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Abstract. A swept-beam, two-color particle-imaging velocimetry
(PIV) technique has been developed which utilizes a single argon-ion
laser for illuminating the seed particles in a flowfield. In previous
two-color PIV techniques two pulsed lasers were employed as the
different-color light sources. In the present experiment the particles
in a two-dimensional shear-layer flow were illuminated using a rota-
ting mirror to sweep the 488.0-nm (blue) and 514-5-nm (green) lines
of the argon-ion laser through a test section. The blue- and green-
particle positions were recorded on color film with a 35-mm camera.
The unique color coding eliminates the directional ambiguities asso-
ciated with single-color techniques because the order in which the
particle images are produced is known. Analysis of these two-color PTV
images involved digitizing the exposed film to obtain the blue and
green-particle image fields and processing the digitized images with
velocity-displacement software. Argon-ion lasers are available in many
laboratories; with the addition of a rotating mirror and a few optical
components, it is possible to conduct flow-visualization experiments
and make quantitative velocity measurements in many flow facilities.

List of symbols

d length of displacement vector
dm distance between rotating mirror and concave mirror
ng number of facets on rotating mirror
seed-particle radius
v velocity in x, y plane
U sweep velocity of laser beams, assumed to be in y direc-

tion from top to bottom of field of view

Uyy Uy, Uy x, ¥, and z components of velocity

X1, Y1 color-1 particle coordinates

X2, Y2 color-2 particle coordinates

Vimax y dimension of field of view, assumed to be the long
dimension

Ads spatial separation of beams as they approach rotating
mirror

At time separation of laser sheets or of swept beams pas-
sing fixed point

Aty time between successive sweeps through test section by
same beam

Aty time required for both beams to sweep through test section
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40 angular separation of beams reflecting from rotating
mirror

I fluid viscosity

v angular velocity of rotating mirror in cycles per second

p seed-particle density

T seed-particle response time

Gy, Oy, Ot standard deviation of velocity, displacement, and time
@ vorticity

1 Introduction

In the characterization of complex flows (e.g., recircula-
ting), it is advantageous to obtain an instantaneous pic-
ture of the entire flowfield rather than a time-averaged
pointwise map. The global view resulting from instan-
taneous two-dimensional measurements can provide in-
sight into spatial correlations of systems such as unsteady
or cyclical flows where interpretation of time-averaged
pointwise data may be difficult.

Several techniques which can be used to determine the
two-dimensional velocity of a flowfield have been re-
ported in the literature; these include: PIV methods based
on the correlation of particle displacements (Meynart
1980, 1983, Yao and Adrian 1984, Adrian and Yao 1985,
Adrian 1986, Landreth et al. 1986, Coupland et al. 1987,
and Ruess et al. 1989), time-of-flight techniques (Hiller
et al. 1984, Miles et al. 1989, and Boedeker 1989) and
planar-laser-induced-fluorescence (PLIF) methods (Hiller
et al. 1983, McDaniel et al. 1983, Hiller and Hanson 1985,
1988). For low-to-moderate velocity flowfields, particle-
displacement techniques such as particle-imaging
velocimetry (PIV) are effective and offer a wide velocity-
measurement range. The PIV technique involves 1)
double pulsing a particle-laden flowfield, 2) photograph-
ing the light scattered by the particles and 3) processing
the photographs to obtain velocity information. '

The principle of two-color PIV was suggested by
Adrian (1986) and first implemented by Goss et al.
(1989). This technique provides a means of removing
the directional ambiguities associated with double-pulsed,
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one-color PIV methods because the order in which the
particle images are produced is known. In the pulsed-laser
sheet-lighting mode of two-color PIV, seed particles are
illuminated with a light sheet (Color-1) produced by pas-
sing the output from a pulsed laser through a cylindrical
lens. After a selected time interval (ranging from a few
microseconds to milliseconds for high- and low-velocity
flow systems, respectively), a co-planar light sheet (Color-
2) from a second pulsed laser is used to illuminate the
particles. Particles which remain in the plane of the laser
sheets produce a “displacement-vector” pair comprised of
a Color-1 and a Color-2 particle image. The Mie scattering
from the seed particles is recorded on color film and pro-
cessed by direct digitization. This mode of PIV has been
utilized to measure two-dimensional flowfields in a turbine-
cascade test section with velocities ranging from 50 to
340 m/s (Goss et al. 1989) and in a propane diffusion flame
with velocities ranging from 0 to 3 m/s (Goss et al. 1991).

In most PIV applications, correlation analysis is used
to find the average displacement of particle pairs within
the correlation region. High seed densities provide many
pairs in a small region. This results in high spatial resolu-
tion and a statistically accurate average of the particle
displacement. If the seed density is in a lower range, it is
possible to match individual particle pairs (particle track-
ing) using correlation analysis to guide the particle-
tracking algorithm. The modified correlation technique
employed in this study utilizes particle-coordinate in-
formation rather than intensity information and requires
fewer operations than standard correlation methods; the
dimensions of the correlation region are limited neither by
optical constraints nor by size constraints associated with
digital FFT algorithms.

The pulsed-laser sheet-lighting mode of operation has
been used for most one- and two-color PIV measure-
ments. The exceptions are Kawahashi and Hosoi (1989,
1991) and Gray et al. (1991) who used the continuous
output of an argon-ion laser to perform one-color PIV
in a swept-beam mode. For the experiments described
in the present paper, the swept-beam concept was ex-
tended to two-color PIV by making use of the fact that
the argonion laser has several distinct lines which can
be separated and swept through the sample volume in
a selected order.

2 Theory

2.1 Velocity calculation

The basic principle of PIV is straightforward — the average
velocity of a two-color particle-image pair is determined
by dividing the vector displacement by the time increment
between pulses

(U5, 1y) = (X2 — X1, Y2 — Y1)/ At (1)

where (x,,y;) and (x,, y,) are the positions of the par-
ticles when illuminated by Color-1 (first) and Color-2
(second) light sources, respectively. An overview of the
methods used to find average displacement and track
individual particle pairs is presented in Sect. 2.4 (image
analysis).

In previous two-color PIV experiments in this labora-
tory, the seed particles were illuminated by successive light
sheets, and all particles in the test region were imaged
simultaneously for each color. In swept-beam experiments
a correction is required to account for the fact that all
particles are not illuminated simultaneously. When the
beams sweep through the test section in an orientation
perpendicular to the vertical dimension, the separation
between the Color-1 and Color-2 images of a seed particle
is given by

US
xa= =0 (d0) )
—y1=v,(d1)— 3)
Ya—Y1= y Uy+Us

where At is the time interval between the Color-1 and
Color-2 beams entering the test section, v, is the “sweep”
velocity of the beams as they pass through the test section,
and the sweep direction is assumed to be the y direction
(thus, the denominator of each term contains v,). As the
sweep velocity increases, the velocity ratio in Egs. (2) and
(3) approaches unity, and these expressions for particle
displacement approach those which would be obtained
using Eq. (1).

2.2 Light scattering

The amount of light scattered by a particle is a function of
the particle size and shape, the wavelength of the laser
beam, and the intensity of the light incident on the par-
ticle. The detection of the scattered light is dependent
upon the collection optics and the scattering angles. As
particle size decreases, the energy density of the light beam
must be increased to produce sufficient scattered light for
imaging the particle. These issues are treated by Adrian
and Yao (1985), Goss et al. (1989), and Smallwood (1992).
With the swept-beam PIV technique, the laser beam re-
tains its high-energy density because it is not formed into
a sheet. This makes possible the imaging of small particles
with a source that might have insufficient energy density if
it were spread into a light sheet.

2.3 Particle flow response

The ability of the seed particles to follow the flowfield is
dependent upon the size, density, and shape of the particle
and the viscosity, density, and speed of the fluid. For



low-velocity flows the response time of a spherical particle
is given by
2
e 2R*p
u

4)

where R is the particle radius, p is the particle density, and
u is the fluid viscosity. Hollow microballoons (phenolic
resin) were used to seed the flow in this study; their low
density decreases their response time, enabling them to
follow the fluid flow more closely than solid particles of
the same size. The large surface area of the microballoon
also makes it more effective as a light scatterer. As the
ratio of the particle response time to the characteristic
time of changes in the flow decreases, particles can follow
the flow more closely.

2.4 Image analysis

The analysis procedure consists of 1) determining the
spatial locations of the particle images, 2) constructing
a correlation map from which the average displacement
vector can be determined, and 3) utilizing this information
in a tracker which locates vectors between particle-image
pairs.

The color negatives were digitized with a high-
resolution (4096 x 6144 pixels) color scanner. This pro-
duces a separate digital image for each emulsion layer of
the film. In this experiment the blue and green emulsion
layers were utilized. An important factor in the success of
this analysis is that the “cross-talk” between emulsion
layers must be minimized. This minimization is dependent
on the spectral sensitivity of the film, the intensity of the
scattered light, and the transmission characteristics of the
scanner. These issues have been reviewed by Smallwood
(1992).

The digitized images are processed to find the particle
locations. In this study particle-location information is
used to perform a modified correlation analysis and to
match particle-image pairs. Particle-location information
makes it possible to reduce substantially the number of
operations in the correlation analysis, to identify regions
where no particles are present (no correlation is possible),
and to eliminate intensity weighting. The disadvantages
associated with finding particle locations are that the
process is somewhat subjective in nature and may be
relatively slow.

The parameters used to identify particles are minimum
radius, maximum radius, and intensity threshold. The
values of these parameters are somewhat subjective, and
it is possible to select values that identify only those
particles that are clearly evident from a visual inspec-
tion of the photograph or values that identify nearly
every local intensity maximum as a particle. Minimum
and maximum radius parameters can be estimated with
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reasonable accuracy by examining the photograph. A use-
ful intensity criterion is to identify particles having an
intensity that is one standard deviation above the average
intensity of all local intensity maxima that satisfy the size
criteria. In practice this procedure tends to identify some
local noise peaks as particles, but, in general, the correla-
tion methods are effective, even in cases where some
random noise is present. If the number of particles identi-
fied by this process is found to be too large or too small,
the intensity criterion can be altered using some multiple
of the standard deviation to modify the threshold inten-
sity.

Since light-scattering properties are dependent on par-
ticle diameter, a range of particle diameters has the poten-
tial to introduce complexity into the particle-finding pro-
cess. When the imaging system is optimized for a given
particle size, smaller particles may not scatter sufficient
light to expose the film, while larger particles may saturate
the film (with the possibility of exposing both the blue and
the green layers of film emulsion at the same time). If all
particles were overexposed and imaged in both the blue
and the green emulsion layers, the data obtained would be
equivalent to that obtained in a one-color, double-pulsed
experiment. The experimental approach in the present
study was to vary the laser intensity, magnification, f#,
and film speed to determine operating values which would
minimize the amount of “cross-talk” between the layers of
film emulsion.

After the particles have been identified, the images are
divided into sub-sections and a modified cross-correlation
method used to obtain an estimate of the average particle
displacement within each subsection. The average dis-
placement is identified as the location of the maximum in
the correlation map. The base of each displacement vector
is assigned to the center of the subsection used to con-
struct the correlation map.

The particle-tracking algorithm is based on the inter-
polation of the average displacements. The location of
a Color-1 (blue) particle is identified, and the average
displacements for the image subsection are interpolated to
obtain a local estimate of the displacement of the blue
particle. The estimated displacement is added to the posi-
tion of the blue particle to obtain a “target” location for
a Color-2 (green) particle. A search of the green particle
locations is made to find a green particle within a specified
uncertainty of the “target” position. If a green particle can
be found which satisfies this criterion, it is accepted as the
match. The overall number density of green particles
should be such that the probability of making a random
match is low. The criterion used in this study was that the
number of particles per unit area times the area of the
uncertainty in the “target” position must be less than 0.1.
This criterion is arbitrary and corresponds roughly to
a requirement that no more than 10% of the matches can
be due to random effects. These procedures have been
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discussed in more detail by Goss et al. (1989) and Post
(1994).

3 Experimental

3.1 System components

The experimental arrangement for swept-beam, two-color
PIV measurements is shown in Fig. 1. The output of
a multiple-line argon-ion laser was separated into its indi-
vidual components using a dispersion prism, and the
488.0-nm (blue) and 514.5-nm (green) laser lines were
employed to sweep the test section. The laser was oper-
ated at ~1.5 W (all lines). The power of the blue beam was
~0.5W and that of the green beam was ~0.6 W; the
remaining power was distributed among the other beams
produced by the laser. The beams were directed to a rotat-
ing mirror (10 facets, axis rotating at 25 Hz), swept across
a concave mirror (15-cm diameter, 75-cm focal length),
and reflected through the test section one after the other.
The concave mirror was used to orient the scanning be-
ams perpendicular to the major flow axis of the test
section. A PIN diode was employed to detect the beams as
they passed through the test section, and a time delay of
2.0 ms between beams was measured by viewing the out-
put of the diode on an oscilloscope. In the present study
the sweep velocity was 220 m/s, and the maximum v,
value was about 1 m/s. For this case the error introduced
by neglecting the velocity ratio in Egs. (2) and (3) is
<0.5%.

For the shear-layer flow, the experimental arrange-
ment (Fig. 2) consisted of a square duct (12.7 cm on a side),
with a splitter plate dividing the inlet into two equal
sections. The air velocity was 0.94 m/s on the high-speed
side and 0.47 m/s on the low-speed side (based on volume
flow rates and cross-sectional areas). This setup is being
used as part of a study of the interaction of droplets with
the large coherent structures produced by the shear-layer
flow. The swept-beam two-color PIV technique was em-
ployed to measure the two-dimensional velocity profile of
the shear-layer flow prior to introduction of droplets into
the system. The flow was driven at 30 Hz with a loud
speaker placed in the air-supply line for the low-velocity
side of the flow. The seed — phenolic microballoons
(UCAR Phenolic Resin, Union Carbide) of 100-uym nom-
inal diameter (range 5-200 pm) — was injected into both
flow channels upstream of the splitter plate. The microbal-
loons have an average wall thickness of about 1 pm and
an average density of 0.104 gm/cm3. The response time of
the microballoons in room-temperature air was calculated
to be 2.91 ms [Eq. (4)]. The characteristic time based on
the average shear-layer thickness (6.3 mm) divided by the
velocity difference across the shear layer (0.47 m/s) is
13.4 ms.

CM Concave Mirror
DP Dispersion Prism
M Mirror

RM Rotating Mirror
RP Right Angle Prism
mum Argon laser beam
s Blue laser beam
w Green laser beam

Fig. 1. Experimental arrangement for swept-beam two-color PIV
technique
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Fig. 2. Schematic diagram of splitter-plate test facility

A 35-mm Nikon camera with an exposure time of
1/250 s was employed to record the Mie scattering of the
particles in the seeded flowfield. Photographs were taken
using a focal-plane shuttered camera with a 50-mm lens,
and the camera aperture was set at f/2.6. The magnifica-
tion factor was 0.15. Kodak Gold-400 color film was used
to record the two-color PIV images, and the film was
processed commercially.

The success of any PIV experiment depends upon the
care with which the optical components of the system are
aligned. The beams must be co-planar as they sweep
through the test section; otherwise, the two color images
obtained will be of particles in different planes. The win-
dows of the test section should be oriented perpendicular
to the laser beams in such a way that reflections within the



test section will be in the same plane as the swept beams.
Otherwise, a set of ghost images of particles will be produ-
ced in a different plane. These images introduce noise into
the PIV photograph and interface with analysis of the
data. Finally, the camera should be oriented perpendicu-
lar to the plane of the swept beams.

The relationship between distance in the plane of the
swept beams and digitized pixels in the actual PIV picture
was determined by photographing a scale. The plane of
the scale was placed at an angle to the plane of the swept
beams that facilitated visualization of the edge of the
sweep plane. The length-per-pixel factor (39.2 um/pixel)
was calculated by dividing the length of the scale by the
number of pixels used to digitize that length. The scale
photograph was also used to verify that the sweep plane of
the laser beams was in the center of the depth of field and
to estimate the beam width (less than 1 mm) in the sweep
plane.

3.2 Timing

Application of swept-beam two-color PIV techniques to
other experiments requires adjustment of several time
intervals and synchronization of a number of events. The
time intervals involved are 1) the time separation of
the swept beams, 2) the time required for one sweep of the
entire test section by both beams, 3) the time separation of
successive sweeps by the same beam, and 4) the time
required for illumination of a single particle. The most
important synchronization event involves opening the
camera shutter while the beams are sweeping through
the test section; it may also be necessary to synchronize
the camera shutter and swept beams with a transient or
cyclical event.

The relevant time intervals are dependent upon the
speed (v,) at which the beams are swept across the concave
mirror surface and through the test section

vy=4nd,v %)

where d, i1s the distance between the rotating and the
concave mirrors and v is the angular velocity of the rotat-
ing mirror in cycles for per second (4x is the usual 2n
factor for axial rotation multiplied by 2 for the reflection
from the plane mirror surfaces of the rotating mirror). The
sweep speed should be set at a value which is high com-
pared to the maximum expected velocity in the experi-
mental system in order that the velocity ratio in Eqs. (2)
and (3) will approach unity.

The first time interval (4t) of interest is that between
the swept beams. This interval can be adjusted by two
methods. First, for parallel beams the spatial separation
(45) results in a temporal separation (A4t) since the rota-
ting-mirror face causes the Color-1 (blue) beam to reach
the edge of the concave mirror before the Color-2 (green)
beam. As As is increased, At increases; however, 4s is
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limited, in practice, by the size of the faces of the rotating
mirror. For the case where the beams are parallel, 4t is
calculated using

_ds  ds

At =—=
vy 4nd,v

(6)

The range of At values can also be adjusted by changing
the angle (46) between the swept beams as they are reflec-
ted from the rotating-mirror surface. For this case, At is
calculated using

40

At=
4nv

gl
In either case, the time delay is measured from the output
of a PIN diode on an oscilloscope.

The product of At and the expected velocity is the
expected particle displacement. The maximum expected
displacement is of the same order as the minimum spatial
resolution; thus, it is desirable to decrease this displace-
ment by decreasing At. As the displacement decreases, the
relative error in measuring the displacement increases.
The trade-off between these two factors must be con-
sidered when selecting the value of At.

The second time interval (At,) of interest is that re-
quired for both beams to sweep the test section. The
camera shutter must be open for at least this amount of
time to permit illumination of the full test section with
both beams. This interval is calculated using

Aty =Y Ay ®)
US
where Y., 18 the dimension of the field of view perpen-
dicular to the sweep direction. Note that as v, increases,
At approaches At.

The third time interval (4t,) of interest is that between
successive sweeps of the same beam. The camera shutter
must be open for a time period which is shorter than this
interval; otherwise, a portion of the test section will be
illuminated twice by successive scans of the same beam.
This interval is inversely proportional to the product of
the angular velocity of the rotating mirror, v, and the
number of facets on the mirror, n,. For a multi-faceted
mirror of the type used in this experiment, this product
can be adjusted by altering the angular velocity of the
mirror or by changing the number of facets on the mirror,
e.g., by blackening facets with paint or tape. This time
interval is calculated using

Aty=— ©)
yn f

The fourth time interval of interest is that required for
illumination of a single particle. This interval should not
be confused with the time period during which the camera
shutter is open. The shutter may be open for a relatively
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long time, but the particles are illuminated for a very
short time. In the pulsed-laser sheet-light mode of two-
color PIV, all particles in the field of view are illumin-
ated for a time equal to the pulse length (about 10 ns).
In the swept-beam mode, individual particles are imaged
in a time which is equal to the beam diameter divided
by vs (assuming the particle diameter to be much smalier
than the beam diameter and the sweep velocity to be
much higher than the particle velocity). For the sweep
speed of 220 m/s and the beam diameter of 1.0 mm in
this experiment, the illumination time was 4.55 us. The
maximum expected velocity was 1.0 m/s; thus, the par-
ticles moved a maximum distance of 4.55 pm while being
illuminated. This distance represents only a fraction of
a pixel in the digitized image and was negligible in com-
parison to the maximum expected displacement of
51 pixels.

The most important synchronization event involves
opening the camera shutter while the beams are sweeping
through the test section; this can be accomplished by
placing a color filter in front of a photodiode to detect the
approach of one of the beams. Adjustment of a time delay
triggers the camera shutter to open as the first beam enters
the test section. It is also possible to operate in an asyn-
chronous mode where the camera shutter i1s opened at
random for a time longer than required for both beams
to sweep the test section but shorter than that between
successive sweeps by the same beam; however, in this
mode some of the PIV photographs will not be useful.
If synchronization with transient or cyclical events is
necessary, customized electronics and detectors are re-
quired.

In the present study the sweep velocity and the re-
quired time intervals discussed above were calculated
as follows. Equation (5) was used to calculate a sweep
velocity of 220 m/s (for a 10-facet rotating mirror operat-
ing at an angular velocity of 25 Hz with a distance of
70 cm between the rotating and the concave mirrors).
This value met the criterion that the sweep velocity
must be much higher than the maximum expected flow
velocity which was 1.0 m/s. A maximum displacement
of 20 mm was chosen for a blue/green-particle pair.
This distance was small compared to characteristic di-
mensions of changes in the flowfield but sufficiently large
to have an equivalent length of 51 pixels in the digitized
image. A 1-pixel error in this length would result in a
relative error of 2.0%. The required time separation of the
swept beams (2.0 ms) was calculated by dividing the max-
imum particle displacement by the maximum expected
velocity. Equation (7) was used to calculate the 36-deg.
angular separation of the beams as they were reflected
from the rotating mirror. Equations (8) and (9), respec-
tively, were used to calculate the minimum (3.4 ms) and
maximum (4.0 ms) times during which the camera shutter
would be open.

3.3 Accuracy and resolution

The accuracy of an individual velocity measurement is
dependent upon the accuracy with which the time interval
between the two swept beams is measured and the posi-
tion of the two particle centers is determined. Wernet and
Edwards (1990) used the following expression to estimate
the error in a velocity measurement

Oy o\, [0\

e (G () @
where v, d, and t are the velocity, displacement, and time,
respectively. In the present study the positions of the first-
and second-color images were determined to within 0.5
pixels; thus, the displacement is accurate to within 0.7
pixels, and the relative error is on the order of 0.7 pixels
divided by the displacement in pixels. The relative error
increases as the particle displacement decreases. The time
interval between pulses is measured with an oscilloscope
to within 2%. This uncertainty could be reduced through
the use of a digital electronic counter and a fast-response
diode.

The incremental velocity change (0.0196 m/s) asso-
ciated with a displacement of 1 pixel was determined by
dividing the equivalent length of a single pixel (39.2 um)
by the time separation between laser pulses (2.0 ms). The
0.7-pixel uncertainty in particle displacement corresponds
to an absolute error on the order of 0.0139 m/s.

The uncertainty of the displacement for a matched
pair is 0.7 pixels. For interpolated values of displacement,
the uncertainty is a function of the weighting factors used
in the interpolation and the uncertainties of the values
being interpolated. Since the sum of the weighting factors
is unity and the uncertainty in the individual displace-
ments is 0.7 pixels, the uncertainty in the interpolated
displacements is also on the order of 0.7 pixels.

In one-color PIV the diffraction-limited particle image
size represents the lowest resolvable distance between
images of a particle since no two images of a particle can
be resolved closer than their diameters. This problem can
be eliminated by shifting the second-pulse images relative
to the first-pulse images. Adrian (1986) discussed methods
(including color) for accomplishing this and has success-
fully implemented a shifting-mirror technique and a po-
larization technique. In two-color PIV the particles are
imaged in different layers of the color-film emulsion. In
image-shifted PIV methods, the uncertainty in measuring
average displacements is the sum of the uncertainty in
finding the center of the peak in the correlation map and
the uncertainty in the shift. For two-color methods the
shift is zero.

The maximum resolvable displacement is one-half the
dimension of the correlation region. In practice, it is
difficult to measure displacements that have a peak on the



edge of the correlation map, and a practical limit of 0.4
times the dimension of the correlation region was used in
this study.

The average particle displacements were obtained by
performing a correlation analysis of subsections of the
data. The size of the correlation regions is the spatial
distance over which the data are averaged, and the aver-
age displacements cannot resolve changes over shorter
distances. The lower limits of the correlation scale are set,
in practice, by the seed-particle density since a sufficient
number of particles must be included within the subsec-
tion to render the correlation meaningful.

3.4 Alternative experimental configuration

An alternative experimental configuration would involve
separation of the two different-color beams from the
argon-ion laser, use of Bragg cells to pulse the beams, and
direction of the pulsed outputs through sheet-forming
optics. This configuration is similar to the pulsed-laser
sheet-light mode of operation. At the low power levels
available for the present study (argon-ion laser operating
at 1.5 W), the energy density in the light sheets would have
been insufficient for production of adequate PIV photo-
graphs. It may be possible to achieve success in this
configuration with a laser operating at higher power
levels, but the average power for CW lasers is generally
lower than the instantaneous pulse power available from
pulsed lasers. It may also be possible to maintain a high
energy density by restricting the light sheets to a smaller
area and focusing on a smaller field of view. In the present
study the laser lines were selected because of their relat-
ively high power.

4 Results and discussion

Swept-beam two-color PIV was demonstrated in this
study by measuring the two-dimensional velocity field
above the trailing edge of a splitter plate. An image of the
flow is visualized using the Reactive Mie Scattering (RMS)
technique (Chen and Roquemore 1986) is shown in Fig. 3.
This image, collected under the same flow conditions as
the PIV photograph, shows the interface between the two
fluids and is included to give the reader a view of the
vortex structures. Two-color PIV photographs have been
omitted because they do not reproduce well in black and
white. The PIV photograph was digitized and particle-
finding software used to locate the positions of the blue-
and green-particle centers (Fig. 4a). In this case 2543 blue
particles and 2381 green particles were located. Not every
blue-particle image has a matching green-particle image
in this data set since out-of-plane components of the
velocity transport particles out of the field of view. If the
beams are perfectly aligned, 1—(v,At/w) represents the
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Fig. 3. Visualization of shear layer
by reactive Mie scattering. Flow
conditions and driving frequency are
same as for PIV experiment. Line

a marks position between vortex
structures; line b marks position
through vortex center

fraction of blue particles which have a matching green
particle (v, is the out-of-plane velocity component, and
w is the light-sheet thickness). Differences in beam dia-
meters and sweep-plane locations as well as the efficiency
of the particle-finding algorithm must also be considered.
The maximum number of matches possible is the number
of blue or green particles, whichever is lower.

The particle-center coordinates were grouped into sec-
tions and analyzed with correlation techniques. The num-
ber of matches totaled 896, which represents 38% of the
number of matches possible if all 2381 green particles had
been matched. The displacement-vector pairs are shown
in Fig, 4b. The origin of the velocity vectors is the position
of the blue particles. The length and direction of the
vectors are directly proportional to the particle velocities.
The velocity vectors (obtained by dividing the displace-
ment by the time interval between laser pulses) are tangent
to the streamlines of the flow at the instant when the
photograph was taken. In Fig. 4 the direction of the flow is
upward, with high speed on the left and low speed on the
right. For the digitized image resolution of 39.2 um/pixel
and a time separation of 2.0 ms between beams, a single
pixel in a displacement vector represents 0.0196 m/s. The
tip of the splitter plate is at pixel coordinates x=950,
y=150, and the field of view is 6.7 x 15.7 cm.

A three-point, inverse-distance algorithm was used
to calculate an interpolated velocity field on a two-
dimensional grid for graphical representations of the data
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with contour plotting software. The interpolated velocity

field was employed to calculate the magnitude of the 4200 T Ty ] '0 T
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The velocity contours in Fig. 5a show the expected gradient 3200 & 1 ]
between the high- and low-velocity sides of the shear layer. C 1 N
Figure 6 is a plot of velocity as a function of x for two L 4k ]
values of y — one through the vortex center at y=1800 2700 - 1 L 3
(6.9 cm above the splitter plate) and one between the E E E ;
vortex structures at y=1500 (5.7 cm above the splitter g 2200 - 1 © .
plate). Outside the shear layer the average velocity was = E ] E E
1.01 m/s on the high-speed side and 0.47 m/s on the low- 1700 [ 1 ¢ 7
speed side. These values compare favourably with those of N j - 1
0.94 m/s and 0.47 m/s calculated from volume flow rates N 1 ¢ 7
and cross-sectional areas. The measured velocity differ- 1200 - 1 C N
ence across the shear layer was 0.54 m/s. C 1 r ]
The vorticity is calculated from the interpolated veloc- 700 £ I r ]
ity field using - 1 r ]
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The vorticity contours in Fig. 5b show the location of the Fig. 5. a Shear-layer velocity contours from interpolated PIV data
vortex structures. The magnitude of the vorticity at the b shear-layer vorticity contours from interpolated PIV data
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interpolated PIV data. y=1500 pixels was between vortex struc-
tures, 5.7 cm above splitter plate. y=1800 pixels profile was through
vortex center, 6.9 cm above splitter plate

vortex centers was on the order of 250 s™1. The spacing
between the vortex centers was estimated to be about 550
pixels (21.6 mm).

A comparison of Figs. 4 and 5 indicates that fewer
particles are present in the vortex centers than in the
region surrounding the vortices. Fewer vector matches are
identified in areas where the particle number density is
low. One reason for this is that the particles are too large
to follow the flow near the vortex center. It may be
possible to improve this situation through the use of
smaller seed particles.

A comparison of Figs. 5a and 5b reveals that the
locations of the vortex structures correspond to the
steepest velocity gradients. This may seem contrary to
intuition, based upon the flow visualization in Fig. 3.
A steep velocity gradient would usually be inferred along
Line a where a distinct boundary is present between the
high- and low-speed fluids; a more gradual velocity gradi-
ent would be inferred along Line b where the boundary
between fluids is stretched and wrapped into its character-
istic spiral shape. The PIV data (Fig. 5) indicate that this is
not the case and show that the steeper velocity gradient
does, in fact, pass through the vortex. Katta (1992) has
used CFD methods to model shear-layer flow under con-
ditions very similar to those in this study. The CFD and
PIV data exhibit similar behavior (i.e., steeper velocity
gradients through vortex centers and more gradual gradi-
ents between vortex structures).
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The relative steepness of the velocity gradients
through a vortex center and between vortex structures
was measured by determining the positions where the
velocity reached values of 10% and 90% of the difference
across the shear layer for the profiles in Fig. 6. The
corresponding speeds were 0.524 and 0.956 m/s, respec-
tively. The width of this layer through the vortex center
(y=1800 pixels, 6.9 cm above splitter plate) was 2.4 mm
and between the vortex structures (y= 1500 pixels, 5.7 cm
above splitter plate) was 10.2 mm. As noted above, the
spacing between vortex centers (vortex diameter) is
about 22mm (550 pixels). The width of the velocity
layer through the vortex center is significantly less than
might be inferred based upon the size of structures visual-
ized in Fig. 3. The average shear rate at the location
y = 1800 pixels was 180 s~ ! and that at y = 1500 pixels was
42571,

The apparent differences between the velocity field
inferred from the visualization data (Fig. 3) and the veloc-
ity contours (Fig. 5) calculated from PIV data are at-
tributed to the fact that the visualization data reveal
the location of particles produced by reaction of trace
components in the high and low-speed fluids. The concen-
tration and location of these particles are influenced
by the underlying velocity field, but the particle posi-
tions do not directly reveal the velocity magnitudes or
gradients.

5 Summary

A new swept-beam two-color PIV technique has been
developed which utilizes a single argon-ion laser to illu-
minate the particles in a seeded flowfield. Two-color PIV
has the advantage that direction as well as particle dis-
placement is uniquely determined because the first-color
particle image occurs before the second-color one by
a known time increment. The technique is applicable to
complex flows (e.g., recirculating), where the normal 180°
directional ambiguity of single-color techniques can be
troublesome. An advantage of swept-beam PIV is that
a single laser is used to produce the different-color laser
beams, rather than two pulsed lasers. Argon-ion lasers are
available in many laboratories; with the addition of
a rotating mirror and a few optical components, it is
possible to conduct flow-visualization experiments and
make quantitative velocity measurements in many flow
facilities.
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