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Perturbations of a Delta Wing: Control
of Vortex Breakdown and Buffeting

M. Özgören,¤ B. Sahin,¤ and D. Rockwell†

Lehigh University, Bethlehem, Pennsylvania 18015

A delta wing is subjected to small-amplitude perturbations over a range of periods, to simulate leading-edge
control concepts. Substantialmodi� cations of the instantaneous and averaged structure of the leading-edge vortex
are attainable, both with and without a downstream impingement plate. The features of the vortex response are
characterized using a techniqueofhigh-image-densityparticle imagevelocimetry.The locationof the onset of vortex
breakdown can either be advanced or retarded, and the attendant changes in vortex structure are interpreted in
the context of buffeting of the impingementplate. Comparisonof the vortex structure with and without deployment
of the plate shows a dramatic in� uence of the plate.

Nomenclature
C = chord of delta wing, mm
D 0

v = characteristicvortex diameter, mm
fe = perturbation frequency of the wing, Hz
f0 = frequency of vortex breakdown, Hz
L = distance between trailing edge of the delta wing

and leading edge of the plate
L p = length of the plate, mm
M = magni� cation
N = number of samples
Re = Reynolds number, U1C=º
T = total time of sample, s
Te = period of wing perturbation,s
T0 = period of inherent (undisturbed) vortex

breakdown, s
Uref = reference velocity, mm/s
U1 = freestream velocity, mm/s
V = total velocity, mm/s
hV i = averaged velocity, mm/s
v = transverse velocity component, mm/s
vrms = root mean square of transverse velocity

� uctuations, mm/s
Wp = width of the plate, mm
X ¤

b = vortex breakdown location in presence of wing
perturbation,mm

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

® = angle of attack of delta wing, deg
®.t/ = dynamic angle of attack of delta wing, deg
®0 = amplitude of wing perturbation,deg
N® = mean angle of attack, deg
1! = incremental values of vorticity, 1/s
3 = sweep angle of delta wing, deg
º = kinematic viscosity, mm2/s
! = vorticity, 1/s
h!i = averaged vorticity, 1/s
!e = angular velocity of wing perturbation, rad/s
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I. Introduction
Buffeting of Tails and Plates

I NTERACTION of vortices with aerodynamic surfaces, such
as tails and plates, induces unsteady surface loading, often

referred to as buffeting. Lee1 gives an extensive overview of this
area of unsteady aerodynamics.Wolfe et al.2 correlateddata from a
diverse set of experiments,extendingover a wide range of Reynolds
and Mach number. The emphasis was on correlations of the
predominant frequency of buffeting. Measurement of spectra of
pressure � uctuations on either a tail or a plate are reported in the
works of Washburn et al.,3 Bean and Wood,4 Canbazoglu et al.,5

and Wolfe et al.6 Considerable effort has focused on the buffet-
ing of tails (� ns) of F-series aircraft, with emphasis on the sur-
face pressure loading and acceleration response. For the case of
a model F-15 aircraft, Triplett7 determined the � uctuations on the
surface of the tail. Studies of model F-18 aircraft, which primar-
ily focused on the surface pressure spectra on tails (� ns), include
the works of Wentz,8 Ferman et al.,9 Zimmerman et al.,10 Shah,11

Lee and Tang,12 Martin and Thompson,13 and Lee et al.14 Sim-
ilar types of measurements on the � n of a model F-22 aircraft
were undertaken by Moses and Huttsell.15 Luber et al.16 addressed
the role of dynamic loads on the design of aircraft. Use of ac-
tive control techniques applied directly to the surface of a � n
can effectively attenuate the buffet response, as demonstrated by
Ashley et al.17

Of course, the origin of buffeting of any aerodynamic surface
is the unsteady � ow adjacent to it. For the case of the tail buffet
problem, knowledge of the physical structure of the vortex inci-
dent upon, and its interaction with, the tail is of central importance.
Breitsamter and Laschka18¡20 used a hot-wire anemometer tech-
nique to map the � uctuating � ow pattern associated with vortex
breakdownin absenceof a tail; theyemployedthesedata to calculate
the surface loading. Beutner et al.21 used planar Doppler velocime-
try to measure the root-mean-square distributions of the unsteady
� ow parametersassociatedwith impingementof a vortex upona � n.
A sequence of investigations,which employed high-image-density
particle image velocimetry (PIV) involves the works of Mayori and
Rockwell22 and Wolfe et al.6 to determine the distortion of vortex
breakdownduring its interactionwith a thin � at plate and the inves-
tigation of Canbazogluet al.5; 23 to de� ne the instantaneouspatterns
of vortex distortionduring its interactionwith a tail. Related numer-
ical investigations are not summarized here; they are provided by
Rockwell.24

The issue arises as to whether control of vortices from the lead-
ing edges of a delta wing can provide modi� cation of the � ow� eld
associated with buffet loading of an aerodynamic surface such as a
wing or tail. In the sections that follow, various vortex control tech-
niques are described.Then the potential for modi� cation of the buf-
fet � ow� eld via vortex control is addressed.Finally, these previous
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related investigations form the basis for de� ning the unresolved
issues for the present investigation: the detailed structure of con-
trolled vortices and their interaction with a simulated tail, that is, a
plate.

Vortex Control by Unsteady Flap or Unsteady Freestream

Control by a � ap undergoing relatively large-amplitudetransient
displacement or, alternatively, periodic oscillation, is addressed by
Spedding et al.25 and Karagouniset al.26 Analogous to the approach
of oscillating a � ap or an entire wing is perturbation of the free-
stream past a stationary wing, as undertaken by Gursul et al.27

Vortex Control by Axial or Tangential Blowing/Suction

Either steadyor unsteady� uid injectionhas been employedat the
leading edge of a delta wing. Control approaches in this category
are reviewed by Rockwell.28 Steady control in the form of a single
jet oriented along the axis of the vortex was addressed by Shih
et al.29 and Visser et al.,30 as well as by investigators cited therein.
A major consequenceof this approach is an increasein lengthof the
vortex core to the onset of vortex breakdown. The effectivenessof
steady tangential blowing was shown in the investigation of Wood
and Roberts,31 followed by a series of investigations,including that
of Celik and Roberts.32 Flow visualizationshowed that blowing can
effectivelyalter the structureof the leading-edgevortexat high angle
of attack.

Regarding unsteady control approaches, Gad-el-Hak and
Blackwelder33 appliedunsteadyblowing–suction in a directionnor-
mal to a relatively thin leading edge and observed alteration of the
initially formed small-scale vortices from the leading edge. Both
steady and unsteady tangential blowing and suction at the leading
edge of a delta wing were addressed by Gu et al.34 They show that
the onset of vortex breakdown could be displaced a substantial dis-
tancedownstreamby use of these approaches.In a relatednumerical
simulation, Findlay et al.35 showed the effect of a steady slit jet ori-
ented normal to the leading edge; changes in both the location and
strength of the leading-edgevortex were attained.

Control of Vortex–Tail Interaction by Tangential Blowing

The foregoing investigations address techniques for controlling
the structure of vortices. If the onset and structure of vortex break-
downcanbe altered, it will have importantimplicationsfor buffetof,
for example, a wing surface, as well as an aerodynamic appendage
or a tail located in the path of the vortex. Of all of the aforemen-
tioned control approaches, only tangential blowing concepts have
been employed to modify tail buffeting. Tangential blowing at the
leading edges of a delta wing can alter the buffet loading of tails,
as demonstrated by Bean and Wood.4 Moreover, Huttsell et al.36

describe a range of investigations involving tangential blowing at a
number of locations on an actual model of an aircraft, with the aim
of altering the buffet-induced loading.

Vortex Control by Insertion of a Body or Edge

A type of vortex control not addressed in the preceding sections
involves the inherent upstream in� uence from a body or surface lo-
cated within the vortex. Even relatively small geometries can have
a signi� cant effect. Reynolds and Abtahi37 demonstrated that inser-
tion of a probe in a leading-edge vortex could substantially alter
the location of vortex breakdown. Furthermore, Gursul and Yang38

showed that deployment of a control cylinder could cause the early
onset of breakdown of a leading-edge vortex. Akilli et al.39 have
revealed that a small control wire, having a diameter two orders of
magnitude smaller than the vortex diameter, can substantially alter
the onset of breakdown. At the other extreme, if a relatively large
tail is placed in the path of a vortex and subjected to controlledper-
turbations, the vortex– tail interaction exhibits a coupled behavior,
as demonstrated by Gursul and Xie.40 Sahin et al.41 have shown a
conceptuallysimilar effect for vortex interactionwith an oscillating
plate.They showed that vortex breakdownincidentuponan oscillat-
ing plate can show markedly different patterns of vortex structure,

dependingon the ratio of the perturbationfrequency to the inherent
frequency of vortex breakdown.

Unresolved Issues

The overall objective of the present investigation is to simulate
the effect of unsteady leading-edgecontrol, and its consequencefor
buffetingof surfaces locatedwithin or adjacent to the vortex. Exam-
ples of control concepts include unsteady blowing, suction, � aps,
micro� aps andMEMS (microelectromechanical systems)actuators.
All of these approaches alter the vorticity originating from the sep-
aration line along the leading edge. Perturbations of the wing, and
therebyits leading edges, will alter the vorticitygenerationfrom the
separationline in a fashion analogousto the aforementionedcontrol
concepts. When the wing is subjected to perturbationsover a range
of frequencies, it will be possible to observe the response of the
vortex to an applied perturbation.

The major unresolvedissuespertainingto the themeof the present
investigationare 1) the effectof small-amplitudeperturbationsat the
leading edges of a swept wing on the occurrence of vortex break-
down, 2) the sensitivity of vortex breakdown to the value of pertur-
bation frequency,relative to the inherent frequencyof vortex break-
down, and 3) the consequenceof this altered vortex structureon the
velocity � uctuations in the vicinity of the plate, which are central
to models of buffet loading. The response of the vortex to applied
perturbations should also be considered in absence of the impinge-
ment plate. Comparison with the foregoing results would show if
the plate in the vortex in� uences the effectiveness of the perturba-
tions. This investigation addresses these issues using a technique
of high-image-densityPIV, which allows characterizationof the in-
stantaneous and averaged patterns of vorticity and velocity.

II. Experimental System and Techniques
All experiments were performed in a large-scale water channel

having a width of 927 mm and a height of 610 mm. The water height
in the channel was maintained constant at a value of 559 mm. The
delta wing system indicated in the schematic of Fig. 1 was mounted
in this test section.The wing–platesystemis similar to thatemployed
by Sahin et al.41 for which the wing was maintained stationary and
the impingementplate was subjected to controlledoscillations.The
delta wing has a sweep angle of 3 D 75 deg, a chord C D 222 mm,
and a thickness of 3.2 mm. The bevel angle of the wing on the
windward side was 34 deg. The plate had a length of L p D 162 mm

Fig. 1 Schematics of delta wing subjected to small-amplitude pertur-
bations about its midchord, which changes the structure of the leading-
edge vortex and its breakdown, thereby altering the unsteady nature of
vortex impingement on the plate.
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Fig. 2 Time-averaged location X ¤
b of onset of vortex breakdown due

to small-amplitudeperturbation of delta wing, normalized by the value
(X ¤

b
)0 corresponding to the stationary wing.

Fig. 3a Contours of averaged vorticity hh ! ii for the stationary wing and
wing subjected to small-amplitudeperturbationat designated period Te
in presence of the impingement plate, relative to the period T0 = 1:6 s of
the inherent instability of vortex breakdown.

and a thickness tp D 6:35 mm; its leading and trailing edges were
beveled at angles 5 and 12 deg, respectively.The distance between
the trailing edge of the delta wing and the leading edge of the plate
was maintained at L D 73 mm. The wing was subjected to small-
amplitude controlled perturbations of the form ®.t/ D N® C ®0 sin
!et , in which !e D 2¼ fe. The period Te D 2¼=!e was variedover the
interval0:5 · Te · 2 s, relativeto theperiodT0 D 1:6 s of the inherent
nonperturbed spiral (n D 1) mode of vortex breakdown. Values of
T0 were determined from time records of dye visualization of the
periodic,three-dimensionalvortexpattern,ata locationimmediately
after theonsetofvortexbreakdown.Over100oscillationcycleswere
averaged to obtain the value of T0 .

The mean angle of attack of the wing was maintained constant
at N® D 24 deg. The amplitude of the wing perturbation was ®0 D 1
deg. Throughout the experiments, the value of free-stream velocity
was U1 D 48 mm/s. The Reynoldsnumber, based on chord C of the
wing, was Re D 1:07 £ 104.

A technique of high-image-density PIV allowed determination
of the instantaneous � ow patterns over a plane passing through the
centerlineof the vortex. This technique is based on a laser-scanning
concept, as described by Rockwell et al.42 The schematic of Fig. 1
shows the extent of the laser sheet generated by the scanning laser

Fig. 3b Contoursof averaged vorticity hh ! ii for the stationarywing and
wing subjected to small-amplitudeperturbation at designated period Te
in absence of the impingement plate, relative to the period T0 = 1:6 s of
the inherent instability of vortex breakdown.
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beam. The sheet was oriented such that it passed through the center
of the vortex, including the region of vortex breakdown.The central
feature of this scanning laser beam technique is impingementof the
laser beam on a rotating polygonal mirror having eight facets. At
the selectedvalueof freestreamvelocity, themost effectivescanning
frequency of this beam was 75 Hz. To optimize the quality of the
laser sheet generated using this approach, as well as to minimize
the thicknessof the sheet, which was approximately1 mm, the laser
beam was transmitted through a sequence of focusing optics before
its impingement on the rotating polygonalmirror.

Effective seeding of the � ow with small particles is essential to
obtain high-quality images for the techniqueof high-image-density
PIV. This seeding was accomplishedby use of metallic-coated,hol-
low plastic spheres, which had a diameter of 14 ¹m.

Image acquisitioninvolved a Canon EOS-1 camera. It effectively
captured the multiply exposed particle images generatedby succes-
sive scans of the laser beam. The camera was operated at a shutter
speed of 1/15 s and a value of F -stop of F D 5. The desired � eld
of view of the laser sheet required a camera lens having a magni-
� cation of M D 1:4.24. Because the instantaneous � ow patterns of
vortexbreakdowninvolveregionsof reverse� ow, it was necessaryto
deployanoscillatingbias mirroraheadof the camera lens to avoidis-

Fig. 4a Contours of constant averaged velocity hh V ii for the case of the
stationary delta wing and wing subjected to small-amplitudeperturba-
tion at designated period Te, relative to period T0 = 1:6 s of inherent
instability of vortex breakdown in presence of the impingement plate.

sues associatedwith directional ambiguity. High-resolution35-mm
� lm (300 lines/mm) was employed to record the particle images.
These negatives of the particle image patterns were then digitized
with a resolution of 125 pixels/mm. To evaluate the velocity � eld,
a single-frame, cross-correlation technique was applied to the pat-
terns of particle images. The most effective size of the interrogation
window was 90 £ 90 pixels. A 50% overlap was maintained, in ac-
cord with the Nyquist criterion. Approximately 50 particle images
were locatedwithin the interrogationwindow, therebyensuring that
the criterion of high image density was exceeded. With the afore-
mentioned value of magni� cation factor, the effective grid size in
the physical plane of the laser sheet was 1:53 £ 1:53 mm. During
acquisitionof the images of the � ow pattern, the framing rate of the
motor-driven Canon EOS-1 camera was 5.55 frames/s. A Gaussian
� lter with a factor of p D 1:3 was applied to the calculated velocity
� eld. No additional � ltering of the data was carried out. The total
numberof velocityvectorswas 5734.The � eld of viewof the images
is 141 £ 62 mm.

Representationsof the � ow pattern, to be describedsubsequently,
involve not only instantaneousimages of velocity and vorticity, but
also averaged representation of these quantities, as de� ned by the
following equations:

Fig. 4b Contours of constant averaged velocity hh V ii for the case of sta-
tionary delta wing and wing subjected to small-amplitudeperturbation
at designated period Te, relative to period T0 = 1:6 s of inherent insta-
bility of vortex breakdown in absence of the impingement plate.
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hV i D 1
N

NX

n D 1

Vn.x; y/ (1a)

h!i D 1
N

NX

n D 1

!n.x; y/ (1b)

vrms D

(
1
N

NX

n D 1

[vn.x; y/ ¡ hv.x; y/i]2

) 1
2

(1c)

In these equations, N is the total number of PIV images. Averaged
representationswere obtained by averaging a total of 36 images.

III. Time-Averaged Structure of Vortex
Averaged Location of Vortex Breakdown

An overview of the consequence of wing perturbations on the
averaged location of vortex breakdown in presence of the impinge-
ment plate is shown in Fig. 2. The onset of breakdown is indicated
as X¤

b , relative to its value .X¤
b/0 for the case of the stationarywing.

This valueof X ¤
b=.X ¤

b/0 as a functionof Te=T0 , in which Te is the pe-
riod of the wing perturbationand T0 is the inherentperiod of vortex
breakdown. As indicated in the inset of the schematic of Fig. 2, the
onset of vortex breakdown X¤

b is taken to correspond to the leading
edges of the vorticity concentrationsarising from the initial portion
of the breakdown bubble. In Fig. 2, the vertical bars at each data
point correspond to the extreme values of X ¤

b determined during the
course of data acquisition.The � lled circular symbols represent the

Fig. 5 Variation of averaged vorticity hh ! ii along a line corresponding to maximum positive vorticity for the case of a stationary wing and wing
subjected to perturbation and angle of attack at period Te, relative to the period T0 = 1:6 s of the inherent instability of vortex breakdown.

averagedvalues. In Fig. 2 the mean and perturbationangle of attack
are N® D 24 deg and ®0 D 1 deg. The period of natural instability of
the vortex breakdown is T0 D 1:6 s.

It is evident that retardation of the onset of vortex breakdown
occurs over a signi� cant range of excitation period of the wing,
extending approximately from 0:9 < Te=T0 < 4:3. Maximum retar-
dation occurs at a ratio of approximately Te=T0 D 1:2, which cor-
responds to a value of feC=U1 D 7:4. On the other hand, a rather
dramatic advancement of the onset of vortex breakdown occurs at
low values of Te=T0 , with particularly large values attained in the
vicinity of Te=T0 D 0:2. These alterations of the onset of vortex
breakdownare accompaniedby substantialchanges in the averaged
and instantaneousstructure of the breakdown process, as described
in the following.

Patterns of Averaged Vorticity in Presence and Absence of
Impingement Plate

Averaged contours of vorticity h!i are shown in Fig. 3a for the
case where the impingement plate is deployed immediately down-
stream of the trailing edge of the delta wing. Images are exhibited
for the case of the stationary wing, as well as the wing subjected
to small-amplitude perturbations of angle of attack at period Te. In
Figs. 3a and 3b, thick and thin lines represent positive and negative
vorticity,respectively.Minimumand incrementalvaluesof vorticity
are !min D §1 s¡1 and 1! D 0:5 s¡1 . Nominal angle of attack of the
delta wing is N® D 24 deg and amplitude of the perturbationangle of
attackis ®0 D 1 deg. When thewing is perturbedat Te D 2 s, the onset
of vortexbreakdownmovesdownstream,and thepeakvorticitylevel
along the edge of the separation bubble is signi� cantly decreased.
On the other hand, at Te D 1 s, the onset of vortex breakdown is
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advanced in the upstream direction, and the pattern of vorticity in
the leading portion of the bubble is characterizedby a high level of
vorticity concentration.Farther downstream along the edges of the
vortex breakdownbubble, the peak values of vorticity are, however,
dramatically lower than those immediately following the onset of
vortex breakdown. Finally, for the case Te D 0:5 s, the onset of vor-
tex breakdown is advanced well upstream of the location of the left
boundaryof the image; in fact, independentdye visualizationshows
that it occurs at a location of approximately 0.85C measured from
the trailing edge of the delta wing, in which C is the wing chord
(Fig. 1). In this case, even thoughthe onset of breakdownoccurs rel-
atively early, signi� cant levels of vorticity are indeed evident along
the edges of the breakdown bubble at axial locations in the vicinity
of the leading edge of the plate.

To determine the effect of deployment of the impingement plate,
the same experiments were executed in absence of a plate. The
averaged vorticitycontoursare shown in Fig. 3b. For the case of the
stationary wing, represented by the top image, only very low-level
vorticitycontoursare apparentin the centralregionof thevortex,and
no indication of vortex breakdown is evident; in fact, independent
dye visualization showed vortex breakdown to occur at a distance
2.5C downstreamof the trailing edge of the wing. At periods Te D 2
and 1 s of the wing, corresponding to the second and third images
of Fig. 3b, the patterns of averaged vorticity h!i contrast with their
counterparts in presenceof the impingement edge shown in Fig. 3a.
The onset of vortex breakdown is not detectable in the top two
images of Fig. 3b. It is barely discernible near the right boundary
of the third image, and clearly evident at the left boundary of the
fourth image. The presence of the impingement plate, therefore,
has a large in� uence on the location and controllability of vortex
breakdown. On the other hand, at the lowest value of excitation
Te D 0:5 s, corresponding to the bottom image of Fig. 3b, the onset
of vortex breakdown occurs near the left boundary of the image.
When this image is comparedwith the correspondingone of Fig. 3a,
it is evident that the averagedvorticitycontoursare relativelynarrow
and closely spaced, relative to the case where the edge is present.
In fact, this remarkably narrow breakdown bubble in the bottom
image of Fig. 3b is substantiallynarrower than all other breakdown
bubbles in presence of an impingement edge, that is, for the case
of the stationary edge Te D 2 and 1 s in Fig. 3a. More speci� cally,
compare the images in Figs. 3a and 3b for which the onset of vortex
breakdown occurs at the trailing edge of the wing. In Fig. 3a, the
appropriate image is at Te D 1 s, and in Fig. 3b, it corresponds to
Te D 0:5 s. The presence of the impingement edge, even though it
is located well downstream of the onset of vortex breakdown, is
associated with a rapid divergence of the vorticity layers along the
edge of the breakdown bubble.

Finally,when the images ofFigs. 3a and 3b areviewedas a whole,
well-de� ned vorticity layers are present adjacent to the bottom
boundary of the images corresponding to the case of the stationary
wing and the wing subjected to perturbations at Te D 0:5 s. These
layers apparentlyhave no relation to the innermost layers that even-
tually undergo breakdown. Rather, it is hypothesized that they are
associated with a three-dimensional instability of the shear layers
separating from the leading edges of the wing.

Contours of Averaged Velocity in Presence and Absence of
Impingement Plate

Contours of constant averagedvelocity hV i are shown in Figs. 4a
and 4b; they correspond to the averaged vorticity h!i images of
Figs. 3a and 3b. In Figs. 4a and 4b, numbers on contourscorrespond
to velocity in millimeter per second; incremental value between the
contours is 2.5 mm/s. The nominal angle of attack of the delta wing
is N® D 24 deg and the amplitude of the perturbation angle of attack
is ®0 D 1 deg. The images of Fig. 4a clearly show the retardationand
advancement of the onset of vortex breakdown relative to the case
of the stationary wing. Moreover, as shown in the � rst, third, and
fourth images of Fig. 4a, corresponding to the stationary wing and
the wing at Te D 1 and 0.5 s, very large velocity defects are present
in the central regionof the vortexbreakdownbubble.A much milder
defect occurs in the second image corresponding to Te D 2 s.

The corresponding images of Fig. 4b in absence of the impinge-
ment plate show the very gradual variations of the velocity along
the axis of the vortex, which is indicated by the dashed line. When
these velocity contours are compared with those of Fig. 4a, where
the impingement plate is present, it is evident that the consequence
of the impingementplate is to inducevery largegradientsof velocity
along the axis of the vortex. An exception is the case corresponding
to the lowest perturbationperiod of the wing Te D 0:5 s, represented
by the bottom image in Fig. 4b. In this case, it is because the on-
set of vortex breakdown has been remarkably advanced due to the
perturbation.As a consequence,relatively large gradients of veloc-
ity along the axis of the vortex are evident, even in absence of the
impingement plate.

Variations of Maximum Averaged Vorticity in Presence of
Impingement Plate

A further representation of the consequence of wing perturba-
tions on the vortex structure is shown in Fig. 5. In this case, the
impingement plate is deployed, and values of averaged vorticity
h!i are tracked along a locus corresponding to the maximum level
of vorticity h!i, as indicated by the black line in the patterns of h!i
shown in the right columnofFig. 5. The correspondingvaluesof h!i
depicted in the left column of Fig. 5 show the substantial in� uence
of wing perturbation.At Te D 2 s, the peak vorticity is substantially

Fig. 6a Patterns of instantaneous positive (thick line) and negative
(thin line) vorticity corresponding to a stationary wing and wing sub-
jected to small-amplitude perturbation at period Te, relative to the
period T0 = 1:6 s of the inherent instability of vortex breakdown.



1046 ÖZGÖREN, SAHIN, AND ROCKWELL

reduced, and the location of X=D0
v, where X is the distance from

the left boundary of the image and the vortex diameter and D 0
v is

a reference diameter measured after the onset of vortex breakdown
in the absence of wing perturbation, at which the broad maximum
of vorticity occurs is signi� cantly shifted downstream relative to
the case of the stationary edge. On the other hand, perturbation at
Te D 1 s induces a sharply de� ned peak in vorticity at a relatively
small value of X=D 0

v . It is followed, however, by a relatively low
level of vorticity along the edge of the breakdown bubble. Finally,
for the smallest period of excitation Te D 0:5 s, the value of aver-
aged vorticity indicatesonly a small peak and generally decays by a
substantial amount along the separation bubble. Of course, one ex-
pects a well-de� ned peak of vorticity upstream of the left boundary
of the image shown in Fig. 4. That is, because vortex breakdown
is substantiallyadvanced in the upstream direction, one expects the
corresponding peak of vorticity h!i to occur well upstream of the
trailing edge of the wing.

IV. Instantaneous Structure of Vortex
All of the foregoing averaged features of the onset and devel-

opment of vortex breakdown are, of course, a consequence of the
altered instantaneous structure. Figure 6a provides an overview of
instantaneous patterns of vorticity corresponding to the station-
ary wing and the wing subjected to perturbations Te D 2, 1, and
0.5 s respectively. Viewing these images as a whole, the alteration

Fig. 6b Variation of instantaneous vorticity ! along a line corresponding to maximum positive vorticity for the case of the stationary wing and wing
subjected to perturbation of angle of attack at period Te, relative to the period T0 = 1:6 s of the inherent instability of vortex breakdown.

of locationof vortex breakdownis generally in accord with that cor-
respondingto the averagedpatternsof vorticityh!i shown in Fig. 3a.
Minimum and incremental values of vorticity are !min D §1:5 s¡1

and 1! D 0:5 s¡1 . Nominal angle of attack of delta wing is N® D 24
deg and the amplitude of the perturbation angle of attack is ®0 D 1
deg. To interpret the instantaneous structure in terms of instanta-
neous clusters of vorticity, analogousclusters indicatedas A, B, : : :,
F are shown in all images in Fig. 6a. The instantaneous clusters
corresponding to the top image, that is, the case of the stationary
wing, represent cross-sectional cuts of the spiral mode of inherent
vortexbreakdownas it encountersthe leading edgeof the plate.This
instabilityis alteredas indicatedby thepatternsof instantaneousvor-
ticity given in the second image at Te D 2 s. The streamwisedistance
between, for example, clusters A and C is signi� cantly reduced at
Te D 2 s; moreover, the transverse spacing between, for example,
vorticity clusters A and B is also reduced. In the third image, cor-
responding to Te D 1 s, the patterns of vorticity take on a distinctly
different form. Vorticity clusters indicated as A, B, and C have be-
come relativelyelongatedand inclinedwith respect to the centerline
of the breakdown bubble. This overall pattern of instantaneousvor-
ticity is locateddownstreamof high levelsof vorticityconcentration
E, D, and F, due to the upstream advancementof the onset of vortex
breakdown. Finally, the image at the bottom of Fig. 6a, correspond-
ing to the lowest period Te D 0:5 s, shows closely spaced, smaller-
scale concentrations of vorticity along the edges of the breakdown
bubble, in comparison with the case of the stationary edge.
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Fig. 6c Excerpts from cinema sequence showing evolution of patterns
of vorticity with time for the case of the stationary delta wing.

Fig. 6d Patterns of instantaneous vorticity corresponding to pertur-
bation of delta wing at period Te = 0:5 s, relative to period T0 = 1:6 s of
inherent instability of vortex breakdown.

Important for considerationof buffeting of the plate is the effec-
tive wavelengthand propagationspeed of the instantaneousvortical
structures exhibited in Fig. 6a. When the instantaneous images are
used therein, it is possible to plot the spatial variation of instanta-
neous vorticityalong the edges of the breakdown bubble.The result
is shown in Fig. 6b. In Fig. 6b, coordinate X is the distance from
the beginning of the solid line and vortex diameter, and D 0

v is a
reference diameter measured after the onset of vortex breakdown
in the absence of wing perturbation as shown in Fig. 5. At each
value of Te , distributions of vorticity shown in the left column of
Fig. 6b were evaluated along the thin black lines in the right column
of Fig. 6b. First, when the case of the stationary wing is consid-
ered, corresponding to the top image of Fig. 6b, the undisturbed,
spiral mode of vortex breakdowngives rise to relatively large-scale,
widely spaced vorticity concentrations. The corresponding spatial
distributionof instantaneousvorticity shown at the left of this image
thereby exhibits pronounced peaks having relatively wide spacing.
On the other hand, excitation at Te D 2 s induces a series of smaller-
scale concentrations of vorticity. Correspondingly, the peaks and
the spatial distribution are relatively closely spaced. At the period
of excitation Te D 1 s, the patterns of instantaneous vorticity take
on a remarkably different form. Although adjacent small-scalecon-
centrations are induced by the excitation, they appear as inclined
layers of instantaneous vorticity. As a consequence, a line passing
through vorticity contours, such as that designated in Fig. 6b, gives

Fig. 7a Root-mean-square values of transverse velocity � uctuation
vrms for the cases of a stationary delta wing and a wing subjected to
small-amplitude perturbation of angle of attack.
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rise to relativelywidely spaced peaks. At Te D 0:5 s, the small-scale
concentrations again become approximately oriented along the in-
dicated line, thereby producing more closely spaced peaks of the
spatial distribution of vorticity.

To provide further insight into the space–time evolution of the
patternsof instantaneousvorticity, excerpts from cinema sequences
are shown in Figs. 6c and 6d. The parameters in Figs. 6c and 6d
are the same as for Fig. 6a. Figure 6c corresponds to the case of the
stationary wing and Fig. 6d to the wing subjected to perturbations
at Te D 0:5 s. In Fig. 6c, the general form of the vorticity concentra-
tions suf� ciently far upstreamof the impingementplate is preserved.
Large changes occur, however, along the upper surface of the plate,
where the localized vortex formed from the tip successively inter-
acts with vortical structures originating from the vortex breakdown
process. In Fig 6d, the vorticity concentrations exhibit signi� cant
distortion,even at locationswell upstreamof the impingementplate,
though the generally small-scale features of individual clusters are
identi� able. This small scale is, of course, associated with the low
period Te of excitation of the wing.

V. Consequence of Vortex Structure on Buffet
Flow� eld Along Plate Surface

It is well known that an important parameter related to the magni-
tude of buffeting of aerodynamic surfaces is the transverse velocity
� uctuation vrms . It may be viewed as an indicator of the effective
� uctuatingangle of attack, in accord with the concepts recentlyout-
lined by Breitsamter and Laschka20 and related to previous inves-
tigations of the turbulent structure of the � ow� eld associated with
the buffeting, by Breitsamter and Laschka.18; 19 In essence, suf� -
ciently large values of vrms that are properly correlated along the
surface can give rise to a substantial magnitude of buffet loading.
Plots of constant contours of root-mean-square transverse velocity
� uctuation vrms=Uref are indicated in Fig. 7a. Uref is the reference
velocity at a location in the freestream above the trailing edge; its

Fig. 7b Distributions of root-mean-square of transverse velocity � uctuation vrms normalized by reference velocity Uref along the vertical lines
designated in Fig. 7a: , stationary wing; j , Te = 2 s; d , Te = 1 s; and c , Te = 0.5 s.

value was 48 mm/s. In Fig. 7a, the wing is perturbed at period Te ,
relative to the period T0 D 1:6 s of the inherent instability of vortex
breakdown.Numbers on the contourscorrespond to constantvalues
of the dimensionlessratio vrms=Uref. The minimum and incremental
valuesof the transversevelocity� uctuationare vrms=Uref D 0:05 and
1vrms=Uref D 0:01. The nominal angle of attack of the delta wing
is N® D 24 deg, and the amplitude of the perturbation angle of attack
is ®0 D 1 deg. Thin vertical lines represent locations at which dis-
tributions of vrms=Uref are displayed in Fig. 7b. The onset of vortex
breakdown, which is clearly designated in the averaged vorticity
contours h!i in Fig. 3a, is associated with concentrated regions of
relatively high vrms, evident in images correspondingto the station-
ary wing and the wing at Te D 2 and 1 s in Fig. 7a. The patterns
of velocity � uctuations vrms=Uref exhibited in Fig. 7a indicate that
the entire � ow� eld is affected by the perturbationof the delta wing;
these patterns indicate the time-averagedconsequenceof the instan-
taneous patterns shown in the foregoing image layouts. It is evident
in Fig. 7a that substantial distortionsare induced within the interior
of the vortex, and, moreover, high levels of vrms occur along the
exterior of the vortex, evident by the higher level contoursalong the
bottom edges of the images corresponding to Te D 2, 1, and 0.5 s in
Fig. 7a. Finally, note that reasonably high levels are induced in the
leading-edge region of the impingement plate for all cases shown
in Fig. 7a.

The thin white vertical lines shown in Fig. 7a indicate locations
for which vertical distributionsof vrms=Uref are plotted in Fig. 7b. In
Fig. 7b, the wing is perturbedat period Te, relative to period T0 D 1:6
s of the inherent instabilityof vortex breakdown.The upper left plot
of Fig. 7b, which corresponds to line K in Fig. 7a, shows that,
for the case of the stationary edge, a peak in vrms occurs near the
plane of symmetry of the breakdown bubble. This peak is generally
smoothedout, and the form of the distributionis altered, at locations
L, M, and N, where the boundary conditions of the plate surface
come into play. Generally speaking, the level of vrms is substantially
reduced for locations K–N at the excitation condition Te D 2 s. At
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the other extreme, the very high level of vrms at the large value of
y0=C at location K is due to the induced vortex street from the
trailing edge of the wing at Te D 0:5 s. The distributionsof the vrms

along line L, which is located immediately upstream of the leading
edge of the plate, all tend to show local minima at the leading edge.
Correspondingdistributionsalong line M all go to zero at the surface
of the plate due, of course, to the impermeability condition. Well
downstreamof the leading edge, correspondingto line N, this same
general form of the vrms distributionspersists.

VI. Conclusions
Current interest in deployment of various techniques for control-

ling leading-edge vortex formation on delta wings that are either
stationary or undergoing a maneuver at relatively long timescales
have stimulated the present investigation,which simulates key fea-
tures of leading-edgecontrol by small-amplitude perturbationsof a
delta wing. The concept is that the very large unsteady pressuregra-
dients at the leadingedge inducedby small perturbationsof the wing
will have large consequences,for instantaneous, three-dimensional
patternsof vorticitygeneratedfrom the edge. Indeed, the present in-
vestigation shows a substantial in� uence on both the averaged and
instantaneousstructure of the leading-edgevortex.

When the wing is perturbed in presenceof an impingementplate,
either retardation or advancement of the onset of averaged vortex
breakdown is attainable. Particularly large values of advancement
of vortex breakdown are achieved when the period of oscillation
of the edge is approximately equal to the period of inherent vortex
breakdown on the correspondingstationary edge. Averaged vortic-
ity contours show that induced vortex breakdown upstream of the
edge generally results in rapid divergence of the averaged vortic-
ity layers along the edge of the breakdown bubble. Corresponding
distributions of averaged velocity show that, for both the case of
the stationary and perturbed wing, large gradients of velocity are
generatedalong the axis of the leading-edgevortex, extendingfrom
the leading edge of the breakdown bubble to a location well within
the bubble.

On the other hand, when no impingement edge is deployed, the
� ow patternsaredramaticallydifferent.Vortexbreakdowngenerally
occurs at locations well downstream of correspondingcases where
impingement edge is deployed. Moreover, the transformation of
the � ow pattern in the region upstream of breakdown is a gradual
one, evidenced by the relatively slow variations of velocity along
the axis of the vortex. In other words, the consequenceof presence
of the impingement plate is not simply to induce an earlier onset
of breakdown, but also to generate relatively large changes in the
averagedstructureof the vortexupstreamof thebreakdownlocation.

All of these features are related to alterationof patternsof instan-
taneous vorticity along and within the breakdown bubble. Different
classes of patterns have been de� ned, dependent on the excitation
period Te of the wing. Principal distinctions of these patterns are
changes in the streamwise wavelength between clusters of vorticity,
as well as the transverse distance between these clusters. A fruitful
path for further work would be to relate these observations to wave
propagation characteristicsalong the vortex.

The consequenceof buffetinghas been interpretedin terms of rms
values of transversevelocity � uctuations.The effect of perturbation
of the wing at a de� ned period Te is shown to produce substantial
differences in both the magnitude and shape of distributionsof vrms

at locations upstream of the impingement plate. At locations well
downstream of the leading edge of the plate, however, the form
of the vrms distributions is compatible with the zero permeability
condition of the plate, and the shape of the vrms distributions is
altered accordingly.
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