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High-speed � ows encountered in most applications typically have very high Reynolds numbers and are often
highly turbulent. Even in a laboratory-scale high subsonic or supersonic (high-speed) � ow, velocities could vary
over 3 orders of magnitude, and the turbulence spatial and temporal scales could span over 4–5 orders of magni-
tude. Exploring detailed physics of such � ows presents major challenges to both experimental and computational
researchers. An ultimate velocimetry technique would provide detailed, accurate, volumetric, real-time velocity
data in such � ows. With that being the goal, currently there are two planar velocimetry techniques that are de-
veloping rapidly into very useful tools with the potential of providing accurate velocity information in high-speed
� ows. The techniques are planar Doppler velocimetry (PDV) and particle imaging velocimetry (PIV). Whereas
PDV has been under development for a relatively short period of time and is becoming a powerful technique, more
accurate in high-speed � ows, PIV is an established technique in low-speed � ows and is now breaking ground in
high-speed � ows. The purpose of this review is to provide detailed background on these two techniques, to discuss
the strengths and constraints of each technique, and to outline the areas in need of further improvement and
development. The aims are to assist the novice users in their proper usage and to help those who are in the process
of deciding which technique is more appropriate in their speci� c applications.

Nomenclatures
D = jet diameter
fmon = laser frequency monitoring
I / I0 = � lter transmission coef� cient
o = unit vector in the laser light propagation direction
PI2 = iodine partial pressure in the � lter cell
PN2 = nitrogen partial pressure in the � lter cell
s1, s2 , s3 = unit vectors toward the detectors/observers 1, 2,

and 3
Tcell = � lter cell temperature
TI2 = � lter side arm temperature
V = velocity vector
Vc = jet centerline velocity
Vx , Vy , Vz = velocities in the x , y, and z directions
a , b , c = angles that unit vectors s1, s2 , and s3 make with

the x coordinate (Fig. 9)
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D fd = Doppler shift
m 0 = laser light frequency

Introduction

T O understandthe dynamics of turbulent � ows, one has to solve
the Navier–Stokes (N–S) equationsnumericallyor measure the

� ow properties experimentally. At the present time, even with the
most powerful supercomputers and parallel processing machines,
direct numerical simulation of the N–S equations is still limited
to simple � ows with very low Reynolds numbers. The ratio of the
largest spatial or temporal scale to the smallest scale in a turbulent
� ow is proportional to Reynolds number to 3

4 power ( d max / d min =
s max / s min =Re3/ 4) (Ref. 1). If one takes a laboratory-scale un-
bounded� ow such as a jet with a diameter of 25 mm (which is about
100 times smaller than the size of an actual jet engine nozzle), the
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Reynolds number is approximately 106 , and the large-scale turbu-
lence structuresdownstreamof the jet core would be around 25 mm
in size. The spatial resolution of the measurements must be better
than d max /Re3/ 4 =0.0008 mm =0.8 l m to resolve all of the scales.
The minimum number of grid points required for a direct numeri-
cal simulation of such a � ow is Re9/ 4 » 3 £ 1013, and the minimum
total number of points to resolve the timescale is Re3 =1018. It is
obvious that both the experimental and computational researchers
have major challenges ahead of them. The only silver lining for ex-
perimentalists is that a tremendous amount of information could be
obtained in a high-speed � ow without resolving all of the scales.
Obviously, the information in the measured data would be limited
to the resolved scales. On the other hand, one has to resolve all of
the scales in a direct numerical simulation to get accurate informa-
tion. This is the major difference between experimental and direct
numerical simulation work.

The focus of this review paper will be on optical techniques for
velocity measurements. There are two conceptual optical methods
that one can use to measure � ow velocity.The � rst concept requires
measuring the shift in the frequency of the illuminating laser light
that is either scattered by the molecules in the � ow2 or the arti� -
cially seededparticles in the � ow.3 Some researchershave also used
the Doppler shift of laser-induced � uorescing molecules for veloc-
ity measurement.4 The idea of measuring the Doppler shift due to
the motion of particles in the � ow was originated by Cummins et
al.5 and Yeh and Cummins,6 after the advent of narrow linewidth
lasers. The widely used laser Doppler velocimetry (LDV), which is
a point measurement technique, is based on this concept.3 A new
class of velocimetry technique based on a molecular � lter, which
was originated by Komine et al.7 and Meyers and Komine,8 has
been developed within the past several years that can measure the
Doppler shift of scattering particles on an illuminated plane.7 – 33

This technique is called the planar Doppler velocimetry (PDV),9 – 23

or Doppler global velocimetry (DGV).7,8,24 ¡ 33

The second concept is based on measuring the transit time be-
tween two points of either tagged molecules in the � ow34 – 36 or
arti� cially seeded particles in the � ow.37 The widely used parti-
cle imaging velocimetry (PIV) and its many variations are based
on this concept.37 , 38 A third planar technique, called scalar imag-
ing velocimetry, which has been developed recently, � rst measures
the conserved scalar � eld, then backs out the velocity component
� eld along the local scalar gradient vector.39, 40 This technique is
currently limited to � ows with large Schmidt number and low
Reynolds number.

As was discussed, high-speed � ows, where the � ows most often
possesshigh Reynoldsnumbers, contain a very wide range of turbu-
lencevelocity, timescales,and length scales.Therefore, they require
techniques with a large dynamic range both in velocity and space.
For seeded-particle-based techniques,this means that one has to uti-
lize very small and densely seeded particles.LDV, which has a large
dynamic rangein velocityand goodpointwisespatial resolution,has
been used successfully in such � ows and has provided a wealth of
turbulence data.41– 46 Unfortunately, LDV is a point measurement
technique, which means that it requires an enormous amount of
time to map out a � ow� eld and that it provides only mean velocity
and turbulence statistical information.

In recent years, some work has also been carried out on line-
writing using oxygen molecules.35 These techniques are based on
the transit time of tagged molecules and have two main advantages
over LDV: 1) They are line measurement, rather than point mea-
surement techniques. 2) They are based on molecules, rather than
particles, thus they are free of problems such as particle � delity and
frequency response.

Over the past several years, more applications of planar two-
component measurements in the illuminated plane PIV47 – 50 and
stereoscopic, three-componentPIV51 techniqueshave been used in
high-speed� ows. For correlation-basedprocessing,high concentra-
tions of small seed particles are required. Best results are obtained
when the individual particle images are resolved,which can depend
on the optical recording system resolution as much as on the phys-
ical size of the seed particles used. Submicron-sized seed particles
are regularly employed in high-speed � ows. The inherent spatial
averagingresulting from correlationprocessingof small subregions

across the recordedparticle image frames limits the spatial dynamic
range of the PIV technique. However, through proper optimization
of the optical recordingsystem,seed particlesize and concentration,
and data processing, PIV can yield accurate and reasonable spatial
resolution measurements of high-speed � ows.

In this review paper, details of PDV technique will be discussed
� rst. It will be followed by the presentation of the PIV technique.
Because PIV is an established technique that has been reviewed
extensively in the literature, the focus will be on most recent ad-
vances pertinent to multiple-component and high-speed applica-
tions. Throughout the paper, PDV and PIV will be compared and
contrasted to provide the reader an in-depth understanding of their
capabilities, constraints, and advantages and disadvantagesin vari-
ous applications.

PDV
First, a comment on the name planar Doppler velocimetry is in

order. The technique to be detailed herein is a planar technique that
measures the Doppler shift in the scatteredlaser light, by particlesin
the � ow, and thus the � ow velocity.Therefore, the name PDV seems
to be appropriate.Initially,however, Komine et al.7 and Meyers and
Komine8 called it DGV. In earlier work from the laboratory of the
� rst authorof this review,9– 11 the techniquewas called � lteredplanar
velocimetry. Smith et al.15 called it absorption � lter planar Doppler
velocimetry.McKenzie13, 14 was � rst to call it PDV. Currently, both
PDV13– 23 and DGV24 – 33 are used for the technique.Thus, variations
of fundamentally the same technique are used by different research
groups, and it is called either PDV or DGV. This, to some degree,
is similar to calling LDV laser Doppler anemometry (LDA) or laser
velocimetry (LV) by different research groups.

Doppler Shift
The accurate measurement of the Doppler shift is at the heart

of the PDV technique. Yeh and Cummins6 and Cummins et al.5

originatedthe idea of using the Doppler shift in the frequencyof the
light scattered by particles or molecules in the � ow to measure the
� ow velocity. The Doppler shift equation is given by

D fd = [(s ¡ o) / k ] ¢ V (1)

where s is the unit vector toward the observer/detector, o is the unit
vector in the propagationdirection of the laser light, V is the veloc-
ity vector of the light-scattering� uid element/particle, and k is the
wavelengthof the laser light (refer to Fig. 1). The measured velocity
component is in the shown (s– o) direction, which can be oriented
to a direction that an application might prefer.16, 20 Obviously, the
maximumDoppler shift will be realizedif s, o, and V are all aligned,
and s and o are in the opposite directions. This maximum Doppler
shift is 2 j V j / k . For a visible range laser operating at a wavelength
of 532 nm, which is the second harmonic of Nd:YAG laser that
is typically used with PDV, and for a supersonic � ow velocity of
500 m/s, the maximum Doppler shift is only about 1.9 GHz. This
Doppler shift is negligible in comparison with the visible laser light
frequency of approximately 5.6 £ 105 GHz. Therefore, the direct
measurement of the frequency change in the laser light due to the
Doppler shift presents a challenge. In the developmentstages of the

Fig. 1 Schematic of laser light-scattering by particles and the associ-
ated vectors for the Doppler shift calculation.
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Fig. 2 Schematic of a one-camera-based single-component PDV system.

LDV technique, various con� gurations were used to utilize the op-
tical beating or heterodyningof the scattered light with the original
reference light to extract the Doppler shift.3 The current con� gura-
tion for LDV is the dual-beam con� guration, which forms a set of
either stationary or moving fringes in the measurement volume. In
this con� guration, however, the velocity of the scattering particles
can be obtained without resorting to the Doppler shift, by knowing
the distance between two fringes and the measurement of the time
that takes for a particle to travel this distance. This is the reason for
some researchers to drop the term Doppler from LDV or LDA and
to call it simply LV or laser anemometry.

Unfortunately, extending the techniques that have been used so
successfully to measure the Doppler shift in LDV to extract the
velocity of the light-scattering particles in the � ow and, thus, the
velocity of the � ow from its point measurement status to planar
measurement is not feasible. Therefore, DGV or PDV, which is
a new class of velocity measurement technique that measures the
Doppler shift using a molecular � lter, was originally proposed by
Komine et al.7 and Meyer and Komine8 and has been developed
over the past several years. First, an overviewof the PDV technique
will be provided, then its main components will be discussed.

Overview of PDV
Figure 2 represents a typical simple PDV system in which the

laser light shown in Fig. 1 is formed into a sheet and a nonpolariz-
ing beam splitter is used to split the scattered light into two beams.
Then both beams are focusedonto a singlecamera, after passingone
of the beams througha molecular � lter. The idea of putting both the
� ltered and un� ltered signal in a single detector, thus reducing the
number of detectors by half, is a recent welcome development in
the PDV technique.13 – 19 In this setup, when the intensity of the � l-
tered light is normalizedwith the intensityof the un� ltered light, the
Doppler shift in the scatter light, or the component of � ow velocity
at (s– o) direction with a magnitude of j (s– o) ¢ V j / k , is obtained by
knowing the transmissionfunctionof the molecular � lter. Normaliz-
ing the � ltered signalby the un� ltered signalremoves the effectsdue
to particle size distribution, particle number density distributions,
optical effects, etc.

Figure3 shows a schematicof a molecular � lter pro� le thatmakes
this measurement possible. The laser frequency is tuned so that its

Fig. 3 Schematic of a molecular � lter pro� le used with the PDV tech-
nique to measure the Doppler shift.

frequency is, in general, in the midpoint of the transition edge in
between the maximum absorption and maximum transmission of
the � lter. With this arrangement, the molecular � lter transmission is
directly related to the Doppler shift or the � ow velocity component
in the (s–o) direction.With the Lorentzor pressurebroadeningtech-
nique, the slope of the transitionaledges of the � lter can be tailored
to the dynamic range of expected velocity in the � ow.9 ¡ 12,17 ¡ 19 Ob-
viously, to measure all three components of velocity, one must have
a setup with three detectors that observe the scattering from three
differentdirections.Again, this is similar to anLDV systemin which
a pair of laser beams and a detector are used for each component
of the velocity vector. Issues associated with different components
will be discussed, starting with the molecular � lter.

Molecular Absorption Filter
In the PDV measurements, one is interested in measuring the

Doppler shift of light scattered by the particles/molecules in the
� ow on the intersection plane of a laser sheet and the � ow� eld of
interest.Molecular� lters that possessfeatureswith a sharpedgeand
a smooth transition between their minimum and maximum trans-
missionare very attractivefor Doppler shiftmeasurements.Shimizu
et al.52, 53 were the � rst to discuss the use of an atomic or a molecu-
lar � lter for frequencydiscriminationin atmosphericmeasurements
using light detectionand ranging technique. In fact, Shimizu et al.52
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Fig. 4 Theoretical iodine absorption band around 18,788.45-cm¡ 1 line used in the PDV technique.

Fig. 5 Two theoretical iodine absorption lines in the vicinity of the second harmonic of the Nd:YAG (532-nm) line.

used an iodine molecular � lter to remove the narrow linewidth scat-
tering from aerosol to recover the Rayleigh scattering signal, which
hasa temperature-dependent lineshape,fromairmolecules.Komine
et al.7 and Meyer and Komine8 used an iodine molecular � lter for
velocitymeasurementin theDGV technique.Around the same time,
Miles and Lempert54 and Miles et al.55, 56 used an I2 molecular � lter
with Rayleigh scattering to demonstrate the feasibilityof measuring
mean velocity, density, and temperature in high-speed � ows. This
was followed by some more work on the further understanding of
iodine � lter characteristics,57 , 58 the development of other molec-
ular or atomic � lters,59 – 62 the use of molecular � lters with either
Rayleigh or Mie scattering for background suppression in high-
speed � ow visualizations,63 – 65 and the simultaneous, single-point
measurements of velocity, density, and temperature in high-speed
� ows.66 , 67

The most widely used molecular � lter to date is the I2 � lter. This
� lter has several attractive characteristics. It has strong absorption
features in the visible range, especiallyaround the second harmonic
(532 nm) of the widely availableand used Nd:YAG laser. Several of
these featureshave strongabsorptionfollowedby a nearly full trans-
mission, with a sharp smoothly and monotonically varying edge in
between,over a frequencyrange of 1 GHz. This is ideal for � uid dy-
namics measurements.Forkey68 has discussed these issues in detail

and has provideda computationalmodelandanaccompanyingcom-
puter code to calculatethe absorptionpro� les of iodine in the visible
light range, to identify the spectrally isolated lines, and to determine
their sensitivityanddependenceon the � lter cell vaporpressure.Fig-
ure 4 shows the predicted absorption pro� les using Forkey’s code
around 532 nm and within the tuning range of a typical Nd:YAG
laser for a � lter cell of 10 cm length L , the cell temperature Tcell of
85±C, and the iodine partial pressure in the cell, PI2 , of 0.46 torr. To
calculate the iodine absorptionpro� les, Forkey used only the transi-
tions from X to B , but ignoredthe backgroundabsorptiondue to the
X (1 R +

g ) to 1 P 1u transitions.Therefore, his model correctlypredicts
the location, shape, and strength of the discrete absorption features,
but overpredicts the maximum transmission and underpredicts the
maximum absorption. Because the absorption pro� le used in the
PDV technique is obtained experimentally,Forkey’s code provides
an excellent guide in the selection of the absorption lines, as well
as a tool for a quick check of the experimental pro� les. Figure 5
is a portion of Fig. 4 focused around a line (18,788.45 cm ¡ 1 ) that
is well-isolated on one side and has widely been used in the PDV
applications.

Figure 6 shows a schematic of a molecular � lter that is a cylindri-
cal glass cell that containsthe moleculeof interest,mainly iodine, in
vapor form. The diameter and the length of the cell are on the order
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Fig. 6 Schematic of an iodine � lter used in PDV.

Fig. 7 Experimental Doppler-broadened � lter pro� les for different
side arm temperatures.

of several centimeters. The cell is capped by optical quality glass
windows at both ends. Three main features of the cell include 1) a
vacuumport to evacuatethecell, and also to introducea foreign inert
gas into the cell in the case of a Lorentz-broadened� lter, 2) a side
arm with a stopcock valve and wrapped around with a water jacket
to control the iodine partial pressure in the cell, and 3) a cold � nger
to crystalize the iodine content of the cell in the case of the pressure-
broadened � lter, in the � lter preparation phase. The cell is wrapped
with a heat tape to keep the cell temperature Tcell high enough (on
the order of 100±C) to ensure that the iodine vapor in the cell would
not crystalize in contact with the cell walls and, especially, the cell
windows. The � lter pro� le is sensitive to the side arm temperature
that controls the iodinepartialpressure.In Fig. 6, the stopcockvalve
just above the side arm water jack is closed after the � lter has been
prepared to trap all of the excess iodine in the side arm and the de-
sired amount of iodine in the cell. Using this type of cell, Forkey68

and Clancy69 have shown that the � lter pro� les are insensitiveto the
cell temperature.However, if the excess iodine is not trapped in the
side arm, the side arm temperature must be tightly controlled.14, 31

There are two types of � lters:Doppler-broadened� lter, in which the
cell contains iodine vapor only, and the Lorentz-broadened� lter, in
which the cell contains an inert gas such as nitrogen in addition to
the iodine vapor. These � lters will be discussed next.

Doppler-broadened � lters. The pro� le in this kind of � lter is
controlled by the partial pressure of iodine in the cell and the
length of the cell. Figure 7 shows the experimental � lter pro� les9,10

for the absorption line between 18,788.3 and 18,788.5 cm ¡ 1 (see
Figs. 4 and 5) for severalsidearm temperaturesand for a � lter length
of 10 cm and a cell temperature of 85±C. The side arm temperature

TI2 of the cell determines the iodine partial pressure in the cell.
Equation (2) gives the relation between TI2 and the iodine partial
pressure in the cell, PI2 (Refs. 54 and 70):

log10(PI2) = 9.75715 ¡
2867.028

254.180 + TI2
(2)

The pressure and temperature in Eq. (2) are in torr and degrees
Celsius, respectively.The iodine vapor pressurechangesfrom 0.3 to
3.0 torr for the sidearm temperaturesgiven in Fig. 7. To set the iodine
partial pressure in the cell, the cell is purged with an inert gas, such
as nitrogen, to remove any moisture that might be present in the air
and chemically react with the iodine, and then some iodine crystals
are placed in the cell. Finally, the cell is evacuated to a low pressure
( » 0.1 torr), and the temperatureof the side arm, TI2 , the coldestpoint
of the cell, is established by running temperature controlled water
through the water jacket. The water jacket temperature determines
the side arm temperature and thus the partial pressure of the iodine
in thecell accordingto Eq. (2). At equilibrium,the stopcockvalveon
the sidearm is closedto trap the remainingiodinecrystals.This � xes
the iodine partial pressure and, thus, the � lter pro� le. As shown in
Fig. 7, the � lter pro� le is sensitive to the � lter side arm temperature
or the iodine vapor pressure. Therefore, any temperature changes,
in the absence of the stopcock valve or a tight control of the side
arm temperature, will change the � lter pro� le and, thus, will result
in erroneous velocity measurements.

Doppler-broadened � lters are ideal for the background removal
or suppression in � ow visualization applications in a wind tunnel,
where the signal from the � ow is overwhelmed by the background
scattering from wind-tunnel walls and windows and the test model
surfaces.63 – 65 In such a case, the laser is tuned to the end of the
maximum absorptionand the beginningof the transition toward the
maximum transmissionin order to remove the strong zero Doppler-
shiftedbackgroundsignal.The sharp transitionin sucha � lter allows
the transmission of a much weaker signal from the scatterers in
the � ow, due to its Doppler shift, even though it might be small.
However, when such a � lter is used in the PDV technique, it limits
the dynamic range of the velocity that can be measured in a high-
speed, highly turbulent � ow in which even � ow reversal might be
encountered.

Iodine � lters with the minimum transmissionlevel as low as 10 ¡ 3

are called optically thickpro� les.68 In fact, Seasholtz and Buggele58

have shown that this minimum transmission level could be even
lower by proper treatment of the Nd:YAG laser frequency around
the 532-nm wavelength. By the increase of TI2 beyond 60±C or by
the choice of some other absorption features, the minimum trans-
missioncouldbe raisedsigni� cantly.Such � lters are calledoptically
thin � lters,which havemoregradual transmissionslopebetween the
minimum and maximum transmission and have been used by some
researchers, due to their simplicity. Note that by switching from
the optically thick � lter to the optically thin � lter, the slope of the
transitionalregion of the � lter between the minimum and maximum
transmissionis reducedwithout any gain in the dynamic rangeof the
velocity that can be measured. The dynamic range of the velocity
that can be measured with PDV using optically thin � lters can be
increased, to some degree, by the use of cell conditions that opti-
mize the � lter sensitivity.However, for a substantial increase in the
dynamic range, an optically thick � lter that is pressure broadened
must be used. These � lters will be discussed next.

Lorentz-or pressure-broadened� lters. The Doppler-broadened
� lters that were just discussed have a very sharp transition between
the maximum absorption and the maximum transmission. To in-
crease the dynamic range of the velocity that can be measured by
PDV, Elliott et al.9 , 10 used a Lorentz- or pressure-broadened� lter.
In such a � lter, the addition of an inert gas such as nitrogen into
the � lter cell causes the collision of nitrogen and iodine molecules,
which changes the pro� le of the � lter in such a way that the tran-
sition between the maximum absorption and transmission is much
more gradual.The slope of this transitioncan be changed by chang-
ing the number density of nitrogen in the � lter cell, thus enabling
the experimenter to tailor the � lter to the dynamic range of the ve-
locity of interest. Figure 8 shows the experimental � lter pro� les
for the absorption line between 18,788.3 and 18,788.5 cm ¡ 1 (see
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Fig. 8 Experimental pressure-broadened � lter pro� les for different
nitrogen partial pressures.

Figs. 4 and 5) for nitrogen partial pressure from 0 to 110 torr, for
TI2 =30±C, Tcell =85±C, and L =10 cm (Refs. 9 and 10). As can
be seen, the dynamic range of the velocity that can be measured
using a pressure-broadened � lter can be increased by a factor of
over � ve. Obviously, the increased dynamic range comes at the
price of a reduced sensitivity to Doppler shift. To add nitrogen to
a temperature-broadened � lter, the cold � nger is immersed in an
acetone–dry ice slurry to drive all of the iodine vapor to the crys-
talline state. Then, nitrogen is added via the vacuum port. After the
introductionof an appropriate level of nitrogen, the vacuum port is
sealed, the acetone–dry ice slurry is removed from the cold � nger,
and the � lter is allowed to return to its equilibrium state.

Light Source
In the PDV technique, the Doppler shift of light scattered by the

particles in the � ow is measured with respect to the frequency of
the laser. Some of the central characteristicsof the light source for
the PDV applicationare1) it must have a narrowlinewidth,2) it must
be tunable on the order of several gigahertz, and 3) it must operate
in the frequencyrange that is convenient for the use of iodine � lters
and charge-coupled device (CCD) cameras. In addition, the laser
must be readilyavailable,economical,and robust.Both the Nd:YAG
laser and the argon laser meet these criteria. Even though both the
secondharmonic(532 nm)of theNd:YAG and thegreenline (514.5)
of the argon laser have been used with PDV, the discussion will
focus on the Nd:YAG laser. The main interest in the PDV technique
is in its capability for planar multiple-component, instantaneous
velocity measurements, which are only possible by using a pulsed
Nd:YAG laser. For those interested in the argon laser use in PDV
and, hence, time-averagedvelocity measurements, there are several
publications.8 , 25, 29, 71

The standard YAG lasers operating at 532 nm have a linewidth
on the order of at least several gigahertz, which is too wide for
the PDV application in which the molecular � lter edge frequency
span is less than 1 GHz. However, using a continuous wave YAG
laser with a very narrow linewidth (approximately kilohertz) as an
injection seeder, the linewidth of the pulsed YAG lasers can be nar-
rowed down to approximately 100 MHz, which is adequate for the
PDV application. The addition of an injection seeder also provides
tunability in the range of several gigahertz to these lasers. Unfortu-
nately, it is known that these lasers have a long-term drift and also
pulse-to-pulsevariationsin both frequencyand power.The variation
in the laser power is removed when the � ltered signal is normalized
with the un� ltered signal; therefore, it does not pose a problem.The
problem with the frequency drift and � uctuations can be remedied
experimentally by taking a very small portion of the laser beam,
splitting it into two, then focusing the parts onto two fast-response
photodetectorsafterpassingoneof thebeams throughanotheriodine
� lter.13 ¡ 22,31 With this simple system, one can monitor the changes
in the laser frequency and incorporate them into the Doppler shift
calculations.It has been shown20,22 that, with a system similar to the
one just described, that uses fast photodetectors of better than 1-ns
responsetime and an integrator,onecanmeasure the laser frequency
variations within 2 MHz.

When a laser sheet is formed, another area of concern is how con-
sistent the light frequency across the laser sheet is. Obviously, any

variationsin the frequencyacross the laser sheetwould contributeto
the error in the velocity measurements.Forkey68 and Forkey et al.57

noticed a frequency variations of about 100 MHz across the laser
beam. The source of this variation is not clear. However, Clancy69

and Clancy et al.18, 19 showed that when they used only the mid-
dle portion of the sheet (approximately 60%), the variation of the
frequency across the sheet dropped to about 4 MHz.

Absorption Filter Spectral Transmission Function
The absorption � lters and the Nd:YAG laser used in the PDV

technique have been discussed. After the preparation of a � lter, the
actual transmission pro� le of the � lter must be obtained before ex-
perimental data can be taken. The process involves1) setting up the
laser sheet and cameras for the actual experiment (Figs. 2 and 9), 2)
placing a glass container that contains particles such as powdered
milk dissolved in water in the test section of the experiment,15 , 17, 19

3) passing the laser sheet through the glass container, 4) collecting
the scattered light by each camera (both � ltered and un� ltered
images), and 5) tuning the laser over the frequency range of in-
terest, which covers the transition region of a line from maxi-
mum absorption to maximum transmission, about a gigahertz for a
Doppler-broadened� lter and couldbe a few gigahertzfor a Lorentz-
broadened � lter. The pro� le obtained by plotting the ratio of the
� ltered image intensity I to the un� ltered image intensity I0 , at
each frequency, de� nes the spectral transmission function of that
given � lter. Such function is obtained for all of the � lter. For a given
I / I0 in the actual experiment, the transmission function gives the
Doppler shift, and Eq. (1) gives the component of velocity in the
(s–o) direction.

PDV Con�gurations
In measuring the Doppler shift in the scattered light frequency,

the scattered light is divided into two approximately equal inten-
sity beams that are then focused side-by-sideonto a single camera:
one image directly and the other image after passing through an
absorption � lter (see Fig. 2). Normalizing the � ltered image with
the un� ltered image removes the effects of particle size and num-
ber density distributions, the � uctuations in the laser power from
pulse-to-pulse, the optical effects, and the potential laser light po-
larization effects in the beam splitter used in this system. The main
optical effects include the variationsof CCD camera pixel gain, the
spatial variations in transmission of the light collection optics and
camera lens, and the transmissiondifferences in the � ltered and un-
� ltered path. To obtain both � ltered and un� ltered images, initially,
the scattered light at an angle was either divided by a beam split-
ter then put onto two separate cameras7, 8 or was directly received
by two cameras.9 – 12 In either case, a molecular � lter was located
in front of one of the cameras to obtain the � ltered image. Lately,
a splitter system has been used, as shown in Fig. 2, in which the
scattered light at an angle is split in two by a beam splitter; after
passingone of the beams throughan absorption� lter, the beams are
focused side-by-sideonto a single camera.13 – 19 In addition to mak-
ing the PDV system more compact and robust, this system makes
the techniquemore economicalby reducing the number of cameras
from six to three for three-componentmeasurements.

Figure 2 is a schematic of a PDV system to measure the Doppler
shift. However, the purpose of the PDV technique is to obtain the
velocity of the � ow, not the Doppler shift. With the arrangement in
Fig. 2, using the measured Doppler shift and Eq. (1), only the com-
ponent of the � ow velocity in the (s–o) direction with a magnitude
of j (s–o) ¢ V j / k is obtained. One can obviously arrange to obtain a
single component of the velocity in a given desirable direction by a
setup similar to the one shown in Fig. 2. However, to obtain all three
components of velocity, one has to either bring the laser sheet from
three different directions or to observe the scattering from three
different directions. The latter option is much simpler for three-
component measurements and has recently been used by Clancy
et al.18 , 19 However, the � rst option has also been used recently for
three-componentmean velocity measurements in a low-speed � ow
by Roehle et al.33

Figure 9 is a typicalPDV setupfor three-componentvelocitymea-
surements. In this con� guration, the bulk � ow is in the x direction
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Fig. 9 Schematic of a three-camera-based, three-component PDV system.

(but the � ow could be a three-dimensional � ow that possesses all
three components of velocity, Vx , Vy , and Vz ), all of the cameras
are in the x – y plane, and the laser sheet is normal to the x – y plane
(in the y– z plane). A preliminary sensitivity analysis of the system
shown in Fig. 9 indicated that the optimum setup of the system calls
for the tilting of one of the cameras in the z direction and another
in the negative z direction. The laser sheet could be in the x– y or
y– z plane, depending on the application. As an example, take a
high-speed jet � ow in which the interest is in the passive control of
the mixing and noise of the jet by imparting streamwise structures
into the � ow.72 Using the laser sheet on the x – z plane, one can get
detailed information on the Kelvin–Helmholz type of structures in
the � ow, whereas using the laser on the y–z plane will show the
details of the imparted streamwise structures in the � ow. One of
the attractive attributes of PDV, in comparison with PIV, is that it
is capable of obtaining planar measurements with similar spatial
resolution and accuracy whether the laser sheet is aligned with the
x – z plane (a plane parallel to the bulk motion direction) or with the
y– z plane (a plane normal to the bulk � ow direction), provided that
the necessary optical access is available.

Image Registration and Matching
In the PDV technique, there are two pixel-by-pixelimage match-

ing steps: The � rst one is in the calculation of the Doppler shift for
each viewing angle shown in Fig. 9, and the second one is in the
calculation of the velocity components from these Doppler shifts.
The Dopplershift for each observationangle D fd is calculatedusing
Eq. (1). The equations to calculate the velocity components from
the three Doppler shifts for a con� guration similar to the one shown
in Fig. 9 are69

D fd1 = [Vx cos( a ) + Vy sin( a ) + Vz]/ k (3)

D fd2 = [Vx cos( b ) + Vy sin( b ) + Vz]/ k (4)

D fd3 = [Vx cos( c ) + Vy sin( c ) + Vz]/ k (5)

In these equations, a , b , and c are the angles that the observation
unitvectorss1 , s2 , and s3 make with the x axis, respectively.Initially,
two cameras were used to record a pair of � ltered and un� ltered
images.7 – 12 Lately, a system has beenused (Fig. 2) that recordsboth
� ltered and un� ltered images side-by-sideon a single camera.13 – 19

In either setup, the � ltered images must be normalized pixel-by-
pixel by the un� ltered image to obtain the Doppler shift. Smith
et al.,15 Smith,16 and Clancy et al.18 , 19 have shown that this pixel-to-
pixel matching plays an important role in the accuracy of PDV, and
the process must be carried out to subpixel precision for accurate
velocity measurements. In a recent work, Arnette et al.23 showed
that one could potentially eliminate the problems associated with
this image registrationby using a two-color illuminationand a color
camera scheme. For this purpose, they used 532- and 618-nm lines
from a Nd:YAG laser and a YAG pumped dye laser and an iodine
� lter in resonant interaction with the 532-nm line. More work is
required to delineatevarious issues in using color cameras for PDV.

After measuring all three components of the Doppler shift
( D fd1 , D fd2 , and D fd3) by using a setup such as the one shown
in Fig. 9, Eqs. (3–5) must be solved simultaneously to determine all
three components of the velocity (Vx , Vy , and Vz ). Obviously, the
normalized images must be matched pixel-to-pixel among all three
cameras.

To obtain an accurate pixel matching, the image of either a grid
of white dots on a black background (when cameras are located on
one side of the grid plane) or on a transparent background (when
cameras are located on both sides of the grid plane) located at the
measurementplane (the cross section of the laser sheet and the � ow)
has been used.18,19,25 ¡ 27,30,31 Clancy et al.18 , 19 obtained the image of
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the gridundernormal room lightingand used it as a referenceimage.
They � rst determined the centroid of each dot on both � ltered and
un� ltered images, then used the necessary shifts in two dimensions
to match the dots. Finally, they used these shifts to calculate the
nongrid points using a two-dimensionalbilinear interpolation.This
technique was used to � rst match the � ltered and un� ltered images
in the Doppler shift calculations, then to match the pixels in all two
or three cameras for velocity calculations.

When a � ltered image is normalized with its counterpart un� l-
tered image, one expects this process to remove the light intensity
variations in the � ltered image caused by anything other than the
Doppler shift. The hidden assumption here is that all of the optics
used to split the scatteringsignal are put onto two different cameras
or a differentpart of a camera and this does not affect the images and
the gain on two cameras and across a camera is uniform. Depending
on the setup, this assumption could obviously introduce major er-
rors in the PDV measurements if it is not properly treated.To ensure
that all of these potential light intensity variations are removed, a
calibration is performed. It is found that the best procedure for cal-
ibration is to use the exact setup that is used in � ow measurement,
except the laser is tuned for the maximum transmission.11 , 12 , 18, 19

Then several laser power levels are used to obtain � ltered and un� l-
tered images or � at� eld images. Note that the camera gain should
be kept at the same level as when the velocity data were taken. Be-
cause the � lter is ineffective in this setup and because the optical
effects are linear, Clancy et al.18 showed that one obtains a linear
relation between the � ltered and un� ltered intensities. The slope of
this line is used in the normalization process to remove all of the
optical effects of the setup.

Scattering Particles
PDV, similar to LDV and PIV, is a particle-based velocimetry

technique. There are several issues associated with the seed par-
ticles in these techniques. These issues are 1) the availability, en-
vironmental impact, cost, generation, and introduction of particles
into the � ow; 2) the statistical biases; 3) the particles’ response to
the dynamics of the � ow; and 4) the spatial resolution. These is-
sues will be brie� y discussed.Obviously, the seed particles must be
readily available, and they must be environmentally benign. They
also must be economical and easy to produce and to introduce into
the � ow. These are common issues in all three techniquesand have
received considerable attention over the past two decades.73 – 78 In
LDV and PIV applications, polydisperse (nonuniform distribution
of size) particles of various kinds have been used. For example,
liquid particles such as vegetable oil and silicone oil have been
atomized and used,46, 76 solid particles such as alumina have been
directly introducedinto the � ow,74 particlessuch as titaniumdioxide
have been generated by mixing of titanium tetrachloridevapor and
moist air in the � ow,77 or particles have been generated by combus-
tion processes,78 just to name a few. Also monodisperse (uniform
distribution of size) particles such polystyrene latex suspended in a
volatile liquid have been used.73 When solid particles are used, their
uniform dispersion is a challenging task. There are some recent
promising developments in this area.16 , 79, 80

Most of the issues discussed are common among PDV, PIV, and
LDV techniques. However, both PIV and LDV have constraints in
terms of the upper limit for the numberdensityof the particles in the
� ow. The particles in between two successive images in PIV must
be correlated. This puts certain restrictions on the number density
of particles used so that the individual particles are resolved on the
CCD.37 In LDV, fringe crossing of more than one particle at a time
causes problem with the detection system. This problem also re-
stricts the number density of particles. On the other hand, there is
no such restrictionon the particle number density in PDV. Note that
with a high particle number density, one can use much smaller par-
ticles because the signal received by a detector from particles in the
measurement volume is accumulative. Therefore, smaller particles
with high particle number density could be used with the PDV tech-
nique. This makes PDV superior in terms of particle � ow dynamics
� delity and also in achieving higher spatial resolution.

Generating smaller particles in large quantity is obviously much
more challenging. Various kinds of particles have been used with

PDV. One of the techniques that can generate very small particles
( » 50–100 nm in diameter) of almost continuousphase is generating
particles by vaporization/condensation processes, which has been
carried out in high-speed � ows.9 ¡ 12,15,17 ¡ 20 This technique is not
suitable in low-speedand high-temperatureapplications.Therefore,
techniquessuchas thoserecentlydevelopedby Wernet andWernet79

and Smith,16 for example, could be used to disperse solid particles
of a fraction of a micron in diameter in such cases.

There are statisticaluncertaintiesand biasesassociatedwith tech-
niques such as LDV, PIV, and PDV. The most obvious statistical
uncertainties are those associated with the image sample size that
can easily be overcome.For example, Clancy et al.18, 19 showed that
by using about 150 images, the statistical uncertainties in the mean
velocity was relatively small. However, the sample size must be
much higher to signi� cantly drop the statistical uncertainties.42 For
higher-order statistics, obviously, the number of images required
for statistics to converge would be even higher. On the other hand,
there are statistical biases that are not well understood, and there
does not seem to be an effective way to treat them. One such bias,
which is common in all seedparticlescatterer-basedtechniquessuch
as LDV, PIV, and PDV, is the bias due to the nonuniform seeding.
One can easily understand this bias by looking at the applicationof
one of these techniques in a two-stream � ow where only the high-
speed stream is seeded. Assume that the measurement volume is
located in the mixing region of the � ow. Because only the high-
speed stream is seeded and because the measurements are from the
seed particles, then if a particle carrying structure that was origi-
nated in the high-speedstream is located in the mixing region at the
time of measurement, the velocities associated with that structure
will be imaged. These velocities,of the � ow elements coming from
the high-speed side, will be much more energetic and dynamic. On
the other hand, if a structure that was originatedfrom the low-speed
streamis locatedin themixingregionat the timeof themeasurement,
the velocities associated with that structure, which most probably
are lower and less dynamic,will not be imaged becausethe structure
does not containseed particles.If one uses a numberof these images
to obtain statistical information, the data will be biased toward the
characteristicsof the high-speed� ow. As was mentioned, this is not
a well-understood bias, and there is no treatment for it other than
making an attempt to have uniform particle number density in all
regions of the � ow.

Anotherproblemcommonto all of the seed-particle-basedoptical
diagnostics is that the seed particles have inertia that would in� u-
ence their � ow tracking.81 , 82 Obviously, this problem is more acute
in high-speed � ows, which possess higher frequency � uctuations.
The Stokes number of the particles in the � ow determines the range
of turbulence � uctuation frequencies in the � ow that the particles
would be able to respond to. The Stokes number St is de� ned as the
ratio of the particle aerodynamic response time (s p = q pd2

p / 18l )
to the � ow timescale s f , that is, St = s p / s f , where q p is the par-
ticle density, dp is the particle diameter, and l is the viscosity of
the � uid.83 Samimy and Lele84 have shown that in free shear � ows,
for example, the Stokes number of the particles used for � ow diag-
nostics must be smaller than 0.05 for the particles to follow energy
containing large turbulence structures in the � ow. For the particles
to follow smaller scale structures, the Stokes number must be much
smaller than 0.05. The key issue here is that for a given particle and
� ow combination, the Stokes number is proportional to the square
of the particle diameter. By decreasing particle diameter from 0.5
to 0.05 l m (50 nm), for example, the Stokes number drops by two
orders of magnitude. Another issue is the response of particles to
steep gradients in the � ow. This issue has been investigatedby pass-
ing particles through a steep but known gradient, such as one setup
by a shock wave. It has been shown that the distance for a parti-
cle to relax back to the � ow velocity changes asymptotically with
particle diameter.76 From this argument, it is clear that PDV, which
can use smaller particles, has an advantage over PIV, especially in
high-speedturbulent� ows in which thedynamic rangeof turbulence
� uctuations frequency is very high.

The last issue concerning the seed particles is their effect on the
spatial resolutionof the measurements.The PIV techniquerelies on
theparticletransittime in betweentwo successiveimagesto measure
the particle velocity. One has to compromise between the spatial
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resolution of the measurement, which demands very short particle
travel in between two images, and the accuracyof the measurement
of the distance, which requires larger travel distance in between
images, for improved accuracy. This problem becomes more acute
in three-component velocity measurements using PIV. Obviously,
this issue is related to the nature of the technique and not on the
seed particles.On the other hand, PDV is based on the Doppler shift
of the scatter light from a single laser pulse. Therefore, it offers a
higher spatial resolution. As was discussed earlier, PIV has to use
larger particles with lower particle number density, in comparison
with PDV. Similar to the number of grid points in the numerical
simulation that determines the extent of the turbulence scales that a
simulation can capture, the much larger number density of particles
used in PDV directly translates into the higher spatial resolution for
PDV.

Spatial Resolution
As was discussed in the Introduction, for a laboratory-scale

25-mm-diam supersonic jet of Reynolds number 106, the range
of turbulence scales spans from approximately 1 l m to 25 mm.
With the current technology, developing an optical measurement
technique that can simultaneously cover this range of scales is not
achievable. Having said that, it is instructive to explore the limits
of planar optical techniques, in general, and to determine the range
of scales that can be measured in such a facility. The main limita-
tion arises from the laser light being an electromagnetic wave and
being subjected to the diffraction limits. Diffraction limits the spa-
tial resolution of all planar measurements in three ways: The � rst
effect deals with the recording system/camera lens, and the other
two diffractioneffects are concernedwith the light sheet formation.
Diffraction limits the minimum resolvable in-plane separation be-
tween two discreteobjects,which is basically the smallest scale that
can be measured by the image recording system. This is called the
Rayleigh criterion and is determined by85

Res = 1.22k f I / DI (6)

where Res is the resolution of the imaging system, k is the wave-
length of the light being used, and f I and DI are the focal length
and diameter of the imaging lens. Next, diffraction puts a lower
limit on the thickness of the laser sheet, t , that can be generated.
This laser sheet thickness determines the out-of-planeresolutionof
the technique. This laser sheet thickness, or beam waist, is given
by86

t = 2 k fF / De ¡ 2 (7)

where De ¡ 2 is the diameterof the laserbeambefore the focusinglens
and fF is the focal length of the focusing lens. Diffraction will also
cause the focused light sheet to diverge away from the minimum
waist thickness t . The Rayleigh range t̀ is the distance on either
side of the beam waist that the thicknesswill increaseby about 40%
and is given by86

t̀ = p t2 / k (8)

In the � eld of view of 2 t̀ £ 2 t̀ the laser sheet thickness would
increase from t (at the beam waist) to 1.4t toward the edges of
the sheet. This obviouslywould limit the out-of-planeresolutionof
the technique. From Eqs. (7) and (8), it is obvious that decreasing
fF and increasing De ¡ 2 would improve the spatial resolution, but
would also decrease the � eld of view. Therefore, for a given case
with speci� ed constraints, one can optimize the system for spatial
resolution.

Let us assume that the PDV resolution is diffraction limited. We
will show shortly that this is probably the case. For PDV to be able
to measure the largest turbulence scale in the jet � ow as discussed
earlier, the extent of the laser sheet must be at least the same as the
largest turbulence scale (25 mm), which gives t̀ =12.5 mm. For a
typicalpulsed Nd:YAG laser, k is 532 nm and De ¡ 2 is approximately
8 mm. Equations (7) and (8) give t =46 l m and fF =34.6 cm.
Therefore, the minimum and maximum laser sheet thickness would
be 46 and 65 l m. Therefore, the out-of-plane spatial resolution of
the techniquewould be limited to themaximumlasersheet thickness
of 65 l m within the � eld of view. If we take f I =50 cm and DI =

5 cm, Eq. (6) gives a minimum resolution of the optical system of
approximately 6.5 l m. However, assuming we use a 1000 £ 1000
pixel CCD camera to image the 25 £ 25 mm � eld of view, then the
limiting in-plane spatial resolution on the CCD is 25 l m, which
is approximately the size of a pixel in a standard scienti� c-grade
CCD camera. Therefore, the laser sheet thickness establishes the
minimumturbulencescale that canbemeasured in thisgivenfacility,
which is between 46 and 65 l m, if the technique is diffraction
limited.

As will be discussed in detail later, the speckle noise could affect
the spatial resolution of PDV. This stems from the use of a coher-
ent light in PDV. When coherent light is scattered by a nonuniform
distribution of particles, the detector receives light of nonuniform
phase that interferes with itself and forms speckle noise that is su-
perimposed on the image. Depending on the speckle noise level, a
PDV image couldappeargrainy.Usinga small f-number lens and/or
a CCD array with large pixel size could reduce the speckle noise.87

McKenzie14 has shown that binning of several adjacent pixels is
necessary to overcome sampling errors that are inherent in the nor-
malizing of CCD array images. The out-of-plane spatial resolution
of diffraction limited PDV, calculated earlier, is approximately the
size of 3 pixels in a CCD camera. It looksas if binningof several ad-
jacentpixelswould takecareof the specklenoiseandsamplingerror;
it would also keep the spatial resolutionwithin the diffractionlimits.
As was discussed, the CCD imaging resolution for a 1000 £ 1000
pixel sensor was 25 l m, which when binned together in a 3 £
3 area produces a limiting spatial resolution of approximately
75 l m. The resolution could be higher or lower depending on the
application.

The theoreticalspatialresolutionofPDV determinedearliercould
be reduced to some degree due to the nature of the technique, in
which at least one of the cameras must view the measurement vol-
ume in an oblique angle (Fig. 9). The oblique view results in per-
spectivedistortionin the recordedimage.Althoughcalibrationgrids
and image warping are used to remove the perspective distortion,
the raw image data are still recorded with this distortion. The main
effect of the perspective distortion is the change in magni� cation
and the concomitant change in spatial resolution across the image
plane. To � rst order, the magni� cation M in an oblique viewing
optical system is

M = ì / ( 0̀ + v sin u ) (9)

where ì is the distance from the imaging lens to the CCD detector,
0̀ is the distance from the measurement plane to the lens, u is

the angle between the camera and the normal to the illumination
plane, and v is the coordinate on the measurement plane with its
origin centered at the center of the plane. Hence, it can be seen that
the magni� cation of the optical system could be smaller for posi-
tive values of v (moving away from the camera system) and that the
magni� cation is larger for negativevaluesof v (movingcloserto the
camera system). The variationin magni� cation is also dependenton
the viewing angle,decreasingfor largerviewingangles.The portion
of the image closest to the camera has the largest magni� cation and
spans the full height of the CCD sensor. However, the portion of the
image farthest from the camera has the smallest magni� cation and
does not span the full height of the sensor. This could degrade the
spatial resolution of the PDV measurements. The relative distance
between the camera and the measurement plane is also important.
For 0̀ À v , which is the case in general, the magni� cation will
be nearly uniform. For example, the horizontal variation in vertical
magni� cation for the 25-mm measurement plane discussed earlier
( v ranging from ¡ 12.5 to +12.5 mm), imaged at a distance of

0̀ =346 mm, lens to camera distanceof ì =50 mm, and a viewing
angle of 30 deg yields a 3.6% variation in the magni� cation factor
M . Hence, at one end of the CCD sensor, the image spans all of
the pixels, whereas at the other end, the image spans only 96.4% of
the pixels. Obviously, the oblique viewing does not cause a major
problem in this example. However, the perspective distortion from
one or more cameras with obliqueviews in a three-componentPDV
system should be checked and accounted for and could reduce the
overall spatial resolution of PDV.
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Fig. 10 Mean velocity vector in the x–z plane of a Mach 2 axisymmetric
jet (the centerline velocity is approximately 480 m/s); Vy was measured
but is not shown.

Sample PDV Results
High-speed � ow measurements using PDV or DGV have been

made in several laboratoriesin recent years. The � ows includemix-
ing layers,9, 10 boundary layers,11, 12 jets,15 ¡ 19,21 and transverse jet
in a cross� ow.20 To show the capabilities of PDV in high-speed
� ows, some sample results in a supersonic jet obtained in the lab-
oratory of the � rst author of this paper using a three-component
PDV will be presented.17, 18 , 69 Figure 10 shows the mean velocity
vectors for a Mach 2 freejet, with an exit diameter of 19 mm and
the Reynold number of 2.1 £ 106 , from approximately5.7 to 7.3 jet
diameters downstreamof the exit. The jet was fully expandedwith a
stagnationtemperatureof approximately280 K. The results include
only the x (the � ow direction) and z components of the velocity.
These measurements were obtained by using a split image system
for each velocity component (Fig. 2) and three intensi� ed CCD
(ICCD) cameras for three-component measurements (Fig. 9). The
setup is similar to the schematic shown in Fig. 9 with the laser sheet
oriented in the streamwise direction (x –z plane) and contains the
centerline of the jet. The angles for the three detectors with respect
to the x direction (the angles that s1 , s2, and s3 make with x ) were
63, 121, and ¡ 90 deg. The mean velocities and the turbulence in-
tensities were calculated based on 251 images. Approximatelyhalf
of the velocity vectors have been dropped to avoid the cluttering of
Fig. 10. The results shown in Fig. 10 unquestionably indicate the
planar capabilities of PDV, the extent of the detailed information it
can provide, and typical dynamic range of velocity obtainable that
spans from very low velocities in the mixing region to about 480
m/s at the center of the jet.

To determine the accuracy of the PDV results, they were com-
pared with the results from a two-component LDV obtained in the
same facility.Figures 11 and 12 showcomparisonof LDV and PDV
results for both the mean velocities and the turbulence intensities
at one x location, six jet diameters downstream of the jet exit. All
of the mean velocities and turbulence intensities are normalized
with the jet centerline velocity of approximately 480 m/s. The re-
sults show good agreement between PDV and LDV mean velocity
and fair agreement between turbulence intensity results. The laser
frequency � uctuations and methods to monitor them in the PDV
measurementswere discussedearlier.The results in Figs. 11 and 12
show how the monitoring of the laser frequency � uctuations and
their incorporation into the calculations signi� cantly affect the
z component of the velocity but not the x component or the turbu-
lence intensities. The reason for this is that the random � uctuations
in the laser frequencyaverageout in the calculationof the turbulence
intensities. On the other hand, the mean velocities are obtained by
using Eqs. (3–5), where the nature of the equations depends on the
setup. Some velocity components are obtained by subtracting two

Fig. 11 Comparison of LDV and PDV mean velocity pro� les of a Mach
2 jet at 6 jet diameters downstream of the jet exit; PDV results obtained
both with and without using a frequency monitoring system.

Fig. 12 Comparison of LDV and PDV turbulence intensity pro� les of
a Mach 2 jet at 6 jet diameters downstream of the jet exit; PDV results
obtained both with and without using a frequency monitoring system.

Doppler shift components (such as the x and y component in this
case). If there are any laser � uctuations from pulse-to-pulse, they
affect both components in the same fashion, and thus, the effect
nearly cancels out.17 ¡ 19,69

Earlier it was discussed, under the subheading “Image Registra-
tion and Matching,” that the � ltered and un� ltered images (Fig. 2)
and also images among the cameras (Fig. 9) must be matched pixel-
by-pixel. Figure 13, for example, shows how, in a two-component
PDV system used in a Mach 2 fully expanded axisymmetric jet at
six jet diameters downstream of the exit, changing the matching
accuracy from a subpixel (Fig. 13a) to pixel (Fig. 13b) adversely
affects the results.17

Figure 14 shows the streamwise (x component) mean velocity
map and both an instantaneousand the mean cross-stream velocity
vectors (y and z components) at the jet cross section located three
jet diameters downstream of the jet exit. The intensity to velocity
conversionscale in Fig. 14a is in meters per second.The � ow was an
underexpandedjet froma convergingnozzlewith a jetMachnumber
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Fig. 13 Comparison of two-component PDV and LDV mean velocity
results in a Mach 2 jet 6 jet diameters downstream of the jet; PDV
results were obtained with subpixel (top) and with a pixel (bottom)
image registration accuracy.

of 2 and with a single vortex generating tab attached to the nozzle
exit.69, 88 The jet Mach number corresponds to a Mach number had
the jet isentropically expanded to the ambient pressure. This kind
of tab has been used to generate strong streamwise vortices in order
to passively control the jet mixing and noise characteristics.89 – 91

Again, the measurements were obtained by using a split image sys-
tem that uses three ICCD cameras for three-component measure-
ments. The setup is similar to the schematic shown in Fig. 9 with
the laser sheet oriented normal to the streamwise direction of the jet
(on the y–z plane). The angles for the three detectors with respect
to the x direction were 32, 129, and ¡ 37 deg. Approximately 140
images were used to calculate the mean velocities.

In these experiments, the seed particles were generated when the
moist ambient air was mixed with the cold and dry jet air. Therefore,
the measurementswere obtainedonly in the mixing regionof the jet.
Again the dynamic range of measured velocities is from very small
velocities to about 500 m/s. The instantaneous(9-ns exposure time)
image (Fig. 14b) shows a very intricate � ow pattern that contains
eddies of various sizes. These results show the capability of PDV
for simultaneous instantaneous measurements of all three compo-
nents of velocityon a plane normal to the bulk mean � ow direction.
Whereas similar measurements could potentiallybe obtained using
PIV in low speed, the spatial resolutionof the measurements would
be much lower.51,92 ¡ 94

In Fig. 14c, annotated vectors identify three sets of vortices.
The existence of these vortices has been reported in low-speed
� ows,91 but theirexistencehasonlybeenhypothesizedin supersonic
� ows.90 The � rst pair of vortices (HN and HP) are the horseshoe
vortices generated by wrapping of the boundary-layer vorticity in
front of the tab around the tab. The second pair of vortices (UN
and UP) are the vortices that are most probably shed from the sides
of the tab. Finally, the third pair of vortices (PN and PP), which
is the most dominant pair, are the vortices that are generated due
to the surface pressure gradient setup in front of the tab.90 , 91 These
are the � rst direct measurements of these vortices in such a com-
plex � ow� eld and an attest to the capabilities of the PDV tech-
nique. Details of these measurements can be found in Refs. 69 and
88.

State of the PDV Technique
The PDV technique is only several years old, but from what has

been discussed so far, it is apparent that the technique has been
developed into a capable velocimetry technique and that it holds

a) Mean streamwise velocity (x component) map

b) Instantaneous cross-stream velocity vectors (y–z plane)

c) Mean cross-stream velocity vectors (y–z plane)

Fig. 14 Mach 2 tabbed jet.
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great promise to provide detailed and accurate measurements, es-
pecially in high-speed � ows where such measurements are desper-
ately needed. Currently, only several groups in the United States
and around the globe are actively pursuing the development of this
technique.Even with limited time and activity levels,PDV has been
developed into a powerful technique that can provide relatively ac-
curate three-component velocity results in high-speed � ows. With
this kind of success, more researchers will adopt the technique and
will work on the areas of concern to make the techniquemore accu-
rate, robust, user friendly, and economical. Rather than presenting
uncertaintiesand errors associatedwith the PDV technique,several
areas that are in need of further understanding and improvement
will be discussed.Detailed uncertaintyanalyses can be found in the
earlier cited references.9 ¡ 33,87

As was discussedearlier, there are several areas in the PDV tech-
nique that are in need of further improvement and advancement,
only three of which need major improvement for the technique to
strive and to become widely used in the laboratories. These areas
are 1) laser power � uctuations and drift, 2) image registration and
its associated issues, and 3) the speckle noise. Each one of these
will brie� y be discussed.

Laser Power Fluctuations
The laser power � uctuations and drift were discussed earlier. A

simple system that consists of two fast-responsediodesand an addi-
tional iodine � lter can easily be used to monitor the laser frequency
variations and to incorporate them into the calculations.14,16,18 ¡ 22

As was seen in the results presented in Fig. 11, this is an effective
way of dealing with the laser frequency variations.However, its in-
corporation into the PDV system makes the technique a little more
complicated. This can be overcome more effectively by the laser
manufacturers, if they see a market for the improved laser.

Image Registration
As was discussed earlier, the pixel-to-pixel image matching is

at the heart of the PDV technique. It occurs in several stages in
the PDV technique: 1) in obtaining � lter pro� les, 2) in obtaining
� at� eld images, 3) in matching the � ltered and un� ltered images
(Fig. 2) in the Doppler shift calculation stage, and 4) in matching
the images among two or three cameras in the velocity calculation
stage (Fig. 9). If this pixel-to-pixelmatching is carried out properly,
then the effects other than the instantaneous Doppler shift, such
as particle size, particle number density, and the optical effects of
the split image system, are removed. Smith et al.15 and Clancy and
Samimy17 have shown that the matching must be within a subpixel
accuracy for accurate measurements. As was shown in Fig. 13, the
properpixel-by-pixelmatchingof the images is crucial forobtaining
accurate measurements.

Speckle Noise
When coherent light is scattered by scatterers of a nonuniform

distribution, a detector will receive light of nonuniform phase that
will interfereand forma pattern that is calleda specklepattern.Even
though the scramblingof the phase of the coherent light is a random
process, the speckle pattern is repeatable if the scattering medium
is stationary and the locations of the laser and detector are � xed.95

However, with a moving medium, the speckle pattern is a function
of both time and space. This speckle noise is the main cause of the
grainy nature of the instantaneous PDV images.14, 18 , 19 , 87 Because
the speckle pattern is randomly distributed in time and space, it
cancels out from the mean velocity and vorticity measurements.
However, it is the major sourceof the uncertaintiesin the turbulence
measurements.

In the PIV technique, one of the modes of operation is when the
particle number density in the � ow is high and a group of particles
forma specklepattern thatmoves in between two successiveimages.
From the translation of the speckle pattern in between two images,
the velocityof the particles traveling in a group is obtained.37 When
PIV is operated in this mode, it is called laser speckle velocimetry
(LSV). When the optical path length difference of scattered light
received by a detector, which is an indicative of the particle size
and distribution, is larger than the wavelength of the illuminating

light, then the speckle pattern is a function of the optics.14,87,96 ¡ 100

Obviously, this makes the LSV technique possible. It also gives
clues on what are the parameters in an optical setup that one can
modify to reduce the speckle noise in PDV. There are a couple of
ways of deriving an equation for the speckle signal-to-noise ratio
(SNR).14, 87, 101, 102 One way to derive speckle SNR87 , 101 is

SNR = D x / ( k f -number) (10)

where f -number is the ratio of the focal length to the aperture of
the lens and D x is the pixel size. From Eq. (10), it is obvious that
one needs to reduce the f -number of the lens and also to increase
the pixel size in the CCD camera to reduce the speckle noise. There
are some variations in the pixel size in the CCD cameras, and one
has to use a CCD camera with the largestpossiblepixelsize.Smith87

suggestsusingof inexpensive8-bitCCD cameraswith a largerpixel
size than the more expensive scienti� c-grade 14- or 16-bit CCD
cameras. One has to be cautious in doing so because these 8-bit
cameras would provide lower speckle noise, but would also reduce
the dynamic range by a factor of 64, in comparison with 14-bit
cameras. McKenzie13 has discussed in detail the main drawbacks
of using an 8-bit camera in PDV. A large dynamic range of the
imagingsystemis very importantin usingPDV in high-speed,highly
turbulent � ows.

Smith87 experimentally validated Eq. (10) in terms of the effects
of reduction of f -number on the reduction of speckle noise. How-
ever, there is a limit in lowering the f -number in the PDV technique
to reduce the speckle noise. In a very small f -number lens, there
would be variations in the Doppler shift on the image plane due to
the variations in the observation angle (variations in s in Fig. 2). In
fact, this variation of the scattering angle in a small f -number lens
is the basis for the � ltered angularly resolved Rayleigh scattering
techniquethat has beenused for simultaneous,single-point,density,
temperature, and velocity measurements.66 , 67

In the image processing stage of the PDV results, one can also
reduce the speckle noise. This requires using some sort of spatial
image � ltering. Clancy69 and Clancy et al.18 , 19 explored several
different � lters and discussedthe most effectiveway of reducing the
specklenoise. In the spatial resolutiondiscussion,it was shown that
the optical diffraction limits the spatial resolution of PDV. In the
given example, the spatial resolution of PDV was determined to
be approximately 75 l m. Therefore, using scienti� c-grade CCD
cameras with much larger pixels, if available, or using standard
scienti� c-grade CCD cameras but binning a few adjacent pixels
in the data processing stage would not deteriorate the resolution of
PDV. It would rather reduce the specklenoise and also would reduce
the sampling error.14 More work is warranted to clarify some of the
issues discussed here.

As re� ected in the title of the paper, the emphasis in this review
has been on the application of PDV in high-speed � ows. However,
McKenzie14 has shown that one can resolve � ow speeds as low as
about 2 m/s with PDV. Therefore, PDV seems to be also suitable
to low speed, but large wind-tunnel applications, and may be able
to compete favorably with PIV in such cases because PIV cannot
resolve individual particles at large distances. Beutner et al.30, 31

have recently carried out some work in the application of PDV in
large low-speed facilities.

PIV
PIV is a techniquefor measuring the in-plane two-componentve-

locity � eld of a � ow seeded with small particles.A pulsed laser light
sheet is used to illuminate the particles entrained in the � ow. The
light scatteredby the particlesis collectednormal to the planeof the
light sheet and is imaged onto a photographicplate or a CCD cam-
era, where the positions of the particles are recorded at each instant
the light sheet is pulsed (Fig. 15). In high-speed � ows, high pulse
energy lasers are required to provide suf� cient light energy ( » 100
mJ/pulse) in a short time interval (<10 ns) to record an unblurred
image of the particlesentrainedin the � ow. The data processingcon-
sists of either dividing the image up into small interrogationregions
and determining the average displacementof the particles or by de-
termining the individual particle displacements between pulses of
the light sheet. Knowledge of the time interval between light sheet
pulses then permits computation of the � ow velocity:
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Fig. 15 Schematic layout of a standard PIV setup.

V = D x / (M ¢ D t ) (11)

where D x is the measured displacement, M is the optical system
magni� cation, and D t is the time between exposures. The average
displacement estimation technique yields a regular velocity vector
grid, easily compared to computational � uid dynamics (CFD) pre-
dictions. The individual particle displacement estimate technique
producesa randomvector � eld. The number of exposuresper frame
and the seed particle concentrationdetermines which data process-
ing schemes are employed.103 Whereas each technique has some
inherentbene� ts, the appropriatechoicedependson the characteris-
ticsof the � ow and recordedimage constraints.The PIV techniqueis
also capable of providing three-componentvelocity measurements
over a plane.As will bediscussed,the additionof a secondcamera in
a stereo viewing arrangement yields all three velocity components.

Overview of PIV
The discussionpresentedhere concentrateson the PIV technique

and its implementation for high-speed � ows. The types of data pro-
cessing used, the optical recording system constraints, and the illu-
mination systems required for high-speed � ows will be presented.
For a more comprehensive overview of the PIV technique and the
myriad of implementations covering low-speed to high-speed � ow
the readers are referred to Adrian,37 Grant,38 or Raffel et al.104

Light Sources
PIV relies on the use of high-accuracy pulsed laser illumination

systems to record the particle positionsat multiple instancesin time.
The Nd:YAG laserhas severaldesirablequalitiesforuse in PIV: near
Gaussian beam pro� le, high timing accuracy (< 2-ns jitter), short
pulseduration (<10 ns), high per pulse energies(100 mJ/pulse), and
a second harmonic wavelength in the green that closely matches the
peak spectral responsivitiesof CCD cameras and � lm. Several com-
mercial vendorsoffer dual-headNd:YAG laser systems speci� cally
for use in PIV applications.These dual-headsystemsuse beamcom-
bining optics and a common frequencydoubling crystal to simplify
alignment and maintain collinearity of the laser beams. The dual-
headfeaturealsomeansthat thereareno restrictionson theminimum
time between laser pulses;hence,high-speedto low-speed� ows can
be investigated using these types of laser illumination systems.

Sheet Forming Optics
The near Gaussian intensity beam from Nd:YAG lasers is easily

formed into a light sheet through the use of sphericaland cylindrical
optics. Nominal light sheet thicknesses are on the order of 1 mm.
The width of the sheet depends on the area of the � ow under study
and can also be restrictedby the availablepulse energy.Restrictions
on the available optical access and experiment/facility geometry
may preclude using conventional optics to deliver the light sheet
to the measurement location. For example, Wernet105 used a small
periscope probe for generation and delivery of a light sheet inside
of turbomachinery.

Data Processing
In theory, the type of data processing used to reduce PIV data is

independent of the � ow velocity. In reality, this is not always the
case becausethe seedparticledynamics,the time between laser light
sheet pulses, the duration of the pulses, and the framing speed of
the recordingsystemall placepracticalrestrictionson the maximum
velocity that can be recordedand processedusingPIV. Each of these
limitations will be discussed as they relate to obtaining high-speed
velocity data. Basically, there are three types of data reduction tech-
niques used in PIV: autocorrelation, cross-correlation,and particle
tracking. The choice of a processing technique depends primarily
on the available equipment used to record the particle image data
and the seed particle concentration.

Correlation-basedprocessing techniques produce spatially aver-
aged velocity estimates. The recorded image frame is divided into
small subregions, each containing particle images. By processing
the image over a regular grid of small subregions, a velocity vector
map is generated. The optimum number of particles per interroga-
tion region for PIV is nominally 10 particle image pairs.106

Autocorrelation processing is the oldest of the PIV processing
techniques, essentially because � lm-based recording systems were
incapable of recording independent particle image records at two
closely spaced instances in time. Single-exposureelectronic image
acquisitionsystems suffered from the same limitationsas � lm plates
and thus also relied on autocorrelation processing. In the autocor-
relation technique a single image frame is exposed multiple times
( ¸ 2) and processed over a regular grid of small subregions. For
a double-exposure case, the average displacement of the recorded
particle image pairs is determinedby computing the autocorrelation
of each subregion.

The two-dimensional autocorrelation is a symmetric function
having a characteristic central peak at the origin of the correla-
tion plane and two satellite peaks, oriented symmetrically about
the central peak. The central peak originates from the correlation
of all of the particle images in the subregion; hence, the size of
the central peak is related to both the total number and size of the
particles in the subregion. For more detailed discussion of the au-
tocorrelation technique refer to Adrian.106 The satellite peaks orig-
inate from the average displacement of the particle image pairs be-
tween exposures.For the displacementpeaks to be discernablefrom
the central peak, the particle displacementsmust be greater than the
average particle diameters across the subregion. This requirement
places a dynamic range limitation on the autocorrelationtechnique.
A second shortcoming is in the symmetry of the autocorrelation
function. The existence of two diametricallyopposed displacement
peaks about the central peak yields a 180-degdirectionalambiguity
in the velocity vector direction. The directional ambiguity can be
eliminatedby imposinga centraloffseton theparticleimage records,
whereby the particle images are mechanicallyshifted between laser
pulse � rings.107 Image shifting introduces extra complexity in the
experimentalsetupand also additionalerrors due to opticalpath dif-
ferences resulting from the image shift. Kompenhans and Raffel108

used a photographic � lm plate and image shifting to record the
transonic � ow over a pitching airfoil. The data were processed via
autocorrelationand the recirculating� ow above the pitching airfoil
could not have been resolved without image shifting. Raffel and
Kost109 used photographicplates to record the coolant ejection � ow
at the trailing edge of a turbine blade. Autocorrelationprocessingof
the image shifted data was used to reduce the supersonic � ow� eld
surrounding the turbine blade and the trailing vortex caused by the
coolant ejection. Krothapalli et al.110 used a high-resolutiondigital
camera and image shifting to record an underexpandedjet � ow. The
imaged area of the nozzle � ow (1.73 £ 1.15 cm) was processedover
a 50 £ 60 grid of points using autocorrelation, and time-averaged
velocity vector plots were generated.

The second spatially averaged PIV data reduction technique,
cross-correlationprocessing,is superior to the autocorrelationtech-
nique. However, this technique places more dif� cult demands on
the recording system. In cross-correlationPIV, two single-exposure
image frames must be recorded. Film-plate-based recording sys-
tems are incapable of providing two single-exposureimage frames
at an acceptable frame rate. Even electronic camera systems are
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hard pressed to provide suf� ciently high framing rates to enable
cross-correlationdata reduction. The cross-correlationoperation is
similar to autocorrelation where again the image frames are di-
vided into small subregions. However, now a subregion from im-
age 1 (recorded at the � rst laser pulse) is cross correlated with a
subregion from image 2 (recorded at the second laser pulse). The
resulting output on the correlation plane is a single peaked func-
tion, where the peak represents the average displacement of the
particles across the subregionbetween the two laser pulses. The di-
rection of the displacement is determined unambiguously because
the images from exposures1 and 2 are recordedseparately.Because
there is no self-correlation peak, even zero particle displacements
can be measured; hence, the cross-correlationtechnique provides a
higher dynamic range measuringcapability than the autocorrelation
technique.103, 105, 111

In contrast to the spatially averaged correlation techniques just
discussed, particle tracking techniques attempt to identify the dis-
placement of individual particles.112 Both single- and double-
exposure imagery have been used in particle tracking algorithms.
Bryanston-Crosset al.113 used double-exposure� lm to performpar-
ticle tracking on the � ow in a transonic turbine cascade. Chana
et al.114 used an electronic camera to record double-exposure im-
agery of the � ow in the rotator–stator region of a transonic turbine
facility. Single-exposure data are again preferred because knowl-
edge of the particle time history adds direction information that
aids in the tracking process. Wernet103 used single-exposureimage
data to track particles in a supersonic nozzle � ow. Most particle
tracking techniques require more than two single-exposure image
frames to perform ef� ciently. The � rst step in particle tracking is
to process the single-exposure images and determine the particle
image centroid locations. The particle centroid information from
all of the image frames in the sequence are then used to perform
the tracking operation. The essential premise in particle tracking is
that the distanceand directionof all second-exposureparticlesin the
vicinityof a � rst-exposureparticleare used to project the locationof
a third-exposureparticle. The distance and direction from a candi-
date second- to third-exposureparticle is used to project the location
of a fourth-exposureparticle.A particle trajectory is validatedwhen
the projected particle locations are all correctly determined, from a
candidate � rst-exposure in the sequence to the last.

For high-speed � ows, obtaining more than two single-exposure
image frames is dif� cult.Therefore,multi-frame(>2) trackingtech-
niques are not readily applicable to high-speed � ows. Correlation
techniques succeed by extracting the average displacement of a
groupof particles in a subregion.For tracking techniquesto succeed
with only two single-exposureimage frames, information from the
surrounding displacements must be used in the tracking operation.
There are two approaches for extracting the individual particle dis-
placements based on the surrounding particle displacements: fuzzy
logic and neural networks. Fuzzy logic techniques utilize a rule
base (� ow continuity) for allowed particle displacements.115 Parti-
cle pairs close together must move in similar directions and must
have similar magnitudes. Neural net approaches to data extraction
rely on training the nets to identify patterns.38, 116 The nets must be
trained on similar � ows that they will be used to process. Deter-
mining the number of layers and training sets required for neural
nets is similar to mixing paint, not much guidance is available and
sometimes you get the desired results.

Alternatively, combining correlation and particle tracking tech-
niques was proposedby Keane et al.117 to create a PIV data process-
ing systemthatcancoverawide rangeof � owseedingconditionsand
offer the potential for super-resolutionPIV measurements. Particle
tracking by itself is typically not capable of successfully tracking
particlesat the high seed particledensitiesnormallyused for auto-or
cross-correlationanalysis. Conversely, correlation techniques must
use large subregion sizes, with a concomitant reduction in spatial
resolution, in order to perform adequately in the low seed particle
densityregimeswhere particle tracking techniquesare normally ap-
plied. In the combined technique, correlation analysis is � rst used
to obtain a benchmark velocity vector map that then serves as a
guide for the particle tracking operation. Hence, high seed particle
images can be processedwith small correlationsubregionsizes, and
then the spatial resolutionof the measurementscan be improved by

following with particle tracking.For moderate density seed particle
images, the correlation subregion size is increased so that a good
velocity vector map is obtained, and then this is followed by par-
ticle tracking to obtain high spatial resolution measurements. For
low seed particle density cases, the standard particle tracking can
be used alone. Wernet103 was the � rst to demonstrate the combined
correlation/particle tracking technique in a supersonic nozzle � ow.
A high seed density � ow was processed to obtain over 2300 indi-
vidual velocity vectors in a 300-mm2 area at a spatial resolution of
45 l m/pixel.

Image Recording Hardware
The general trend in PIV has been a migration away from � lm-

based techniques, which require wet processing and cumbersome
archiving, to electronic image acquisition. Electronic image acqui-
sition, or digital PIV (DPIV), has enabled PIV to become a more
useful tool in industrial and research applications. All electronic
processing enables fast data processing and display so that the ex-
perimenter can determine the optimum experimental parameters
while the experiment is being conducted. Another motivation for
going to electronic image acquisition is the potential for obtain-
ing a pair of single-exposure image frames, which would enable
cross-correlationdata analysis to be used. However, whenever high
spatial resolution velocity measurements are required over a large
� eld of view, � lm-based PIV is the technique of choice.

As stated earlier, � lm-based techniques are suitable for high-
speed� ows,butnearlyalwaysrequireauto-correlationdataanalysis.
The exception to this rule is the two-color PIV work done by Post
et al.,118 where green and red laser sheets were used for � ow illumi-
nation and color � lm used to record the particle image data of the
� ow in a turbine cascade.The color � lm was electronicallyscanned
to create separate green and red image frames. The work pioneered
by Post et al. has been continued by Estevadeordal et al.,119 where
the color � lm has now been replaced by a high-resolution color
CCD camera. The two-color technique enables a single camera to
be used to record high-speed � ows and has been used to investigate
the � ow around an automotivecooling fan. However, there are a few
restrictions:The particle images cannotcompletelyoverlapfrom the
� rst to second exposure, the number of red and green pixels in the
CCD sensor is not equal (1:2), chromatic aberrations keep the red
and green particle images from being formed equally on the CCD
sensor, and the energy available in the red light sheet is typically a
fraction of the energy in the green light sheet.

Another approach for obtaining a pair of single-exposure image
frames is to use a two-camera recording system. Wernet103 demon-
strated a two-camera recording system in a supersonic nozzle � ow
using high-resolutionCCD cameras and polarization separation.A
polarization beam splitting cube was used to obtain coaxial view-
ing of the illumination plane. The pulsed beams from two separate
Nd:YAG lasers were combined, after frequency doubling, yield-
ing two orthogonally polarized sheets, which enabled each cam-
era to record light from only one of the illumination pulses. The
submicrometer-sized seed particles used in this study did not sig-
ni� cantly depolarize the scattered light. Image registration of the
two-cameraimages was obtainedusinga calibrationgrid and image-
warping algorithms.

Although a two-camera recording technique enables a pair of
single-exposure image frames to be recorded, work still continued
to reduce the complexity and cost of PIV optical recording sys-
tems. Of course, standard RS-170 [or phase alternate line (PAL)]
videosystemscouldbeused to recordsingleexposureimage frames,
but the video framing rate of 30 frames/s limited this approach to
very low-speed � ows. Wernet112 was the � rst to demonstrate the
frame straddling technique now used as the standard in the cross-
correlationcameras found in commercialPIV systems.Wernet used
the frame straddling technique in conjunctionwith particle tracking
to measurea 150-m/s nozzle � ow. In the frame straddlingtechnique,
the light from a pulsed laser source is made to coincide, or strad-
dle, the vertical drive interval of a standard RS-170 video camera
(or high-resolution 30 frame/s video system). In this way a video
image frame is exposed just at the end of its integrationperiod, and
next video frame is exposed right at the beginningof its integration
period. Hence, a pair of single-exposureimage frames are obtained.
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The standard 30 frame/s camera achieves a high effective framing
rate capability via this technique. The time between image frames
can be drivendown to the verticaldrive intervalof the camera,which
is on the order of a microsecond.

The adaptation of the frame straddling technology into commer-
cial PIV systems has enabled the development of fast PIV data
acquisition and reduction systems employing the optimal cross-
correlation data reduction technique. These robust and extremely
powerful commercial PIV systems have brought PIV out of the re-
search laboratory into large-scale facilities. These commercial PIV
systems provide fast processedvelocity vector maps. The fast feed-
back enables optimization of the image processing parameters and
a preview of velocity measurements being acquired. Commercial
PIV systems based on this technology have been used to measure
the intrablade � ow� elds in a 50-cm-diam transonic axial compres-
sor operating at 17,000 rpm (Ref. 120). PIV has also been used
to measure the � ow� eld in the diffuser of a high-speed centrifugal
compressor operating at a pressure ratio of 4:1 and a design speed
of 21,750 rpm (Ref. 111). Using PIV in rotatingmachineryapplica-
tions has many advantagesover previousmeasurementsmade using
LDV. Both instantaneousand time-averagedvelocitymeasurements
can be made, which enables the investigationof nonstationary� ow
phenomena.The planarmeasurementcapabilityofPIV signi� cantly
reduces the facility run time by over an orderof magnitudeover pre-
vious single-point measurement techniques such as LDV. Finally,
by introducing the light sheet parallel with the diffuser and/or ro-
tor hub, measurements can be obtained closer to the surface than
previously possible using normal incidence LDV systems.

Raffel et al.104 have also used cross-correlationcameras to study
the � ow� eld behind an advanced aircraft propeller (velocity on the
order of 80 m/s). Both instantaneous and time-averaged velocity
vector maps on a 61 £ 62 grid were generated from the 20 £ 20 cm
� eld of view images. Kooi et al.121 used cross-correlationcameras
to study the trailing wake � ow behind an airplane half-planemodel.
The wind-tunnel freestream velocity was 60 m/s, and the area im-
aged by the PIV system was 0.2 £ 0.2 m, with a spatial resolution
of 0.2 cm/pixel. To visualize the wing tip vortices, the light sheet
was orientedperpendicularto the primary � ow direction.The result-
ing velocity vector maps contained a 60 £ 60 grid of measurement
points.

Seeding
A more general discussion of seed particle requirements has al-

ready been given in the Overview of PDV section and will not be
repeated here. The type and size of seed material used is dictated
by the speci� cs of the � ow� eld under study. In general, the seeding
requirements for PIV are an order of magnitude higher than that
required for LDV measurements.

Spatial Resolution
The spatial resolution obtainableusing PIV is determined by the

appropriatechoiceof seed particle density,camera � eld of view, and
imaged particle size on the CCD sensor. Westerweel122 presents a
thorough discussion of these parameters and gives a general guide
for the optimal PIV system con� guration. Several factors must be
optimized to obtain high spatial resolution measurements and yet
avoid some of the systematic errors inherent in DPIV. Some of these
factors have to be addressedbefore the data are acquired, and some
are addressed in the data processing.The minimum error in estimat-
ing the displacement correlation peak is obtained when the imaged
particle size on the CCD sensor is on the order of 1–2 pixels.123

However, if the particle images are all on the order of 1–2 pixels
and a centroid estimator is used to compute the displacement peak
location, then peak locking can occur.122 This phenomenon is ob-
servedquite frequentlyin air� owswhere the � eldof viewis largeand
the imaged particle size is small. Proper selection of the recording
camera lens f -number can be used to ensure that diffracted parti-
cle images are recorded that have the optimum particle diameter to
pixel width ratio. A second factor to consider at the image recording
stage is to ensure suf� ciently high seed particle concentration.The
ultimate spatial resolution of the processed velocity vector maps
will depend on the seed particle concentration,as will be discussed
further.

In the data processingstage, there is a tradeoffbetween resolution
and accuracy in PIV measurements; however, we can attempt to
maximizeboth by judiciousdesign of the experiment.Following the
discussionby Westerweel,122 the reliabilityof the PIV estimate from
a processed subregion improves as the number of particle image
pairs increases.The correlationpeakSNR is proportionalto the total
number of particle image pairs in the subregion,but the accuracyof
the peak position estimate is not increased.

The error in the PIV estimates stems from the timing of the laser
light sheet pulses and the estimate of the particle displacement.The
laser timing is very accurate and does not signi� cantly contribute to
theerror in the velocityestimates.The accuracyofPIV displacement
estimates is primarily determinedby the ratio of the correlationpeak
size dr to the subregion size N :

r D x = dr / N (12)

The maximum displacement on the correlation plane is limited by
the subregion size. To avoid aliasing in the correlation plane, the
displacement search region must be restricted to one-quarterof the
subregionsize.106 By using three-pointGaussian interpolationtech-
niques, the correlation peak position can be estimated to subpixel
accuracy.122 Nominal values for the peak position error are on the
order of 0.1 pixel for particle images spanning 1–2 pixels on the
subregion. Combining the one-quarter rule with the peak position
accuracy sets the full scale accuracy of the PIV velocity estimates.
Assuming a PIV subregionsize of 642 pixels, and applying the one-
quarterruledescribedearlier, the relativeerror in thedisplacementis
approximately0.1/ 16 ¼ 0.6%. For a 1024 £ 1024 pixel image, pro-
cessed with 50% overlapped subregions, a 32 £ 32 grid of vectors
would be obtained. In this case we haveoptimized the measurement
accuracy while sacri� cing spatial resolution.

The lower limit on the spatial resolutionof the velocity measure-
ments is set by the actual particle displacementbetween the illumi-
nationpulses.Large displacementsbetweenexposuresare desirable
to achieve high-accuracy velocity estimates. In standard correla-
tion processing, subregions that are larger than the spatial scale of
the particle displacement are used in order not to violate the one-
quarter rule. By incorporating subregion shifting in the data pro-
cessing procedure,122 reasonable precision velocity estimates can
still be obtained while simultaneously increasing the spatial res-
olution of the measurements. In cross-correlation processing, the
second correlation subregion can be spatially shifted with respect
to the � rst subregionby an amount equal to the mean � ow displace-
ment between exposures, which keeps the correlation peak at the
center of the correlation plane and minimizes any distortion effects
caused by the windowing of the fast-Fourier-transform-based corre-
lation operation.Employing subregion shifting also enables the use
of smaller interrogation regions, provided the smaller subregions
still contain a suf� cient number of particles to provide a correla-
tion result. Therefore, subregion shifting enables the measurement
of displacements larger than prescribed by the one-quarter rule. If
we now use a 322 pixel subregion to process the same 1024 £ 1024
pixel image using 50% overlappedsubregionsand an 8 pixel subre-
gion shift, then the accuracyof the velocity estimate is still the same
as before, 0.1/16 =0.6%, and the processed velocity vector map
now contains 64 £ 64 grid points. The velocity precision has been
maintained, and we have increased the spatial resolutionby a factor
of two in each dimension. The spatial resolution now matches the
lower limit spatial resolution set by the particle displacement (as-
suming the particle displacements were on the order of 16 pixels
for the two cases just described and 16 pixel spacing between sub-
regions centers). The general trend is summarized in Table 1, again
assuming that subregion shifting is employed. Throughout the dis-
cussion of the various implementations of PIV data processingand
image acquisitionhardware above, the speci� c resolutionsfor some
of the referenceshave been listed for comparison.

Dynamic Range
The PIV technique has been used extensively to measure low-

speed � ows; however, our focus in this work is on high-speed� ows.
From Eq. (11) we see the parameters that affect the range of ve-
locities that can be measured using PIV. Because the time between
laser pulses can be arbitrarily large, very low velocities are easily
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Table 1 PIV spatial resolution vs precision

Subregion Velocity accuracy, Number of grid points
size % of full scale in processed vector map

16 £ 16 2.5 128 £ 128
32 £ 32 1.25 64 £ 64
64 £ 64 0.6 32 £ 32
128 £ 128 0.3 16 £ 16

measured. As we attempt to measure higher speed � ows, we must
reduce the time between laser pulses to record the particle positions
before they travel out of the � eld of view. In cross-correlationPIV,
the minimum D t that can be used is not limited by the laser, but
instead is limited by the camera used to record the pair of single-
exposureimage frames.The minimum D t for thecurrentlyavailable
cross-correlationcameras is on the order of 1 l s. Measurements of
transonic � ows are possible using this time delay on a 50 £ 50 mm
� eld of view.105 When the time between image exposures can no
longer be shortened, another option is to decrease optical system
magni� cation M in Eq. (11), which increases the � eld of view. The
magni� cation cannot be increased past the point where we can no
longer resolve the images of the individual particles. If the particle
images become too small and only span a single pixel, then peak
locking will occur.

In addition to the parameters that are manipulated at the time of
image acquisition, there is another option that can be exercised in
the data processingstage that will extend the operatingrangeof PIV
measurements.The size of the correlationsubregionlimits the max-
imum velocity that can be detected as stipulatedby the one-quarter
rule (average displacement cannot be larger than one-quarterof the
subregion size). When the average particle displacement between
exposuresbecomes larger than can be accommodatedwithin the de-
siredsubregionsize, thensubregionimageshiftingcanbe employed.
Subregion image shifting adds a dc offset to the second correlation
subregion in the mean � ow direction. Hence, if we can no longer
keep the distance the particles move between exposures short, we
can offset the processing regions to augment the limitations of the
recording hardware. Subregion image shifting is readily applied in
high-speed� ows where the convective� ow is much higher than any
spatial structuresin the � ow. The main assumptionmade here is that
the � ow is predominantly two-dimensionalbecause signi� cant out-
of-plane motion would preclude capturing the particles in exposure
1 at a later time in exposure 2.

The preceding section discussed the spatial resolution consider-
ations in PIV. Here we have shown that some of the parameters
affecting spatial resolution are also important in determining the
maximum velocity that can be measured using PIV. Although the
PIV techniquehas seen a majorityof applicationin low-speed� ows,
by proper optimization of the image recording and correlation pro-
cessing steps, high-speed � ows can easily be measured using PIV.

Three-Component PIV
Although PIV has made two-componentplanar measurements in

low-speed � ows rather commonplace, many � ows of interest are
fully three-dimensional and, therefore, do not posses a plane of
symmetry for easy two-component, planar measurements. In addi-
tion, two-component measurements leave out half of the Reynolds
stresses required to understand the physics of turbulent � ows.
Many approacheshavebeen investigatedand proposedforobtaining
three-component velocity information utilizing the PIV technique.
These approaches can be broken into three separate classes: three-
component velocity measurements in a volume; two-component
measurements across multiple planes, and three-component veloc-
ity measurementsacrossa plane.Most of the volumetricapproaches
are limited to tracking a relatively low number of particles in the
volume in very low-speed � ows and suffer from particle overlap
ambiguities.124 Holographic techniques have also been proposed
and demonstrated for volumetric three-component velocity esti-
mates via particle tracking.125 Another approach for obtaining vol-
umetric three-component measurements is by rapidly scanning a
laser sheet or by using a color coded laser sheet.126 , 127 All of the
mentioned techniques have only been applied in low-speed � ow
applications.

a) Lens translation con� guration

b) Angular displacement con� guration

Fig. 16 PIV con� gurations.

The planar measurement region techniques are simply an ex-
tension of the in-plane two-component PIV technique. In the pla-
nar approach, multiple recording cameras are used in a stereo
viewing con� guration.128 There are two primary con� gurations for
stereo PIV: lens translation and angular displacement, as shown
in Figs. 16a and 16b. Lens translation is simple and for small � eld
angles resultsin no appreciableopticaldistortion.92 , 128 , 129 The com-
mon image area from the two cameras may be restrictively small
unless the � eld angles are enlarged. Using large � eld angles in
the displacement technique increases the sensitivity to the out-of-
plane displacement, but will also produce perspective distortion in
the image.130 The angular displacement technique is considered to
be more accurate; however, this technique results in perspective
distortion on the image plane and typically requires a large depth
of � eld to avoid defocusing across the image plane.125 , 128 The im-
age plane of best focus does not fall on the straight back cam-
era � lm plane, resulting in blurring at the edges of the image. The
use of high f -number collection optics increases the depth of � eld
and minimizes the blurring. The errors of perspective distortion
can be ignored by keeping the coupling angle between the cam-
eras small; however, sensitivity to the out of plane component is
reduced.93 , 113, 131 The large depth of � eld requirement of the angu-
lar displacement technique is easily eliminated by tilting the � lm
plane such that the Scheimp� ug condition is satis� ed.123 , 132 The
Scheimp� ug condition requires that the image plane, object plane,
and themedianplane throughthe lensall intersectat a common point
(Fig. 17). The tilted object plane is imaged onto a tilted image plane
where all points are in focus and the depth of � eld requirements of
the optical system are reduced. The object to image distances vary
horizontally across the image, resulting in perspective distortion.
Both the vertical and horizontal magni� cation varies as a function
of horizontal position on the image plane. These distortions can be
accounted for in the data processing using image warping or an
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Fig. 17 Schiemp� ug con� guration of a stereo viewing optical setup for
PIV.

exact analytical transformation.132 The advantages of the angular
displacement techniqueare the large � eld of view and the improved
accuracy in estimating the out-of-plane displacement. An indirect
advantage of the stereo view con� guration is the collection of the
particulate scattered light from an angle other than 90 deg from the
scatteringplane.The scatteringef� ciency reaches a minimum at 90-
deg collection for polarized light; therefore, the oblique collection
angles collect more light than would be detected from a standard
PIV setup. In some standard two-dimensionalPIV applications,90-
deg viewing is not feasible, and the Scheimp� ug off-axis viewing
provides an alternative.132

The errors associated with the angular displacement technique
are similar to those for a three-component LDV system. The
error in the z component of velocity is dependent on the two
in-plane x-component velocity estimates. For PIV the in-plane ve-
locity estimates can be 1% of full scale for an optimized experi-
mental setup. For a stereo viewing optical system, the error in the
out-of-planedisplacement component is r D x to � rst order given by
Wernet,51

r D z = r D x / tan b (13)

where r D x is the in-plane error in the x component of displacement
and b is the coupling half-angle between the two optical systems.
Hence, we obtain the result that the error in the out-of-plane dis-
placement is inversely related to the tangent of the optical system
coupling half-angle. This simpli� cation allows us to de� ne an ap-
proximate ratio of the error in D z to the error in D x . For the case
where b =30 deg, the error in D z is 1.7 times as large as the in-plane
error D x . At the limit of b =45 deg, the error in the out-of-plane
displacement equals the in-plane displacement error.

Except for that of Funes-Gallanzi and Bryanston-Cross,131 all
of the three-componentmeasurement systems described were used
in low-speed � ows. They used a stereoscopic PIV system to mea-
sure the � ow around an airplane model with velocity up to 60 m/s.
Wernet51 used a Scheimp� ug con� guration stereo viewing PIV sys-
tem to obtain three-componentvelocity slices in a supersonic noz-
zle � ow at several axial positions in the � ow. In this work, the light
sheetwas orientedperpendicularto the main � ow direction,which is
not the optimal con� guration for obtaininghigh-accuracymeasure-
ments, but is signi� cant in that the measurements were obtained at
all. In a similaropticalcon� guration(lightsheet perpendicularto the
main � ow direction), Raffel et al.104 used a long-range (9-m) stereo
PIV system to make three-component velocity measurements in a
study of blade tip vortices from a rotorcraft model. The maximum
velocities measured were on the order of 50 m/s and the observa-
tion area was 25 £ 30 cm, yielding a processedvelocity vector map
containing a grid of 51 £ 61 vectors.

Sample PIV Results
A PIV � ow� eld study was conductedon a 50.8-cm-diam,single-

stage axialcompressorwith a designspeedof 17,188rpm anda mass
� ow rate of 20.19 kg/s, yielding a pressure ratio of 1.86 (Fig. 18).
The rotor has 36 blades with a span of 75 mm at the leading edge
and 56 mm at the trailing edge. The blade stagger angle is 41 deg at

Fig. 18 PIV installation in an axial compressor facility.

the hub and 61 deg at the tip. The casing is � tted with a large optical
access window (200 £ 100 mm) that is molded to the complex con-
tour of the casing. The glass thickness is 3 mm and produces a very
small amount of optical distortion. None of the optical distortion
effects will be considered here.

A very compact light sheet delivery system was constructed us-
ing a periscope-type con� guration. The pulsed Nd:YAG beam is
directed down the bore of the tube that contains light sheet form-
ing optics and a 90-deg turning mirror. A 1000 £ 1000 pixel cross-
correlation CCD camera with 9- l m square pixels was used to im-
age the � ow. Although the spatial resolution of the optical system
is much larger than the actual geometric image of the particle on
the CCD sensor, the diffraction effects of the optical system may
produceeffectiveparticle images that are much larger.106 For exam-
ple, a PIV image recordingsystem usinga f-number5.6 camera lens
operatingat a magni� cationof 0.16 and usingan illuminationwave-
length of 532 nm yields a 9-l m-diam point spread function on the
CCD sensor.The optical system point spread function is matched to
the CCD sensor resolution.The submicrometer-sizedseed particles
used in this study ended up being imaged to objects on the order
of the CCD pixel size and, hence, resulted in a minimal correlation
peak centroid estimation error.122

The seeding was provided by a 6 jet atomizer (producing
0.7-l m-diamparticlesusingRosco’s smoke juice) that injectedseed
througha6-mm-diamseedingprobelocatedapproximately80probe
diameters upstream of the rotor. The seeding probe position could
be adjusted radially to provideseed in the planeof illumination.The
lightsheetwas introducedinto the rig via the opticalperiscopeprobe.
A commercialarticulatedlightarm was used to couplethe light from
a dual-cavityNd:YAG laser systemto the periscopeprobe.The light
sheet pulse energy was approximately125 mJ/pulse. The probe was
inserted through the casing at a circumferential position 45 deg be-
low the rig centerline and approximately 200 mm upstream of the
rotor. The inclination angle of the light sheet roughly matched the
blade stagger angle at both midspans. The light sheet generated by
the probe was approximately 45 mm wide and 1 mm thick at the
measurement location.
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Fig. 19 Instantaneous velocity vector map of the � ow in the transonic
axial compressor.

Fig. 20 Velocity vector map, 96 frame average, of transonic axial com-
pressor � ow.

The camera image scale factor was 56 l m/pixel, yielding a
56 £ 56 mm � eld of view, and the interframe time was 2.67 l s.
The lightsheet illumination covered most of a blade passage in the
circumferential direction at a passage height of 46 mm from the
hub (70% span). The plane of the lightsheet intersected the lower
blade at constant radius, but was slightly inclined along the pres-
sure surface of the upper blade. The � ow velocity upstream of the
rotor is 190 m/s, and the blade speed at the measurement plane
is 390 m/s. The � ow direction is from left to right, and the rota-
tional direction is from top to bottom. The blade pro� les at the
measurementplane locationare shown in Figs. 19 and 20. The vec-
tors in Figs. 19 and 20 are shown in the relative frame (wheel speed
has been added) and are scaled in proportion to velocity vector
magnitude and also gray scale coded by vector magnitude.The data
were processed using a cross-correlationsubregion size of 32 £ 32
pixels (1.8 £ 1.8 mm subregions) with 50% overlap. A subregion
shift of (8, ¡ 4) pixels in the x and y directions was used so that
smaller sized subregionscould be utilized.Spurious vectors located
around the blade surfaces and in the periphery of the image have
been removed.No interpolationor data � llinghas been applied.Fig-
ure 19 shows an instantaneousvectormap of the � ow� eld.Figure 20
shows a 96 frame average velocity vector map. Under these rig op-
erating conditions,a strong shock forms off the upper blade leading

a) Relative Mach number vs percent pitch for PIV and LDV

b) Flow angle vs percent pitch for PIV and LDV

Fig. 21 Comparison of PIV and LDV measurements at 20% chord for
the velocity vector map shown in Fig. 20.

edge and spans the blade passage. The position of the blade-to-
blade plane shock is readily observed by the sharp drop in vector
magnitude within the blade passage (light to dark shading). A bow
wave also forms off of each blade extendingoutward (up and to the
left) from each blade leading edge. The bow wave from both the
lower and upper blades are observed in the left portion of the im-
age. There is also a signi� cant change in velocity magnitude across
the bow waves as indicated by the gray shading (medium gray vec-
tors). The average velocity vector map in Fig. 20 is smoother and
has more � lled in areas than the instantaneousvector map shown in
Fig. 19.

Previous LDV measurements acquired in the same facility under
similar conditionswill be used to assess the quality and accuracyof
the time-averagedPIV data (A. J. Strazisar, 1997, personal commu-
nication). The vertical line inside the blade pro� les in Fig. 20 indi-
cates the20%chordpositionalongthebladeat 70%span.Figure 21a
shows the relativeMach number vs percent pitch measurementsob-
tained using PIV and LDV, respectively. The LDV measurements
were obtained at a higher sampling density across the blade pitch
(200 points) and are closer to the blade surfaces than the PIV mea-
surements (29 points). Both systems show the blade-to-bladeshock
occurring at approximately 65% pitch. Both sets of measurements
show the shock spanning about 15% of pitch. Figure 21b shows the
absolute � ow angle vs percent pitch measurements obtained using
PIV and LDV. Again the measurementsbetween the two techniques
are in very good agreement, spanning essentially the same range
and exhibiting similar features.

Summary
As the title of this review indicates, the focus here is on pla-

nar, multiple-component, velocimetry in high-speed � ows. High-
speed � ows are almost always of very high Reynolds number and
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highly turbulent.Thus, these � ows possessvery largedynamic range
in velocity, length, and timescales. An ultimate velocimetry tech-
nique that would help in exploring the physics of such � ows would
provide detailed, accurate, volumetric, real-time, instantaneousve-
locity data. From the discussion so far it is obvious that we are
not anywhere near this goal, but making steady progress toward it.
The volumetric and real-time aspects are harder to achieve in high-
speed � ows at this time. Currently, there are two planar velocimetry
techniques that are developing rapidly into useful tools and could
provide detail and accurate instantaneous velocity information in
high-speed � ows, if designed and utilized properly. The techniques
are PDV and PIV. The details and state of the art of both techniques
were presented and discussed. Which one of these techniques is
preferred over the other depends on many factors, such as the ob-
jectives of the measurements, the level and the dynamic range of
expected velocities, the spatial resolution requirement, the acces-
sibility of the � ow� eld, and of course the availability of both the
expertiseand necessaryequipment.Next, these issueswill be brie� y
discussed.

Fromthediscussion,it is apparent that two-componentPIV in low
to moderate speed � ow applications is a well-developed technique
with commerciallyavailablecomplete hardware and software pack-
ages.The setupand applicationof thesecommercialtwo-component
PIV systems is relatively simple, and the fast feedback of velocity
data enablesonline optimizationof the image recordingparameters.
For low to moderate velocity two-component applications,PIV is a
better choiceat this time due to its simplicityand ease of implemen-
tation. As the velocity approachessupersonicspeeds, PIV is limited
due to the image capture capabilities of the cross-correlationcam-
eras. Three-component PIV is just becoming commercially avail-
able and still requires quite a bit of expertise for accurate measure-
ments.

The PDV techniqueisdevelopingrapidlyandholdsgreatpromise,
especially in high-speed � ows and in large facilities. However, nei-
ther the hardwarenor the softwareforPDV is availableoff-the-shelf,
and a successful design and application of the technique requires
substantialin-housedevelopmentand expertise.Therefore, not only
the availability of the necessary equipment, but also the availabil-
ity of in-house expertise, is a deciding factor in the selection of a
technique. Optical access restrictions in some facilities could also
adversely affect the accuracy in some of the resolved velocity com-
ponents.

As for the objectiveof the research, if it is to obtain mean velocity
and some components of Reynolds stresses in a 50 £ 50 grid on a
given plane so that a CFD code and its turbulence models could
be examined and improved, then either PIV or PDV would be able
to accomplish the task. However, if the objective is to obtain de-
tailed, high-resolution turbulence data, so that one can understand
the physics of the turbulence � eld, then PDV offers a better choice.
As was discussed earlier, the speckle noise, which necessitates the
binning of several adjacent pixels in image processing stage, could
limit the spatial resolutionof PDV. However,as was shown, in a high
Reynolds number laboratory-scale supersonic jet, the spatial reso-
lution of PDV is perhaps diffraction limited. Whether diffractionor
speckle noise limited, PDV still offers a higher spatial resolution
velocity measurement capability than PIV.

We have chosen to make generalized statements in comparing
PDV and PIV systems, based on our understanding of and experi-
ence with the techniques, because no direct comparison measure-
ments are available at this time. We would also acknowledge that
PDV systems capabilities are improving whereas those of PIV are
mature. To make a meaningful head-to-head comparison between
these two techniques, the comparison must be done on an object
space spatial resolution basis (de� ning the limiting velocity mea-
surement grid spatial resolution in physical units). Comparisons
based on the number of pixels used in a PIV correlation subregion
or binning of several adjacent pixels in PDV are not precise due to
the many parameters that combine together to determine the actual
spatial resolution of the measurements such as the � eld of view of
the recording system, the pixel count and size in the CCD sensors,
and the oblique viewing angle of the illumination plane.

The � ow velocity and dynamic range are very important con-
siderations. As the � ow velocity increases, the magnitude of the

Doppler shift for a given setup increases. This would improve the
accuracyof PDV. On theotherhand,PIV has to balancethe accuracy
of measuring shorter transit time with the required spatial resolu-
tion. This problem is aggravated as the dynamic range is extended.
However, it has been shown that with proper arrangement PIV can
be used in high-speed � ows. In small facilities, if accessibility to
the � ow� eld is limited and if only two-component measurements
are desired, then PIV would be a better choice. For example, one
small window is needed to bring the laser sheet into the � ow in
both PIV and PDV, whereas PIV requires one additional window
to collect the images and PDV requires two additional windows. If
three-dimensional measurements are required, the stereo viewing
PIV system can view the measurements volume through a single
largewindow; however, the PDV system will require threewindows
to obtain three-componentvelocity measurements. If the three win-
dows are available, then PDV would be preferred because it would
providea betterspatial resolution.The PDV techniquewould bepre-
ferred in large facilities because the imaging of individual particles
and, thus, obtaining correlations would be dif� cult using PIV.
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