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Vortex Breakdown–Edge Interaction:
Consequence of Edge Oscillations
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High-image-densityparticle imagevelocimetry is employed todetermine the instantaneousandaveraged features
of distortion of vortex breakdown incident on a stationary and an oscillating leading edge. It is demonstrated that
the onset of vortex breakdown can be advanced or retarded substantially, depending on the period of the edge
oscillation relative to the inherent frequency of vortex breakdown. These features are interpreted with the aid of
global representations of averaged and rms distributions of velocity, vorticity, and Reynolds stress, as well as a
cinema sequence of instantaneous patterns of velocity and vorticity. Moreover, instantaneous, whole-� eld images
in a cinema sequence allow evaluation of global representations of spectra and cross spectra, providing further
insight into the central mechanisms that dictate the surface loading of the edge.

Nomenclature
C = chord of delta wing, mm
Dv = characteristicvortex diameter, mm
f = frequency, Hz
fe = excitation frequency of edge of plate, Hz
fN = Nyquist frequency, Hz
f0 = frequency of vortex breakdown, Hz
L p = length of plate, mm
M = magni� cation
N = number of samples
Re = Reynolds number, U1C=º
Sab = magnitude of cross spectrum
T = total sampling time, s
Te = period of edge oscillation, s
T0 = period of inherent (undisturbed) vortex breakdown, s
Uref = reference velocity, U1, mm/s
U1 = freestream velocity, mm/s
u = horizontal component of velocity, mm/s
u 0v0 = Reynolds stress correlation
V = total velocity, mm/s
X ¤

b = vortex breakdown location in presence of edge
oscillations, mm

.X ¤
b/0 = vortex breakdown location for stationary plate, mm

® = angle of attack of delta wing, deg
®p = angle of attack of plate, deg
0 = circulation of the vorticity concentration,mm2/s
1S = distance between two points

for cross-spectrumevaluation
1t = sampling time, s
3 = sweep angle of delta wing, deg
Áab = phase shift of cross spectrum
! = vorticity, s¡1

!rms = root mean square of vorticity � uctuation, s¡1

Introduction

B UFFETING of aircraft tails or � ns by a broken-down vortex,
which has its origin at an aerodynamic surface located up-
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stream, represents an important class of � ow–structure interaction
that cangiverise to vibration,and potentiallyfailure,of the tail or � n.
This class of vortex–body interactions is part of a broader range of
interaction phenomena, as recently reviewed by Rockwell.1 Exper-
imentally based investigationshave provided valuable information
on the loadingand responsecharacteristicsof the tail (or � n), some-
timesaccompaniedby qualitative� ow visualization.In recentyears,
a major emphasis, from an experimental standpoint, has focused on
variouscombinationsof the time-averagedand unsteadyforces,mo-
ments, and surface pressures,and surface acceleration as addressed
in the works of Triplett,2 Brown et al.,3 Lee et al.,4 and Lee and
Brown.5 A summary of recent investigations, including efforts to
control buffeting, is provided by Huttsell et al.6

Of course, all of these features of the unsteady loading and ac-
celerationhave their genesis in the vortical � ow patterns impinging
upon the � n or tail. Flow visualization of the vortex structure is
provided by Erickson et al.7 and Fisher et al.8 (also see closely re-
lated study by Del Frate et al.9). The velocity � uctuation � elds in
the vicinity of vertical tails, induced by the incident vortex, have
been addressed in several investigations. Sellers et al.10 performed
measurements on a model of a YF-17 aircraft and demonstrated
the occurrence of large velocity � uctuations in the vicinity of the
tails. Komerath et al.11;12 considered a model of an F-15 aircraft
and showed occurrence of peaks in the velocity spectra, at loca-
tions both inboard and outboard of the vertical tails, at high angle
of attack. Breitsamter and Laschka13 provide extensive data of the
pointwise-averagedvelocity � eld in the vicinity of a � n region of a
delta-canardcon� guration.Despite the Reynolds number being rel-
atively high, that is, Re D 106 , spectra of the velocity � eld exhibited
sharply de� ned peaks. These observations con� rm the essentially
inviscid nature of the � uctuating � eld due to vortex breakdown and
are in accordwith a visualizedspiral instabilityof vortexbreakdown
on a full-scale research version of the F-18 aircraft at high angle of
incidence, performed by Fisher et al.8

Global, quantitative characterization of the � ow is required for
an adequateunderstandingof thesephenomena.Imaging of vortex–

plate and vortex– tail interactions, providing both global instanta-
neous and time-averaged information is described by Mayori and
Rockwell,14 Canbazoglu et al.,15 and Wolfe et al.16 These investi-
gations of vortex breakdown–surface interactionsprovide an essen-
tial foundation for the investigationsproposed herein. An alternate
type of imaging approach, involving planar Doppler velocimetry,
has yielded time-averagedrepresentationsof vortex–� n interaction.
Global images of selected parameters, in root-mean-square form,
are given by Beutner et al.17

Numerical investigationsof Rizk and Gee,18 Gee et al.,19 Kandil
et al.,20 and Rizzetta21 have simulated various aspects of the vortex
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breakdown– tail interactionin relation to the loading characteristics.
Among other featurespointedout by thesenumerical investigations,
the importance of upstream in� uence of aeroelastic de� ections of
the tail on the onset of vortex breakdown has been addressed by
Kandil et al.20 Computations by Gordnier and Visbal22;23 provide a
detailed description of the instantaneous and time-averaged three-
dimensional � ow structure generatedby the impingementof a delta
wing vortex pair on a plate. Their study revealed the existence of
complexseparationpatternson both sidesof the plate resultingfrom
the spanwise variation in effective angle of attack, which is induced
by the incoming vortex system. The vortex breakdown location was
found to be sensitive to the degree of obstructioncreated by the stall
on the plate. This mutual interaction between the incident vortex
breakdownand the separated� ow on the impingement surface may
provide a basis for future � ow control strategies.

The foregoing numerical and experimental investigations recog-
nize the existence of a predominant spectral peak, that is, predom-
inant frequency component above the broadband background, due
to vortex breakdown. It has important consequences for loading
of the tail. This predominant frequency corresponds to the heli-
cal mode instability of the � ow downstream of the onset of vortex
breakdown as addressed by Garg and Leibovich24 and Gursul.25

Wolfe et al.26 showed that dominant frequenciesof surface pressure
� uctuations on � ns agree very well with those on the surface of
delta wings without a � n characterized by Gursul.25 Wolfe et al.26

propose a simple scaling parameter for the dominant frequency,
valid over a wide range of Reynolds and Mach numbers. This re-
lationship is further substantiated by Wolfe et al.16 for the limiting
case of direct and near-direct encounter of a broken-down vortex
with a � at plate. In this investigation, pressure spectra on the plate
were comparedwith the instantaneousstructure of the incident vor-
tex. It was shown that the dominant frequency of loading is rela-
tively insensitive to the offset of the incident vortex. Moreover, the
largest amplitude loading occurs when the maximum mean vortic-
ity of the incident vortex is aligned with the leading edge of the
plate.

The objectiveof this investigationis to characterizethe interaction
of vortex breakdown with stationary and oscillating leading edges
using a global imaging technique. The possibility of retardation or
advancement of the process of vortex breakdown, the nature of lo-
cal vorticity–edge interactions, and the coupling between the � ow
patterns in the vicinity of the tip of the edge and the upstream de-
velopment of vortex breakdown will be addressed.Moreover, spec-
tral and cross-spectral analysis using a sequence of instantaneous,
global images will be undertaken to determine spectral features of

Fig. 1 Plan and side views of experimental system where delta wing is stationary and impingement plate oscillates according to ®p(t) =
Å®p ++ (®p )0 sin !e t.

the incident vortex and the distorted vorticity � eld past the edge,
which in turn dictate the unsteady loading on the edge.

Experimental System and Techniques
Experiments were performed in a large-scalewater channel hav-

ing a test section length of 4928 mm, a width of 927 mm, and a
height of 610 mm. During the course of the experiments, the water
level was maintained at 559 mm, which prevented over� ow of the
channel, especially during startup of the pump. The freestream ve-
locity U1 was 45 mm/s, giving a value of Reynolds number based
on wing chord C of 1:024 £ 104 .

As shown in Fig. 1, a leading-edge vortex, which was generated
from a delta wing, impinged on a plate having a sharp leading edge.
The angle of attack of the delta wing was ® D 24 and 30 deg for the
present experiments; unless otherwise noted, ® D 24 deg. The plate
had an angle of attack of ®p D 0 and 2.5 deg. The delta wing had a
chord C D 222 mm and a sweep angle 3 D 75 deg. The thicknessof
the wing was 3.18 mm. It was beveled at an angle of 34 deg on its
windward side.The plate had a length L p D 162 mm and a thickness
tp D 6:35 mm; its leading and trailing edges were beveled at angles
of 5 and 12 deg, respectively.The distancebetween the trailing edge
of the delta wing and the leading edge of the plate was maintained
at L D 73 mm. The onset of vortex breakdown occurred a distance
X ¤

b upstream of the leading edge of the plate. For the case of the
stationary edge, the breakdown occurs at .X ¤

b/0 .
The plate was subjected to prescribedpitching oscillationsabout

its midchord by a high resolution stepping motor, which was con-
trolled by the laboratory microcomputer. The impingement plate
extends along the entire span of the test section. The variation of
angle of attack is de� ned as ®p.t/ D N® p C .® p/0 sin!e t, in which
!e D 2¼ fe . Unless otherwise indicated, N®p D 0 and .®p/0 D 2:5 deg
for all experiments.This pitchingamplitudeof the plate corresponds
to a tip displacement of §3.5 mm, relative to the vortex diameter
of 8.5 mm. The period Te D 2¼=!e was varied over the interval
1 · Te · 6 s, relative to the period T0 D 1:66 s of the inherent fre-
quency of vortex breakdown in the spiral mode. At Te D 1 s, the
vortex patterns induced at the leading edge dominated the vortex–

plate interaction, thereby providing a reasonable lower limit of Te .
Instantaneous images of the vortex breakdown–edge interaction

were acquired using a techniqueof high-image-densityparticle im-
age velocimetry (PIV), described by Rockwell et al.27 The beam
from a continuouswave argon-ion laser was transmitted through an
optical train, then impinged upon a rotating multifaceted (48) mir-
ror, to generate a scanning laser sheet. This sheet is indicatedby the
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bold dashed line in the plan view of Fig. 1. It was aligned with the
centerline of the leading-edgevortex. The scanning frequency was
adjusted to 75 Hz. To provide well-de� ned particle images for the
PIV technique, the � ow was seeded with 14.6-¹m metallic-coated
hollow plastic spheres. At the aforementioned value of laser scan-
ning frequency,typicallyfour to � ve multipleexposuresof each par-
ticle imagewere acquiredduringeach shutteropeningof thecamera.
These particle images were recordedon 35-mm high-resolution� lm
having 300 lines/mm as speci� ed by the manufacturer.The patterns
of particle images were digitized at a resolution of 125 pixels/mm.
The mean diameter of each particle image was 0.4 pixels (3.26 ¹m).
A single-framecross-correlationtechnique was employed to deter-
mine the velocity � eld. The interrogation window had a size of
1:55 £ 1:55 mm (90 £ 90 pixels) in the plane of the laser sheet. Be-
causethe magni� cationwas M D 1 : 4:3, the size of the interrogation
window on the � lm was 0:36 £ 0:36 mm. To satisfy the Nyquist cri-
terion, a 50% overlap was used during the interrogation process.
Moreover, to ensure that the high-image-densitycriterionwas satis-
� ed, each interrogationwindow contained a total of approximately
40–60 particle images. Cinema representationsof the � ow were ob-
tained by employing the maximum framing rate (5.55 frames/s) of
the 35-mm camera.

Calculation of the averaged quantities was performed according
to the equations de� ned in the following. Each averaged parameter
was determined at each spatial coordinate (x , y) by considering
the average of all instantaneousvalues (x , y). The terminology and
de� nition of each of the averaged parameters are as follows:

hV i is the averaged (or mean) total velocity,

hV i ´ 1
N

NX

n D 1

Vn.x; y/ (1)

hui is the averaged value of horizontal component of velocity,

hui ´ 1
N

NX

n D 1

un.x; y/ (2)

h!i is the mean value of vorticity !,

h!i ´ 1
N

NX

n D 1

!n.x; y/ (3)

!rms is the root mean square of vorticity � uctuation,

!rms ´ h!irms ´

"
1
N

NX

n D 1

[!n.x; y/ ¡ h!.x; y/i]2

# 1
2

(4)

and hu 0v0i is the averaged value of Reynolds stress correlation,

Fig. 2 Averaged location of onset of vortex breakdown as a function of dimensionless period of oscillation of impingement plate.

hu0v 0i ´ 1
N

nX

N D 1

[un.x; y/ ¡ hu.x; y/i][vn.x; y/ ¡ hv.x; y/i]

(5)

The effect of the number of images on the foregoing averages was
examinedand is describedsubsequentlyin the subsection“Averaged
Flow Patterns.”

Using the cinema sequenceof instantaneousimages, it was possi-
ble to construct,at arbitrary locations in the � ow, the time history of
velocity and vorticity and then to evaluate the spectrum and cross-
spectrum using approaches similar to those employed for classical
pointwise measurement techniques.The associated parameters and
the limitations of the calculated values are described in the sub-
section “Spectra and Cross Spectra Based on Instantaneous Imag-
ing ofVortexBreakdown–Edge Interaction.”The Nyquist frequency
was fN D 2:78 Hz.

Vortex Breakdown–Edge Interactions
Averaged Flow Patterns

Figure 2 shows the location of the onset of vortex breakdown
X ¤

b due to edge oscillations.The angle of attack of the delta wing is
® D 24 deg. The mean and � uctuatingangleof attackof the impinge-
ment plate are N®p D 0 deg and . N®p/0 D 2:5 deg, respectively,where
®p.t/ D N®p C .®p/0 sin !e t . The value of X¤

b was determined from
dye injection;it correspondedto an abrupt increase in the visualized
cross sectionof the vortex.For each period Te of the plate excitation,
six dye images were recorded on a video system, and the locations
of vortex breakdown were averaged to yield a single value of X ¤

b .
In Fig. 2, X¤

b is normalized by (X ¤
b/0 , which represents the onset

of breakdown for the stationary edge. This parameter is a function
of the period Te of the edge oscillation normalized by the period
T0 of the spiral mode instability of vortex breakdown during its in-
teraction with the stationary edge, Te=T0 . The circular data points
indicate averageddata, and the verticalbars represent the maximum
deviationof the self-excitedexcursionsabout these averagedvalues.
At small values of Te=T0

»D 0:25, the onset of vortex breakdown is
substantially advanced upstream as the ratio X ¤

b=.X¤
b/0 approaches

a value of 2. As indicated by the magnitude of the vertical bars for
Te=T0

»D 0:25, substantial instantaneousexcursions occur about the
averaged location of the vortex breakdown. On the other hand, at
larger values of Te=T0 , the onset of breakdown is remarkably re-
tarded over a range of excitation, 1 · Te=T0 · 2:5. At suf� ciently
high values of Te=T0 , the location of onset of vortex breakdown
approaches its value corresponding to the stationary edge; this lim-
iting case represents a quasi-steady response. The physical basis
for the advancement and retardation of the onset of vortex break-
down is addressed in the averaged and instantaneous images that
follow.

Figure 3a shows contours of constant hui=Uref for a range of
oscillationTe of the edge, relative to thoseof the stationaryedge.The
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Fig. 3a Contours of constant averaged streamwise velocity hh uii nor-
malized by reference velocity Uref for the case of a stationary edge and
an edge oscillating at de� ned period Te.

Fig. 3b Contours of constant averaged vorticity hh ! ii for the case of the
stationary edge and an edge oscillating at prescribed period Te .

Fig. 3c Contours of constant � uctuating vorticity !rms for stationary
edge and edge oscillating at de� ned Te.

Fig. 3d Contours of constant hh u 0 v 0 ii /U2
ref for a stationary edge and an

edge oscillating at de� ned values of period Te.
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averaged component of streamwise velocity hui is normalized with
respect to the reference velocity Uref DU1 at a location in the rela-
tively undisturbedregion of the � ow. For Fig. 3a, hui correspondsto
a locationx=C D 0:5 and y=C D 0:65; these coordinatesare de� ned
in Fig. 1. In Fig. 3a, the maximum contour level of hui=Uref D 0:6
corresponds to the outermost contour; successive contours lying
within this outer one correspond to incrementallydecreasingvalues
of positive hui=Uref D 0:1; each is representedby a thick white line.
Negative values of hui=Uref are observed in parts of Fig. 3a; they
are represented by the thin white line. When Fig. 3a is viewed as
a whole, it is evident that a wakelike region exists upstream of the
leading edge. At locations downstream of the tip of the edge, con-
tours of hui=Uref tend to merge along the surface of the edge. The
bubblelike depictions of the wake regions of Fig. 3a all show the
existence of a well-de� ned minimum immediately downstream of
the leading edge of the bubble. Moreover, for the case of the lowest
period of excitation Te D 1 s, a negativepocket of hui=Uref is nearly
centered at the tip of the edge. For this extreme case, the leading
edge of the bubble protrudes the farthest distance upstream. Note
that the aforementioned effects of retardation and advancement of
the onset of vortex breakdown were also clearly evident in the dye
visualization described in conjunction with Fig. 2. Such visualiza-
tion provides, of course, a fully three-dimensional portrayal of the
modi� ed breakdown.

Figure 3b provides a parallel set of images correspondingto con-
tours of constant averaged vorticity h!i where minimum and in-
cremental values of h!i are §2 and 0.75 s¡1 . These images show
well-de� ned concentrations of positive (thick white line) and neg-
ative (thin white line) azimuthal vorticity upstream of the leading
edge. The transverse distance between the extrema of positive and
negativevorticityon either side of the regionof vortex breakdownis
de� ned as the characteristicdiameter Dv of the broken-downvortex.
The leftmost boundariesof thesevorticitycontours,that is, the lead-

Fig. 3e Effect of number N of instantaneous images on averaged vorticity h ! i and velocity hh u0 v 0 ii for the case of the stationary plate.

ing edges of the vorticity contour plots, are taken to de� ne the onset
of vortexbreakdown,which is designatedas the streamwise location
of the minimum vorticity contour. This location is approximately
coincidentwith the outermostcontourof hui=Uref D hui=U1 exhib-
ited in Fig. 3a, which represents the edge of the wake-like region of
vortex breakdown. Moreover, at the tip of the edge, a vorticity layer
is formed in parts of Fig. 3b, due to the � nite angle of attack ®p of
the leading edge of the plate with respect to the axis of the vortex.At
suf� ciently low values of excitationperiod Te D 1 s, highly concen-
trated vortices are evident on both the upper and lower sides of the
leading edge. Finally, note that remnants of the pattern of vorticity
formed in the wake of the delta wing are evident in the upper left
corner of each image.

When the entire layout of Fig. 3b is viewed, it is evident that the
patternof vorticityat the excitationconditionTe D 6 s is very similar
to that of the corresponding to the stationary edge, suggesting that
an essentially quasi-steady perturbation of the vortex and its inter-
action with the edge are attained. This case corresponds to a ratio
Te=T0 D 3:5 (compare Fig. 2). When the excitation period is low-
ered to Te D 2 s, corresponding to Te=T0 D 1:2, the onset of vortex
breakdown is substantially retarded, that is, it moves downstream
toward the tip of the edge. Moreover, the peak values of vorticity
in the vortex breakdown region are dramatically reduced. The con-
verse situation occurs for Te D 1 s, that is, Te=T0 D 0:6, for which
the onset of breakdown is substantially advanced in the upstream
direction. Moreover, the peak values of vorticity in the breakdown
region are increased signi� cantly relative to those for the case of a
stationary edge. Remarkably high levels of peak positive and neg-
ative vorticity are generated along the upper and lower surfaces of
the edge.

Figure 3c shows contours of root-mean-squarevorticity � uctua-
tion !rms (corresponding to the images of Fig. 3b) where minimum
and incremental values of !rms are 1.5 and 0.5 s¡1 . For the cases of
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Fig. 4a Excerpts from cinema sequences showing patterns of instantaneous vorticity and distributions of velocity vectors for the case of a stationary
edge and an edge oscillating at Te = 6 s.

the stationaryedge and the edgeoscillatingat Te D 6 s, an extremum
of !rms occurs at a locationalong the centerlineof the region of vor-
tex breakdown. This extremum is, however, displaced upstream of
the locations of the peak value, that is, extremum of h!i shown in
Fig. 3b. This extremum is located in the shear layers of the break-
down bubble. Moreover, the maximum values of !rms appear to
occur at or near the maximum negative value of hui=Uref , that is,
within the region of substantial velocity defect in the wakelike re-
gion of the breakdown bubble, as shown in Fig. 3a. Furthermore, a
distinctivefeature of the vorticitypattern upstream of the stationary
edge is the occurrenceof vorticity � uctuationsoccurring in two dis-
tinct layers, one above and the other below the edge. On the other
hand, no such bifurcation of the !rms contours occurs for the edge

oscillation at Te D 6 s. Figure 3c also shows that, at Te D 2 s, the
breakdown process is markedly retarded; signi� cant levels of !rms

do not occur upstream of the tip of the edge. Rather, relatively high
values of !rms occur in the vicinity of the tip, due to its oscillation.
Finally, substantiallyenhanced levels of !rms in the initial region of
vortex breakdown, as well as in the vicinity of the tip of the edge,
are evident at the lowest excitation period Te D 1 s.

Corresponding values of the averaged velocity correlation
hu 0v 0iU 2

ref D hu 0v0i=U 2
1 are shown in Fig. 3d. Minimum and incre-

mental values of hu 0v0i=U 2
ref are §0.0025 and 0.0025, respectively.

The highest values of hu0v 0i=U 2
ref actually occur in the vorticity lay-

ers of the vortex breakdown region, evident by comparisonwith the
h!i contours of Fig. 3b. For the case of the stationary edge, these
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Fig. 4b Excerpts from cinema sequences showing patterns of instantaneous vorticity and distributions of velocity vectors for the case of an edge
oscillating at Te = 2 and 1 s.

peak values of hu 0v 0i=U 2
ref are, however, displaced downstream of

the peak values of averaged vorticity h!i. Distinguishing features
of the case of the oscillating edge at Te D 6 s are the relatively high
levels of hu 0v0i=U 2

ref generatedat the tip and along the upper surface
of the edge, in contrast to the case of the stationary edge. In fact,
the important role of the edge oscillation in generating high values
of hu 0v0i=U 2

ref is evident at Te D 1 and 2 s in Fig. 3d. At Te D 1 s,
large values of hu 0v 0i=U 2

ref are induced well upstream of the tip of
the edge.

The intent of each of the averaged images given in Figs. 3a–3d
is to provide an approximate reference image. Such an image is the
consequenceof the time sequence of instantaneouspatterns, which
is addressed in the next section. The effect of the number N of

instantaneous images employed to obtain the averaged image is in-
dicated in Fig. 3e for the vorticity h!i and the velocity correlation
hu 0v 0i=U 2

ref. The overall forms of the averaged patterns appear to
converge relatively quickly; an exception appears to be the positive
(thick white line) concentration of hu0v 0i=U 2

ref immediately above
the tip of the leading edge. This approximate convergence of the
overall patterns for a very limited number of cycles is apparently
due to the cyclic-repetitive nature of the patterns of vorticity and
velocity and the absence of signi� cant low-frequency � uctuations.
Dye visualizationover a large number of oscillation cycles showed
that presenceof the plate inhibited the usual low-frequency,stream-
wise excursions of vortex breakdown that occur in absence of the
plate.
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Instantaneous Flow Patterns
The exhibited averaged � ow pattern upstream and at the edge,

in Figs. 3a–3d, is of course a consequence of the time evolution
of the corresponding instantaneous patterns. Key features of the
instantaneous structure are given in Figs. 4a and 4b, which show
pairs of vorticity–velocity images. The minimum and incremental
values of instantaneous vorticity ! are §2 and 0.75 s¡1 , respec-
tively. Natural frequency of vortex breakdown is T0 D 1:66 s. The
development of instantaneous patterns of vorticity on the station-
ary edge is indicated in the set of three images at the upper left of
Fig. 4a. Vorticity concentrations A and C–G all originate from the
initial process of vortex breakdown upstream of the tip of the edge.
On the other hand, concentrationB is generated from the tip of the
edge. Following the time evolution of these images, it is evident
that vorticity concentrationsA and C successivelyattempt to merge
with concentration B as they pass above the edge. For the case of
edge oscillation at a relatively long period Te D 6 s, shown in the
bottom three rows of images of Fig. 4a, the pattern of instantaneous
vorticity concentrations along the upper surface of the edge again
indicate interaction between vorticity concentration A originating
from vortex breakdown and an elongated vorticity layer B, which
has a high level of vorticity, originally formed from the tip of the
edge. Along the lower surface, vorticity concentrationE undergoes
relatively rapid decrease in level of vorticity. Upstream of the tip of
the edge, the overall pattern of instantaneous concentrations,C, F,
and G, is analogous to the pattern D, F, and G corresponding to the
stationary edge. In other words, the upstream in� uence of the oscil-
lating edge is not signi� cant, save for possible alteration of details
of the vorticity concentration.

The correspondingdistributionsof instantaneousvelocityforboth
cases of the stationary and oscillating edge, exhibited in the right
column of Fig. 4a, show generally similar regions of large velocity
defect due to the onset of vortex breakdown. The interface between
the region of relatively large and low velocity corresponds to the
locus of high vorticity in the corresponding patterns of vorticity.
Moreover, analogous regionsof high-velocitygradient in the vicin-
ity of the tip of the edge again correspond to high vorticity.

Figure 4b shows, in the top three rowsof images, the consequence
of edge oscillationat Te D 2 s. The patterns of instantaneousvortic-
ity show that the onset of vortex breakdownhas moved downstream
substantially,and the width of the breakdownregion, representedby
the distance between layers of positive and negative vorticity, that
is, between concentrationsC and G, is relativelynarrow. Moreover,
the degree of agglomeration of vorticity into larger scale structures
is not as pronounced as for the foregoing cases. The corresponding
patternsof instantaneousvelocityat Te D 2 s shown in the right-hand
column of Fig. 4b do not show a clearly identi� able region of low
velocity that would indicate a pronouncedwake defect due to onset
of vortex breakdown. This remarkable retardation of the onset of
vortex breakdown at Te D 2 s corresponds to a value of Te=T0 D 1:2
in Fig. 2, which shows minimum values of X ¤

b=.X ¤
b/0

»D 0:4. The
physical origin of this averaged retardation of the onset of vortex
breakdown appears to be the compatibility between the edge oscil-
lation and the arrival of incident concentrations of vorticity. This
issue is further addressed in conjunction with Fig. 5.

At the smallest value of excitation Te D 1 s, represented in the
bottom three rows of Fig. 4b, the instantaneous structure of the
positive and negative layers of vorticity takes on a fundamentally
different form, relative to the preceding cases at larger Te . It resem-
bles a bubblelikemode of vortex breakdown.Moreover,small-scale
concentrationsof vorticity are embedded in these layers. At the tip
of the edge, these incident layers appear to merge with pronounced
concentrationsof vorticity generated at the tip of the edge. Viewed
as a whole, Figs. 4b suggest a close interrelationship between the
pronounced concentrationsof vorticity generated in the vicinity of
the tip and the pattern of vortex breakdown well upstream of the
tip. In essence, generation of large-scale vortices from the tip sets
up an effective blockage. It is well known that the onset of vortex
breakdown is highly sensitive to the scale of an obstacle placed in
the � ow. The vortexsystem at the tip, therefore,may be viewedas an
equivalent obstacle that substantially advances the onset of vortex
breakdownin the upstreamdirection.The correspondingpatternsof

Fig.5 Patterns of averaged andinstantaneousvorticity for a stationary
and oscillating leading edge. Angle of attack of delta wing is ® = 24 deg.

instantaneous velocity shown in the right column indicate that the
region of large velocity defect, associated with the onset of vortex
breakdown, has moved considerably farther upstream than for the
casesof the stationaryedgeand theedgeoscillatingat Te D 6 s shown
in Fig. 4a. Moreover, the pattern of relatively large-magnitude ve-
locity vectors induced near the tip of the edge is compatible with
the very high levels of vorticity concentration in that region.

The effect of angle of attack ®p of the plate was examined to
ensure that the aforementioned retardation of the onset of vortex
breakdownwas a persistent feature. For the images shown in Fig. 5,
the centerline of the plate is approximately aligned with the center-
line of the region of vortex breakdown, corresponding to an angle
of attack of the plate of N®p D 2:5 deg. As a consequence, as shown
in the top two images of Fig. 5, leading-edge separation and the
consequent generation of a vortex from the tip of the edge do not
occur. The occurrenceof a positive concentrationof vorticity along
the upper surface of the edge is simply due to clipping of the in-
cident layer of positive vorticity during transverse undulations of
the pattern of vortex breakdown. Generally, the patterns of instan-
taneous vorticity, which are indicative of the spiral mode of vortex
breakdown, have a generally similar form relative to those in the
top three rows of images of Fig. 4a. In Fig. 5, for both averaged
and instantaneous images, the minimum and incremental values of
vorticity are §2 and 0.75 s¡1 , respectively.

For the case of edge oscillation at Te D 2 s, the process of vortex
breakdown is, again, substantially retarded in a manner similar to
that represented by a pattern of average vorticity in Fig. 3b and in-
stantaneous vorticity in Fig. 4b. The two instantaneous patterns at
the bottom of Fig. 5 show instants correspondingto maximum neg-
ative and positive displacement of the edge. The important feature
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of the interaction between the patterns of instantaneous vorticity
and the oscillatingedge is the relative position of the instantaneous
large-scaleclusterof vorticity relative to the positionat the tip of the
edge. In the � rst (upper) image of instantaneousvorticityat Te D 2 s,
the large-scale concentrationof negative (thin line) vorticity is well
above the tip of the edge, whereas in the second pattern of instanta-
neous vorticity, the large-scaleconcentrationof positive (thick line)
vorticity is well below the tip of the edge. This out-of-phase rela-
tionship between de� ection of the edge and the arrival of incident
concentrationsof vorticity during a typical cycle of the edge oscil-
lation appears to be a key factor that allows downstreammovement,
or retardation,of the vortex breakdown.

Fig. 6 Variation of averaged vorticity hh ! ii as a function of dimension-
less distance x/Dv.

Fig. 7 Variation of dimensionless circulation C as a function of frame number N of a cinema sequence for representative, large-scale vorticity
concentrations A and B.

Effect of Edge Oscillation on Averaged Swirl
of Component of Vorticity of Incident Vortex

The averaged patterns of vorticity of the region of vortex break-
down provide, in essence, an indication of the effective, averaged
strength of the swirl component of vorticity. That is, because the
patterns of vorticity represent orientations normal to the plane of
the image, and the laser sheet passes through the centerline of the
vortex, distributionsof the swirl componentof vorticityare at hand.
Figure 6 shows the variation of the peak value of averaged vortic-
ity h!i as a function of distance along the vortex. Values of h!i
are along the white line, corresponding to the locus of the vortic-
ity extremum. As already suggested by Fig. 3b, and further shown
in Fig. 6, the onset of vortex breakdown gives rise to extrema of
averaged vorticity along the edge of the breakdown bubble, which
appears to decay rapidly with increasing streamwise distance and
for regions above and below the plate. To further emphasize this
point, the variationof peak vorticitywas consideredalong the white
lines indicatedin each of the respectiveimages in the insetsof Fig. 6.
That is, these white lines correspond to the locus of peak vorticity
along the lower portion of the vortex. The correspondingvalues of
vorticity are represented by the three curves for the stationary edge
and the oscillating edge at Te D 6 and 2 s. Distance x is measured
from the beginning of the white line, and the characteristic vortex
diameter Dv correspondsto the transversedistancebetween the vor-
ticity extrema in each pattern of vortex breakdown. For the case of
the stationary edge, the peak vorticity rapidly attains its maximum
value at x=Dv D 2, then exhibits decay, followed by a secondary
peak, then further decay. For Te D 6 s, a generally similar form of
the curve is evident, except the secondary peak has been smoothed
out by the effect of the oscillatingedge on the pattern of vorticity in
the vicinity of the tip of the edge. Finally, at Te D 2 s, the onset of
the peak value of vorticity is retarded to a locationof approximately
x=Dv D 4:5, followed by an abrupt decrease.

These variationsof averagedvorticityare associatedwith changes
in the instantaneous circulation 0 of the vorticity concentrations.
Representativevariationsof 0=¼ DvUref are shown in Fig. 7 for the
case of the stationary edge. Three successive cycles of the incident
pattern of vorticity concentrationare considered,giving rise to con-
centrations A1, A2, and A3, as well as B1, B2, and B3. To provide
a guide for interpreting these variations, three images at N D 2, 6,
and 8 are shown for the � rst cycle of incident vorticity concentra-
tions. The cluster of vorticity A1 actually undergoes a substantial
increase in circulation, apparentlydue to reorientationof the distri-
bution of vorticity vectors along the edge of the separation bubble.
The originally isolated concentration A1 in image N D 2 evolves
into an elongated form, with additional vorticity on either side of
it. In image N D 6, and as is evident in image N D 8, the cluster of
vorticity A1 actually consists of three identi� able concentrations.
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At N D 2, B1 is shown to have a relatively high peak vorticity and
thereby circulation, and at successive instants, N D 6 and 8, it un-
dergoes very substantialdecrease in circulationas it encounters and
moves along the surface of the edge. This attenuation is logical be-
cause the vorticity concentration is actually a cross section of the
three-dimensional concentration associated with the spiral mode
of instability and the leading edge represents an impermeable sur-
face, which severs the incident spiraling vortex. Figure 7 shows the
quantitative variation of dimensionless circulation. The pattern of
increasing circulationassociated with the cluster of vorticity A and
the decreasingcirculationof vortex B persists in a repetitive fashion
over several cycles.

Spectra and Cross Spectra Based on Instantaneous Imaging
of Vortex Breakdown–Edge Interaction

The cinema sequence of instantaneous images provides the pos-
sibility to construct spectra and cross spectra of time-dependent
velocity components, as well as vorticity. The time interval be-
tween successive frames of the cinema sequence was 1t D 0:18 s,
which corresponds to the sampling time. The corresponding value
of the Nyquist frequencywas fN D 2:78 Hz. This value of sampling
time 1t compares with the naturally occurring period of vortex

Fig.8a Superpositionof averaged(——)and instantaneous(– – –) con-
tours of constant vorticity for a case of vortex breakdown incident upon
a stationary edge.

Fig. 8b Spectra Su( f ) as a function of location in incident vortex breakdown and along surface of edge; frequency at which spiral mode of vortex
breakdown occurs is f = 0:6 Hz.

breakdown, T0 D 1:66 s. A total of 36 images was acquired over
the time T D 6:48 s. This value of T corresponds to a bandwidth
Be D 0:15 cycles/s. Considerationsfor accurate calculationof spec-
tra and cross spectra are de� ned by Newland.28 Important is the ac-
quisition of adjacent time records, which, when averaged together,
can provide an increase in accuracy, relative to the case of a single
record of duration T , irrespective of the length T of the original
record. For the present experiment, such adjacent records were not
obtained, and therefore, the calculated spectra and cross spectra
must be viewed as approximate representations.The purpose of the
present effort is to demonstrate the concept of calculationof spectra
and cross spectra at a large number of spatial points over the � ow
domain using the same time record of sequential images from a cin-
ema sequence. That is, the time variation of velocity and vorticity
at each location (x , y) is equivalent to simultaneous acquisition of
time records from a very large numberof probes in the � ow. Despite
the foregoingapproximations,the predominant frequencyis correct
within 5%, and the spatial variationsof the spectra and cross spectra
are in accord with what one expects from the larger scale vorticity
concentrations.

The loading on the leading edge is a function of the frequency,
amplitude, and phase variation of the � ow patterns past the edge.
To provide a guide for interpreting the spectra and cross spectra,
the averaged distributionsof vorticity h!i are employed. That these
averaged patterns provide a reasonable representationof the loci of
extrema of instantaneousconcentrationsof vorticity is evident from
the comparison of Fig. 8a. It shows a superposition of averaged
(solid line) and instantaneous(dashed line) vorticity for the case of
the stationary edge. Examination of a series of these images from
a cinema sequence shows that the instantaneouspatterns of vortic-
ity move through the averaged pattern. Minimum and incremental
values of vorticity are §2 and 0.75 s¡1, respectively.

Figure 8b shows the averaged pattern of vorticity for the case of
the stationary edge with a lower value of minimum vorticity than
employed in precedingimages.Also shown are correspondingspec-
tra Su. f / of the streamwisevelocity � uctuationu. The center image
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shows the contours of constant averaged vorticity h!i. The white
dots indicate locations in the averaged vorticity pattern at which
spectra were acquired.The three spectra on the left-hand side of the
image represent a location near the onset of vortex breakdown, but
just upstream of the location at which averaged and � uctuating vor-
ticity become suf� ciently large. It is evident that no sharply de� ned
peak is evident in these three spectra. On the other hand, spectra
taken downstream of the extrema of averaged vorticity indicate a
sharply de� ned peak at f0 D 0:6 Hz, corresponding to passage of
the instantaneousvorticity concentrationssuggested in Fig. 8a. The
maximum amplitude of this spectral peak tends to occur near or at
the location of maximum averaged vorticity in the corresponding
image. At a location downstream of the tip of the leading edge,
spectral peaks at the natural breakdown frequency f0 D 0:6 Hz are
again clearly evident. On the upper side of the tip of the leading
edge, these peaks also correspond to the frequency of shedding of
the tip vortex. Figure 8b also shows spectra at two locations farther
downstream of the tip region. Spectra near the right boundary of
the image exhibit a marked attenuation of their peaks. This obser-
vation corresponds to the decrease in dimensionless circulation of
the vorticity concentrations along the surface of the leading edge,
as addressed in Fig. 7.

Cross-spectral analysis was performed for the same cinema se-
quenceas forFig. 8b; the resultsare shownin Fig.9. The components
of the cross spectrum are 1) the magnitude Sab. f0/ corresponding
to two locations a and b separated by distance 1s and 2) the phase
shift Áab. f0/ at the same value of separation 1s. Values of Sab. f0/
and Áab. f0/ were determined as a function of distance downstream
of the tip of the edge along lines designated as 1C , 2C; : : : and 1¡,
2¡; : : : ; aboveand belowthe edgesurfacerespectively,for the trans-
verse component of velocity v. Point a corresponds to the left edge
of line 1C (and 1¡ below the edge) and point b is located a distance
1s downstream of point a on line 1C , 2C, 3C, or 4C for the region
above the edge and similarly for the region below the edge. These
values were determined over a rectangulargrid of 16 £ 7 points be-
low the edge; the grid values were then interpolatedto give contours
of constant Sab. f0/ and Áab. f0/ shown in Fig. 9.

The magnitude of the cross spectrum Sab. f0/ in the region be-
low the edge shows large values at the lower left corner of the plot

Fig. 9 Magnitude Sab( f ) and phase Áab( f ) of cross spectrum of trans-
verse velocity � uctuation v(t) for the case of vortex breakdown incident
on stationary edge.

of constant contours of Sab. f0/. The magnitudes of these contours
generally decrease in the streamwise direction. The physical basis
for this type of distortion of contours of Sab. f0/ is the passage of
instantaneousconcentrationsof vorticity through this region. They
induce large amplitudes of the transverse velocity � uctuation v.t/,
which yield large values of the magnitude of Sab. f0/. As these in-
stantaneous patterns of vorticity move along the lower surface of
the edge, the magnitude of their peak vorticity and correspondingly
the peak values of velocity v.t/ decrease, contributing to relatively
low values of Sab. f0/ over the right portion of the contours of con-
stant Sab. f0/. Corresponding values of phase Áab. f0/ are given in
the bottom plot of Fig. 9. The generally increasing values of Áab in
the streamwise direction are in accord with the propagation of the
aforementionedvortical patterns along the surface of the edge.

Above the edge, the patterns of Sab. f0/ and Áab. f0/ take on a
more complex form, due to the localized formation of a vorticity
concentration in the region immediately above the tip of the edge
and, correspondingly,a distorted pattern of vorticity concentrations
along its upper surface. These distortions are evident by examining
the averaged contours of vorticity as shown in the middle plot of
contoursof constantSab. f0/ abovetheedge; largevaluesoccurat the
upper left corner, due to the process of tip vortex formation.Further
distortionsof the contoursof Sab. f0/ are due to interactionsbetween
the incident vorticity concentrations rising from vortex breakdown
and the concentrationsassociated with the tip vortex, as both move
downstream of the tip region. This time sequence is indicated in
Fig. 4a. As a result of these types of interactions, the contours of
constant phase Áab. f0/ are distorted in the manner shown in the
uppermost plot of Fig. 9. At locations suf� ciently far downstream,
the contours of constant phase Áab. f0/ take on a form more charac-
teristic of a single row of propagating concentrationsof vorticity.

Conclusions
Interactionof vortex breakdown with an oscillating leading edge

gives rise to pronouncedalterationsof both the averagedand instan-
taneous structure of the incident, broken-down vortex and substan-
tial distortion of the vortex in the region of the leading edge. The
latter is in� uenced by vorticity generationat the tip of the edge. The
principal � ndings are as follows.

Substantialretardation,or delay, in the onset of vortexbreakdown
and, thereby,developmentof large-scale concentrationsof vorticity
due to the helical mode of vortex breakdownare attainablewhen the
leading edge is perturbed at a dimensionless time Te (or frequency
fe ) of the orderof the correspondingtimescale (or frequency) of the
frequency of naturally occurring vortex breakdown. The physical
origin of this retardation deserves further consideration. Possible
mechanisms may be proper timing of the incident concentrationsof
vorticity relative to the motion of the tip of the edge and the phase
shift of the distorted � ow pattern along the surface of the plate.

On the other hand, remarkable advancement, that is, upstream
movement, of the onset of vortex breakdown is attainablewhen the
period of excitation of the edge Te is suf� ciently small, or corre-
spondingly, the excitation frequency fe is suf� ciently large. In this
case, pronounced concentrations of vorticity are formed along the
upper and lower surfaces of the tip of the edge, thereby providing
increased blockage for the incident vortex breakdown.

Averaged patterns of vorticity, which represent the azimuthal
or swirling component, show development of pronounced extrema
shortly downstream of the onset of vortex breakdown, then a rapid
decay as the broken-down vortex moves past the leading edge.
Root-mean-square distributions of � uctuating vorticity exhibit a
pronouncedextremumalong the centerlineof the broken-downvor-
tex and at an axial location that is typically located downstream of
the extremum of averaged vorticity in the shear layers along the
breakdown bubble.

Distributionsof Reynolds stress show extrema in the shear layers
bounding the region of vortex breakdown; these extrema generally
occur, however, at an axial location downstream of the extrema of
averaged vorticity. In the case where substantial retardation of the
onset of vortex breakdown occurs, the levels of Reynolds stress are
negligible upstream of the tip of the edge. On the other hand, it is
demonstratedthat the presenceof edge oscillationgives rise to very
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high values of Reynolds stress in the vicinity of the tip of the edge.
These levels are associated with vortex formation from the tip, and
in the case of suf� ciently low period Te of the tip oscillation, that
is, suf� ciently high frequency fe , regions of high Reynolds stress
protrude well upstream of the tip.

Approximate values of spectra and cross spectra, evaluated from
a time sequence of global images, show the transformation of the
spectral content from the region of vortex breakdown upstream of
the edge to the distorted breakdown along the surface of the edge.
Pronounced spectral peaks are attenuated within a distance of six
vortex diameters Dv downstream of the tip of the edge, such that
broader-band background � uctuations exist in this region. Cross-
spectral analysis in the vicinity of the tip of the edge provides por-
traits of both the cross-spectralamplitude and phase variations that
dictate the effectivenessof loading of the surface of the edge.
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