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Two-Color Planar Doppler Velocimetry
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A novel two-color approachto planarDoppler velocimetry (PDV) is demonstrated in a supersonic � ow. The tech-
nique was implemented using a frequency-doubled Nd:YAG laser and a Nd:YAG-pumped dye laser (¸ = 618 nm)
for illumination and a color charge-coupled device (CCD) camera for detection. In testing two-color PDV, we
obtain good agreement between experimental and theoretical velocities (difference of » 11%) in a compressible
freejet � ow. The two-color approach enjoys an inherent advantage over single-color systems in that both the � l-
tered and reference � ow images are captured with a single camera. The need to split the scattering (and direct
to two cameras) is eliminated, and the � elds of view of the � ltered and reference images are naturally aligned.
Thus, the dif� culty of experimental setup, which is an impediment to the wide application of PDV, is signi� cantly
reduced. Furthermore, the needed equipment, at least for one velocity component, was essentially that employed
for particle-imaging velocimetry (PIV). However, as a tradeoff one must characterize the irradiance distributions
of the two laser sheets, as well as carefully overlap the two sheets within the probe region, and record the beam
energies for the two lasers on a shot-by-shot basis. Furthermore, as seed particle size increases beyond the Rayleigh
limit (where dRayleigh < 100 nm for visible wavelengths) the ratio of red and green scattering signals will depend on
particle size. Nonetheless, the ease with which the two-color PDV technique can be applied, and its complemen-
tary nature with equipment needed for PIV, makes it attractive. The strengths and weaknesses of our particular
approach are discussed, namely CCD color bleed effects, as are potential alternatives.

Introduction

T HE potentialvalue of a planar, instantaneous,nonintrusiveve-
locimetry technique has spurred signi� cant effort in applying

atomic/molecular vapor � lters to measure the Doppler shift con-
tained in scattered light. Shimizu et al.1,2 were the � rst to propose
the use of an atomic vapor � lter to eliminate aerosol scattering in
LIDAR thermometry. Later, Meyers and Komine,3 Komine et al.,4

Meyers,5 and Miles et al.6,7 demonstratedthe feasibilityof employ-
ing molecular iodine (I2) vapor � lters for � ow diagnostics. From
this work, two very similar � lter-based approaches have emerged
that enable the measurement of planar velocity � elds from parti-
cle scattering. The most signi� cant difference is that in one ap-
proach a single-mode, continuous-wave(cw) laser, for example, an
argon-ion laser, is employed to record the time-averaged � ow� eld
velocity; in the other approach, a pulsed, injection-seededlaser, for
example, a Q-switched Nd:YAG laser, is employed,enablingthe ac-
quisition of instantaneousvelocity images. Note that the respective
praticioners of these approaches have typically employed different
names: Doppler global velocimetry for the cw-laser-based (time-
averaged) approach vs planar Doppler velocimetry (PDV) for the
pulsed-laser-based(time-resolved) approach. In this paper we will
use simply PDV, as the fundamentals of both approaches are the
same.

The time-resolved PDV technique has been employed success-
fully to make instantaneous velocity measurements in a variety of
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high-speed� ows.Typically,thesemeasurementshave includedonly
a singlevelocitycomponent.8 ¡ 11 More recentlymultiple-component
measurements have been reported.12 ¡ 14 Although time-resolved
PDV has been developed primarily for its potential in supersonic
� ows,McKenziehas shownthat it is applicableto low-speed� owsas
well.15,16 Indeed,Beutner et al.,17 Mosedale et al.,18 and Mosedale19

have applied PDV in a large-scale subsonic wind tunnel to charac-
terizethe � ow overa simple deltawing,demonstratingthat accuracy
(for the frame-averagedmeasurements) within » 2 m/s is feasible.

Two approaches have been employed to obtain the � ltered and
reference images required in measuring the Doppler shift at each
point in the � ow� eld. In the split-image approach, the scattering is
split into two parts, with one being directed through the � lter. The
two scattering beams, � ltered and reference, are then recombined
onto the same charge-coupleddevice (CCD) array. Though conve-
nient in terms of equipment usage, this approach is characterized
by a tradeoff between speckle and image-overlap effects because
the overlap is mitigated with a small lens aperture.19 In the two-
camera approach, two detectors are located side by side, with the
atomic/molecular � lter placed before one of the detectors. In either
case, normalizing the � ltered image by the reference image, which
gives the Doppler shift when combined with the known absorp-
tion pro� le, requires an accurate alignment procedure. Although
subpixel accuracycan be achieved in aligning the � ltered and refer-
ence � elds of view, maintaining this alignment may be more dif� -
cult in large-scale test facilities and during long-duration tests; this
is true for both the two-camera and split-image approaches. In ad-
dition, in certain cases, placing an alignment target, for example, a
dot card, at the object plane may not be feasible or at least conve-
nient. One potential approach to simplifying the PDV technique is
to use two laser wavelengths and a color CCD camera, as one does
with the two-color particle imaging velocimetry (PIV) technique.20

The results of a study of the feasibility of two-color PDV are re-
ported here, including 1) validation of the two-color approach, 2)
identi� cation of some of the major challenges associated with the
technique, and 3) acquisition of velocity images in supersonic jet
� ows. Note that in our implementation of two-color PDV, we em-
ployeda working two-colorPIV system.Two colorsare used for the
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PIV so that directional ambiguity can be resolved and cross corre-
lations (rather than autocorrelations) can be employed to determine
the particle displacement. In this study we sought to answer the fol-
lowing question: through modest changes, principally addition of
the I2 cell before the camera, could one convert a PIV system to a
PDV system? Of course, one potentialproblem is that at any partic-
ular viewing angle, the scattering intensity can be a strong function
of wavelength as the particle size increases beyond the Rayleigh
limit. This issue, along with others, is discussed in detail hereafter.

Experimental Procedure
A schematic of the setup for the experiments is shown in Fig. 1.

Two supersonicfreejetswere employed in this study. In both, the air
issued vertically through a converging–diverging nozzle (12.7-mm
exit diameter) designed using the method of characteristics. The
design Mach number of the � rst nozzle was 1.5 and that of the
second was 1.36. For experimentswith the Mach 1.5 nozzle, water-
condensation particles were formed when moist ambient air was
entrained into the mixing layer surrounding the jet; these particles
were used as the scattering medium. Accordingly, the � ow was
imaged, and the velocity was derived, only at those points where
the local mixedness was suf� cient for condensation particles to be
formed. For experiments with the Mach 1.36 nozzle, ethanol was
injected into the stagnationchamber, and the resultingcondensation
particles served as the scattering medium. Both cases are less than
ideal in that the entire � eld; that is, jet � ow and surroundingambient
� uid, is not seeded, but this was not required to achieve the primary
objective: an assessment of the feasibility of two-color PDV. Note
that there have been several estimates of particle size associated
with condensation seed (see Ref. 12, for example); however, these
estimateshave typicallybeenbasedsolelyon theobservationthat the
scatteringcharacteristicsare consistentwith the Rayleigh scattering
regime.

The 100-mJ/pulse red beam from a Lumonics Hyper-Dye dye
laser (0.1 cm ¡ 1 linewidth, pumped by a Nd:YAG laser) and the
100-mJ/pulse green beam from an injection-seeded Nd:YAG laser
(Quanta-Ray GCR-150) were combined using a dielectric mirror
and formed into sheets using a negative cylindrical lens followed
by a positive spherical lens; for both, the polarization vector was
within the sheet. The sheets were carefully overlapped and focused
in the probe region; a simple two-lens telescopewas employedwith
the red beam to ensure that its focal position matched that of the
green beam. The camera axis was oriented at 29.5 deg above the
nozzle exit plane (60.5 deg from the jet axis) for the Mach 1.5 jet
and parallel to the nozzle exit plane (90 deg from the jet axis) for
the Mach 1.36 jet. Neglecting the small divergenceof the sheets, the
propagationdirection was perpendicularto the jet centerline for the
Mach1.5 jetexperimentsand10degoff the jetaxis for theMach1.36
experiments.The pulsedurationof each laser, » 10 ns, is suf� ciently
short to yield effectively instantaneousvelocitymeasurements.The

Fig. 1 Schematic of the con� guration for experiments with the Mach
1.5 jet.

timing of the two lasers was controlled with a Stanford Research
Systems digital delay generator, and the arrival of the laser pulses
in the probe volume was synchronized to within » 10 ns. Note that
although two Nd:YAG lasers were employed (again, the lasers and
opticswere con� gured for PIV), two are not required:one injection-
seeded Nd:YAG could be used to provide the resonant green beam
and to pump a dye laser.

A Kodak DCS 460 color CCD camera, having 3060 £ 2036 pix-
els (each 9 l m square), had been used for the PIV measurements
and was thus used here. This camera is intended for photographic
rather than scienti� c applications;the CCD is housed in a Nikon N3
camera bodyand includesthe standardmechanicalshutter(with use-
able laser-synchronizedshuttering times as small as » 12 ms). The
camera was � tted with a Micro-Nikkor 105-mm /2.8 lens that was
operated at maximum aperture to mitigate speckle. Speckle noise
is introduced when coherent electromagnetic radiation is scattered
from a surface or ensemble of particles; small differences in path
length (from scatterers to the detector) result in the formation of
a three-dimensional interference pattern. Smith21 and McKenzie16

have shown that speckle noise is proportional to the lens -number
and inversely proportional to the average dimension of the detector
resolution element. Thus, small pixels are not ideal where speckle
noise is concerned; however, the large number of pixels of each
color allows speckle to be mitigated through pixel binning, which
effectively increases the average resolution element dimension.

Although the Kodak DCS 460 detector offers 12-bits/color,
the device driver employed to acquire images into the Adobe
PhotoshopTM software package was only an 8-bit driver; a 12-bit
driver is currently available, but detector read noise may limit the
dynamic range. The color mask employed by the camera includes
alternatingrows of red–greenand green–blue� lters; thus,greenpix-
els account for one-half of the total, whereas the red pixels account
for one-quarter of the total pixels. Note that the green � lter trans-
mits red light, and, thus, color bleed must be characterizedto obtain
accurate velocity measurements. On the other hand, the red � lter
does not transmit a signi� cant portion of the green light, according
to Kodak’s speci� cations.

To track and control the laser frequency,we implementeda wave-
length reference system, or wave meter, consistingof a reference I2

cell, fast photodiodes, and Stanford Research Systems gated inte-
grators and computer interface.18,19 This wave meter also included
a station (complete with a third photodiode and gated integrator)
for the camera I2 cell, to permit simultaneous calibration with the
reference I2 cell. With the wave meter, we monitored the laser for
drift of its set-point frequencybut did not record the frequencywith
each velocity image. The shot-to-shot frequency variations, about
§10 MHz, are small, however, relative to the Doppler shift. The
7.6-cm-diam, 20-cm-long Pyrex cell body was wrapped with heat
tape and maintained at 378 K (Ref. 19). The I2 partial pressure
was controlledby circulating water (from a temperature-controlled
bath) through a jacket surrounding an I2 reservoir with temperature
set at 313 K. Also, for the purpose of broadening the transition,
20 Torr partial pressure of N2 was added to the cell.18 Note that we
employed slightly different cell conditions for measurements in the
Mach 1.5 jet.

Results and Discussion
To determine velocity the measured transmission must be con-

verted to the Doppler frequency shift D m using the I2-� lter
frequency-transmission relationship. The scatterer’s velocity vec-
tor V is related to D m by

D m = m s ¡ m 0 = ( m 0 / c)(ks ¡ k0) ¢ V (1)

Here, ks and k0 are the respective observed (scattered) and incident
unit light-wave propagation vectors, c is the speed of light, and m s

and m 0 are the respective frequencies of the scattered and incident
(laser) radiation. By the use of this relationship, the velocity of a
particle can be found if the Doppler shift of the scattering can be
determined. This is accomplishedby measuring the transmissionof
the frequency-doubledNd:YAG scattering through the I2 � lter and
comparing this to the independentlymeasured absorption pro� le.
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Relative to past PDV systems, the two-color approach employed
here is simply an alternativemeans of determining the transmission
through the � lter. The camera records green and red particle scatter-
ing images through the I2 � lter. The green scattering is attenuated
by an amount that is dependent on the Doppler shift present in the
scattering. The red scattering is attenuated as it passes through the
� lter, but the attenuation is not frequency dependent (primarily re-
� ective losses). Determining the transmission of the green light at
each pixel in the image requires a measurement of the un� ltered
green scattering � eld. By acquiring images with the � lter in place,
the relationshipbetween recordedgreenand red countsat each point
in the array can be established. With this relationship, the desired
green transmission, Igrn / Igrn,0 , is given by

Igrn

Igrn,0
=

Igrn

(Igrn,0 / Ired) Ired
=

Igrn

( Igrn,0 / Ired,0)( Ired,0 / Ired) Ired

(2)

where Igrn and Ired are the respective green and red intensities
recorded through the � lter and Igrn,0 and Ired,0 are the respective
green and red intensities that would have been recorded without
the � lter. The ratio [Igrn,0 / Ired,0] was determined in situ from � ow
images acquired without the � lter in place, while [Ired,0 / Ired] was
determined by simply measuring the transmission of the red beam
through the � lter. In this way, instantaneous � lter-transmission ra-
tios for the green scattering can be acquiredwithout image splitting
and subsequent recombining. This is the de� ning characteristic of
the two-color approach to molecular-� lter velocimetry. Of course,
establishing the correct relationship between red and green pixels
requires,at the very least, shot-to-shotenergy measurements for red

Fig.2 Schematicof the I2-� lter absorptionpro� le; frequency set points
labeled A–D correspond to images in Fig. 3.

Fig. 3 Instantaneous (uncorrelated) color PDV images from a Mach-1.5 freejet; each image (3a–3d) corresponds to a laser-frequency set point shown
in Fig. 2, A–D; � ow is from left to right.

and green beams. However, the variations of the shot-to-shot ener-
gies were relatively small, §0.8% for the green beam and §3.5%
for the red (dye laser) beam; thus, no attempt was made to correct
the derivedvelocity images for this variation,and, indeed,no mech-
anism to do this was readily available. It will be seen later, however,
how this variation can lead to noise in the velocity image. Likewise,
variation in the irradiancedistributionof the dye laser sheet can also
lead to measurement error.

In our experiment, the seed particles are generated from conden-
sation of water or ethanol and are suf� ciently small to be described
as Rayleigh scatterers. However, a general limitation of using two
colors is that Igrn / Ired will be sensitive to particle size as the particle
size increases beyond the Rayleigh limit22 ¡ 24; indeed, particle siz-
ing can be accomplishedthrough the characterizationof the Igrn / Ired

function vs viewing angle (see Ref. 22, pp. 396–401). To study this
problem,we solved the Mie scatteringequationswithin the software
package MathcadTM . From Mie theory, which describes scattering
from spherical, homogeneousdielectric particles, one � nds that the
scattering intensity can be increasingly sensitive to the particle di-
ameter d (as well as viewing angle) as the nondimensionalparticle
size p d / k approaches unity. That is, the polar scattering intensity
distribution will have lobes, the number of which will scale with
p d / k . In the neighborhood of these lobes, the ratio of maximum
to minimum scattering intensity can be very large (a variation of
an order of magnitude or more is possible). Thus, Igrn/Ired will be
sensitive to d because either Igrn or Ired may be near a minimum, de-
pendingon d. As a practicalguide for minimal sensitivityof Igrn/Ired

to particle size, the particle diameter should not exceed » 100 nm
for a moderate refractive index, for example,n ·1.5 (because a fur-
ther constraint for Rayleigh scattering is that n p d / k also be small).
Of course, the collection of seed particles may deviate signi� cantly
from a monodispersedistribution of spherical, homogeneous parti-
cles, and, thus, the exact dependenceof scattering intensityon view-
ing angle and mean particle size may be dif� cult to predict a priori.
(The scattering may not be described by Mie theory.) Nonetheless,
caution shouldbe exercisedin applyingthe two-colorapproachwith
seedparticlesthat cannotbe approximatedas Rayleighscatterersbe-
cause Igrn / Ired will be sensitiveto the mean particlesize: variationin
the mean particle size in time and/or space can translate into errors
in the velocity determination.

To assess the ef� cacy of the two-color approach with Rayleigh
scatterers, we employed the Mach 1.5 jet and recorded scattering
images at various laser frequencies (denoted A–D in Fig. 2) near
the isolated I2 transition at m 0 = 18,789.3 cm ¡ 1 . The corresponding
scattering images, shown in Figs. 3a–3d, have been cropped from
the full array to about 650 £ 1100 pixels. The � ow direction is from
right to left, and the illuminated portion of the jet extends from x =
120 to 155 mm (x / D = 9.45–12.25).

In Fig. 3a (set point A in Fig. 2), scattering from the higher velo-
city regions of the jet is Doppler shifted into the absorption well
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of the I2 � lter. As a result, most of the green scattering from the
central region of the jet is absorbed by the � lter, giving the image a
predominantlyred appearance.In the outer portionsof the jet where
the � ow velocityis lowerdue to mixingwith entrainedambient� uid,
the Doppler shift is less severe. Signi� cant green signal is present
at these locations, and the green and red scattering combine to pro-
duce a yellow scattering image. For the laser frequency employed
for Fig. 3b (set pointB, Fig. 2), essentiallyall Doppler-shiftedgreen
scattering is absorbed by the � lter, with only red scattering remain-
ing. For the laser frequency of Fig. 3c (set point C, Fig. 2), the
transmission increases with � ow velocity. Accordingly, the central
portions of the jet become more yellow and the outer portions pre-
dominantly red. For Fig. 3d (set point D, Fig. 2), the laser frequency
and scatteringare outside the absorptionwell, and the entire imaged
region appears yellow. These images demonstrate the feasibility of
the two-color approach for molecular-� lter velocimetry and were
used to choose the laser frequency for quantitative measurements.
Furthermore, these images highlight a novel aspect of two-color
PDV: the combination of colors gives the experimenter immediate
feedback on the distribution of velocities in the � ow� eld.

The compositionof a single instantaneousvelocitymeasurement
is presented in Fig. 4. The original � ltered image is presented as
Fig. 4a, and the extracted red and green images are presented in
Figs. 4b and 4c, respectively. The instantaneous velocity image is
presented in Fig. 4d, along with the corresponding gray scale re-
lating intensity to velocity; note that in processing the images, we
eliminated from consideration those pixels with red signal below
a threshold value, thereby discriminating against poorly seeded re-
gions. Furthermore, in determining the velocity, it was assumed that
the Doppler shift was due to streamwise velocity only, that is, no
circumferential velocity components were present in the jet. Be-
cause the jet is highly turbulent, this assumption is marginal for the
instantaneous image, although the streamwise velocity would be
much larger than the cross-stream components, but reasonable for
the averagevelocity� eld.The streamwise jet velocityobtainedfrom
isentropic theory is 433 m/s, resulting from stagnationpressure and
temperature of 372 kPa and 295 K, respectively; this corresponds
favorably to the velocitymagnitudes in Fig. 4d. As noted earlier, the
color distribution is a good qualitative indicator of the distribution
of velocities; this is evident in comparing the raw acquisitionimage
Fig. 4a to the processed velocity image Fig. 4d.

Kodak employs a proprietary interpolation scheme to generate
full, three-colorimages from the interlacedarray,which is a concern
in considering this camera for use in two-color PDV. An algorithm
developed for the purpose of processing PIV data was employed
to separate the Kodak composite image into its true-red and true-
green component images. The single-color illumination data were
processed with this algorithm before examining the data for bleed
effects.By passingeither the red or the green beam througha diffus-
ing optic onto a screenand acquiring images with the color detector,
the performanceof the detector with respect to color bleed (red sig-
nal onto interpolatedgreenchannelor green signalonto interpolated

Fig. 4 Composition of a two-color PDV image: a) two-color image, b) extracted red image, c) extracted green image, and d) resulting gray scale
velocity image (with velocity scale shown on the right).

red channel) could be investigated. Absorptive neutral-density � l-
ters were inserted in the beam path, permitting variable attenuation
of the incident beam.

The effect of bleed is illustratedin Fig. 5, where the average ratio
of greento red signalcountswith red-only(k =618nm) illumination
of a diffuse surface is shown. As indicated in Fig. 5, the resulting
green readings are » 36% of the correspondingred values over the
range of red intensities incident on the array. Note that signal levels
less than » 10 counts are signi� cantly in� uenced by the background
light. Also shown in Fig. 5 is the ratio Igrn / Ired after accounting
for the bleed (shown with the triangles); that is, 35.8% of the red
readingwas subtractedfrom the green readingat the same pixel.The
resultingcorrectedgreenreadingsare close to but slightlyabovezero
because the correction resulted in negative green levels, and these
were entered into the data array as zeros,biasing the averageto � nite
positive levels. Note that this problem would not be encountered in
practice given the use of two-color illumination. Surprisingly, with
green-only illumination, the signal levels of the red pixels were
about 9.6% of those of the correspondinggreen pixels. The higher-
than-expectedgreen-to-redbleed probably re� ects the performance
of our algorithm in extracting true colors rather than an error in
Kodak’s � lter speci� cations.

The spatial variation in the irradiance pro� les of the green and
red beams was also investigated. As might be expected, the dye
laser’s irradiance pro� le exhibited somewhat more temporal vari-
ation than that of the Nd:YAG laser. Of course, this is important
because the technique depends on a known (preferably constant)
ratio of the green and red irradiancepro� les. While a dye laser was
readily available for this experiment, it may not be the best choice
for the nonresonant illumination, insofar as its spatial irradiance

Fig. 5 Ratio of green and red pixel readings as a function of red (only)
illumination before ( ) and after (n ) bleed correction.
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pro� le is subject to greater variation than that of a solid-state laser.
However, dye lasers, especially of the broadband design, are easily
set up, and the increase in spectral bandwidth ( » 150 cm ¡ 1 with Ex-
citon Rhodamine 640) would ameliorate specklenoise. Along these
lines, one might also use a so-called modeless dye laser, which
employs ampli� ed spontaneous emission (ASE) rather than stimu-
lated emission; again, the goal would be specklemitigation through
minimization of the coherence length. Finally, we note that exper-
iments utilizing the red beam from a Nd:YAG-pumped N2-Raman
cell ( k = 607 nm) were also attempted; here, variations in the shot-
to-shot beam energy and irradiance distribution exiting the Raman
cell were large, and no further efforts were made to implement the
Nd:YAG-pumped Raman cell in the two-color experiments.

Although the DCS 460 camera was suitable for demonstrating
the feasibility of the two-color technique, a CCD that minimizes
bleed effects while also exhibiting a good detection limit would
improve the performance of the two-color approach. These two
conditions may be more easily met with the three-chip-type (one-
chip/color) cameras; here, however, the image-splittingoptics may
be polarization sensitive (i.e., the splitting ratio depends on input
polarization) and/or impose -number limitations. Alternatively, in
lower-speed� ows, one might employan interline-transfercamera to
obtaintwo images, � lteredand reference,on the sameCCD chip.For
example, with the Princeton InstrumentsMicroMax camera (model
1300YHS-DIF), which can also be used for PIV, one can obtain
consecutiveexposures (by shifting the charge in each row to an ad-
jacent charge-storagerow) with time separationsas small as 200 ns.
A microlens array employed by this CCD camera improves the
� ll factor, to » 60%, but also limits somewhat the -number (both
of which affect the speckle noise). Nonetheless, with an interline-
transfer camera, the wavelength of the reference laser could be any
value detectableby the CCD chip; indeed a second injection-seeded
laser, with wavelength tuned outside the I2 absorption line, could
be used. Of course, using two injection-seeded Nd:YAG lasers, or
deriving two single-modepulsesof differentcavity order (separated
by » 500 MHz in frequency and 200 ns in time, for example) from
a single laser, would effectively eliminate Mie-scattering particle-
size concerns. In the latter case, sheet overlap errors would also be
eliminated, although velocity errors could still arise from the � nite
time separation between � ltered and reference images.

Quantitative instantaneous and average velocity images (based
on 20 samples) incorporatingthe intensity-correctionprocedureare
presented in Fig. 6. Here, the viewing angle was normal to the
plane of the illuminating sheet. The illuminating sheet contained
the centerline of the jet (� ow propagation axis), and the direction
of propagation of the laser light was 10 deg with respect to the
jet centerline. This geometry results in the following vector val-

Fig. 6 Two-color PDV results for the velocity in a perfectly expanded
Mach 1.36 freejet; left- and right-hand images show one of the instan-
taneous and the frame-averaged velocities, respectively; derived mean
velocity within the jet core is 446 m/s.

Fig. 7 Two-color PDV results for the velocity in an underexpanded
Mach1.36freejet; left- andright-handimagesshowoneof instantaneous
and the frame-averaged velocities, respectively; derived mean velocity
within the jet core is 500 m/s.

ues: direction of collection equals i and laser propagation direction
equals 0.174 j ¡ 0.985k. The � ow direction is from bottom to top,
and the streamwise extent of the images is from x =32 to 117 mm
(x / D =2.5 to 9.25). The stagnation conditions, pressure and tem-
perature of 283 kPa and 295 K, respectively, for the perfectly ex-
panded jet correspondto a theoreticalaxial exit velocityof 403 m/s.
The derived average velocity within the jet core (near the jet exit) is
446 m/s, after accountingfor the angle ks ¡ k0, and this representsa
deviation of 10.7% from the theoretical value. To avoid any bias in
the calculation of the average image, only those pixels with signal
levels above a threshold value and below the saturation value were
included in the calculation of the average image; this required that
we track the number of valid frames for each pixel. Pockets of high-
velocity gas near the bottom of the average image suggest that the
jet was actually slightly underexpanded, which would give rise to
a somewhat higher velocity than the theoretical value. The results
for a strongly underexpanded jet (stagnation pressure of 387 kPa)
with the same nozzle are presented in Fig. 7. The resulting shock
cell structure is clearly evident in the velocity images. The average
within the core (near the jet exit) is 500 m/s, a largervelocityrelative
to the perfectly expanded case, as expected.

In the core of the perfectly expandedjet, where the turbulencein-
tensity is expectedto be low, the rms of the velocitieswas foundto be
§7% of the mean value (without image smoothing). Of course, this
level of � uctuation is higher than would be expected for the core re-
gion; indeed laser Doppler velocimetry measurements showed that
within the core of the jet (near the jet exit), time-dependent velo-
city � uctuations are no more than about §1% of the mean. Instead,
the PDV-derived value of 7% represents an instrumental precision
that is a combination of speckle noise and normalization error, the
latterapparentlycausedby shot-to-shotbeam energyvariations(rel-
ative to the mean calibrationmeasurement). The normalizationerror
is evident from the seeding nonuniformity in the scattering image
propagating to the velocity image (see the vertical streaks in the in-
stantaneousvelocity image of Fig. 6), rather than being removed by
ratioing the green and red images. Ideally, we would have recorded
red and greenbeamenergieswith each image.With this information,
we could have removed this source of noise, presumably reaching
the 2–3% noise level with the addition of image smoothing. Of
course, even with ideal normalization (limited only by shot noise)
reaching the 1% noise level is made dif� cult by speckle.

Finally, note that during postprocessingno allowance was made
for any variation in frequency across the beam pro� le. Some
researchers, notably Forkey,25 Forkey et al.,26 and Clancy and
Samimy13 have reporteda signi� cant variationacross the beam pro-
� le; for example,Ref. 25 reports a 100-MHz variation.Although no
attempt was made here to characterize the variation for this laser,
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only the central portion of the beam was employed, as suggestedby
Clancy and Samimy.13

Conclusions
A novel approach to PDV predicated on two-color illumination

and color detection has been demonstrated in a supersonic � ow. In
applying this technique to a compressible freejet, we obtained good
agreement (a difference of » 11%) between the experimental and
theoretical velocities, thus validating the two-color concept. The
two-color approach enjoys the advantageover single-colorsystems
in that both � ltered and reference � ow images are captured with a
single camera, eliminating the need to split the scattering.Concerns
over accurate matching of � ltered and reference � elds of view, or
maintaining this alignment, are obviated. This makes implementa-
tion of PDV only slightly more complicated than implementation
of PIV, and, in fact, the same lasers and digital cameras (i.e., color
or interline-transfer CCDs) can in principle be used for both ve-
locimetry techniques.However, as a tradeoff,one must characterize
the irradiance distributionsof the two laser sheets, which can read-
ily be done in situ, and record the energies for the two laser beams
on a shot-to-shot basis. Also, for particles beyond the Rayleigh
limit, dRayleigh < 100 nm for visible wavelengths and a moderate
scatterer refractive index, the scattering intensity, and, thus, the ra-
tio of the intensities of the two colors, will depend on the particle
size. Nonetheless, with the ethanol/water condensation seed em-
ployed in this study (with particles satisfying the Rayleigh crite-
rion), this approach was effective. Improvements would be realized
by using a nonresonant laser with a more stable irradiance pro� le
than obtainablewith the dye laser. In addition, the technique would
be improved with a digital camera with minimal color bleed and
an improved detection limit. Other approaches and variations on
our approach should be investigated with the goal of reducing the
complexity of PDV and, thus, making the technique more useable.
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