth column
of Fig. 5 were then necessary for PDV measurements. Background
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imageswere acquiredwith the laseron and tuned to maximumtrans-
mission,but with the � ow seedingoff. These images were subtracted
from subsequentparticle-scatteringimages so that the bias of stray
background light was removed.

A series of data images was then acquired. The laser was tuned
to the position deemed appropriate for the � ow under investigation.
For the vortical � ow above a delta wing, this position was near the
middle of the blue side of the transition because both positive and
negativeDoppler shiftswere expected.For the jet, on the other hand,
this position was near the shoulder of the red side of the transition
because all of the Doppler shifts were expected to be positive and
some were expected to be so large as to require nearly the full linear
portion of the absorption line.

After subtraction of the background, the signal and reference
images were then mapped and low-pass � ltered. The reference im-
ages were then modi� ed using the previously determined slopes
and intercepts. The signal images were then divided by the cali-
brated reference images, producing a series of images containing

a) Comparison of averaged PDV and LDV measurements b) Comparison of the rms of velocity � uctuations

Fig. 6 Mach-1.36 jet: circles represent velocities from LDV, and triangles show values from PDV.

the transmissionat each pixel. The transmissionwas then converted
to relative frequency using the function f c. Similarly, the transmis-
sion measured by the frequency-monitoringsystem was converted
to frequency with the function f r .

The difference between the relative frequency at a given pixel
and the relative frequency of the laser for that particular image is
the Doppler shift for that pixel. This Doppler shift may then be
converted to velocity through the Doppler-shift equation:

V cos( X ) = [k /2 sin( u /2)][f c ¡ f r ] (2)

where the term in brackets is the Doppler shift expressed in terms
of the frequency functions.

Table 1 lists some of the important parameters for the PDV sys-
tem as it was arranged for the jet and wind-tunnel experiments.The
angle u between the laser propagation direction and the scattering
direction is a right angle in the jet experiments and just slightly ob-
tuse in the wind-tunnel experiments, affording relatively � at views



MOSEDALE ET AL. 1019

of the laser sheet. The angle X speci� ed in Table 1 assumes that the
velocity vector in the jet case is directed entirely along the jet axis,
a good assumption for the mean � ow in the center of the jet. For
the wind tunnel, X is speci� ed only for the empty-tunnel measure-
ments for which the assumeddirectionof the velocityvector is in the
downstreamtunneldirection.The next two listings in Table 1 are the
relative errors in velocityper degree of error in the angularmeasure-
ments. Though the velocity measurements are relatively insensitive
to small errors in X , in the wind tunnel X is not well chosen to
measure the freestream velocity. A different PDV geometry would
have been selected if that had been the goal of these experiments.
The sensitivity and inverse sensitivities, also given in Table 1, pro-
vide convenient means for converting PDV system measurements
betweenunits of velocityand frequency.The slopesof the frequency
functionsgive an indicationof one of the compromises in PDV. The
smaller the magnitude of the slopes, the less sensitive the system is
to errors in measuring the transmission.However, small slopes also
imply a lower limit on the frequency (or velocity) range measurable
by the system. Thus, the wind-tunnel arrangement is less sensitive
to transmissionerrors, but its range is only on the order of 440 MHz
(140 m/s) compared to 610 MHz (230 m/s) for the jet arrangement.
It should be emphasized that in this procedure for measuring ve-
locity using PDV, there is no need to calibrate the system using a

Fig. 7 Average PDV measurements of the � ow over a delta wing at 86% root chord with comparison to the CFD simulation.29

known velocity in the � ow� eld; that is, � ows where the velocity is
unknown can easily be investigated.

Results
Results are � rst presented for the Mach 1.36 jet. In Fig. 6, � ow

is from bottom to top with the imaged region of the jet extend-
ing from x / D equal to 2.22–7.91. The left-hand column shows
the average velocity � eld based on 100 instantaneous images. Also
shown are plots of the PDV- and LDV-derived velocity pro� les at
two axial stations(x / D =3 and 7). Here, PDV and LDV yielded ap-
proximately the same mean values. In addition, three downstream
locations were analyzed in detail: The difference in the average
LDV- and PDV-derived velocities was between 4 and 8 m/s out of
» 260 m/s (the PDV velocities were consistently below those from
LDV). Both techniques yield mean core measurements that are be-
low the value obtained from isentropic theory for the Mach 1.36
jet, Visen = 278 m/s, probably indicating that the Mach number was
actually less than the design value of 1.36.

Both measurement techniques show the thickening of the shear
layer with downstreamposition; however, acceptablePDV data did
not extend far into the shear layer. Presumably, the primary reason
is that the volatility of the PDV seed medium, ethanol, results in
diminished seeding in the warmer shear layer; this is particularly
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problematic for modest Mach supersonic numbers, for example,
1.36. Furthermore, the intermittency of the shear layer means that
even with adequate seeding, a sample of 100 images might not yield
suf� cientdata for accuratemean readingsthroughoutthe shear layer.
This de� ciency is not a limitation of the PDV system, but more a
characteristic of the seeding available at the time of the test. Of
course, the LDV technique was more successful at measuring into
the shear layer because more samples were acquired and the seed
did not evaporate in the shear layer. Nonetheless, with thermody-
namically insensitive seeding, PDV can also resolve jet velocities
throughout the shear layer.13 , 14

The right-hand side of Figure 6 gives the rms of the PDV veloci-
ties along with plots of the rms velocity obtained by PDV and LDV
at x / D =3 and 7. The image and the line plots show the expected
trend of low turbulencelevels in the core with increasing turbulence
levels in the jet periphery. Again, fewer points were used to calcu-
late the rms of the PDV velocities in the shear layer than in the core
because of the intermittent nature of the shear layer. From the LDV
measurements,it can be seen that the centerlineturbulenceincreases
with downstreamdistance.The PDV resultsagreewell with theLDV
resultsat the x / D =7 station.Upstreamof this, LDV-derivedveloc-
ity � uctuations fall to about 4 m/s. The PDV measurements follow
the LDV results fairly well off the centerline but reach a minimum

Fig. 8 Average PDV measurements of the � ow over a delta wing at 97% root chord with comparison to the CFD simulation.29

of » 9 m/s; this minimum is believed to represent a combination of
the noise of the measurement technique (resulting primarily from
speckle) and the true � uctuation in the � ow added in quadrature.

Prior to measuring the complicated � ow above a delta wing,
measurements were made in the wind tunnel without a model in
place at Mach numbers of 0.2 and 0.3 (corresponding to respec-
tive freestream velocities of 68 and 96 m/s). Here, the purpose
was simply to gain insight into the system performance within the
wind tunnel. The expected velocity components in the direction of
PDV sensitivity and the measured velocity components differed by
1.7 m/s (5.3 MHz) and 0.5 m/s (1.6 MHz) for the Mach 0.2 and
Mach 0.3 conditions, respectively; the corresponding random er-
rors were 3.8 and 3 m/s. Surprisingly, these errors are much smaller
than the » 100-MHz laser linewidth. In relative terms, these bias
errors, 12 and 2.5% of the respective component velocities of 14
and 20 m/s, may seem unacceptably large; however, it should be
emphasized that the PDV system was not optimized for streamwise
velocitymeasurements. It is expected that these errors, » 1 m/s, rep-
resent the system detection limit. Note that an analysis by Beutner
et al.30 using the same dataset, but with independentdata processing
routines, yielded similar results.

Before presenting the measurement results for the delta wing,
a basic description of the � ow� eld will be provided following
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Visbal.31 A highly swept wing at an angle of attack a experiences
boundary-layer separation at its sharp leading edge. The three-
dimensional shear layer that rises over the wing then spirals into
a pair of counter-rotatingvortices (Fig. 4). The vortices follow ap-
proximately straight-line trajectories over the wing and are char-
acterized by a vortex sweep angle K c and an inclination angle a c

relative to the wing surface. In the near-wake region, the vortices
become aligned with the freestream � ow.

In the core of the vortices, the azimuthal velocity component is
proportional to radial location, which is the de� ning characteristic
of solid-body rotation.The vortex cores also show strong jetlike be-
havior with the maximum axial velocity within the core achieving
values up to twice the freestream velocity. The circulation exhib-
ited by the cores increases with axial distance as vorticity from the
feedingsheet is entrainedinto the vortex.An importantphenomenon
associatedwith delta-wing� ows is vortexbursting.With an increase
in angle of attack, � ow instabilities can arise that cause a region of
reversed� ow alongthe vortexaxisaccompaniedbydramaticgrowth
of the vortex core. This phenomenon may be transient, oscillatory,
and asymmetric. Vortex bursting is of great interest because it can
lead to sudden changes in aerodynamic forces and moments that
can adversely effect the performance of delta-wing aircraft.

Figures 7–10 show frame-averaged PDV measurements at the
noted locations based on 50, 50, 62, and 59 images, respectively.

Fig. 9 Average PDV measurements of the � ow over a delta wing at 103% root chord with comparison to the CFD simulation.29

Each image shows the vortical structure that is characteristic of
the � ow over a delta-wing at an angle-of-attack. Recall that the
PDV system was sensitive to a velocity component in the direction
¡ 0.210i ¡ 0.003j +0.978k. The particularlystrong negative veloc-
ities are indicative of the large streamwise velocity component in
the vortex core (the jetlike behavior) coupled with a large down-
ward component on the inboard side of the vortex. In the � rst three
images, the delta wing is in the � eld of view. No reliable data can be
extracted from these regionsnear the wing due to the strong surface
scattering. Similarly, scattering from the sting supporting the wing
corrupted the data in the center of the � ow� eld. Nevertheless, large
areas of the imaged region were available for velocity measure-
ments. A plot of the velocity along a line drawn through the cores is
also given for each image. The nearly linear region in these pro� les
is indicative of the vortex cores. The vortex angle of inclination,
a c, was found to be approximately 7 deg, and the sweep angle K c

was found to be 76.5 deg. Far from the cores, the PDV-measured
velocity approaches the empty-tunnelvalue.

A CFD solution using the Baldwin–Lomax closure model was
obtained by Rizzetta29 for a similar � ow� eld and is shown beneath
each of the PDV images. The overall � ow structure and the ranges
of velocity found in the � ow are in approximate agreement, but the
vortex-core diameters measured by PDV are only one-third to one-
half the value from the CFD solution.This may be due to insuf� cient
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Fig. 10 Average PDV measurements of the � ow over a delta wing at 114% root chord with comparison to the CFD simulation.29

grid resolution in the CFD solution or the choice of the turbulence
model. Note, � nally, that in both the PDV measurements and the
CFD solutionat 97%rootchord, the free-shearlayercanbeobserved
rolling up from the leading edge of the wing at about §15 cm.

Figure 11 shows average PDV images for the delta wing with
tails; these measurements were based on 89, 45, 82, and 48 images
for the respective locations of 86, 97, 103, and 114% root chord.
Flow visualizationsby Beutner et al.30 indicatedthat vortex bursting
occurred at approximately the midchord location on the wing and
oscillated by » 5% chord in the streamwise direction. Thus, the
measurement planes of the current experiment were downstreamof
the burst location. These images show a much more diffuse vortex
structure, consistent with the phenomenon of vortex bursting. No
comparison with CFD results is presented here because the CFD
solutionwas not able to predict theburst locationcorrectly.Note that
a rather strong positive region in the measured velocity component
exists on the inboard surface of the tails. This may indicate that the
vortex has moved slightly inboard for the tails-on case or may result
from the upstream � ow in the vortex core past the burst point.

Error Analysis
Five principal sources of bias error were identi� ed by an exami-

nation of Eq. (2); complete details of the analysis may be found in
Ref. 28. Dominant contributionsto the error include the uncertainty

in u and parameterscontributingto uncertaintyin f c and f r : the � lter
side-arm temperature, the baseline voltage of the gated integrators,
and the scaling factor applied to the frequency functions.

The bias error associated with these sources for the case of the
jet is given in Fig. 12a for the velocity range 100–280 m/s. The
absolute error is approximately constant over the range of veloc-
ities investigated. The reason for this is that the dominant error
terms are associated with the measurement of the laser set-point
frequency, which itself is constant. The source of this uncertainty
is due to the uncertainty in the factor used to scale the transmis-
sion of the frequency-monitoringsystem to unity. The bias error is
given for the case of the wind tunnel in Fig. 12b over the velocity
range ¡ 120– 40 m/s. At the negative velocities, all error terms con-
tribute comparably, but for positive velocities, the scaling error of
the camera frequency function f c is dominant.

The followingmechanismshavebeen identi� ed as sourcesof ran-
dom error in the measurement of the transmission: the radiometric
noise associated with the CCD cameras,10 digital truncation errors
associated with the gated integrators, laser speckle noise,14 , 18 and
a residual random error associated with frequency-monitoringsys-
tem. Figure 13 shows the random error in velocity arising from the
sources discussed for the jet and for the wind tunnel over a selected
velocity range. Laser speckle is the dominant source of this random
error.
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Fig. 11 Average PDV measurements of the � ow over a delta wing with
tails at four root-chord locations.

a)

b)

Fig. 12 Absolute bias error for a) jet and b) wind-tunnel experiments
over a selected velocity range.

a)

b)

Fig. 13 Absolute random error for a) jet and b) wind-tunnel experi-
ments over a selected velocity range.

Speckle noise is introducedwhen laser light is scatteredoff a sur-
face or from a cloud of particles; small differences in path length of
the scattered light cause three-dimensional interference patterns. If
the speckle pattern in these image pairs were perfectly correlated,
then the ratiostepwould remove the specklenoise.However, the sig-
nal and referencespecklepatternsdo not exhibitperfectcorrelation.
Part of the reason for this is imperfect mapping; that is, correspond-
ing pixels in the two images do not necessarilycorrespondto exactly
the same � ow regions (a problem that can be exacerbatedby facility
vibrations). Nonetheless,even with perfect mapping, minute differ-
ences in path length between the signal and reference images can
degrade the correlation in speckle patterns because they are three
dimensional.

Conclusions
The PDV technique has been described and demonstrated in

small- and large-scale facilities. The system developed for these
studies featureda laser-frequency-monitoring system that was capa-
ble of resolving the laser centerline frequency to better than 4 MHz
on each laser pulse. Mean measurements in the core of the Mach
1.36 jet were within 2.4% (6.4 m/s) of the values obtained by LDV,
and instantaneous velocity � uctuations were measurable to within
about 3% (9 m/s) of the core velocity; improvements in this value
would have been realized by using a faster lens aperture. In the
wind tunnel, mean empty-tunnel measurements were within 2 m/s
of the expected tunnel velocity, and instantaneousvelocity � uctua-
tions were within 4 m/s of the expected � uctuations. Remarkably,
the frequency shift associatedwith these velocities is much smaller
than the frequency width of the laser light. Mean measurements
of the � ow over a delta wing showed velocity ranges comparable
to those from a CFD simulation, but indicated that the vortex-core
diameters are somewhat smaller than predicted by the simulation.
Measurements of the same delta-wing model equipped with verti-
cal tails showed that the vortices become more diffuse, consistent
with the phenomena of vortex bursting. The wind-tunnel measure-
ments were performed in an environment that was challenging due
to the scale of the facility, vibrations,and optical-accesslimitations.
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Nonetheless, this study demonstrates the ef� cacy of PDV for wind-
tunnel testing.
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