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Application of Particle Image Velocimetry
in High-Speed Separated Flows

M. J. Molezzi* and J. C. Duttont
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

A particle image velocimetry (PIV) system has been developed for use in high-speed separated air flows. The
complete system was developed to improve the spatial resolution and accuracy of the PIV technique as applied
in high-speed compressible flows and is the first to incorporate both birefringent image shifting and submicron
seed particles for analysis of separated flowfields. The system has been proven in preliminary experiments using
a simple low-speed round jet flow and has been validated for accuracy with both known displacement simulated
PIV photographs and with uniform flow experiments at Mach 0.5 (170 m/s) for comparison with pressure and
laser Doppler velocimeter data. PIV data have also been obtained in the separated wake region behind a
two-dimensional base model in a Mach 0.4 freestream flow (135-220 m/s) with resolution of velocity in 1.0-mm2

regions, revealing features of the von Karman vortex street wake and underlying small-scale turbulence.

Introduction

E XPERIMENTAL investigation of turbulent and compress-
ible flows has become increasingly sophisticated in recent

years with the advent of laser based measurement techniques.
Among these tools is a relatively new technique called particle
image velocimetry (PIV). PIV is performed by illuminating a
seeded flowfield with a planar laser sheet that is pulsed at a
known time interval, forming two or more images of each seed
particle within the light sheet (Fig. 1). After recording these
images on film or another medium, image separations and
therefore velocities can be determined for the entire plane.
Unlike pointwise techniques such as laser Doppler velocimetry
(LDV) which provides statistical velocity data on a point-by-
point basis, PIV can identify instantaneous flow structures
that may be random in nature but important to the overall
behavior of the flow. PIV also reveals planar views of three-di-
mensional flow structures that are smeared by volume integra-
tion inherent in techniques such as schlieren photography.
Other advantages include the ability to obtain PIV images
quickly, allowing shorter run times, larger test sections, and
higher Mach numbers.

Although molecular imaging techniques have recently been
used for high-speed velocity measurements,1'2 pioneering work
by Kompenhans and Hocker3'4 and Post et al.5 have recently
extended the particle-based PIV technique to high-speed flows.
Despite this initial work, difficulties in seeding and image ac-
quisition have limited the spatial resolution of PIV. One of the
most important considerations in PIV for high-speed flow
applications is obtaining adequate seed density for successful
interrogation at all locations. Since most high-speed wind tun-
nels are not recirculatory, high seed density can only be ob-
tained by injecting a large mass of seed with the flow. Local
seeding in areas of interest can be a solution, but injection may
need to be done upstream of flow conditioning devices and
nozzles that partially disperse the seed. Difficulty also arises in
obtaining sufficient seeding in separated zones of the flow
(behind bases, steps, etc.). Experience with both PIV and LDV
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shows that seed density in these areas is generally sparse, caus-
ing significant data dropout. Another concern is the choice of
seed particles that are small enough to follow large velocity
gradients while still scattering sufficient light to expose film.
The seeding material is further restricted when birefringent
image shifting6 is used to resolve the directional ambiguity of
image displacements in high-speed separated flows. Image
shifting involves shifting the second image of every particle by
a known distance to assure that the direction of image dis-
placement is known over the entire PIV photograph. Birefrin-
gent image shifting is done by using vertically and horizontally
polarized light for the two illumination pulses, then pho-
tographing the flowfield through a birefringent calcite crystal
that shifts one polarization of light (and therefore one set of
images) by a known distance. This use of polarized light
sources requires seed particles which maintain polarization in
sidescatter. After image displacements are determined from
the photograph, the "shift displacement" is subtracted off to
return the actual flowfield displacements (and velocities).

Laser requirements are also a factor in the use of PIV for
high-speed flow applications. To illuminate small seed parti-
cles, high power in the visible spectrum is a necessity. Kompen-
hans and Hocker3'4 have used a Nd:YAG system with 70 mJ/
pulse for recording images on 35-mm film, but when
necessary, resolution of small-scale velocity fluctuations in
high-speed test sections requires the use of large format film to
reduce diffraction-limited image sizes and to avoid film grain
limitations. The larger film area, in turn, requires much greater
illumination. The high laser energy must also be combined
with very short pulse duration to prevent image blur which
reduces the accuracy of velocity measurements. Typical super-
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Fig. 1 Principle of PIV.
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sonic flow speeds require laser pulse durations on the order of
10 ns or less.

With consideration of the aforementioned factors for PIV
application, the present work sets out to advance the capabil-
ities of the PIV technique as applied in high-speed flows. Spe-
cifically, the objectives include improvement of the spatial
resolution of velocity measurements on a uniform grid to im-
prove detection of small-scale instantaneous structures. The
technique is also applied in fully separated flowfields where
recirculatory, unsteady, instantaneous structures can domi-
nate the fluid dynamic behavior. These applications involve
careful choice of the seeding material and delivery system and
the implementation of birefringent image shifting. Finally, the
importance of obtaining highly accurate data for quantitative
analysis requires careful system validation and determination
of data accuracy.

Particle Image Velocimetry Equipment and Operation
Acquisition System

The acquisition system refers to the equipment used to ob-
tain double-exposed particle image photographs of the flow-
field of interest. Diagrams of the PIV acquisition system
equipment and beam optics are shown in Fig. 2. This system
uses two Continuum YG681C-10 Nd:YAG lasers equipped
with frequency doubling crystals to provide a maximum out-
put energy of 550 mJ/pulse at a wavelength of 532 nm (green
light) with a pulsewidth of 4-6 ns. High-resolution black-and-
white films are very sensitive to green wavelengths and the high
visibility of the green light also simplifies alignment of the two
beams, which is a critical factor in obtaining double exposures
of particles in the flow. Two separate lasers are required since
a single laser cannot generate two distinct, equal energy pulses
in the short time interval required for high-speed flows (typi-
cally less than 1 jits). The horizontally and vertically polarized
beams of the two lasers are combined by a polarized beam
splitter, then shaped by spherical and cylindrical lenses to form
a planar beam profile with a waist thickness of 0.4 mm. Beam
thickness can be increased by positioning the beam waist either
above or below the test section. Beam width at the test section
is adjustable up to 125 mm by positioning the 300-mm cylindri-
cal lens. All lenses are made from fused silica substrate and all
optics use high-power Nd:YAG coatings to limit beam energy
loss to less than 0.25% per surface.

The photographic recording of particle images is done by a
camera mounted on the same optical table as the lasers and
beam shaping optics. This allows maintenance of the relative
position of all optical components for consistent alignment
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a) beam path

300mm
cylindrical lens

Fig. 2 PIV acquisition system: a) laser and camera equipment for
acquiring PIV photographs; b) top view of laser optics for forming
planar beam profile.
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Fig. 3 Acquisition system control: a) equipment schematic; b) timing
diagram for automated acquisition of PIV photographs.

and focus. This table is also mounted on vibration-isolated
supports to avoid the effects of laboratory vibrations. The
system can use a 35 mm, 6x8 cm, or 4x5 in. camera. The
35 mm and 6x8 cm cameras have 100- and 300-mm macro
lenses, respectively, and both have auto film wind and an
electronic shutter for automated operation. The system has
also been used with a modified 4 x 5 in. camera with a manual
shutter and 120-mm macro lens, but since it can take only one
frame before reloading, its large format film is most useful
when the highest possible resolution of particle images for
determination of small-scale turbulent motions is necessary-.
Flat-field or macro lenses are required to prevent distortion of
the field of view at the edges which would induce error in the
measurement of particle displacements. Long focal lengtjj
lenses are used to reduce the solid angle from the lens to the
field of view, thereby minimizing parallax. For given flowfield
dimensions, longer focal length lenses are required for larger
format films to maintain a constant solid angle. In the case of
the 4 x 5 in. camera, a longer focal lens would be desirable, but
since none was available the experiments done with this camera
used a laser sheet with half the thickness used for other exper-
iments, thereby effectively reducing parallax.

Automation of the system is a key for allowing acquisition
of multiple photographs in short run-time test sections,
thereby randomly capturing unsteady structures in various,
stages of development. Control of this system is done by a
Macintosh II computer equipped with a digital input/output
board and solid state module switches (Fig. 3a). Computer
software controls the triggering of the lasers via a Stanford
Research pulse generator, an electro-pneumatic valve to re-
lease seed into the test section, and the camera shutter. The
timing diagram in Fig. 3b indicates the sequence of events
controlled by the computer system. Software allows the user to
select the warmup time (for laser warmup and wind tunnel
adjustment), the seed delay time (to allow seed to propagate
from the seeder valve to the test section), and the number of
photographs desired. Since the pulse rate of the lasers must be
fixed at 10 Hz, conditional sampling of PIV by external events
would only be possible for periodic events, in which case soft-
ware could be implemented to predict from input data when an
event would coincide with a laser pulse, factoring in delay
times from all inputs and outputs.

Interrogation System
After PIV negatives are obtained and processed for high

contrast (to increase signal-to-noise ratio) and contact printed
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Fig. 4 PIV interrogation system: a) equipment schematic; b) optical
components.

onto film to obtain positive images, the photographs are exam-
ined using an automated interrogation system controlled by a
"Dash 30" modified Macintosh II computer operating at 50
MHz. Diagrams of the interrogation system and the accompa-
nying optics are shown in Figs. 4a and 4b.

Simply explained, the average particle displacement for an
interrogation spot is determined from its spatial autocorrela-
tion function, which is derived by performing two two-dimen-
sional Fourier transforms.7 This is most commonly done by
either the "Young's fringe" method where tfle first transform
is done optically and the second is done ^digitally by fast
Fourier transform (FFT), or the "autocorrelation" method
where the original interrogation spot is digitized and both
transforms are done by digital FFTs. Although the Young's
fringe method is faster, the autocorrelation method provides
the advantages of easier setup and increased flexibility. Imag-
ing the interrogation spot to the video camera allows control
over image focus, image contrast, and interrogation spot size
by direct observation. Use of the Young's fringe method re-
quires collimation of the illuminating beam ,t& obtain good
interference fringes from the optical transform^ beam masking
to select the spot size, and the relatively difficult task of deter-
mining the "best" fringe pattern by adjustment of optics,
beam focus, and beam intensity. The speckle in typical fringe
patterns (caused by coherent light interference) makes this task
difficult, and if not done well, it can significantly reduce the
number of successful interrogations on a given PIV pho-
tograph. An additional advantage of the autocorrelation
method is that both the original particle images and the auto-
correlation output can be digitally recorded for a particular
interrogation spot, allowing the user to physically measure the
particle displacements and compare to the system output for
accuracy. For these reasons and the fact that interrogation
time constraints are not particularly important in comparison
to other processing tasks, the autocorrelation method is used
for the data presented in this paper.

For this system, the completed PIV photograph is mounted
between glass plates on a two-dimensional Aerotech positioner
system to scan the photograph spot by spot with a fixed 5-mW
HeNe illumination beam and optics. The HeNe beam is passed
through a neutral density filter to control intensity, then it is
spatially filtered to eliminate high-frequency intensity varia-
tions that could add noise to the illuminated interrogation

spot. If the Young's fringe method is being used, the beam
then passes through a mask to determine the interrogation spot
size. After passing through the photograph, an imaging lens is
then chosen to obtain either the actual particle images or the
far-field diffraction pattern (optical Fourier transform) of the
interrogation spot, depending on the interrogation method
being used. A 5X microscope objective lens is used to obtain
particle images, while a 127-mm plano-convex lens is used to
obtain the optical Fourier transform. Finally, the image is
received by a Sierra Scientific CCD array video camera with a
HeNe bandpass filter to eliminate room light interference. The
choice of a HeNe laser is made to ensure uniform illumination
by use of the spatial filter, to allow interrogations in normal
room light conditions by using the HeNe bandpass filter, and
to provide the collimated light source required when Young's
fringe interrogations are desired.

The video image is then digitized toa512x512 pixel array
by a Perceptics frame grabber board with 8-bit grayscale (256
gray levels) and is passed to a Mercury MC3200-NU array
processor which performs FFTs and other array operations to
obtain the two-dimensional autocorrelation of the original im-
age. The array processor uses a centroidal peak-finding rou-
tine to locate up to three of the strongest autocorrelation
peaks. These peak locations are stored as the most likely image
displacements for that interrogation spot and the process is
repeated for the next spot.

After the full vector field is determined, postprocessing
must be done to refine the data. As a first pass, the vector field
is checked by a routine that looks for "bad" vectors that are
outside user-specified absolute limits and replaces them with
one of the secondary peaks for that location if it is acceptable,
or with a default value to indicate a bad measurement. The few
remaining spurious velocity vectors are manually removed and
replaced with the aforementioned default value. Another auto-
mated routine then searches for default values and replaces
them with values interpolated from valid neighboring vectors
using multiple linear regression. The vector field is then
smoothed by convolution with a Gaussian kernel as described
by Landreth and Adrian8 to eliminate random noise in the
vector field caused by image imperfections, video noise, and
other factors. This is crucial when spatial differentiation is to
be performed on the vector field to derive quantities such as
vorticity, since any high-frequency random error will be accen-
tuated by differentiation.

Flow Seeding
The choice of a seeding material and delivery system is key

to the successful implementation of PIV in high-speed flows.
The limitations of particle techniques hinge on production of
particles with sufficiently low slip velocity to accurately follow
high-velocity gradients in compressible flows. This also affects
the ability of seed to be carried into separated flow regions
where vortices tend to throw heavy particles dut, thereby re-
ducing seed density. The density of seed in areas of interest
also places a limitation on the spatial resolution of velocity
measurements. An additional factor is the ability of the parti-
cles to scatter sufficient light for PIV photographs, which is
dependent on particle shape and refractive index. In the devel-
opment of this system, various seed materials have been exam-
ined for slip velocity and optical performance, including atom-
ized water, atomized silicone oil, and monodispersed
polystyrene latex (PSL) spheres of various sizes. Each seed
type was used for test photographs and all were successfully
recorded on film including 0.5- and LO-jitm-diam mono-
dispersed PSL spheres. The resulting choice for high-speed
flow experiments was silicone oil seed generated by a six-jet
atomizer made by TSI, Inc. The poly dispersed atomized
droplets have a mean diameter of 0.8 ̂ m as quoted by TSI and
Bloomberg,9 and show good response to the velocity gradient
across an oblique shock wave.9 PSL spheres of 0.5 and 1.0 /xm
diameter also respond well to velocity gradient!, but cannot be
delivered in large enough quantities for PIV requirements.
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Test photographs also show good performance of the silicone
oil droplets for image exposure intensity and for birefringent
image shifting. The seed delivery system used for the transonic
wind-tunnel experiments presented here is a localized multiple-
tube arrangement described in further detail in the discussion
of experimental results.

Spatial Resolution
In a high image density PIV system, each individual velocity

vector is determined by the mean particle displacement in the
interrogation spot. Therefore, the spatial resolution of a data-
set is determined by the interrogation spot size as measured in
the flowfield frame of reference. To use a particular spot size,
for example 1x1 mm, many requirements must be satisfied.
First, the diameter of the particle images must be small enough
to measure displacements greater than one image diameter
within the spot, since overlapping images cannot be distin-
guished. Second, the maximum displacement should be less
than approximately 25% of the linear dimension of the spot,7
in this case 250 /mi, to insure that a sufficient number of image
pairs will appear fully within the spot for successful inter-
rogation. This is accomplished by selecting the proper time
delay between laser pulses for a given flowfield photograph.
Finally, the particle image density must be high enough to
provide a sufficient number of image pairs for successful inter-
rogation in all spots throughout the region of interest. The last
of these requirements is typically the most difficult to satisfy
and generally governs the choice of spot size, and thus, spatial
resolution.

Results
Interrogation System Validation

Validation of the PIV system first involved testing of the
interrogation system. As a first check on the accuracy of the
autocorrelation output and the associated image processing
software, an interrogation was performed on a known uni-
form dot pattern with a spacing of 133 dots/in, in both the
horizontal and vertical directions. The pattern is a commer-
cially produced screen PMT for making copies of photo-
graphic prints. The screen was used in place of a PIV pho-
tograph on the interrogation system and was interrogated
several times at various magnifications, storing both the dot
pattern image input and the autocorrelation output. After
analysis, peaks in the spatial autocorrelation output were com-
pared to the original dot pattern. The spacing of peaks in the
autocorrelation output was found to match the center spacing
of the original dot pattern to within 1 %. This is expected for
a uniform pattern since each dot correlates perfectly with it-
self, the closest neighbor in each direction, the second closest
neighbor, etc.

Table 1 Uniform displacement photograph interrogation results

Photo 1 Photo 2

Ax,a jum
Ay,b /im
(7A*» Mm

(7Ay> Aini
OAx/dp, %
<JAy/dp,%

\AX\,C pm
1 AX 1 actual, /*ni

Interrogation spot, mm
Increment, mm
Total spots/photo
Image pairs/spot
Mean image diameter, dp, /-on

63.515
58.523
2.001
1.929
5.72,
5.51

86.366
87

131.299
133.153

1.166
2.153
6.19
6.15

187.000
187

0.8x0.8
0.4

10,000
~8
-35

aMean interrogated x displacement.
bMean interrogated y displacement.

1

Tests were then done with known displacement simulated
PIV photographs. The most accurate simulation used photo-
graphs of uniformly displaced image pairs. The photographs
were made by first printing a randomly spaced dot pattern on
an 8! /2Xll in. sheet. A photograph of the unpaired images
was then made on 4 x 5 in. Kodak Technical Pan 4415 film in
an enlarger. This unpaired-dot photograph (clear dots on a
dark background) was then attached to a translation stage and
placed over unexposed film for contact printing. Exposures
were made with the unpaired-dot photograph in an initial po-
sition and in a second position, displaced by the translation
stage, insuring uniform image pair displacements. The result-
ing paired-dot photograph (dark dot pairs on a clear back-
ground) was then contact printed onto film, resulting in the
final paired-dot photograph (clear dot pairs on a dark back-
ground). Two photographs were made with different displace-
ments. The photographs were examined under a 14X stereo
microscope equipped with a measuring reticule marked in 5 ̂ m
increments to determine the actual mean displacements of
87 and 187 jum as presented in Table 1. Both photographs
started with a pseudo-randomly dispersed pattern of approx-
imately 12.5 image pairs/mm2, but due to nonuniformity in
the pseudo-random dot dispersion, film flatness, film sensitiv-
ity, lighting, dust, etc., the image density on the final photo-
graphs was reduced and varied throughout the photographs.
Image diameters also varied from 20 to 50 /xm due to the same
photographic effects. This variation in image density, image
size, and other effects due to the printing of the images on film
creates a good simulation of real PIV photographs, except for
the lack of unpaired images which occur in real flowfield pho-
tographs due to some particles moving out of the laser sheet
between pulses.

Interrogations were made of each photograph at 10,000 lo-
cations with the results presented in Table 1. The statistics
shown were calculated using only "good" data falling within
±17 jum of the mean displacement in each direction, which
was over 90% of the total for both photographs. The deviation
from 100% good data was due to the aforementioned dot
dispersion and photographic effects which reduced image den-
sity in some areas. Bad vector replacement and smoothing
were not done in order to preserve the full error in the interro-
gation. The photographs were interrogated with the direction
of displacement at approximately a 45-deg angle to the hori-
zontal to examine the dependence of error on variations in
both the x- and y -displacement magnitudes. The data reveal
that the standard deviation of the interrogated displacements
is approximately constant at 2 jum for both photographs. This
is an expected result since the random error in displacement
should be proportional to the particle image diameter and not
the magnitude of displacement.7 Given the mean image diame-
ter dp of 35 /*m, the random error is approximately 6% of dp.
It should be noted that although photographic imperfections

; and other factors in real PIV photographs may tend to increase
this error ratio, the use of vector field smoothing tends to
reduce the random error significantly as mentioned in the pre-
ceding discussion of the interrogation system. The mean inter-
rogated displacement for photograph 2 is taken as exactly 187
j^m since it was used as the reference for determining the
pixel-to-jLtm scaling factor. The mean interrogated displace-
ment for photograph 1 matches the actual displacement to
within 1 %, which is within the error in the measurement of the
actual displacements, showing no evidence of mean bias error.

Low-Speed Round Jet
The full PIV system has been used to examine the flow from

a round free jet test stand consisting of a 6 in. long, 1 in. o.d.
tube fed by a TSI six-jet atomizer with silicone oil seed and an
adjustable dilution air supply as shgwn in Fig. 5. The jet flows
into an 8x10x48 in. test section exhausted to atmosphere.
Image shifted PIV photographs were taken on both 35 mm and
4x5 in. film. Although the jet velocity was relatively low,
experiments done with this test stand used the same equipment



442 MOLEZZI AND BUTTON: PARTICLE IMAGE VELOCIMETRY

and procedures that are used for high-speed flow experiments,
including seeding, laser system, birefringent image shifting
optics, Kodak Technical Pan film, automated system opera-
tion, and high spatial resolution of velocity measurements.
The sole differences involve the seeder supply pressure and
film formats for the data presented. Reduced seeder pressure
(5-10 psig vs 20 psig for high-speed flow experiments) was
hecessary to avoid damage to the low-speed test section, but
the effect of lower pressure and flow rate tends to reduce the
rrtean seed particle size. This is because atomized droplets must
rise against gravity to leave the atomizing chamber, and the
reduced flowrate carries fewer heavy particles out. The data

light sheet

Fig. 5 Round jet test stand used for initial low-speed flow applica-
tion of PIV system.

presented for these experiments was also taken on 4 x 5 in. film
while subsequent high-speed flow experiments used 35-mm
film for convenience, since film grain and image size limita-
tions were found to be acceptable. The main purpose of these
low-speed flow experiments was to demonstrate the operation
and data analysis capabilities of the system.

Particle image sizes were measured from the photographs
for determination of the minimum measurable particle dis-
placement, which must be at least one image diameter to pre-
vent overlap of pairs. Average image diameters were approx-
imately 55 jum for 35-mm photographs and 35 /mi for 4 x 5 in.
photographs (in the frame of reference of the flowfield). For
a projected interrogation spot size of approximately 1 mm2,
for which the maximum measurable displacement is approx-
imately 250 jum (see preceding discussion of spatial resolution),
this provides quite sufficient dynamic range, where the dy-
namic range is the ratio of the maximum to the minimum
measurable displacement.

Determination of the mean image diameter also provides the
ability to estimate the random error of velocity measurements.
Using the information from the validation experiment re-
ported in Table 1, the standard deviation of the random error
is expected to be 6% of the mean image diameter, or 3.3 /mi
for the 35-mm photographs and 2.1 /mi for the 4 x 5 in. photo-
graphs. With a maximum image displacement of approx-
imately 250 jum (selected by choosing the time delay between
laser pulses), the random error is 1.3% or 0.8% of the maxi-
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Axial Location x (mm)

Measured from Tube Exit
Mean Jet Velocity 2.05 m/s
Jet Diameter 18mm

2.0 m/s

PIV PARAMETERS
Laser Energy 500mJ/pulse Magnification 1.08
Laser Sheet Thickness 0.5mm Interrogation Method autocorrelation
Pulse Separation 150 u,s Spot Size (in flowfield) 1.08 mm x 1.08 mm
Image Shift 100 urn transverse Increment 0.46mm

Fig. 6 Round jet velocity field: initial application of PIV system in low-speed jet flow.
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mum velocity (proportional to image displacement) for 35-mm
photographs or 4x5 in. photographs, respectively.

An example PIV photograph of the jet was then interro-
gated. This photograph was taken using Kodak Technical Pan
4415 4 x 5 in. film with a 120-mm lens at f 5.6. Other parame-
ters for acquisition and interrogation are shown in Fig. 6.
Before a full interrogation was done, the repeatability of the
measurements was checked by interrogating a small region of
the photograph, then resetting the positioner to its original
position and reinterrogating. The results showed perfect agree-
ment of both the first and second peak locations for the entire
4x4 grid of interrogation spots. Only the first two autocorre-
lation peaks were stored for this interrogation which was done
before third peak storage was implemented. Reinterrogation
was also done on two 5x5 regions (total of 50 spots) after the
full interrogation was completed, involving a positioner travel
of more than 25 mm in each direction. This resulted in 28
matches of both the first and second highest autocorrelation
peaks, 18 matches of the first peak only, and 4 nonmatches. It
should be noted that exact peak locations can vary due to
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mean of 101 data points
at each tranverse location

0 0.5 1.0 1.5 2.0
Spatial Mean Axial Velocity u" (m/s)

Fig. 7 Round jet spatial mean velocity: mean velocity at each trans-
verse location of Fig. 6.

30 35 40 45
Axial Location x (mm)
Measured from Tube Exit -> 1.5 m/s
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Axial Location x (mm)
Measured from Tube Exit

b) -1400 sec'1 1400 sec'1

Fig. 8 Enlarged section of round jet: a) velocity field with 0.68-m/s
axial velocity subtracted to accent flow structure; b) vorticity field
derived from velocity data (grayscale and overlaid contours).

Fig. 9 Schlieren photograph of flow past a finite thickness base,
Moo = 0.4 (from Ref. 13).

bidirectional positioner error over long travel distances (±10
/xm over 7-mm travel) and random electronic noise in video
imaging.

Removal and interpolation of bad vectors for the full flow-
field showed a success rate for valid vector determination of
approximately 94%, which is quite reasonable in comparison
to other reported success rates. The final velocity vector plot
after subtraction of image shift, interpolation, and smoothing
is shown in Fig. 6. The photograph was interrogated over a
46 x 46 mm area with 0.46-mm increments in each direction,
resulting in 10,201 vectors (101 x 101). The interrogation incre-
ment is chosen to be approximately half the spot dimension to
avoid aliasing of high spatial frequency velocity fluctuations.
The full interrogation took 11 h, 18 min or 4.0 s/spot using the
autocorrelation method. Interrogations using the Young's
fringe method took 2.3 s/spot.

The mean velocity at the tube exit is approximately 2.05
m/s. Examination of Fig. 6 shows typical vortex structures at
the edges of the jet with a gradual decrease in the center line
velocity as the jet propagates downstream. A plot of the spa-
tially averaged axial velocity component at each transverse
location is shown in Fig. 7. Although this spatial mean is not
equivalent to a time average velocity profile due to spreading
of the jet over the field of view, it does reveal a general nonuni-
formity of the flow, implying that the jet is not truly axisym-
metric. The higher velocity at the top of the tube was induced
by the flow around a bend in the flexible tubing just before the
straight section at the jet exit. Although the test flow is not
ideal, the ability to reveal such information is part of the
purpose of this experiment.

Identification of flow structures can also be done by manip-
ulating the acquired velocity data. The vortex structure in the
upper right section of Fig. 6 is shown in Fig. 8a with a portion
of the mean axial velocity subtracted and in Fig. 8b by deriving
the out-of-plane vorticity { d v / d x - du/dy } from central finite
differences of the original velocity data. Both reveal the ex-
pected dominant positive (counterclockwise) vorticity at the
upper edge of the jet and some resulting negative (clockwise)
vorticity between structures. The ability to obtain spatially
well-resolved velocity data for such analysis allows quantifica-
tion of turbulent flow structures by determination of vortex
strength and position. Similar analysis can be performed with
rate-of-strain, volumetric flux, and other derivative and inte-
gral quantities important in a particular flowfield to provide
information about the nature of complex high-speed flows.
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Low-pass and high-pass spatial filtering can also be done10 to
reveal both large- and small-scale structures.

High-Speed Base Flow
Two-dimensional finite thickness bodies in subsonic and

transonic flows form a separated flowfield very rich in turbu-
lent structure due to the presence of the well-known von Kar-
man vortex street wake. The schlieren photograph in Fig. 9
shows the wake behind a blunt base in a Mach 0.4 freestream.
The screw visible in the photograph was used for focusing and
is outside of the test section. The motivation for studying this
flow with PIV stems from both the fact that it exhibits a
well-defined instantaneous structure and that the mechanism
of the observed base drag reduction in the presence of a base
cavity is not completely understood.11'15 To resolve discrepan-
cies in previous work on this subject and to better define the
mechanisms of base cavity drag reduction, PIV experiments
are being done to quantify flow structure for various free-
stream Mach numbers and base configurations.

Modifications have been made to an existing transonic wind
tunnel for the use of PIV on two-dimensional base flows (Fig.
10). The previously fabricated tunnel has a 4 x 4 in. test section
with solid side walls and slotted upper and lower inner walls to
relieve the blockage effect of models in the transonic speed
range. To allow visualization past the aft end of base models
6-in.-diam round windows are mounted in both sidewalls. The
base model consists of interchangeable afterbodies mounted
on a 15.24-mm-thick wedge-shaped forebody, with its up-
stream edge located approximately 17 in. downstream of the
nozzle entrance. The afterbodies include a solid base, a rectan-
gular cavity base with a depth of half the base height, and a
rectangular cavity base with a depth of one full base height.

Slot-shaped upper and lower windows have been fabricated
and installed in the outer tunnel walls for access with a verti-
cally propagating planar laser sheet for PIV. The sheet passes
through the lower window and through one of the streamwise
slots of the inner wall to enter the test section. The seed deliv-
ery is done by two TSI six-jet atomizers feeding a single 3/4-in.
o.d. tube that enters the stagnation chamber. This tube leads
to a manifold tube that feeds eight smaller tubes directed
downstream and oriented in a transverse (vertical) plane
aligned with the illuminating laser sheet. The flow then passes
through 2-in. long, 3/16-in. cell honeycomb and a 44x44
mesh screen with 51% open area to reduce turbulent fluctua-
tions in the supply flow. It should be noted that the screen is
cut out in the areas where the seed tubes feed through the
honeycomb. This is done because experience with LDV in this
laboratory has shown that silicone oil droplets tend to build up
on any surface perpendicular to the flow direction, causing
large drops to form and burst off, which bias velocity measure-
ments. Flow seeding behind the base is sufficient due to small
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top and bottom topwindow sidewindow/

\ \ /

from seeders

\
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T , , , , . , ,. connected to equalize pressure•A- half-height and full-height cavity
C interchangeable afterbodies

b)

0 2 4 6 8 10
Turbulence Intensity -=p (%)

Laser Energy
Laser Sheet Thickness
Pulse Separation
Image Shift
Magnification
Interrogation Method

u
PIV PARAMETERS

450 mJ/pulse
0.5mm

1.1 ^is
none

0.3
autocorrelation

Fig. 10 Transonic wind tunnel with slotted-wall test section and two-
dimensional base model.

Spot Size (in flowfield) 1.3 mm x 1.3 mm
Increment 1 mm

Fig. 11 PIV data validation results from uniform Mach 0.5 flow: a)
PIV spatial mean velocity vs temporal mean velocity from pressure
data; b) turbulence intensity: PIV spatial data vs LDV temporal data.

seed particle slip velocity allowing the motion of the alternat-
ing von Karman vortex street to carry seed into the wake.

The first experiments in this facility were done without a
base model to compare PIV velocity measurements to data
obtained with both LDV and static pressure taps. PIV photo-
graphs were taken on 35-mm Kodak Technical Pan 2415 film.
To facilitate comparison to the time-integrated pressure and
LDV measurements of velocity, PIV velocity data from a sin-
gle photograph were summed along the row at each transverse
location to obtain mean velocity components and standard
deviations were found to determine turbulence intensities.
Given that the flowfield is not evolving in the streamwise direc-
tion in this tunnel-empty case, equating spatial statistics to
temporal statistics is adequate for a first approximation, al-
though the number of samples available from a single PIV
photograph is not sufficient for highly accurate statistics. It
should be noted that there were not yet any flow conditioning
devices in the wind tunnel when these experiments were done,
the effects of which will be discussed in the following para-
graphs.

The results for mean velocity from a run at Mach 0.5 are
shown in Fig. lla with the relevant PIV parameters. The PIV
data are compared to the mean velocity calculated with pres-
sure data from taps measuring static pressure in the test sec-
tion and total pressure in the stagnation chamber. Although
there are at most only 81 PIV measurements per data point in
this plot, the mean velocity at each transverse location varies
only slightly from the overall mean of 173.4 m/s, which is
within 2% of the mean velocity determined from the pressure
measurements.

A more stringent test of the accuracy of PIV lies in the
ability to measure velocity fluctuations. To this end, LDV
measurements of streamwise and transverse turbulence inten-
sity were made for comparison to the PIV data (Fig. lib).
Because of the spatial constraint of avoiding contact between
the LDV laser and the lower wall of the wind tunnel, LDV
measurements could only be made up to a transverse location
of -12.5 mm measured from the test section centerline.
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PIV PARAMETERS
Magnification 0.3 Laser Energy 450 mJ/pulse
Interrogation Method autocorrelation Laser Sheet Thickness 0.8 mm
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Increment 0.5 mm Image Shift 100 fim Streamwise

Fig. 12 Two-dimensional base flow PIV results at Moo = 0.4: a) velocity field with full resolution; b) vorticity (grayscale) with velocity field overlay
(reduced resolution for clarity).

Again, a maximum of only 81 PIV measurements was used for
the data at each transverse location, but it can be seen from the
plot that both the LDV and PIV data vary from 5 to 8%
turbulence intensity. Although this data lends some confidence
in the accuracy of the PIV data, it revealed undesirable
freestream turbulence in the test section without flow condi-
tioning. The aforementioned honeycomb and screen were
therefore added to the facility. PIV measurements of turbu-
lence intensity with the flow conditioning devices installed
have shown turbulence intensities of 3-5% which, while im-
proved, are still relatively high. Although LDV measurements
with flow conditioning have not yet been made due to restric-
tions on the availability of the LDV system, the high turbu-
lence intensity measured by PIV is quite likely due to turbu-
lence generated downstream of the honeycomb and screen by
the velocity gradients between the freestream and the lower
velocity seeded jets.

Experiments have most recently been done with a solid base
model in a Mach 0.4 freestream. The Mach 0.4 freestream
condition is determined by running the test section at a stagna-
tion pressure that results in a Mach 0.4 flow when no model is
present. PIV photographs using birefringent image shifting
were taken on 35-mm Kodak Technical Pan 2415 film. The
mean image diameter for the photos is approximately 40-50
jLtm in the frame of reference of the flowfield. Using the error
data from the validation results presented in Table 1, the ran-
dom measurement error is expected to be approximately 6% of
the mean image diameter, or less than 1.6% of the maximum
particle image displacement.

The interpolated and smoothed velocity plot for a region
spanning approximately 2.7 base heights downstream of the
base edge is shown in Fig. 12a. The location of the base is
indicated by the cross-hatched region. The plot includes 5346
vectors (81 x 66) with an increment of 0.5 mm between vectors
and a square interrogation spot of 1.0 mm2. As with the round
jet data, the increment is chosen to be approximately half the
interrogation spot dimension to avoid aliasing of high spatial
frequency velocity fluctuations. The total interrogation time
was 6 h, 15 min or 4.2 s/spot using the autocorrelation
method. The success rate for valid vector determination was
80% overall including edge regions where seed density

dropped off, and approximately 90% in the wake region
within the upper and lower edges of the base. The presence of
interrogated particle images at the vortex centers also indicates
that submicron oil droplets are being recorded on film since
centripetal acceleration forces all but the smallest particles out
of the vortex centers as they travel downstream. Using an
estimate from Fig. 12 of the centripetal acceleration in a vortex
and using the Stokes flow drag law, the slip velocity of a 1 /*m
diam silicone oil sphere was found to be approximately 15
m/s, which would carry the particle more than 2 mm away
from the vortex center by the time it moves one base height
downstream of the base edge. Therefore, the velocity data
obtained at the vortex centers must be obtained from submi-
cron particles.

Figure 12a includes all interrogated velocity vectors to indi-
cate the full resolution of the measurements. Although the
wake structure is somewhat evident in Fig. 12a, it is accentu-
ated in Fig. 12b which has the velocity vector field overlaid on
a grayscale representation of the vorticity. Only every other
vector is plotted in Fig. 12b in the interest of clarity. The
vorticity plot reveals the fragmentation of the main vortices
and the presence of lower intensity small-scale turbulent struc-
tures of about 3 mm diameter throughout the flowfield. The
source of these structures is presently unknown. They may be
due to high freestream turbulence levels, but an estimate of the
Taylor microscale for this flowfield using mean velocity gradi-
ent data was found to be 2.67 mm, suggesting that the struc-
tures may be a secondary feature of the vortex street wake.
Additional data is required with reduced freestream turbulence
levels and various freestream velocities to make a more definite
determination, but the more important fact at this point is that
the PIV technique has shown the capability to reveal and quan-
tify flowfield structure not found in previous work.

Conclusion
A complete PIV system has been developed for application

in separated high-speed flows. Successful demonstration in
both low- and high-speed flow validation experiments along
with analysis of known displacement photographs has shown
the capability for accurate velocity measurement with the use



446 MOLEZZI AND DUTTON: PARTICLE IMAGE VELOCIMETRY

of submicron seed particles and birefringent image shifting.
Analysis of a high-speed separated flowfield has also been
done with a spatial resolution of 1.0 mm2 per interrogation
spot (measured in the flowfield frame of reference). This im-
provement in the spatial resolution of the PIV technique in
compressible flows increases the capability for determination
and quantification of small-scale turbulent structures and
stands to provide important data for turbulence modeling,
numerical simulations, and analysis of complex flowfields.

Future work in the area of subsonic and transonic base flows
will concentrate on reduction of freestream turbulence, adjust-
ment of the acquisition system optics for improved perfor-
mance, and improvement of seeding uniformity, which has
been the most challenging problem to this point. The result will
be a quantitative analysis of base cavity effects on wake struc-
ture for the determination of the fluid dynamic mechanisms
governing base cavity drag reduction.
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