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Organized Oscillations of Initially Turbulent Flow past a Cavity

J.-C. Lin and D. Rockwell†

Lehigh University, Bethlehem, Pennsylvania 18015

The unsteady � ow structure due to a turbulent boundary layer past a rectangular, open cavity is characterized
using a cinematographic technique of high-image-densityparticle image velocimetry. Organized small- and large-
scale vortical structures emerge above the turbulent background in absence of mechanisms that typically enhance
the organized nature of such shear � ows: acoustic resonance, Mach wave re� ections, and elastic effects of the cavity
boundary.The large-scale vortical structures induceordered pressure � uctuationsat the impingementcorner of the
cavity; their magnitudeand phase shift are characterized using simultaneous imagingand pressure measurements.
Within the cavity, a jetlike � ow occurs along the cavity walls, and it eventually modulates the separating shear
layer at the leading corner of the cavity. The nature of this wall jet � ow is a function of the impingement process
at the trailing corner of the cavity. Calculation of the turbulence statistics based on � ow images reveals that the
turbulence in the separated shear layer along the mouth of the cavity and in the jetlike � ow within the cavity
rapidly dominate the turbulent structure of the in� ow.

Nomenclature
L = cavity length
p = instantaneouspressure
t = time
U = freestream velocity
u = streamwise (x) component of instantaneousvelocity
u = velocity � uctuation in x direction
v = transverse y
v = velocity � uctuation in y direction
W = cavity depth
x , y = coordinates
b = fundamental of most unstable frequency

of cavity shear layer
b / 2 = subharmonic of most unstable frequency

of cavity shear layer
d = boundary-layer thickness
x = vorticity

= time averaged

I. Introduction

F LOW past an open cavity is known to give rise to self-sustained
oscillations in a wide variety of con� gurations, including

slotted-wall wind and water tunnels, slotted � umes, bellows-type
pipe geometries, high-head gates and gate slots, aircraft compo-
nents, and internal piping systems. These cavity oscillationsare the
origin of coherent and broadband sources of noise and, if the struc-
ture is suf� ciently � exible, � ow-induced vibration as well. More-
over, depending on the state of the cavity oscillation, substantial
alterations of the mean drag may be induced. In the following, the
state of knowledge of � ow past cavities, based primarily on lam-
inar in� ow conditions, is described within a framework based on
the � ow physics.Then, the major unresolved issues for this class of
� ows will be delineated.

Self-excited cavity oscillations have generic features that are as-
sessed in detail in the reviews of Rockwell and Naudascher,1,2

Rockwell,3 Howe,4 and Rockwell.5 These features, which are il-
lustrated in the schematic of Fig. 1, are 1) interaction of a vorticity
concentration(s) with the downstreamcorner, 2) upstream in� uence
from this corner interactionto the sensitive region of the shear layer
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formed from the upstream corner of the cavity, 3) conversionof the
upstream in� uence arriving at this location to a � uctuation in the
separating shear layer, and 4) ampli� cation of this � uctuation in
the shear layer as it develops in the streamwise direction. In view
of the in� ow shear layer in the present investigationbeing fully tur-
bulent, item 4 is of particular interest. It is generally recognized,
at least for laminar conditions at separation from the leading cor-
ner of the cavity, that the disturbance growth in the shear layer can
be described using concepts of linearized, inviscid stability theory,
as shown by Rockwell,6 Sarohia,7 and Knisely and Rockwell.8 As
demonstratedbyKnisely andRockwell,8 on the basisof experiments
interpretedwith the aid of linearized theory,not only the fundamen-
tal component of the shear layer instability may be present, but a
number of additional, primarily lower-frequency components can
exist as well. In fact, the magnitude of these components can be
of the same order as the fundamental. These issues have not been
addressed for the case of a fully turbulent in� ow and its separation
from the leading corner of the cavity. In addition to the aforemen-
tioned major elements contributing to onset of vortical structures
in the separated shear layer, the possible modulation effect of the
unsteady recirculating � ow within the cavity should be addressed.

A. Related Numerical Simulations
Possible coupling between the unsteady� ow structurewithin the

cavity,in the formof recirculatingeddiesand theunstableshear layer
along the mouth of the cavity, has been the focus of a number of nu-
merical investigationsin recent years. Ghaddar et al.9 simulated the
incompressible� ow in periodically grooved channels by direct nu-
merical simulation. A single, weak recirculatingvortex is observed
within the cavity. Najm and Ghoniem10 employ a vortex simulation
technique. They show that, for relatively short cavities, the rollup
of the instability of the separating shear layer is the dominant mode
of oscillation,whereas for suf� ciently long cavities, low-frequency
eddies within the cavity appear to dominate the oscillation mecha-
nism. Pereira and Sousa11 use a � nite difference numerical scheme
with temporal discretization. Patterns of instantaneous streamlines
and vorticity contours within the cavity suggest a relationship to
the unstable shear layer past the cavity. More recently, Pereira and
Sousa12 combine the results of their unsteady numerical simulation
with pointwise laser Doppler measurements at crucial locations in
the cavity and suggest, for their particular cavity con� guration and
� ow conditions, that coupling occurs between the shear layer and
the dynamics of the recirculation � ow� eld within the cavity. Most
recently, Takakura et al.13 have employed a large-eddy simulation
to determine the unsteady features of supersonic � ow past a cavity.
Their instantaneouspatternsof velocityvectors within the cavity, at
a time corresponding to in� ow into the cavity at the impingement
corner, exhibit a wall jet � ow along the vertical and bottom faces
of the cavity, which provides a mechanism for recirculation � ow.
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Fig. 1 Principal elements of self-sustaining oscillations of turbulent � ow past a cavity.

The issue arises as to whether a fully turbulent in� ow at essentially
zero Mach number gives rise to organized, large-scale recirculation
zones within the cavity; if so, the manner in which they mimic the
foregoing simulation is unclear.

B. Overview of Available Experimental Information
Over the past few decades, considerableattention has been given

to experimentalcharacterizationof self-sustainedoscillationsof im-
pingingshear layers. These studies have been centeredon pointwise
measurements of pressure and/or velocity and qualitative � ow vi-
sualization using dye, smoke, or schlieren techniques.

Visualization of the vortex interaction with the leading edge
of an impingement surface has been carried out by Ziada and
Rockwell14,15 and Tang and Rockwell16 for the cases of a sharp
impingement edge and the sharp corner of a cavity, respectively.
Severe distortion of the incident vortices can occur and, in some
cases, generation of secondary (counter) vortices plays a key role.
Correspondingly,measurementsof the � uctuatingforce on a wedge
by Ziada and Rockwell14 and pressure � uctuations on the surface
of a corner by Tang and Rockwell16 have shown the relationship
between the phase of the induced force/pressure, the distortion of
the incident vortex, and the generation of secondary vortices. Con-
siderable insight has been provided by these visualization studies,
which must be interpreted in accord with the issues and potential
fallacies of qualitative � ow visualization, as assessed by Gursul
and Rockwell17,18 and Gursul et al.19 To complement qualitative
visualization of the unsteady � ow� eld immediately upstream and
along the edge, Gursul and Rockwell17 and Graf and Durgin20 em-
ploy phase-averaged,phase-Doppleranemometry techniquesto de-
termine the cycle-averaged velocities adjacent to the edge for an
elliptical leading edge and a cavity corner, respectively.

Measurement of velocity � uctuations in the unsteady shear layer
have been carried out using pointwise hot-wire, hot � lm, and laser-
Doppler anemometry techniques. Woolley and Karamcheti21 de-
termine the variation of the phase and amplitude of the velocity
� uctuationalong the shear layerof an impingingjet of a jet-edgesys-
tem, and Sarohia7 characterized equivalent quantities for the anal-
ogous oscillating shear layer of a shallow open cavity. Knisely and
Rockwell8 and Schachenmann and Rockwell22 characterized the
multiple frequency components and the streamwise distributions
of organizedwave amplitude and phase along open rectangular and
closedaxisymmetriccavities,respectively.Gharib and Roshko23 de-
termined features of the velocity � eld in relation to the overall drag
on the cavity. More recently, Pereira and Sousa12 have obtained ve-
locity spectra at selected locations in the cavity shear layer. These
pointwise measurements, which have advanced our understanding
of this class of � ows, provide the stimulus for global, instantaneous
measurements of the instantaneous � ow structure.

C. Major Unresolved Physical and Experimental Issues
Essentially all quantitative measurements of the unsteady � ow

between the upstream (leading) corner in the downstream corner of
the cavityhave involvedtime-averagedor phase-averagedpointwise
measurements. Even for the case of an initially laminar boundary
layer at the upstream separationlocation, substantial jitter, or cycle-

to-cycle variation of the � ow pattern, can occur for a typical cavity
oscillation.Especiallywhen the in� owboundarylayer is transitional
or turbulent, its coexistence with potentially coherent oscillations
can generate very signi� cant cycle-to-cycle variations of the � ow
pattern. It is, therefore,productiveto obtain instantaneousmeasure-
ments of the velocity � eld over the entire region of the � ow. Such
global realizations would provide a physical basis for interpreta-
tion of various types of time-, ensemble-, and phase-averagesof the
� ow structure. A further advantage is that instantaneous pressure
� uctuations along the surface of the cavity can be directly related
to instantaneous,global variations of the � ow pattern. To date, this
approach has not been undertaken, even for the simplest case of an
initially laminar � ow at separation.

Impingement of a quasi-coherent, turbulent shear layer upon the
downstream corner of the cavity will result in severe distortion of
the incident vortical structures. These so-called turbulent vortices
will have a range of scales. Instantaneous, global insight into the
vortex distortion process is called for.

Ampli� cation of disturbances in the separated turbulent shear
layer along the cavity may involve coexisting instabilities, charac-
teristic of a wide range of length scales present in the separatingtur-
bulent boundary layer and different characteristicthicknessesof the
separating� ow. The interactionof these instabilitiesin the evolving
shear layer, that is, small- and large-scale interactingvortical struc-
tures, can most effectively be clari� ed using instantaneous, global
representationsof the � ow structure, which has not yet been under-
taken.

Within the cavity, existence of unsteady, recirculating � ow is ex-
pected to occur in a highly modulated fashion, driven by the un-
steady impingement process at the downstream (trailing) corner of
the cavity. The instantaneousstructure of these large-scale recircu-
lating � ows, and the manner in which they modulate the separating
shear layer from the upstream (leading) corner of the cavity, has not
been addressed in a global, instantaneoussense.

D. Objectives
The overall goal of the present investigation is to address the un-

resolved issues de� ned in the foregoing. In general, this involves
determining the instantaneous,global � ow structurepast and within
a cavity due to an in� ow turbulent boundary layer. The possible
instantaneous, global states of the � ow will be related to the in-
stantaneous pressure � uctuations on the downstream corner of the
cavity. Furthermore, the time-averaged turbulence statistics will be
interpreted in terms of these instantaneous� ow patterns.

II. Experimental System and Techniques
Experimentswereperformedin a large-scalewater channel,using

combinationsof surface pressure measurements and particle image
velocimetry, which yielded global representations of the velocity
and vorticity � elds. The overall experimental system and quantita-
tive measurement techniques are described in the following.

A. Experimental System
The free-surfacewater channelhad a test section36 in. wide 24

in. deep.The total length of the test sectionwas 20 ft. For the present
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Fig. 2 Overview of cavity test section located within main test section of water channel.

experiments,the free surface of the water was maintainedat a height
of 16.5 in.This test section is precededby a largecontraction,having
an inlet width of 6 ft; its contraction ratio is 2:1. An arrangementof
honeycombs and screens is located upstream of the contraction; it
minimized the freestream turbulence,which is less than 0.1%. The
freestream velocity was 10.53 in./s.

The cavity test section, which was custom designed and con-
structed for the present experiments, was housed within the main
test section of the water channel.Figure 2 shows the overall con� g-
uration and dimensionsof the cavity section. It had an internalwidth
of 18 in. and an overall length of 130 in. It is bounded on either side
by vertical false walls extendingfrom the � oor of the water channel
to a height equal to the upper edge of the channel test section. The
cavity test section is preceded by a special inlet contraction, which
has two purposes. First, it facilitates attainment of a higher velocity
at the inlet of the cavity test section. Second, through use of a spe-
cial gap arrangement between the inlet contraction and the leading
edges of the false walls of the cavity test section, it was possible to
attain essentiallyparallel in� ow into the leading region of the cavity
test section (see plan view of Fig. 2). This con� gurationis crucial, in
that it precludesseparationof the boundary layers along the interior
surfaces of the false walls.

The major components of the cavity test section, most evident
in the side view of Fig. 2, involve a long � at plate, the cavity with
an adjustable length L, and a de� ection plate. A central objective
of this unique facility is attainment of a turbulent boundary layer
approachingthecavity.Althoughexperimentson � at plateboundary
layers are abundant, the concept of employing such a plate with a
rather complicated cavity arrangementhad not been, up to the point
of this experiment, attempted in any investigation. An important
condition that must be satis� ed is attainment of a stagnation point
of the incident freestream at the tip of the elliptical leading edge
of the � at plate, having an aspect ratio of 4:1. This condition is
essential if the boundary layer along the plate is to develop in a
similar fashion as in a so-called in� nite freestream. Because of the
differencein resistancebetween the regionsaboveand below the � at
plate, the stagnationpoint will, in the absenceof any control device,
be located along the lower surface of the elliptical edge and induce
a separation bubble along the upper surface of the leading edge.

This dif� culty was overcome by employing a de� ection plate at a
location downstream of the cavity. It imposes an overall resistance
on the upper region of the � ow, such that the stagnation point is
moved to the tip of the leading edge of the plate generating the
boundary layer.

To promote a fully turbulent boundary layer, the trip section was
located immediately downstream of the leading edge of the plate.
Details of this trip section are described by Johansen and Smith.24

Small- (0.13 in.-) and large-(10.1 in.-) diam Plexiglas® hemispheres
were arranged in a spatially periodic pattern across the entire span
of the plate. In the study of Johansenand Smith,24 this con� guration
was found to generate a well-posed turbulentboundary layer for the
same value of � ow velocity and effective plate length as employed
in the present study.

Further details of the cavity system are described by Rockwell
and Lin.25 The laser sheet used for particle image velocimetry(PIV)
was locatedat the midspanof the cavity test section. It was transmit-
ted through the laser windows. These windows were 1/16-in.-thick
strips of Plexiglas, which were � ush with the external surfaces of
the cavity section.This thin Plexiglasminimizes laser refractionand
transmission losses. The length L of the cavity was adjustableup to
a maximum value of 16 in. The effective depth W of the cavity was
maintained constant of W 4 in. for all experiments.

A transducer block built into the impingement corner housed a
PCB high-sensitivitytransducer (Model 106B50), which measured
the pressure � uctuations at the impingement corner of the cavity. It
is described by Rockwell and Lin.25 The pressure tap was located
along the vertical face of the cavity corner at a distance of 0.13 in.
below the corner and displaced a lateral distance of 0.57 in. The
transient response of this pressure tap line transducer system has a
resonant frequencyof 31 Hz, well above the frequencies of interest
of this experiment, that is, of the order of 1.0 Hz. The damping
coef� cient corresponded to maximum distortions of 0.5% of the
pressure magnitude and phase.

B. Techniques of High-Image-Density PIV
A custom-designed laser-optical arrangement was employed for

generating the laser sheet employed for PIV measurements, based
on the laser scanning concept described by Rockwell et al.26 The
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entire optical system was mounted on a system of rails, allowing it
to be translated to a speci� ed location beneath the test section. A
beam steering mirror and convex and concave lenses, having focal
lengths 300 and 100 mm, respectively,were � xed to this translat-
ing table.To facilitatefurtherfocusingand alignmentof the rotating,
multifaceted mirror, it, along with a focusing singlet and a second
beam steering mirror, was mounted on a circular table, which could
be rotated to any angular position relative to the large, translating
table. In essence, this system allows the laser beam to be focused to
a relativelynarrowwaist, with a minimaldistortionof the wave front
of less than k /10 over the central region of the beam. With this par-
ticular lenscombination,it was possibleto attain the minimumwaist
of the laser beam at the half-verticaldepth of the water-channel test
section. Simultaneously, the beam had a suf� ciently small diameter
as it impinged upon the face of a multifaceted mirror, so that only
one of the mirror facets was illuminated at a given instant of time.

The rotating mirror had 72 facets. Its speed of rotation was con-
trolled by an external driver unit, such that the effective scanning
frequency of the laser beam, 156.2 cycles/s, generated optimum
displacement between the multiply exposed particle images during
PIV experiments.The effective thickness of the scanned laser sheet
formed by the scanning laser was 1.5 mm.

The laser beam emanated from a continuouswave argon ion hav-
ing a variable output up to approximately 25 W. For most of the
experimentsdescribedherein, the effectiveoutputpower of the laser
was maintainedat 15 W. The water was seeded with metallic-coated
particles having a diameter of 12 l m. Multiply exposed images of
these particles were recorded on high-resolution� lm, having an ef-
fective resolution of 300 lines/mm. Two different types of 35-mm
� lm cameras were employed during the course of this investigation.
The � rst was a Nikon F-4 camera, which was employed for still
photographs of the in� ow turbulent boundary layer and the cavity
oscillation.The second camera was a Hulcher cinema camera, hav-
ing a maximum framing rate of 60 frames/s. Extensive evaluationof
the characteristictime scalesof the cavityoscillation,in conjunction
with the available lighting of the laser sheet, showed that a framing
rate of 10 frames/s was optimal. Images were recorded on 100-ft
spools of 35-mm � lm. The pressure signal was recorded simultane-
ously during the cinema recording to allow a direct correspondence
between the pressure � uctuation at the corner of the cavity and the
dynamics of the impinging shear layer. Full details of this cinema
system are given by Lin and Rockwell.27

For both camera systems, a rotating bias mirror, that is, an im-
age shifting mirror, was located in front of the camera lens, which
had magni� cations of 1:7.57 and 1:7.74. The mirror was oriented
at an angle of 45 deg, and its angular displacement was triggered
during each shutter opening to impart a constant bias displacement
of all particle images, which was removed during the interrogation
process. The angular displacementof the mirror was of the order of
0.01 deg to preclude systematic distortion effects of the pattern of
particle images induced by the � nite rotation angle of the mirror.

Each 35-mm negative was digitized at a resolution of 125 pix-
els/mm. Then, these digitized image patterns were subjected to a
single frame, cross-correlation technique to provide the instanta-
neous velocityvector at each interrogationlocation.A 50% overlap
of interrogation areas was employed. The effective grid size in the
planeof the lasersheet, that is, thedistancebetweenvelocityvectors,
was 0.36 mm.

Postprocessingof the raw velocity� eld involved,� rst, removalof
bad vectors, then � lling the blank location using a classicalbilinear
interpolation. The velocity � eld was smoothed using a Gaussian
� lter having an exponent p 1.3. These interpolation and � ltering
techniquesare well known and described in detail by Landreth and
Adrian.28

C. Pressure and Velocity Measurements
Time tracesof the pressure� uctuationswere acquiredwith a PCB

piezoelectricpressuretransducerhavinga sensitivityof 500 mV/psi.
During experiments, the pressure signal was subjected to analog � l-
ters and electronicampli� ers. The sampling time was D t 0.004 s,
to resolve adequately all of the dominant frequencies. The signal
was transmitted to the A/D board of the host microcomputer and

stored in digital form, allowing reconstruction of the time traces,
as well as computation of the power spectral density using a fast
Fourier transform technique. The total acquisition time T of each
velocity and pressure record dependedon the particularexperiment.
Its value, along with the effective sampling time D t and sampling
frequency D f are speci� ed in conjunction with each of the time
traces and spectra presented in the following sections.

III. In� ow Turbulent Boundary Layer
The turbulent boundary layer approaching the cavity was char-

acterized upstream of the separation corner of the cavity. With the
coordinates(x , y) centeredat the separationpoint of the leadingcor-
ner of the cavity, PIV images were acquiredover the spatial domain
extending from x 10.31 to 14.87 in. and from y 0.018 to
3.02 in. A typical instantaneousvelocity � eld, in a reference frame
of observation of 0.8U , where U is the freestream velocity, is
shown at the top of Fig. 3.

A total of 38 PIV images were acquired at random times, with a
minimum spacing of 60 s. The variation of the velocity with coor-
dinate x was considered at a given y in a speci� ed image, and the
values of the mean velocity componentsu and v , the corresponding
� uctuationcomponentsu rms and vrms , as well as the velocitycorrela-
tion u v , were determined for that image. Then, by averaging these
values in all 38 images, the � nal statistical values were obtained.
This approach is described by Liu et al.29 and Westerweel et al.30

Figure 3 shows the variation of the mean, � uctuation, and cor-
relation quantities across the boundary layer. For these data, the
boundary-layer thickness d 1.80 in., the displacement thickness
d 0.27 in., momentum thickness h 0.197 in., and the shape fac-
tor H d / h 1.37. The Reynolds number based on momentum
thickness was Reh 1.371 103 . At this value of Reynolds num-
ber Reh , Johansen and Smith24 obtained H 1.37 via single-point
hot-� lm measurement.

Comparison of these distributionswith those of Klebanoff31 (see
also Schlichting32) acquiredusinga hot-wireanemometer, indicates
remarkably good agreement. Further details and comparisons of
the turbulent boundary-layer structure are given by Rockwell and
Lin.25 To demonstrate that a well-de� ned log layer exists within
the turbulent boundary layer, the raw data of the present study, in
the form u / U vs y were plotted on semilog coordinates. A well-
de� ned log region was shown to exist.

Moreover, to ascertain that a well-de� ned inertial subrange ex-
isted within the turbulent boundary layer, the PIV data were further
evaluated.For each of the 38 images, the spectrum was evaluatedat
a distance 0.91 in. from the wall, corresponding to 0.5d , in which d
is the boundary-layerthickness, also represented by d 995. The tech-
nique for evaluationof the spectra is describedin Sec. II. In essence,
at each elevationfrom the wall, the entire sequenceof u or v velocity
componentswas consideredfrom the left to the right boundaryof the
image. This sequence is, in essence, interpretedas a time sequence,
leading to a frequency spectrum. Spectra for both the streamwise
u and cross-stream v � uctuationswere calculated.Figure 4 shows
the well-known slope in the inertial subrange,n 5

3 , on the spec-
trum. It extendsover the range 20 2p f d 995 / U 102 . This range
of agreement is remarkably coincident with, for example, the nor-
malized plot of Bradshaw.33 At lower values of dimensionless fre-
quency, however, there is a degree of scatter within the data because
the averaging process did not include a suf� ciently large number
of images. Furthermore, at relatively high values of dimensionless
frequency, the spectra of Fig. 4 are meaningless because the spa-
tial resolution D x of the PIV image cannot properly represent the
smallest scales of the turbulence.

IV. Instantaneous Flow Structure
and Pressure Fluctuations

Sequencesof instantaneousPIV images were obtained using two
approaches.The � rst involved a cinema PIV sequence. In this case,
images were acquired at a framing rate of 10 frames/s, yielding a
total of 167 images with a time increment D t 0.1 s between them.
The second approach involved random acquisition of 77 images,
whereby the camera was triggeredat an arbitrarytime, with the only
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Fig.3 Representative imageof instantaneousvelocity � eld of turbulent boundarylayerviewed in a reference frame movingat0.8 U 1 , with variationof
the mean Åu, � uctuating urms and vrms velocities, and velocity correlation ¡¡ u0 v 0 across the boundary layer, all normalizedby the freestream velocity U 1 .

constraintthat the intervalbetweensuccessiveimagesexceeded60 s,
which is approximately a factor of 12 longer than the period of the
lowest, coherent spectral component at 0.2 Hz.

To establish the relationship between the � uctuation pressure at
the trailing corner and the distortion of the � ow structure in that
region, the pressure at tap B was acquired simultaneously with the
cinema PIV series. The time trace is shown in Fig. 5. The framing
rate of the cinema sequence is 10 frames/s, and the � rst image
of the cinema sequence corresponds to the instant t 0.1 s in the
time trace of pressure. Subsequent images in the cinema sequence
correspond to t 0.2 s, t 0.3 s, and so on in the pressure trace. A
complete collectionof the cinema images is given by Rockwell and
Lin.25 In the following, selected images and correspondingpressure
traces are shown to illustrate the major featuresof the cavity oscilla-
tion.

The time traceof thepressure� uctuationsshownin Fig. 5 exhibits
substantial modulation of the period between successive peaks. It
is possible to identify portions of the trace that have a peak-to-peak
spacing corresponding to the fundamental b and subharmonic b / 2
of the most unstable frequency of the shear layer. These modes are
designated as 1/ b and 2/ b . The circle symbols indicated at the
minimum or maximum values of the pressure trace correspond to
the cinema images that are examined in detail in the following.

Comparison of the pressure at the impingement corner with the
instantaneousvorticity and velocitydistributionsis given in Fig. 6a.
The positionof thepressuretap is 0.13 in. belowthe tip of the corner.
At the instant shown in Fig. 6a, the pressure has a maximum neg-
ative value. Correspondingly, the cluster of vorticity has its center
approximately coincidentwith the location of the pressure tap. The
impinging vortex is actually made up of layers of small-scale vor-
tical structures. The overall diameter of this vortex is of the order
of one-half of the cavity length. The corresponding velocity � eld
suggests an upward-oriented out� ow from the cavity at the trail-
ing corner. This apparent out� ow is, of course, associated with the
arrival of the cluster of vorticity at the corner. Within the cavity,
jetlike � ow along the vertical and bottom wall is clearly evident.
Moreover, the upward-oriented velocity � eld over the � rst half of
the cavity length is in accord with the large entrainment demands
over the initial extent of the separated shear layer formed from the
leading corner of the cavity.

Of course, it is well-known that the interpretation of patterns of
velocityvectorsand streamlinesis dependenton the referenceframe
of observation. For this reason, the velocity � eld of the separated
layer and its impingement on the corner of the cavity is visualized
in not only the laboratory frame, but also frames moving at 0.25
and 0.50U , as shown in Fig. 6b. At a frame velocity of 0.25U ,
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the swirl patternsof velocityvectors correspondwell to the concen-
trations of vorticity shown in Fig. 6a. In Fig. 6b, the extent of the
distorted vortex upstream of, and above, the trailing corner of the
cavity, in accordwith theclusterof vorticityin Fig. 6a, is particularly
evident.

In Fig. 7, the incident cluster of vorticity is located just upstream
of the corner.The small-scaleconcentrationsthat make up the large-
scale structureare identi� ed, in an approximatesense,by the dashed

Fig. 4 Spectra of velocity � uctuations in the turbulent boundary layer,
as obtained from PIV data; spectra were evaluated at a distance of
0.91 in. from the wall, corresponding to 0:5±, where ± = ±995 is the
boundary-layer thickness.

Fig. 5 Time trace of pressure at impingement corner acquired simultaneously with the cinema PIV series.

circle. In this case, the instantaneouspressure takes on its maximum
positive value, and the velocity � eld in the vicinity of the corner
shows a downwardde� ectionand formationof a pronounced,jetlike
� ow along the vertical wall of the cavity.

Instantaneouspatterns of velocity and vorticity for the cavity os-
cillationin a modecorrespondingto approximatelythe subharmonic
frequency b / 2 are shown in Figs. 8 and 9 for the maximum neg-
ative and positive values of pressure at the impingement corner.
Figure 8 shows images corresponding to the maximum negative
pressure peak, where the center of the vorticity cluster is nearly co-
incident with the location of the pressure tap at the corner. In this
case, the velocity� eld exhibitsa particularlyviolentejectionof � uid
out of the cavity, drawn upward by rotationof the large-scalecluster
of vorticity as it encounters the corner. In Fig. 9, corresponding to
the maximum positive pressure peak, the cluster of incident vortic-
ity is located upstream of the cavity face. The interesting feature of
this particular vortex–corner interaction is that the entire extent of
the � ow, from the bottom of the cavity to the separated shear layer,
is part of a large-scale swirl pattern, suggesting coupling between
the large-scale cluster of vorticity approaching the corner and the
recirculation � ow in the right half of the cavity.

When the relationship between the large-scale clusters of vortic-
ity in the vicinityof the cornerand the inducedpressureat the corner
is viewed (Figs. 6–9), the common feature is that when the center of
the large-scalevorticitycluster is approximatelycoincidentwith the
cavitycorner, a maximum negativepressureis inducedat the corner,
whereas when it is at a location just upstreamof the corner, the pres-
sure takes on its maximum positivevalue. These observationsare in
accordwith those of Tang and Rockwell16 for the case of an unstable
laminar shear layer, which generated identi� able vortical structures
that impinged upon the corner of the cavity. From the present study,
it appears that this processof vortex–corner interactionis associated
with substantial variations in out� ow and in� ow into the cavity as
the vortex approachesand is severelydistorted in the corner.Further
considerationof this detailed interactionshould provide insight into
the characterof the pressure source(s) that is crucial in determining
the upstream in� uence and, especially at higher Mach number, the
nature of the radiated sound pattern.

Regarding the � ow� eld within the cavity, Fig. 10 compares the
instantaneous velocity of Fig. 9 with the calculation of Takakura
et al.,13 for which the � ow exterior to the cavity was supersonic.
Nevertheless, the overall features of the velocity pattern within the
cavityare remarkablysimilar:1) the largemagnitudesof the velocity
vectors, oriented downward and away from the vertical face of the
cavity;2) the jetlike � ow along the bottom wall of the cavity,having
a nearly discontinuous leading front, that is, the magnitude of the
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Fig. 6a Instantaneous distributions of velocity and vorticity during
cavity oscillation in a mode corresponding approximately to the funda-
mental frequency ¯ of the cavity shear layer. At the instant shown, the
pressure at the corner has its maximum negative value.

Fig. 6b Instantaneous distributions of velocity in different reference
frames during cavity oscillation in a modecorrespondingapproximately
to the fundamental frequency ¯ of the cavity shear layer. Top, middle,
and bottom images correspond to frames movingat 0, 0.25, and 0.5 U 1 .

front edge of this jetlike � ow abruptly decreases in magnitude; 3)
an upward jetlike � ow along the vertical face of the leading corner
of the cavity; and, � nally, 4) a pronounced recirculating, vortexlike
� ow over the right half of the cavity, extendingfrom the bottomwall
to the separated shear layer.

Comparison of a representativeimage from the cinema sequence
with an excerpt from the unsteady numerical simulation of Pereira
and Sousa12 is given in Fig. 11. In making this comparison,an image
from the cinema sequence was selected to match the phase of the

Fig. 7 Instantaneous distributionsof velocity and vorticity during cav-
ity oscillation in a mode corresponding approximately to the funda-
mental frequency ¯ of the cavity shear layer; at the instant shown, the
pressure at the corner has its maximum positive value.

Fig. 8 Instantaneous distributionsof velocity and vorticity during cav-
ity oscillation in a mode corresponding approximately to the subhar-
monic frequency ¯/2 of the most ampli� ed component ¯ of the cavity
shear layer; at the instant shown, the pressure at the corner has its max-
imum negative value. (Images represent transformed version of those
of Lin and Rockwell.27)
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Fig. 9 Instantaneousdistributionsof velocity and vorticity during cav-
ity oscillation in a mode corresponding approximately to the subhar-
monic frequency ¯/2 of the most ampli� ed, fundamental component ¯
of the cavity shear layer; at the instant shown, the pressure at the corner
has its maximum positive value.

Fig. 10 Comparison of representative instantaneous velocity � eld
in cavity (top image) with instantaneous velocity � eld calculated us-
ing a large-eddy simulation technique by Takakura et al.13 (bottom
image).

Fig. 11 Comparison of representative instantaneous vorticity distri-
bution in the oscillating shear layer (top image) with the instantaneous
vorticity distribution numerically calculated by Pereira and Sousa12

(bottom image); for numerically calculated images, solid lines are vor-
ticity contours, and dashed lines are instantaneous streamlines.

oscillatory shear layer of the numerical simulation. Both images of
Fig. 11 exhibit 1) small-scale vorticity concentrations immediately
downstream of separation from the leading corner of the cavity;
2) appearance of an initial cluster of vorticity; 3) a thin, elongated
regionof vorticitybetweenthis impingingvortexand the small-scale
clusters of vorticity located upstream of it; and 4) an approximately
vertical orientation of a large-scale cluster of vorticity as it encoun-
ters the trailing corner of the cavity. Note, however, that the patterns
of recirculatingvorticeswithin the cavity are signi� cantly different.

V. Averaged Flow Structure
Representations of the averaged � ow pattern were obtained by

averaging a series of instantaneous images of the type shown in
Sec. IV. The � rst averaging involved considerationof the entire set
of images in the cinema sequence. A total of 167 images was ac-
quired at a time interval D t 0.1 s between images. Given that 167
images were acquired,the total time of acquisitionthen corresponds
to 16.7 s. Recall from the cinema pressure trace, as well as other
related traces, that the cavity oscillation appears to exhibit a com-
petition between the fundamental at approximately 1.0 Hz and the
subharmonic at about 0.5 Hz. This means that the cinema signal
corresponds to 16.7 cycles of the fundamental and 8.35 cycles of
the subharmonic.

The second type of average involved randomly selected images,
as opposedto the foregoingsequenceof images,which were closely
spaced in time. A total of 77 images were acquired for this averag-
ing. In this case, the minimum D t between images was 60 s, which
was approximatelya factor of 12 longer than the period correspond-
ing to the lowest organized component in the spectrum, that is, the
component at approximately0.2 Hz. This random sampling is typi-
cal of that employed in turbulent � ows. An example is the averaged
turbulent statistics of a turbulent jet impinging on a plate involving
11 images.34

Calculation of the averaged quantities was performed according
to the equations listed hereafter. Each averaged parameter was cal-
culated at each spatial coordinate (x , y) by considering the average
of all instantaneous values (x , y). The terminology for each of the
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averaged parameters and the dimensionless equation employed to
determine the averaged parameter are as follows:

V is identical to the averaged (or mean) total velocity

V
1
N

N

n 1

Vn(x , y) (1)

u is the averaged value of streamwise component of velocity

u
1
N

N

n 1

un (x , y) (2)

v is the averaged value of transverse component of velocity

v
1
N

N

n 1

vn(x , y) (3)

x is the mean value of vorticity x

x
1
N

N

n 1

x n (x , y) (4)

and u v is the averaged value of the Reynolds stress correlation

u v
1
N

N

n 1

[un (x , y) u(x , y) ][vn(x , y) v(x, y) ] (5)

The averaging process involved is, in essence, stacking a se-
ries of instantaneousimages and evaluating the averaged parameter
at a given location (x , y). This type of average is referred to as
an ensemble average. We emphasize that, unlike some ensemble-
averaging processes, no phase reference or phase trigger was em-
ployed. Rather, in the case of the randomly acquired images, the
camera was triggered at an arbitrary time, as long as the interval
between images was greater than 60 s. For the cinema series, no
phase condition was employed. Note, however, that, for the cinema
series, the time spacingbetween successive images employed in the
ensemble-averagingprocess is 0.1 s, which corresponds to approx-
imately 1

10 of the fundamental instability frequency b and 1
2 of the

lowest coherent spectral component at 0.2 Hz.
Because markedly different criteria were employed for the ac-

quisition of images corresponding to the two types of averages de-
scribed in the foregoing, a direct comparison of the averaged quan-
tities should provide an indicationof the degree of convergence.For
this reason, averaged images obtained from the cinema series are
directly compared with those from the randomly acquired series in
Figs. 12–14, each of which contains two averaged images. The top
one correspondsto that obtained from the cinema sequence,and the
lower one represents the randomly sampled (acquired) sequence.

When examining and comparing the images of Figs. 12–14, is-
sues related to the process of image acquisition should be kept in
mind. Narrow shadow regions exist immediately above the leading
and trailing corners of the cavity. Whereas the bilinear interpolation
processwas effective in providingaccurate distributionsof velocity
through the shadow region above the trailing corner, no attempts
were made to re� ne the distortion due to the shadow region above
the leading corner of the cavity. The width of this shadow region
is 0.008L , where L is the cavity length. This region is not essen-
tial to understandingthe central physical featuresof interest herein.
Moreover, the characteristics of the in� ow boundary layer are al-
readyknown from independentboundary-layermeasurementstaken
well upstream of the cavity. It is also evident, in a number of the av-
eraged images, that the outline of the cavity is slightly tilted relative
to the horizontal. This is simply because, especially for the cinema
camera, it was very dif� cult to perfectly align the bottom wall of
the cavity with the lower boundary of the � eld of view. This slight
tilting does not, however, affect the quality or accuracy of the PIV
data.

Fig. 12 Distributions of averaged velocity h V i based on cinema se-
quence (top image) and randomly acquired sequence (bottom image).

Fig. 13 Contours of constant averaged vorticity h ! i corresponding to
cinema sequence (top image) and randomly acquired sequence (bottom
image) of PIV images; minimum positive and negative contour levels
correspond to §§ 2 s ¡ 1 and incremental level to 2 s ¡ 1 .
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Fig. 14 Contours of constant Reynolds stress normalized by the
freestream velocity h u 0 v 0 i /U2

1 for cinema sequence (top image) and
randomly acquired sequence (bottom image) of PIV images; minimum
contour level corresponds to 0.0005 and incremental level is 0.0005.

A. Averaged (Mean) Velocity
Comparisonof the averaged total velocity V for the cinema and

randomly acquired image sequences, corresponding to the top and
bottom images respectively, is given in Fig. 12. It is evident that
these patterns of V are remarkably similar. Note that the apparent
difference in the � rst line of velocityvectors in the turbulentbound-
ary layer, emanating from the leading corner of the cavity, is simply
due to a different starting point for construction of these velocity
vectors. Particularly interesting is the � ow in the immediate vicin-
ity of the corner of the cavity. It makes an abrupt transition from
vectors that are predominantly oriented in the vertical direction to
those that are essentially in the horizontal direction, over a very
small distance. This occurs at a streamwise location immediately
downstream of the leading corner of the cavity and corresponding
to large values of mean vorticity. This severe distortionof the mean
� ow, which occurs over a relativelysmall characteristicthickness,is
most likely linked to the rapid onset of the small-scalevorticalstruc-
tures, which appear immediately downstream of the leading corner
of the cavity, evident, for example, in Figs. 6a and 8. In the vicinity
of the trailing corner of the cavity, the continuous line of velocity
vectors that impinges directly on the vertical face of the cavity, at a
location immediately below the trailing corner, represents the aver-
aged stagnation streamline. Below this line, � ow is into the cavity.
This downward-de�ected � ow forms a jet that continues along the
bottom surface of the cavity. Eventually, this � uid is drawn upward
toward the separating shear layer along the mouth of the cavity to
satisfy entrainment demands. Overall, the � ow pattern in the right
half of the cavity appears to exhibit a large-scale recirculation� ow,
which might loosely be termed a recirculation vortex.

This averaged pattern of total velocity V in the cavity, more
speci� cally, the large-scale recirculating vortex, is in accord with
certain features of recent numerical simulations.The occurrenceof
a single, large-scalevortex is discerniblein the averaged streamline
patterns (with superposed pressure intensity contours) of Takakura
et al.13 Moreover, the time sequenceof instantaneousstreamlinepat-
terns of Pereira and Sousa11 suggests that, when averaged, a single,
large-scale vortex would dominate. The instantaneous streamline

plots of the subsequent study of Pereira and Sousa12 (not shown)
exhibit a second, weaker vortex.

B. Averaged Vorticity
Contours of constant averaged vorticity x are indicated in

Fig. 13. As concerns the region of the separated layer extending
from the leading to the trailing corner of the cavity, it is evident
that the vorticity levels dominate those of the background turbulent
boundary layer. Very high levels of vorticity are generated imme-
diately downstream of the corner, where the � ow makes an abrupt
transformationfrom an attached to a separated layer. With regard to
the region within the cavity, positive vorticity of signi� cant magni-
tude extends well upstream along the bottom wall of the cavity.

C. Velocity Correlation
Distributionsof thevelocitycorrelation u v aregiven in Fig. 14.

In the separated shear layer between the leading and trailing cor-
ners of the cavity, small-scale regions of relatively high correla-
tions of u v suggest the existence of a number of small-scale
vortical structures along the shear layer, already evident in, for ex-
ample, the vorticity distributions given in Sec. IV. The peak val-
ues of u v / U 2 in this separated layer are of the order of 10 2.
This value compares with the peak value in a free, turbulent mix-
ing layer of about 2 10 2 (Ref. 35). They exceed the maximum
values in the approach turbulent boundary layer by a factor of ap-
proximately seven (compare with Fig. 3). This observation again
suggests dominance of the dynamics of the separated shear layer
over the background turbulent boundary layer. Within the cavity,
along the vertical face, large amplitudes of the u v correlation
of opposite sign occur over nearly its entire extent. By comparison
with the mean velocity V plots of Fig. 12, it can be seen that the
extrema of these u v contours occur over the edge of the jetlike
� ow along the vertical face. Hussain36 has shown, for a free axi-
symmetric jet, that either positive or negative regions of Reynolds
stressmay occurdue to vortex interactions;countergradientaverage
momentum transport is, therefore, possible. Similarly, high levels
of u v occur along the bottom wall of the cavity; again, the loca-
tion of these extrema approximately correspond to the edge of the
jetlike � ow. The loci of these extrema along the edge of the wall
jet within the cavity are directly analogous to that along the bottom
edge of the separated layer extendingfrom the leadingto the trailing
corner of the cavity and are in accord with the well-known obser-
vation of high levels of Reynolds stress occurring along the edge
of a separated layer due to generation of vortical structures in that
region.35

VI. Assessment of Major Results
This investigation, which has provided instantaneous images of

the � ow structure, allows insight well beyond that attainable us-
ing traditional experimental techniques involving, for example, dye
visualization, smoke injection, and hydrogen bubble visualization.
The quantitative velocity and vorticity � elds and their evolution
with time provide the basis for image evaluationwith an eye toward
identifyingkey pressure sources.The major featuresof the unsteady
separated shear layer along the cavity, its interaction with the cor-
ner of the cavity, and the corresponding� ow within the cavity have
been revealed.These featuresdictate thenatureof the unsteadypres-
sure � eld immediately adjacent to and well away from the cavity
con� guration.

In the following, summaries and assessments of the principal
regions of the � ow are provided.

A. Structure of Separated Shear Layer Along Cavity
Instantaneous images of the vorticity � eld reveal that the sepa-

rated shear layer exhibits two categories of coherent vortical struc-
tures. The � rst involves small-scale concentrations of vorticity,
which are rapidly formed from the leading corner of the cavity and
have a wavelength substantially smaller than the cavity length. The
second takes the form of a large-scale cluster of vorticity,which ac-
tually results from agglomerationof the small-scaleconcentrations.
The typical wavelength between these large-scale structures is of
the order of the cavity length, and their development appears to be



LIN AND ROCKWELL 1149

analogous to the rollup of vortices in a laminar shear layer past a
cavity at substantially lower values of Reynolds number.

These observations suggest the existence of two instabilities in
the cavity shear layer. The initial, small-scale instability is expected
to scale with a local thickness immediately in the vicinity of the
leading corner of the cavity. An approach to predicting the most un-
stable frequency of the inner region of the shear layer involves use
of the vorticity thickness d x (U1 U2 )/ (dU /dy)max , in which U1

and U2 are the velocities on the upper and lower sides of the inner
portion of the free layer at a location immediately downstream of
separationand (dU /dy)max is the maximum valueof vorticitywithin
the layer. Using this characteristic thickness, one could determine
the most unstable frequency of the small-scale vortical structures
immediately downstream of separation from the leading corner of
the cavity. This approach directly shows the consequence of the
very high level of mean vorticity at the leading corner of the cavity.
Now consider the instability leading to formation of the large-scale
clusters of vorticity, which is of the convective type and is rein-
forced through feedback from the vortex–corner impingement to
the upstream (leading) corner of the cavity. The formation of these
large-scale vorticity clusters occurs at the dimensionless frequency
b . If we employ the momentum thickness h 0 of the turbulentbound-
ary layer at separation and view it as an approximation to the value
of h at a representativedownstreamlocation,where this larger-scale
instabilitydevelops,it is possibleto accountfor the entire transverse
extentof the shear layer in predictingthe frequency b . According to
linear stability theory for a convective-type instability, the dimen-
sionless frequency should be b f h / U 0.017. With the value
of h at separation, h 0 , and the freestreamvelocityU de� ned in Sec.
II, the predicted frequency is f 0.908 Hz, which is very close to
the typical peaks having a spacing correspondingto approximately
1.0 Hz in the time traces of Fig. 5. Note that the classicalprocess of
successivevortex coalescence leading to larger-scalevortical struc-
tures in a free shear layer originates with an instability at dimen-
sionless frequency b 0.017, when the boundary layer is laminar.
For comparison, we note that the estimated frequency of the afore-
mentionedsmall-scalevorticesgives a value of b based on h 0 nearly
an order of magnitude larger.

Of course, the formation frequency of the large-scale vorticity
structures can also be interpreted in terms of a local vorticity thick-
ness. Immediately downstream of the leading corner, the value of
peak mean vorticity drops substantially (again, compare Fig. 13).
If we approximate the so-called freestream velocity on the lower
side of the separated layer U2 0 and that along the upper side
U1 as remaining relatively constant with streamwise distance at a
value U , it follows that the vorticity thickness d x in the immediate
vicinity of the corner will be substantially lower than that in the
region downstream of the corner. In turn, the predicted instability
frequency for the small-scale vortex formation from the corner will
be substantially higher than that in the region downstream of the
corner, which is more characteristicof the global-type instabilityof
the entire separated layer.

An additional mechanism that may produce patterns of small-
scale vortical structures at the leading corner of the cavity is the
existence of hairpin vortices in the fully turbulent boundary layer
upstream of the leading corner of the cavity. Multiple hairpin struc-
tures havinga streamwisespacingof theorderof 1

10
of the boundary-

layer thickness are evident in the PIV images of Figs. 7–9. This
possibility should be investigated further in conjunction with the
aforementionedmechanism of a small-scale instability.

The foregoing mechanisms of vortex formation in the separated
shear layer coexist with and, in some cases, may be coupled with
the large-scale patterns of recirculating � ow within the cavity. Re-
cent numerical simulations of Pereira and Sousa12 and Najm and
Ghoniem10 speci� cally address the potential role of the large-scale
vortex within the cavity. In fact, by viewing this region of the � ow
as a nonlinear dynamic system, it is possible to de� ne a mechanism
of instability due to the recirculating vortex system. The degree of
predominance of this type of instability is not completely resolved.
It is evident, however, by inspectionof a time sequence of instanta-
neous images, that the velocity and pressuresignals exhibit substan-
tial modulation,or even intermittency,which may be due, at least in

part, to the characterof the recirculating� ow within the cavity.Note
that, in the low Reynolds number study of Knisely and Rockwell8

involving � ow past a cavity, the spectra of the velocity and pres-
sure � uctuations can exhibit a substantial number of peaks due to
modulationphenomena.From the standpointof shear layer stability,
an important � nding from their study is that several of the spectral
components can simultaneously satisfy the phase-locking criterion
between the leading and trailing corners of the cavity, emphasizing
the importance of the instability mechanism of the separated shear
layer.

The importance of the onset and development of clusters of vor-
ticity, associated with the inherent instability of the shear layer, is
further evident from examinationof the contoursof constantdimen-
sionless Reynolds stress of Fig. 14. The peak values overshadow
those of the in� ow turbulent boundary layer due to the coherent
development of vortical structures in the separated layer.

B. Structure of Shear-Layer Interaction with Corner of Cavity
The instantaneous velocity and vorticity � elds presented herein

provide the � rst quantitative de� nition of the distortionof the shear
layer and, more speci� cally, of the large-scale clusters of vorticity
as they encounter the corner of the cavity. As they interact with the
corner, it is possible to identify large variations in in� ow and out-
� ow, to and from the interior of the cavity. This information should
be helpful in formulating models for the source of pressure � uc-
tuations at the corner that are crucial in determining the far-� eld
sound radiation. The importance of considering different reference
frames of observation of the instantaneous velocity � eld has been
emphasized.Depending on the frame, different features of the cav-
ity shear layer are emphasized. Further assessment of the data in
the vicinity of the cavity corner should involve 1) calculation of
pressure source terms and 2) constructionof instantaneousstream-
line patterns in various reference frames, then, with the aid of crit-
ical point theory, interpreting the time-variation of critical points
in conjunction with magnitudes of pressure source terms in that
region.

By simultaneously recording the pressure trace at the impinge-
ment corner with the cinema PIV sequence, it has been possible to
determine the phase relationship between the arrival and distortion
of the large-scale clusters of vorticity and the maxima and min-
ima of the pressure � uctuations at the corner. The issue arises as to
what types of geometrical modi� cations of the corner could serve
as a basis for attenuation of the surface pressure � uctuations in that
region.

The classical, time-averaged viewpoint of a cavity � ow is that
suggested in the averaged images of Fig. 12. By the constructionof
tangents to the velocityvectors, it is possible to identifya stagnation
or reattachment streamline at the corner. Any given instantaneous
image, however, does not show existence of such a reattachment
line. Rather, the distortion of the incident vortical structures in that
region, in conjunctionwith instantaneousin� ow or out� ow, provide
a very different picture than the averaged representation.This sort
of interpretation is important for a wider class of separated and
reattaching � ows, such as that behind a backward-facingstep.

C. Structure of Flow Within Cavity
The � ow pattern within the cavity is dominated by a jetlike � ow

along the vertical wall of the trailing corner, then in the upstream
direction along the bottom wall of the cavity. This jetlike � ow is
a sort of wall jet, having a boundary layer on one side and a free,
separated layer on its other side. This free shear layer exhibits de-
tectable vortical structures, which serve as a source of substantial
velocity � uctuations and represent the loci of maximum velocity
correlations u v . In general, the � ow rate associatedwith this jet-
like � ow into the cavity must satisfy the entrainmentdemands of the
separatedshear layer between the leading and trailing cornersof the
cavity. In many of the instantaneous images, this upward-oriented
entrainment � ow is evident along a substantial length of the sepa-
rated layer. In addition, however, an upward-oriented, jetlike � ow
along the vertical face of the leading corner of the cavity in� uences
the initial development of the separating turbulent boundary layer.
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Unsteadinessof this upward-orientedjet no doubt contributesto the
modulated character of the separated layer.

A number of admissible patterns of instantaneous recirculation
vortices can occur within the cavity. These recirculation vortices
tend to occupy the right half of the cavity. In the limiting case, the
swirl pattern of velocity vectors associated with this recirculation
vortex extends from the bottom wall of the cavity to the separated
layer, suggesting a coupling between the recirculation vortex and
the large-scale cluster of vorticity that impinges upon the cavity
corner. Further analysis of the data should provide insight into the
possibility of such coupling.

VII. Conclusions
The central � ndings of the present investigationare as follows:
1) A fully turbulent in� ow, in the form of a turbulent boundary

layer separating from the leading corner of the cavity, can evolve
into a pattern of organized vortical structures. Two extreme scales
of these structureshave been identi� ed. The largest-scalestructures
scale according to the momentum thickness of the time-averaged
velocity distribution at the leading corner of the cavity. The corre-
spondingdimensionlessfrequencyof formationof these largevorti-
cal structuresis in close agreementwith that predicted from inviscid
stability theory. In addition,organizedvortical structures of a much
smaller scale form from the leading corner of the cavity. In this re-
gion, the mean vorticity is very high and the corresponding local
vorticity thicknessof the separated layer is relativelysmall, thereby
promoting formation of small-scale vortical structures at relatively
high frequency. The possible role of preexisting vortical structures
in the approach turbulent boundary layer, and their relation to those
observed from the leading corner of the cavity, remains for further
investigation.

2) The separatedshear layer exhibits a complex modulated struc-
ture, evidentin notonly the instantaneousPIV images,but also in the
time tracesof the pressuresignal at impingement.The latter exhibits
both amplitude- and frequency-modulated features, but, generally
speaking, such traces exhibit periods corresponding to the funda-
mental and subharmonicof the instabilitymode associatedwith for-
mation of the largest-scalevorticalstructures.The physicaloriginof
this modulation is, at least in part, due to a modulated, jetlike return
� ow within the recirculationzone of the cavity. A front of such a jet
is produced when a portion of the unsteady shear layer is de� ected
downward into the cavity at the locationof the impingement corner.

3) The time-averaged characteristicsof the shear layer along the
cavity,aswell as recirculating� owwithin thecavity,areexpressedin
termsof Reynoldsstresses,vorticity,and velocity.It is demonstrated
that the stressesof the shear layer along the cavity rapidlydominates
those of the approach turbulent boundary layer. The patterns of av-
eraged vorticity show that the region of separation from the leading
corner of the cavity dominates all other regions of the � ow� eld,
including the shear layer along the cavity and the recirculating� ow
within the cavity.
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