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Cinematic Particle Image Velocimetry of
High-Reynolds-Number Turbulent Free Shear Layer

Tom R. Oakley,* Eric Loth,1^ and Ronald J. Adrian*
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

The objective of this research was to study the time-evolving velocity field in a two-stream, turbulent, planar free
shear layer using a cinematic particle image velocimetry technique. The water shear layer had a velocity ratio of 0.23
and a Reynolds number of 2.62 X104 based on velocity thickness and velocity difference. The cinematic particle im-
age velocimetry system employed an argon-ion laser, a scanning mirror, and a 35-mm movie camera. Experimental
data obtained by this technique yielded a combined spatial and temporal evolution of the two-dimensional velocity
and spanwise vorticity fields. (The resulting set of 400 velocity vector fields is available by contacting the second
author.) The detailed velocity field structure of the shear layer was significantly different from previous lower
Reynolds number flow visualizations in that the classical well-defined eddies and braids were replaced with com-
plex three-dimensional agglomerated vortices of both signs. The velocity field evolution was also notably different
from that of the passive scalar field, where the former exhibited stronger temporal variations and reduced spatial
coherency. Temporal and spatial correlations yielded transverse distributions of convection velocities based on
both streamwise velocity perturbations and vorticity. Additionally, the spatial autocorrelation was performed to
show the average eddy shape, and a Lagrangian tracking correlation method was used to estimate eddy lifetime.

Introduction and Previous Studies

M IXING layers, or free shear layers, have been the subject of
intensive study for many years because of their importance to

practical fluid dynamics and aerodynamics. The turbulent statistics
of mixing layers (obtained primarily by hot wires) have been studied
by several authors. Results for single-stream shear layers have been
reported by Davies et al.,1 Wygnanski and Fiedler,2 and Batt,3 to
name a few. Two-stream shear layer results by Jones et al.,4 Spencer
and Jones,5 Balint and Wallace,6 and Foss and Haw7 show statis-
tical differences from single-stream or axisymmetric shear layers.
The latter two of these are especially interesting, in that they present
direct measurements of vorticity, which lends itself to comparison
with the vorticity data derived from the present particle image ve-
locimetry (PIV) velocity field data.

Early visualization studies of mixing layers by Brown and
Roshko8 showed that large-scale spanwise structures are still present
and coherent at high Reynolds numbers (~105). These large struc-
tures, called eddies and braids, provide the dominant entrainment
mechanism for mixing layer flows. There have been many other
investigations that have shown the manifestation, evolution, and dy-
namics of these structures in the entrainment process, whereby the
underlying physics is governed by a three-dimensional unsteady mo-
tion with distinct vortex structures (for a discussion see Dimotakis9).
Many of these studies documented the scalar transport dynamics
(based on density fields or seeding the flow with a passive marker).
However, there is a fundamental difference between statistics of
passive scalar fields and turbulent velocity fields, primarily because
of the historical nature of the former.10 Therefore, it is of significant
interest to obtain the spatio-temporal evolution of the velocity field
for a free shear layer, which is the subject of this study.

PIV is a relatively new analysis technique that directly deter-
mines instantaneous velocity vectors for an entire plane of a flowfield
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simultaneously. Adrian11 gives a review of the theory and advances
in PIV, as well as other particle imaging techniques. One technique
to obtain a high-resolution structured matrix of vectors is to apply
correlations to small interrogation spots, which each contain sev-
eral particle image pairs. A notable variation of the basic pulsed
laser technique is to use a scanning laser beam, which increases the
intensity of particle illumination available from a continuous wave
(nonpulsed) laser.12'13

To the authors' knowledge there have been only two other studies
that included velocimetry based on particle images for a planar free
shear layer. Dimotakis et al.14 used a variation of the PIV technique,
particle streak velocimetry with digital processing, which was prob-
ably the first such application to free shear layers. The results cen-
tered on the appearance of negative velocities in the laboratory frame
for a 1:6 velocity ratio. Recently, Post et al.15 investigated a forced
shear layer with particle tracking; however, the interrogation yielded
nonuniform vector resolution that was low in the vortex cores, pre-
sumably due to the high Stokes numbers of the seed (~0.2). The
study noted that the steepest gradients, i.e., maximum vorticity, oc-
cur at the vortex cores and not at the braids. The Reynolds numbers
of these studies based on vorticity thickness, defined as the ratio
of the overall shear layer velocity difference to the time-averaged
vorticity at the centerline, were 2 x 103 and 5 x 102, respectively.
The Reynolds number of the present study is more than one order
of magnitude larger.

There have been only a few previous flow studies using time-
resolved PIV with a film format, and^ these have typically employed
drum cameras (with a limited number of frames per sequence) and
particle tracking (which resulted in low unstructured resolution).16t 17

However, Lin and Rockwell18 recently obtained images of the
streamwise vorticity behind a cylinder using a 35-mm framing film
camera and a single-frame cross-correlation PIV technique (which
has many similarities with the present technique). Time-resolved
digital PIV19'20 offers several advantages over film-based cinematic
PIV, primarily due to the removal of the analog-to-digital transfer
step. However, typical spatial and temporal resolution of the im-
age acquisition media are currently lower than potential film-based
techniques for the same uncertainty levels.

Herein, we apply a film-based cinematic PIV system to a high-
Reynolds-number turbulent free shear layer. Each velocity vector
is based on correlations of typically 15 particle image pairs, which
results in increased accuracy as opposed to single particle track-
ing. With the present technique, we have obtained a uniform high
spatial resolution throughout the field of view (~27 vectors across
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the velocity-based shear layer thickness 8). In addition, we retain
high temporal accuracy: average convection between particle image
pairs (used for velocity vectors) of ~<5/60 and average interframe
convection of ~5/10.

Experimental Methods
This experimental study was conducted in a closed-loop wa-

ter tunnel with a total recirculation length of about 20 m and a
9:1 contraction ratio just upstream of the vertical test section and
just downstream of a set of flow conditioners. The test section is
M).7 m long with interior cross-section dimensions of 0.25 x 0.25
m. The unforced free shear layer is created by a splitter plate with
pressure-correcting screens, similar to the one used by Dimotakis
and Brown,21 yielding a high-speed velocity (C/i) of 42.5 cm/s and
a velocity ratio (U2/Ui) of 0.23 (see Fig. 1). Further details of the
flow facility may be found in Cebrzynski22 and Oakley.23

At the above velocity ratio, no reverse flow was expected and none
was observed, eliminating the need for directional bias correction
or image shifting, which was confirmed in the PIV interrogated im-
ages. The movie camera field of view (FOV) was located from 52 to
64 cm downstream of the splitter tip. This downstream position was
deemed sufficient for the flow to be fully developed, since it corre-
sponded to roughly 1000 momentum thicknesses downstream.8 In
addition, the shear layer thickness 8, based on the transverse extent
of 5 and 95% streamwise velocity values of the velocity difference
(At/), yielded a Reynolds number based on 8 (Res) of roughly 2.6 x
104, which meets similar criteria given by Koochesfahani et al.24

The tracer particles used in this experiment were 8-/xm hollow
glass spheres made by Potters Industries, with specific gravity of 1.1
and a Stokes number of 1.5 x 10~5. Illumination was provided by
a 5-W argon-ion laser beam (operating all-lines, principal lines at
488 nm and 514 nm) scanning from a Lincoln Laser variable-speed,
24-sided polygonal mirror (see Fig. 1). The mirror rpm was set to
allow three beam sweeps during the single frame open shutter time
period of the movie camera. The use of a triple exposure serves
to effectively increase the particle seeding density and increases
the signal-to-noise ratio of the displacement peak in the correlation
plane.25 Triple pulsing also eliminates the need for precise syn-
chronization between the scanning mirror and the movie camera,
since any picture (or portion thereof) will be interrogatable as long
as it at least has particle pairs. However, both the camera framing
rate and the scanning mirror speed must remain constant, with the
proper ratio.

After the light beam reflected off the scanning mirror, it passed
through L2, a 145-mm spherical lens with a focal length of 250
mm, designed to provide a uniform beam sweep width h of 122 mm
perpendicular to the flow direction (see Fig. 1). The beam sweep an-
gle from the polygonal mirror was 30 deg (twice the exterior angle),
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Fig. 1 Experimental schematic and optics arrangement with respect
to the field of view.

so the /# of the collimating lens was chosen to match this angle
and the desired parallel beam sweep width. Since an overly thin
"sheet" would result in excessive loss of pairs due to significant
out-of-plane motion,25 a lens LI was used to adjust the thickness of
the light sheet.

A Mitchell 35-mm variable-speed movie camera (which includes
a double-pin register frame advancing mechanism) photographi-
cally recorded the triple exposures of the particles on film for subse-
quent PIV analysis. A feedback speed control unit, using an optical
tachometer, was fabricated to provide a uniform framing rate to
within 0.8%. The interframe temporal resolution of the results pre-
sented herein is 30 frames/second (fps). The time between sweeps
(Af') is related to the frames/second based on the triple "pulse" char-
acter and a maximum angular rotating shutter opening of 170 deg.
A Nikkor 60-mm focal length lens was used at a magnification M
of 0.145 and a camera lens /# of 3.2. The images were recorded
on Kodak black and white wide latitude surveillance 35-mm movie
film, which has a nominal ASA rating of 400 and a maximum res-
olution of 125 lines per millimeter (Ipmm). Because of the image
orientation on movie film (designed to minimize the film transport
speed), the actual exposed film area was limited to 25 x 19 mm for
each frame.

To obtain both high spatial resolution and high flow Reynolds
number Res, 8 was maximized by using both a small velocity ratio
(U2/Ui = 0.23) and a large downstream distance x from the split-
ter plate tip. To balance the interest between convection dynamics
and detailed spatial structure, the lengths of the FOV in the stream-
wise and transverse directions were set to be 122 and 129 mm,
respectively, corresponding to a light "sheet" for each frame that
was roughly 1.5 8 square. With an average shear layer velocity,
jyav = (£/j _|_ f/2)/2, of 0.26 m/s, a movie was taken to directly yield
the spatio-temporal evolution of the velocity field.

PIV System Design
Although there is no single optimal set of parameters for PIV,

the accuracy and utility of the experimental velocity data obtained
can be maximized by careful consideration of the interaction among
design variables. Desired spatial and temporal resolution imposes
limits on the measurable range of flow speeds and the FOV di-
mensions (or vice versa), when considered along with hardware
constraints and theoretical optical and PIV limitations. For cine-
matic PIV, the interest is on flowfield evolution, in addition to basic
turbulence statistics, so the term adequate resolution is somewhat
subjective. The goal of this study was to observe large-scale eddy
dynamics with temporal resolution sufficient to track individual ed-
dies as they convect downstream and clearly observe interaction
between adjacent eddies, not to make measurements with the max-
imum spatial resolution. For statistics, limitation of the overall esti-
mated errors in the measured velocity presents the most important
objective constraint.

Test constraints include a specified mean velocity, velocity ratio,
and shear layer thickness. The thickness determined the FOV, which
in turn determined the magnification M for the given film size.
The independent variables remaining include particle type, particle
size dp, movie camera framing rate (fps), film speed (ASA), film
resolution H&im in lines per mm, camera lens focal length /, aperture
(/#), laser beam diameter in the field of view db, pulse separation
interval Af', and interrogation spot size dj. An additional constraint
was given by the available argon-ion laser: a maximum power of
5 W and a wavelength A. of roughly 0.5 ^. Selection of the number
of sides for the polygonal mirror and the variable-speed scanning
frequency range were also chosen to allow future flexibility for
possible increase of framing rate or extension of the velocity range
to be studied.

For the several types of particles and films, a matrix of tests was
completed to note actual image size dT and intensity on different film
formats.23 The results indicated the combination of the Potters mi-
crospheres and the Kodak surveillance film as the most suitable. To
obtain preliminary resolution estimates, tests with the movie cam-
era were completed to determine the image degradation as framing
rate was increased. We define an overall resolution based on film
resolution in lines per millimeter (//mm), camera lens resolution in
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lines per millimeter (H\ens), degradation of resolution due to fram-
ing rate in lines per millimeter/frames per second (//fps), digitizing
charged-coupled device (CCD) lens resolution (using a magnifica-
tion of 1 : 1) in lines per millimeter (#CCD), and digitization resolution
in pixels per di(Hd), yielding

(1)

Based on manufacturer specifications and resolution tests, Hfi]m was
estimated to be 80 Ipmm, both lenses were each estimated to yield
150 Ipmm, and Hfps was found to be 7850 Ipmm/fps. This can be
compared with the minimum particle image diameter on the film
expected for infinite resolution, which is given by the diffraction
limited spot size11:

li (2)

Because of the resolution limitation, if 8x is greater than de, then the
actual image size on the CCD array will correspond to approximately
8x, as opposed to de.

A complete theoretical discussion and Monte Carlo simulation
results to assess the inherent limitations and necessary constraints
for accurate PIV are given by Keane and Adrian,26 with regards to
cross-correlation PIV, and by Keane and Adrian,25 with regards to
multiple-pulsed systems. For cross correlation, the velocity gradient
bias error is substantially reduced and can be eliminated by proper
sizing and offset of the interrogation windows. To ensure a 95%
probability of valid velocity detection, based on the preceding stud-
ies, we stipulated at least 15 particle pairs for cross correlation of a
given interrogation spot. Further constraints included a maximum
out-of-plane convection distance Az' of 0.25 db, a dimensionless
velocity gradient with respect to the interrogation spot size (i.e.,
M|Aii|Af'/d/) less than 0.03, a dimensionless velocity gradient
with respect to the actual image size on film (i.e., M\ AM | At'/dr) less
than 1.0, and a depth of field 5z greater than db. We determined the
maximum out-of-plane movement based on twice the expected peak
rms values of spanwise velocity2: &z'max ~ 2(0.15)A£/Ar'. Note
that quantities associated with the time between two laser sweeps
are denoted as ()', and those between two movie frames as ()".

Full treatment of the errors associated with the finite film and dig-
itization resolution is given by Prasad et al.26 The total resolution-
based error is shown to be the sum of a bias error, which decreases
with increasing dT/dp-lx (where dr is the actual image size on film,
and dpix is the pixel size), and a random error that increases linearly
with dT/dpix. Thus a minimum resolution-based error is obtained
with an intermediate value of dr/dplx. The value of the proportion-
ality constant for the random error is a complex function of all of the
nonideal aspects of the film, digitization, and the optics, so that an
optimization is difficult. Because the algorithm used in this study
uses curvefitting to obtain subpixel accuracy location of the cor-
relation peak28 (instead of the centroiding technique discussed by
Prasad et al.27), the coefficient of the random error is conservatively
estimated to be c = 0.05. For our value of dT/dpix « 4, the bias error
was shown to be negligible, and so total rms resolution error equals
the rms random error and is then 0.2 pixels. To determine the relative
error, we must consider the range of displacements expected, e.g.,
A*4ax = 1.1 Af'£/i, and Ajc^in = 0.9Ar't/2, which correspond to
52.3 and 10.0 pixels, respectively. Thus, the relative errors are 0.3
and 2% for the high-speed and low-speed streams, respectively.

An additional error arises from the uncertainty of the rotating
mirror speed. The desired rotational speed of 8.0 Hz could be set to
within ±0.05 Hz, indicating an error of 0.6%. Another bias arises
from the fact that for a scanning beam the time between exposures
for any given particle is a function of its instantaneous speed.12

This bias underestimates the instantaneous velocity by a maximum
1.7% in the high-speed stream, by 0.4% for the low-speed side, and
by approximately 1% on the centerline.

All of the estimates of the various components of total veloc-
ity error discussed earlier can be combined to yield an overall
uncertainty29 that was minimized for the given constraints. The re-
sult was a nominal overall uncertainty for the instantaneous velocity
of 1.8, 1.7, and 2.1% for the high, average, and low-speed portions
of the shear layer, respectively.23 For the current design, we note

improvements in spatial and temporal shear layer resolution are pri-
marily limited by the velocity uncertainty levels and the depth of
field constraint (as magnification increases), where the velocity un-
certainty level was principally determined by the relative uncertainty
of the location of the displacement peak in the correlation plane in
the low-speed region of the flow.

PIV Analysis
The processed film images were subsequently digitized by a CCD

camera and subdivided into interrogation spots, which correspond
to a 866-jLtm-square area on film. The interrogation algorithm is a
highly efficient cross-correlation method developed by Keane and
Adrian,26 which extends the dynamic range of the velocimeter and
takes advantage of an a priori knowledge of the mean flow. Two
windows of dimension 128 x 128 pixels were cross-correlated to
yield a single vector. A feature called trim automatically adjusts the
streamwise window offset for maximum accuracy; this offset ranged
from 12 to 48 pixels across the shear layer. The PIV interrogations
were completed on a parallel digital processor system developed by
Meinhart et al.,28 which is capable of calculating over 100 vectors
per second.

The resulting velocity vector components for each frame were
obtained uniformly in both directions over a 43 x 41 matrix. Each
vector is based on a 6.0-mm-square interrogation spot (physical), but
50% overlap is used, so that the physical vector spacing is 3.0 mm,
or 3.75% of the shear layer velocity thickness 8. The temporal reso-
lution of the velocity field evolution is given by (UavAtff)/8 = 0.11,
so that the large structures can easily be tracked between frames,
and the distortion of eddies is seen as a gradual process. However,
finer temporal resolution is needed to track smaller structures, i.e.,
tracking is limited to eddy sizes of order 6/10.

The vorticity is calculated from the instantaneous velocity field
by evaluating the circulation F around the square of the eight neigh-
boring grid points and dividing by the enclosed area, 4A*2(Ajc
is the grid spacing). Thus, the uncertainty in vorticity combines
the uncertainties of eight independent velocity vectors, i.e., A&> =
A/8 AM /4A*, where AM « 0.016AC7 is the maximum uncertainty in
a given velocity vector. This results in a relative uncertainty (scaled
by the mean vorticity, A[//<$) of the spatially averaged vorticity
of 30%.

Flowfield Results
Preliminary dye visualization videos of the shear layer using the

argon-ion laser and disodium fluorescein were first completed using
a high dye concentration to mark the entire mixed fluid region;
these results may be found in Cebrzynski22 and Oakley.23 Large-
scale structures were observed, and the shear layer appeared to grow
linearly from a virtual origin near the splitter tip.

Figures 2 and 3 show two portions of the PIV movie, each with
a sequence of three consecutive frames of the processed velocity
vectors, for which the average flow speed, t/av, has been subtracted
to better highlight the turbulent structures, and the corresponding
vorticity fields. The high-speed flow is on the left, the low-speed
flow is on the right, and the flow is moving upwards as in Fig. 1.
Each frame contains 1763 vectors, and the average convection up-
wards between frames is 2.9 vector spacings. The most remarkable
aspect of these figures is the vortex structure complexity (both tem-
poral and spatial) as compared with previous scalar or density based
images.8-30 The more rapid and pronounced changes of the velocity
vectors associated with the large-scale structures as compared with
their passive scalar counterparts is attributed to the historical depen-
dence of the passive scalar field. For example, if the velocity field
of an eddy suddenly becomes distorted, this will be immediately
apparent in images of the velocity vectors. This explains why eddy
life times based on velocity perturbations are less than those based
on passive scalar perturbations.3

In general, these vector fields are also in stark contrast to the
well-defined eddy and braid velocity vector fields obtained by
Dimotakis et al.14 for an Res of ~2.5 x 103 (as compared with
the Res of 2.62 x 104 for the present flow). The differences are
even more exaggerated when compared with the results of Post
et al.15 for an Res of ~5 x 102. The differences are attributed to
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Fig. 2 Sequence of three frames showing both two-dimensional velocity vectors and spanwise vorticity. Flow is upwards and the average velocity
t/av has been subtracted to highlight the vortex structures. Field of view dimensions are 122 mm in the x direction (streamwise) and 129 mm in they
direction (transverse).

the increased three-dimensionality, small-scale structures, and com-
plexity of the present fully developed turbulent flow. Indeed, many
computational fluid dynamic simulations of shear layers do not show
such richness, indicating their inappropriateness for representing
high-Reynolds-number unforced turbulent flows. However, recent
DNS studies by Rogers and Moser31 with shear layer visual thick-
ness Reynolds numbers of up to 2 x 104 have shown complex small
scales superposed on less coherent larger scale structures, similar to
present results. Unfortunately, comparison of the present statistics
with Rogers and Moser's high-Reynolds-number DNS is not directly
possible, due to the temporally evolving nature of their study. One
major conclusion of the Rogers and Moser study was that statistical
and structural results of experiments are more closely matched by
the simulations that did not exhibit organized pairings. The present
results similarly argue that the simplified eddy/braid model with
distinct pairing events is insufficient for describing some essential
physics of shear layers.

The two sequences of Figs. 2 and 3 were selected in part due
to their ability to represent the dynamics of the vortex merging.
Examining the relative velocity vectors of Fig. 2, we note a large

vortex (A) located in the center of the first frame with a size of about
80 mm (~<5) across. Upon closer inspection, this vortex is seen to be
composed of several smaller vortices, as well as two-dimensional
sources and sinks due to spanwise variations of the velocity field
(which were more easily discerned with the two-dimensional diver-
gence field). Although this type of large-scale structure (A) has been
noted in several previous flow visualization measurements, this level
of smaller scale complexity is somewhat surprising and was found
consistently through all 400 frames. This again points out why scalar
fields, which may typically have recorded vortex A as a single struc-
ture of entrained fluid, can give a substantially different view of the
flow turbulence.

In interpreting the velocity field, one must be careful not to pre-
sume points of zero relative velocity as vortex core centers, since
convection speeds of eddies are known to fluctuate and vary as a
function of transverse position.3 For example, the perturbation (B)
would reveal an eddy structure when a higher velocity is subtracted
from the field. In fact, subtraction of the transverse distribution of
the mean streamwise velocity revealed this structure as an eddy,
but other previously identified eddies were lost as a result.23 This
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b)

time

c)

Fig. 3 Same caption as Fig. 2 except different sequence (beginning six frames after Fig. 2c).

indicates a variation of convection speeds at common transverse po-
sitions, such that comparison with the corresponding vorticity fields
is important, e.g., it is easier to track structure B in the vorticity field.

One may also examine the juxtaposition of neighboring velocity
vectors in Figs. 2 and 3, especially near vortex centers, and note that
there are distinct regions where the flow does not appear divergence
free, indicating either significant three-dimensionality of the flow
and/or errors introduced by high local gradients. Based on estimated
velocity uncertainties and previous studies,32 three-dimensionality
is primarily responsible. For the two-dimensional vector fields of
this study, the spanwise velocity gradient can be calculated using
incompressibility, i.e., V • V = 0. This gives -Bw/dz = du/dx +
dv/dy [where u(x, y) and v(x,y) are the direct PIV results], which
is an indicator of the three-dimensionality of the nominally two-
dimensional (planar) shear layer. A sample instantaneous divergence
map, which corresponds to Fig. 3c, is shown in Fig. 4. The dashed
contour lines in a diagonal swath from upper left to lower right
correspond to high divergence values of one sign along the braid
region between two large eddies in the velocity vector map. This
three-dimensionality is consistent with the low-Reynolds-number
evolutions of shear layers of Lasheras and Choi,32 where stream-
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(X-X0)
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0.25-
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T! =y/8

Fig. 4 Instantaneous divergence map corresponding to Fig. 3c.
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wise vorticity would yield a strong upwash or downwash along
braid regions.

The vorticity sequence of Fig. 2 displays the complexity of the
shear layer structure at corresponding times, where strong tempo-
ral changes are noted to occur even in the Lagrangian frame. The
dashed contour lines indicate regions of negative vorticity, whereas
solid lines enclose positive vorticity. At this resolution, there is lit-
tle evidence of the classic single point vortex model of only one
sign. In addition, the sequence shows strong deviations in vortic-
ity within small proximities, not observed in low-Reynolds-number
shear layers.15 The overall convection of the high vorticity regions
indicates strong transverse variations in mean speed, local rotational
events, and local straining events. We may note that structure (B)
is now identified as a high vorticity region, further evidence of the
variable convection speed of vortices throughout the shear layer.

Figure 3 (which begins six frames after Fig. 2c) is also of signif-
icance in that some evidence of vortex merging is seen in both the
vector and vorticity fields. Examining the first frame, we note three
eddy structures (D-F) that appear to be in the large braid region be-
low the large vortex structure A, which has since convected upwards.
By the second frame, eddy E has already lost some of its integrity
and appears to be stretched along the braid between eddies D and F.
By the third frame, it appears to have been strained further, causing
a significant loss of coherency, and is gone within two more frames,
leaving an enhanced eddy F. This phenomenon involving eddy de-
struction have been termed tearing by Hernan and Jimenez,30 where
it was observed to occur infrequently for the large-scale structures.
This is not the classical merging, suggested by inviscid vortex amal-
gamation, i.e., rotational pairing until the cores coincide. Although
there was evidence of some eddies grouping together to yield larger
eddies, e.g., eddy A, this "destruction" of a weaker eddy to enhance
a stronger eddy was noted frequently in the 400 frames processed.

With regard to resolution, the Taylor microscale of the flow was
estimated at 3.2 mm, which is approximately equal to the vector
spacing and thus one-half the interrogation spot size. However, the
smallest scale of the flow is the Kolmogorov scale (estimated at
0.12 mm based on an expression for the dissipation given by Foss
and Haw7), which is approximately 1/25 of the vector spacing. For
comparison, the ratios of probe size to Kolmogorov scale in the ex-
periments by Foss and Haw7 and Balint and Wallace6 are six and
seven, respectively. Therefore, the vorticity fields presented herein
are fundamentally underresolved and thus underestimate the mag-
nitudes of vorticity peaks.

Statistical Results
Mean statistics of the 400 frames of velocity vectors were com-

pleted to determine the basic description of the flowfield. The
first three such figures (Figs. 5-7) are used to evaluate the tech-
nique's ability to predict conventional shear layer statistics. The
mean streamwise velocity profile is shown in Fig. 5, which resem-
bles the characteristic hyperbolic tangent shape as expected. From
this profile, the mixing layer thickness 8 of 80 mm was determined,
based on the 5% At/ deviations from the two freestream velocities.
The vorticity thickness, <5W — At//(9lV9v)max, was determined to
be 71 mm. Although this parameter showed negligible growth within
FOV, comparison to Brown and Roshko's8 survey of uniform den-
sity mixing layer spread rates as a function of velocity ratio shows
that it is well within the unforced growth rate range, assuming the
virtual origin is at the splitter plate tip. Figure 6 shows the mean
vorticity profile, calculated from the instantaneous vorticity fields
(which are derived from the velocity fields, then line averaged).
There is some deviation in the peak values in comparison with other
two-stream data from Balint and Wallace6 and Foss and Haw,7 but
in general the results are similar.

The rms values of the streamwise and transverse velocity com-
ponents normalized by AU are shown in Fig. 7 as a function of
transverse location from the centerline normalized by 5. These were
obtained by first determining a mean velocity at each individual
transverse and streamwise position by averaging over the 400
frames. Both peak values are low compared with the previous
two-stream shear layer studies. We note that spatial averaging (due
to interrogation spot size), interpolated vectors (more likely in high
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gradient regions), and finite data sampling (only 400 values to de-
fine the mean) will all reduce the rms levels of a field and can be a
concern for PIV measurements when applied to statistics of highly
turbulent flow.

In general, the streamwise velocity perturbations are the strongest
as compared with the transverse and spanwise perturbations2 and
thus typically contain the highest signal-to-noise ratio. Therefore,
many investigations of the turbulence structure of shear layers
have examined correlations of the streamwise velocity perturbations
through time and/or space. Such correlations have been obtained
with hot wires, hot film probes, and laser-Doppler velocimetry, but



OAKLEY, LOTH, AND ADRIAN 305

1.50

Fig. 8 Spatial correlation Rurur(rx, 0,.y, 0) of streamwise velocity fluc-
tuations as a function of nondimensional transverse location and stream-
wise shift.

1.50

Fig. 9 Time-shifted spatial correlation of streamwise velocity fluctua-
tions K^fo?^ >^) with fixed time lag of 133ms [̂  ~ 0.5]as
a function of nondimensional transverse location and streamwise shift.

the authors are unaware of the use of PIV to obtain such correlations
in a turbulent free shear layer.

We define a general spatio-temporal correlation of the streamwise
velocity perturbation (uf) as

Ru'u'(rx, ry, y, T) = (u'(x, y, t)uf(x+rx, y+ry, t+r)) / ' (u'
(3)

where (• • •> indicates a spatial and temporal average over all avail-
able data samples of the 400 frames, and r is restricted to integral
multiples of the interframe time interval Af ". The spatial correlation
Ru'u'fai 0, y, 0) is shown in Fig. 8 as a function of the transverse
position across the shear layer, where we may note significant trans-
verse variations in the amplitude and shape of the correlation. For
example, the centerline first decreases smoothly but then returns
to a strong positive correlation peak, indicating the average vortex
spacing at this transverse location. Near the shear layer edges, the
correlation tends to reduce more slowly, presumably due to the re-
duced evolutionary behavior at these points (correlate with vorticity
contours of Figs. 2 and 3). The general shape of this correlation
compares well with results by Wygnanski and Fiedler2 and others,
although previous investigations typically have not carried out the
correlation as far downstream. The average spatial extent of this
correlation can be estimated by calculation of the integral length
scale A, defined as follows:

(4)

The integral length scale results are presented in Oakley.23 The
length scale magnitudes were comparable to other two-stream shear
layers (e.g., Jones et al.4), but notably lower than single-stream
integral length scales. The reason for this difference is not clear
at present.

The time-shifted spatial correlation Ru>u>(rx, 0, y, r) is shown in
Fig. 9, where T was fixed at 4Ar" [where r/(5/At/) « 0.55, ap-
proximately the average Eulerian integral time scale of the present
flow]. Here we note that the peak correlation reaches a value of about
3/4 within the shear layer but is lower outside of the shear layer es-
pecially for the low-speed side. This indicates that perturbations
extending this far from the centerline are short lived, presumably
related to momentary excursions of eddy trajectories into these oth-
erwise nonturbulent regions. This is consistent with the dropoff of
integral scale for transverse positions outside of 8 as can be inferred
from Fig. 8. Figure 10 shows a similar correlation (analagous to
Fig. 9) using the instantaneous vorticity in place of u' in Eq. (3),
i.e., fl^ fo, 0, y, T). To the best of the authors' knowledge, this cor-
relation has not been shown before. Comparison of Figs. 9 and 10
shows similar correlation shapes and magnitudes, but the correlation
of vorticity has a much narrower peak. This is because the highest
vorticity (i.e., most significant contributor to the correlation) is con-
centrated in small-scale structures considerably smaller than A (see
Figs. 2 and 3), instead of having a smooth distribution over a scale

0.75
0.25

Fig. 10 Time-shifted spatial correlation of vorticity Uww(rjc,0,3;,T)
with fixed time lag of 133 ms [r/(6/An) <~ 0.5] as a function of nondi-
mensional transverse location and streamwise shift.
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Fig. 11 Normalized distribution of convection speed Uc based on
Rufuf(/•*,(),3>,r) and 12wW(rx,0,jsr) as a function of mean velocity
(Fig. 5).

• ~A. Therefore, the autocorrelation is much more localized for CD
than for u' (see Fig. 12).

Taking the rx at the peak correlation value as a function of trans-
verse position from both the correlations of u' and CD, one may obtain
the convection speed (Uc) of the most energetic streamwise velocity
perturbations and strongest vorticity values, respectively. Figure 11
shows the combined convective velocity curves based on u' and &>,
in comparison with previous experimental data. The curves of the
present study agree quite well with each other, and their trend is in
agreement with that shown by other researchers, i.e., Uc < U (y) near
the high-speed stream and Uc > U(y) near the low-speed stream.
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Fig. 12 Contours of the centerline autocorrelations a) Ru/u/ (rX9 ry9ycL,
0) and b) Uww(rxj ry>ycL, 0), showing the average eddy shape, size, and
orientation.

The differences between Uc(y) and U(y) are consistent with the
spread of data shown by other experimental studies (which include
single-stream1"3'33 and two-stream shear layers4).

To determine the average size, shape, and orientation of ed-
dies in the shear layer, the two-dimensional spatial autocorrelation
Ruf

u'(rx> r y t y , Q ) was calculated at several transverse locations and
also averaged across the entire shear layer.23 Figure 12a shows the
contour plot for the centerline transverse position, showing only
the right-half-plane, since this correlation is an odd function. We
see that the average eddy is elliptical and elongated in the stream-
wise direction, with a ratio of major to minor axes of ~5/3. The
streamwise dimension based on the l/e contour is ~33 mm, (i.e.,
A/<5 ~ 0.42), which agrees well with the present integral scale data
(obtained from Fig. 8 but not shown here). Hernan and Jimenez30

show that for passive scalar visualization of individual eddies in
an incompressible flow, the instantaneous angle of the major axis
of the eddy with respect to the streamwise direction may be posi-
tive or negative and is not necessarily small. Here we find a slight
positive angle for the centerline, which is consistent with results
of Tung.34 However, this is inconsistent with the theoretical stress
angle of —28 deg, a disparity also noted by Tung. We also noted that
at transverse positions of r] = 0.5 and —0.5, the correlation angle
was strongly positive and negative, respectively, whereas integration
over all transverse positions yielded a near zero inclination angle,23

which is essentially consistent with Koochesfahani et al.24

Figure 12b shows the centerline two-dimensional spatial auto-
correlation of instantaneous vorticity, R(M>(rx, ry, JCL, 0), where we

-0.75-
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y/6 o.oo-

0.25-

0.50-

0.75-

Fig. 13 Lagrangian correlation (using Taylor's hypothesis) of stream-
wise velocity fluctuations.

again note a small positive angle of inclination. The much re-
duced extent of the correlation in both directions (as compared
with Fig. 12a) is consistent with the observed small-scale struc-
ture in Figs. 2 and 3 (and inferred in Fig. 10). This again shows
that a point vortex model with peak vorticity in the center of an
eddy and a radially monotonically decreasing distribution of width
8 is an inaccurate description of actual vorticity distribution in a
high-Reynolds-number turbulent free shear layer.

Finally, we may also estimate the Lagrangian eddy lifetime based
on streamwise velocity fluctuations. Previously, such an estimation
was typically made using the Taylor hypothesis such that the velocity
of the perturbation between the streamwise probe positions rx would
(on average) be approximately equal to U(y). From this, the mov-
ing frame temporal correlation is given as Ru>u'(rx, 0, y, r), where
for this correlation rx = U(y)r. Such a distribution can be seen in
Fig. 13 for the present data, where r is restricted to integral multi-
ples of the interframe time period (Af"). The immediate dropoff of
the correlation in a hyperbolic tangent profile is simply related to
the specification of a zero value for points that convected out of the
finite streamwise domain. The high-speed region is on top (negative
y/S) and the low-speed region is on the bottom (positive v/<5), and
so we see that the "border" shape is basically a reciprocal function
of the mean velocity profile. The qualitative timescales taken from
this plot show a longer persistence of fluctuations in the middle to
low-speed side of the shear layer. Also, note that the correlation
remains strong (~0.5) even as the fluid particles convect out of our
field of view, despite a streamwise offset rx/8 ~ 1.5. Points near
the edge of the shear layer are at best qualitative due to increased
intermittency and higher relative error in the correlation values.

Given the unique detailed temporal and spatial resolution avail-
able with the present PIV technique, we may also compute a
Lagrangian temporal correlation Ru>u>(rx, ry,y, r) based on track-
ing the fluid particles motion. This is done herein by updating the
correlation point of interrogation for each frame as follows:

T=tN-t (5)

where

xt = xt-i + u(xt-i, yi-i, f /_ i )* Af"

tj = r /_i + Ar"

where jc0 = x,yo = y, and N is the total number of frames taken
from the initial point in time t, i.e., r — N*At". This formulation
uniformly applied to a finite domain is inherently biased towards
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Fig. 14 Lagrangian correlation (without Taylor's hypothesis) of
streamwise velocity fluctuations.

inclusion of initially negative u' values, since such fluid particles
will remain in the field of view for a longer time and will be sam-
pled more times. To eliminate this strong bias, correlation pairs are
not considered when r is greater than the minimum time taken for
one of the fastest moving fluid particles [at speed U(y) + 2u'ms(y)]
to convect out of the field of view from its initial streamwise posi-
tion. The resulting correlation in Fig. 14 maintains a similar shape
as in Fig. 13 but only predicts longer eddy lifetimes than the Tay-
lor hypothesis correlation in a small portion of the low-speed side.
The reason for the typical reduced correlation stems from the im-
portance of the large-scale structures. Consider a simple large eddy
where we initiate our correlation point on the top portion (close to
the high-speed stream). At this instant, we may expect a positive M'.
However, as the eddy convects, the rotational component will move
this fluid particle clockwise to the bottom of the eddy where the
streamwise perturbation is likely to be negative. Therefore, using
the instantaneous velocity yields a more accurate description of the
local translational velocity, but if the tracking point is not in the cen-
ter of the eddy, it will be contaminated with the rotational velocity
component that can change the velocity perturbation.

Conclusions
The spatially and temporally resolved velocity field of a high-

Reynolds-number, two-stream, planar, turbulent free shear layer
was obtained using cinematic PIV. This is the first such experimen-
tal data obtained for shear layers, although instantaneous velocity
fields have been obtained in low-Reynolds-number experiments.
The present shear layer has a velocity ratio of 0.23 and a Reynolds
number based on velocity thickness and At/ of 2.62 x 104. A sim-
ple optimization of the PIV parameters was completed to allow high
spatial and temporal resolution while minimizing the maximum ex-
pected velocity uncertainty (2.1%).

The structure of the shear layer was very different from that seen
in previous low-Reynolds-number shear layers in that, instead of a
classical eddy/braid structure, complex three-dimensional clusters
with vortices of both signs were observed. The velocity field evolu-
tion was also notably different from that of the passive scalar field,
where the former exhibited stronger temporal variations and reduced
spatial coherency. Eddy agglomeration yielded significant substruc-
ture, while eddy tearing (large eddies straining smaller eddies into
braids) was noted frequently.

The time-shifted spatial correlation was performed to obtain the
convection velocity based on both uf and vorticity, which had not
been previously done. These two correlations displayed very sim-
ilar results, as well as consistency with previous studies. The two-
dimensional spatial autocorrelation showed an average eddy shape

both at the centerline as well as integrated over the whole shear layer
as elliptical with no significant mean angle of the major axis to the
streamwise direction. The autocorrelation of vorticity indicated a
much smaller structure than that associated with u1', consistent with
DNS results. Finally, the moving frame temporal correlation based
on u' was performed first by employing Taylor's hypothesis and
second based on integration of actual instantaneous velocities. Both
correlations are still fairly strong at most transverse locations by
the time the fluid particles convect out of the field of view, but the
Taylor hypothesis generally predicts longer eddy lifetimes than the
Lagrangian tracking correlation, due to effects of eddy rotation on
the sign of u'.
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