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A delta wing is subjected to both static and dynamic variations of angle-of-attack; the vortices
from the wing impinge upon a stationary plate. A technique of high-image-density particle
image velocimetry is employed to compare the patterns of vortex development with and
without the impingement plate. For the limiting case of static variations of angle-of-attack, the
presence of the plate exerts a large in#uence on the onset of vortex breakdown. In contrast,
dynamic (unsteady) variation of angle-of-attack yields changes of breakdown location that are
generally similar for cases with and without the impingement plate. The detailed structure of the
vortex breakdown-plate interaction is represented by patterns of instantaneous velocity and
vorticity, which serve as the origin of bu!et-induced loading of the surface of the plate.

� 2002 Elsevier Science Ltd. All rights reserved.
1. INTRODUCTION

1.1. BUFFETING OF TAILS AND PLATES: SURFACE LOADING

BUFFETINGOF AERODYNAMIC SURFACES, especially vortex breakdown incident upon the tail of
an aircraft, as well as a simulated tail in the form of a plate, have received considerable
attention during the last decade. A comprehensive review is provided by Lee (2000). Wolfe
et al. (1995a) assessed a variety of experiments extending over a wide range of Reynolds and
Mach number, and correlated the predominant frequency of bu!eting. Investigations that
involved the measurement of pressure spectra on either a tail or a plate include those of
Bean & Wood (1993), Washburn et al. (1993), Canbazoglu et al. (1995a) and Wolfe et al.
(1995b). Substantial e!ort has been devoted to characterization of the surface pressure
loading and acceleration response and tails of F-series aircraft. Triplett (1983) determined
the #uctuations on the tail of a Model F-15 aircraft. Wentz (1987), Ferman et al. (1990),
0889}9746/02/030295#22 $35.00/0 � 2002 Elseiver Science Ltd. All rights reserved.
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Zimmerman et al. (1989), Shah (1991), Lee & Tang (1992), Martin & Thompson (1991) and
Lee et al. (1993) characterized the surface pressure spectra on tails of model F/A-18 aircraft.
Moses & Huttsell (2000) performed similar types of measurements on the "n of a model
F-22 aircraft. Luber et al. (1996) assessed the impact of dynamic loads on the design of
aircraft. Finally, the bu!et response of a "n can be e!ectively alleviated by active control of
its surface, as shown by Ashley et al. (1994).
The focus of the foregoing investigations has been, for the most part, on the measurement

of localized surface loading, with the intent of calculating the dynamic response of the
surface. Links between the physics of the nonstationary #ow patterns and the surface
loading have not been pursued.

1.2. CONTROL OF BUFFET FLOW FIELD AND BUFFET LOADING

Although implementation of various types of control techniques for altering the perfor-
mance of aircraft has been extensively pursued, relatively few investigations have explicitly
addressed the consequence of #ow control on bu!eting of a tail. Bean & Wood (1993)
employed tangential blowing at a leading-edge and observed the bu!et loading of a tail.
Huttsell et al. (1997) employed tangential blowing techniques on actual aircraft con"gura-
tions to control tail bu!eting. Sheta et al. (2000) undertook a numerical simulation of
various tangential blowing techniques as a means to attenuate the bu!et of a twin-tail
con"guration. OG zgoK ren et al. (2000) employed small-amplitude perturbations of a delta
wing, with the intent of simulating control at the leading-edges of a stationary wing, and
characterized the bu!et #ow "eld along the leading-edge of a plate. Whereas all of the
previous investigations aim to control bu!eting by manipulating the vortex at, or close to,
its origin, Sahin et al. (2000) and Gursul & Xie (2000) employed, respectively, small-
amplitude perturbations of the leading-edge of the plate and larger amplitude perturbations
of an actual tail. Due to an apparent upstream in#uence, the incident vortex and its
interaction with the aerodynamic surface were altered accordingly.
Generally speaking, the e!ect of large-amplitude, low-frequency motion of a wing on the

bu!et loading of a downstream aerodynamic surface has not been pursued. Complex
maneuvers of an actual aircraft typically occur at relatively low dimensionless frequencies,
in comparison with dimensionless frequencies of either vortex breakdown or a shear layer
instability from the leading-edge of the wing. Knowledge of the #ow distortion along the
aerodynamic surface due to these interactions would be insightful.

1.3. PHYSICS OF INTERACTION OF VORTEX BREAKDOWN WITH A TAIL, FIN OR PLATE

An understanding of the bu!et loading of an aerodynamic surface requires insight into the
unsteady #ow "eld of the region of vortex breakdown as it encounters a tail ("n) or plate.
Breitsamter & Laschka (1994a, b, 1998) employed hot-wire anemometry to characterize in
detail the #uctuating #ow "eld of the region of vortex breakdown in the absence of a tail.
Beutner et al. (1995) used a technique of planar Doppler velocimetry to determine the
root-mean-square (r.m.s) patterns of the #ow "eld due to vortex}"n interaction. In a series
of investigations employing high-image-density particle image velocimetry (PIV), Mayori
& Rockwell (1994) and Wolfe et al. (1995b) characterized the distortion of vortex break-
down upon encounter with a thin #at plate, and Canbazoglu et al. (1995a, b) used a similar
approach to characterize the instantaneous patterns of the distortion due to interaction
with a tail.
Further insight into the physics of vortex- and vortex breakdown}tail ("n) interaction is

provided by the numerical investigations of Rizk & Gee (1992), Gee et al. (1995), Kandil
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et al. (1995), Rizetta (1996), Kandil & Sheta (1998) and Gordnier & Visbal (1997). Gordnier
and Visbal (1997) demonstrate the mechanism of partitioning of the incident vortex due to
its direct encounter with the leading-edge of a plate.
Insight into the relationship between the nonstationary #ow patterns along an aerody-

namic surface, e.g., the tail of an aircraft, and the bu!et loading of the surface is provided by
the measurements and model of Breitsamter & Laschka (1994a, b, 1998). They relate the
local loading of the surface to the #uctuating angle-of-attack associated with the turbulence
at a given location above the surface. The local angle-of-attack varies with time according
to the ratio of the local vertical to horizontal velocity. The central link is an analogy to the
Kuessner (1954) integral, which relates the loading on a body to #uctuations of angle-of-
attack. An important assumption is that #ow separation does not occur along the surface.
Generally speaking, knowledge of the #uctuating velocity immediately above the surface
can yield a basis for understanding the loading of the surface.

1.4. UPSTREAM INFLUENCE ON VORTEX BREAKDOWNDUE TO A BODY OR SURFACE LOCATED

WITHIN THE VORTEX

A body or an aerodynamic surface located within the path of a vortex can potentially alter
the onset of vortex breakdown, relative to the case of the free vortex. As a consequence, the
state of the vortex breakdown incident upon a tail or "n may be altered relative to that
based strictly on consideration of a freely evolving vortex in the absence of a body or
surface. Reynolds & Abtahi (1987) and Gursul & Yang (1994) showed that a probe and
a moderate-sized cylinder could advance the onset of vortex breakdown. Akilli et al. (2001)
demonstrated that a wire of diameter approximately two orders of magnitude smaller than
the vortex diameter can substantially in#uence the onset of vortex breakdown. These
observations, which involve stationary bodies inserted into the vortex, are complemented
by those that employ unsteady motion of a tail (Gursul & Xie 2000) and perturbations of
the leading-edge of the plate (Sahin et al. 2000) to control the location of vortex
breakdown.
An important issue is the o!set of the center-line of an incident, broken-down vortex; it

may modify the vortex at locations upstream of the leading-edge of a plate or tail. That is,
the degree of upstream in#uence, and thereby alteration of the incident vortex, is expected
to be largest when the vortex centerline and the leading-edge are aligned, and diminished
when they are o!set. The physics of this phenomenon should be quantitatively assessed.

1.5. PHASE LAG OF VORTEX BREAKDOWN DUE TO LARGE-AMPLITUDE MOTION OF A WING,
FLAP OR EXTENSION

A delta wing that undergoes relatively large-amplitude variations of, for example, angle-of-
attack, gives rise to unsteady development of the vortex. The in#uence of a body or
aerodynamic surface in the path of a vortex may alter this unsteady development; very little
is known of this in#uence. In the absence of such an obstruction, it is well known that the
onset of vortex breakdown lags the motion of the wing (Rockwell 1993). Gursul (2000) has
reviewed this phase lag concept and provided a model for its occurrence. Relevant investiga-
tions involving the motion of a delta wing in the absence of a downstream obstruction
include those of Lowson (1964), Wo!elt (1987), Atta & Rockwell (1987, 1990), Reynolds
& Abtahi (1987), LeMay et al. (1990), Magness et al. (1993), Thompson et al. (1991), Miau et
al. (1992), Greenwell & Wood (1994), Gursul & Yang (1995) and Myose et al. (1997).
Analogous phase lags occur when a #ap or wing extension undergoes unsteady motion, as
investigated by Deng & Gursul (1997) and Yang & Gursul (1997).
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This concept of phase lag is important for bu!et loading of aerodynamic surfaces. The
streamwise and transverse locations of vortex breakdown, as it impinges upon a plate or
tail, are expected to lag the motion of the wing or aerodynamic surface, e.g., LEX, from
which it is generated. The nature of this type of phase lag has not been investigated.

1.6. UNRESOLVED ISSUES AND OBJECTIVES

The following issues remain unclari"ed. First of all, a direct comparison of the physics of
vortex breakdown with and without a tail (or plate) has not yet been undertaken. More
explicitly, the manner in which the location and structure of vortex breakdown are modi"ed
in the presence of an aerodynamic surface for the case of a static wing and a static tail (or
plate) has remained unexplored. Second, in the event that the wing undergoes pitching
motion, the manner in which the presence of a stationary tail or plate located downstream
of the wing in#uences the phase lag of vortex breakdown, relative to the case of no tail (or
plate), has remained uninvestigated. Third, the pitching motion of a wing will produce
corresponding cross-stream excursions of the location of vortex breakdown relative to
a stationary tail (or plate) located downstream of the wing. The modi"cation of the vortex
breakdown-plate encounter has not been addressed. One expects large changes in the
velocity "eld that induces bu!et loading. These changes will occur in relation to distortion
of patterns of vorticity, and this interrelationship requires clari"cation.
The aim of the present investigation is to employ a technique of high-image-density

particle image velocimetry in two planes, one aligned with the axis of the vortex and the
other aligned with the cross-#ow plane, in order to determine the underlying physics of the
issues de"ned in the foregoing.

2. EXPERIMENTAL SYSTEM AND TECHNIQUES

Experiments were undertaken in a water channel test section having a height of 610 mm and
a width of 927 mm. The depth of the water was maintained constant at a value of 559 mm.
An overview of the delta wing}plate con"guration is illustrated in Figure 1. It is similar to
the arrangement used by Sahin et al. (2000), for the case where the wing was maintained
stationary, and the impingement plate was subjected to small-amplitude controlled oscilla-
tions, and by OG zgoK ren et al. (2000), for which the wing was perturbed at small amplitude and
high frequency and the impingement plate was maintained stationary. The essential charac-
teristics of this system are as follows. The delta wing has a chordC"222 mm, a thickness of
3)2 mm and a sweep angle �"753. The wing was beveled on the windward side at an angle
of 343. Regarding the impingement plate, it had a chordwise length of ¸

�
"162 mm and

a thickness t
�
"6)3 mm; the leading-edge was beveled at an angle of 53, and the trailing-

edge at 123. The plate was oriented horizontally in order to examine the e!ect of the vertical
o!set of the center-line of the vortex, relative to the leading-edge of the plate, during
pitching motion of the wing. During a complex maneuver of an aircraft, such variations of
o!set are expected to occur. Furthermore, a long plate was employed in order to preclude
possible coupling between the leading- and trailing-edge regions. During the entire set of
experiments, the distance between the trailing-edge of the delta wing and the leading-edge of
the plate was kept at ¸"73 mm. This distance allowed vortex breakdown to occur
upstream of the leading-edge of the plate, over a range of angle-of-attack � of the wing.
Previous investigations have focused on small perturbations of the wing or plate, with the

aim of altering the vortex structure at and near the inherent instability frequency of vortex
breakdown. In contrast, the focus of the present experiment is on relatively low-frequency,
large amplitude pitching motion of the wing, with the goal of determining the overall



Figure 1. Schematics of delta wing subjected to large-amplitude, low-frequency pitching motion about its
midchord, which leads to alteration of the structure of the leading-edge vortex, its breakdown, and its impingement
upon a stationary plate. Mean and perturbation angles-of-attack are �� "303 and �

�
"103, respectively. Reduced

frequency is k"�f
�
C/;

�
"0)74.
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hysteresis e!ects of vortex breakdown in conjunction with the features of the #ow-plate
interaction associated with bu!et loading. The pitching motion of the wing was according
to � (t)"�� #�

�
sin�

�
t, in which �

�
"2�f

�
. The frequency of the pitching motion was

maintained constant at f
�

"0)044 Hz. This frequency was more than an order of magni-
tude lower than the inherent frequency of vortex breakdown, yet was large enough to allow
highly repetitive variations of the time-dependent x

�
(t) of vortex breakdown.Moreover, the

amplitude of the pitching motion was �
�

"103 for all cases. These excitation parameters
corresponded to a value of reduced frequency k"�f

�
C/;

�
"0)74. Several values of mean

angle-of-attack �� "203, 243 and 303 were used for cases where the wing was subjected to
pitching motion. For cases where static variations of angle-of-attack were considered,
values of angle-of-attack �� "24}303 were employed. The value of freestream velocity was
;
�

"42 mm/s, corresponding to a Reynolds number based on chord C of Re"9)34�10�.
It is well known that the onset of vortex breakdown is relatively insensitive to the value of
Reynolds number. The interaction of vortex breakdown with the leading-region of the
impingement plate, and the large-scale features of the vortex distortion are expected to be
governed primarily by inviscid phenomena, though, of course, the development of the
surface boundary layer along the plate and details of possible eruption processes may
exhibit a sensitivity to Reynolds number.



Figure 2. Imaging systems for high-image-density PIV (side view) and DPIV (end view).
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Preliminary experiments involved dye injection, in order to determine the location and
general structure of vortex breakdown. Moreover, dye was also used to determine the
hysteresis of breakdown location as a function of unsteady variations of angle-of-attack.
Dye was allowed to seep through a hole on the leeward side of the apex. It marked the
center-line of the vortex, and at the onset of breakdown, the width of the dye region
increased abruptly. For the case of vortex breakdown from the stationary wing in the
absence of the impingement plate, well-known, low-frequency excursions of the vortex
breakdown position about an averaged value were observed. In order to account for these
excursions, images of the breakdown location were captured at instants corresponding to
the maximum value of breakdown location X

�
and the minimum value of X

�
. Three

independent experiments were performed in order to determine three values of minimum
and three values of maximum X

�
. Then, these values were averaged to obtain the values of

X
�
shown in the plots herein. The maximum deviation from the average value of X

�
was

0)076C at the minimum value of angle-of-attack �"283 and decreased to a substantially
smaller value of 0)028C at the maximum angle-of-attack �"453. On the other hand, the
presence of the impingement plate stabilized the location of vortex breakdown, and
a maximum deviation of 0)03C was observed for all values of �. The uncertainty in the
detection of the vortex breakdown position was insigni"cant relative to the aforementioned
deviations, which are inherent features of the vortex unsteadiness. Images were recorded on
high-resolution "lm, then digitized at 125 pixels/mm in order to determine the breakdown
position. The parallax e!ect was accounted for by the use of simple trigonometric relations.
High-image-density particle image velocimetry was employed to determine the instan-

taneous #ow patterns. These patterns were characterized over two principal planes, as
illustrated in the schematic of Figure 1. One plane was coincident with the center-line of the
vortex. The other plane was parallel to the leading-edge of the plate; it provided a repres-
entation of the vortex structure in the cross-#ow plane. These two locations of the laser
sheet are referred to as side and end views, respectively.
Figure 2 shows an overview of the lasers, optical components and camera systems

employed for the laser sheets corresponding to the side and end views. For the side view, an
Argon-ion laser beam of 1 mm diameter passed through an optical train, and eventually
impinged upon a rotating polygonal mirror, which had eight facets. This con"guration
generated a laser beam scanning at a rate of 75 Hz. This scanning beam generated a laser
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sheet, which was coincident with the center-line of the vortex breakdown. The sheet appears
as a bold line in the plan view of Figure 2. Seeding of the #ow involved metallic-coated
particles, which had a nominal diameter of 14 �m. They were illuminated by the scanning
laser beam, and their images were recorded using a "lm-based camera. The camera was
operated at a shutter speed of 1/15 s and an f-stop, f"5. High-resolution "lm of 300 lines/mm
was used. In order to avoid issues associated with directional ambiguity, a bias mirror was
located immediately in front of the camera lens. This arrangement provided positive displace-
ments of all particle image patterns recorded on the "lm. The "lm was digitized at a resolution
of 125 pixels/mm, then interrogated to determine the instantaneous velocity "eld.
On the other hand, for the end view imaging, which was done independently, a technique

of DPIV was employed. The laser illumination source was a double-pulsed Yag laser, and
the laser sheet was generated by a cylindrical lens. Images were recorded on a digital camera
having a resolution of 1008�1018 pixels. The image acquisition was at a rate of 30 frames/s,
corresponding to 15 pairs of images per second. A frame-to-frame correlation technique was
employed to calculate the velocity "eld.
For the case of the "lm-based PIV technique, the area of the interrogation corresponded

to 90 pixels�90 pixels, and approximately 40}60 particle images were located within this
area. For the DPIV approach, the interrogation area was 32 pixels�32 pixels; it contained
approximately 15}25 particle images. In accord with the Nyquist criterion, a 50% overlap
was employed for successive interrogations.
For the side view ("lm-based PIV approach), the magni"cation wasM"1 : 4)52, which

gave an e!ective grid size of 1)63 mm�1)63 mm on the physical plane of the laser sheet.
Images of the #ow pattern were acquired at a framing rate of 1)55 frames/s. With respect to
the end view (DPIV technique), the magni"cation wasM"1 : 7)72, which corresponded to
an e!ective grid size of 2)07 mm�2)07 mm in the plane of the laser sheet.
The "eld of view of the acquired images was 151)3 mm�97)3 mm for the side view and

124)4�126)5 mm� for the end view. The total number of velocity vectors was approximately
5 734 for the side view and 3 782 for the end view. A Gaussian "lter with a factor p"1)3 was
applied to calculate the velocity "eld. No additional "ltering of the data was carried out.
As described in the investigation of OG zgoK ren et al. (2000), averaged representations of

velocity and vorticity were obtained by averaging images of the #ow pattern. In order to
obtain averaged images, a total of N images were averaged at a given location (x, y). The
average values of velocity and vorticity, as well as the root-mean-square (r.m.s) values of
velocity, were obtained according to the following equations:
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3. ONSET AND DEVELOPMENT OF VORTEX BREAKDOWN
WITH AND WITHOUT IMPINGEMENT PLATE

3.1. STATIONARYWING

Figure 3a shows the onset of vortex breakdown X
�
normalized by the wing chord C as

a function of static angle-of-attack �. For these experiments, the value of � was adjusted, the



Figure 3(a). Variation of location of vortex breakdown with static angle-of-attack of stationary wing. Break-
down locations are compared: �, in the presence of impingement plate; �, in the absence of impingement plate.
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#ow was allowed to attain equilibrium, and the value of the vortex breakdown position
X

�
was determined via the dye injection technique described in Section 2. For all experi-

ments, the plate was located at a distance of y
�
/C"0)14 above the pitching axis of the wing.

This location provided direct impingement of the central portion of the vortex breakdown
region upon the leading-edge of the plate at an angle-of-attack �"243. As indicated in
Figure 3a, when the plate is present, and the angle-of-attack is lower than approximately
�"323, the vortex breakdown position is advanced in the upstream direction. That is, it
occurs at a lower value of X

�
/C, relative to the case without the plate. Over this range of �,

the o!set between the centerline of the vortex and the leading-edge of the plate is minimal,
as indicated in the images of averaged vorticity in the left column of Figure 3b. In these
images, the onset of vortex breakdown vb is de"ned to occur at the leading-edges of the
contours of constant positive and negative vorticity. This de"nition is in accord with the
theoretical basis of Brown & Lopez (1990), whereby the onset of breakdown corresponds to
a switch in the sign of azimuthal vorticity. At �"243, vortex breakdown does not occur
within the "eld of view when the plate is absent. In presence of the plate, it is located near
the trailing-edge. At �"303, breakdown occurs just downstream of the trailing-edge
without the plate. With the plate present, it moves out of the "eld of view to a location well
upstream of the trailing-edge.
The upstream advancement of the breakdown position relative to the case of no edge,

evident by comparison of the left and right columns of Figure 3b, is in accord with the
observations of Reynolds & Abtahi (1987) and Gursul & Yang (1994), who placed a probe
and a moderate-sized �cylinder along the center-line of the vortex. Furthermore, Akilli et al.
(2001) found that a wire two orders of magnitude smaller than the vortex diameter could
have a similar e!ect when oriented orthogonal to, but coincident with, the center-line of the
vortex. All of these observations are related to the upstream transmission of disturbances
through the vortex, as described in previous theoretical works summarized by Akilli et al.
(2001). These works include Leibovich (1984),Wang&Rusak (1997) and Rusak et al. (1998).
On the other hand, for higher values of ��323 in Figure 3a, the di!erence between values

of X
�
/C with and without the plate is relatively small. For � '323 in Figure 3a, the o!set

between the vortex centerline and the plate becomes large (cf. �"353 and 303 in Figure 3c).
As a consequence, the upstream transmission of information is not as e!ectively accomp-
lished. Furthermore, the onset of breakdown moves closer to the apex of the wing at larger
�; in this limiting case, breakdown seems to be primarily controlled by the vortex character-
istics immediately downstream of the apex.
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The averaged images of Figures 3b were obtained from instantaneous images of the type
shown in Figure 3c. The left column of images corresponds to cases with the plate and the
right column to the cases without the plate. Consider, "rst of all, the images in the left
column. At the lowest angle-of-attack �"243, the onset of vortex breakdown occurs
immediately downstream of the trailing-edge of the wing, and instantaneous positive (thick
white line) patterns and negative (thin white line) patterns indicate a staggered arrangement
of vorticity concentrations that represent the helical mode of instability. Subsequent
interaction with the leading-edge of the plate yields substantial distortion. At �"303,
vortex breakdown occurs at a signi"cant distance upstream of the trailing-edge of the wing
and is not evident in the "eld of view. Large-scale clusters of vorticity concentrations are
evident as they interact with the plate. Finally, at �"353, the onset of breakdown (not
visible) occurs even further upstream. Furthermore, the wake-like region of breakdown is
shifted upward, such that almost the entire pattern of vorticity is above the plate. For the
images in the right column of Figure 3c, corresponding to the case without the impingement
plate, vortex breakdown does not occur within the "eld of view at �"243. It is located well
downstream of the trailing-edge of the wing (compared to the image of Figure 3b). Only
low-level, small-scale concentrations of vorticity are evident. At �"303, breakdown does
occur, and it gives rise to a staggered arrangement of vorticity concentrations, which are
similar in concept to those at �"243 with the plate present. At �"353, the onset of vortex
breakdown is a substantial distance upstream of the trailing-edge of the wing. The wake-like
structure of the vortex breakdown region is associated with larger-scale concentrations of
vorticity.

3.2. PITCHING WING

From the plot of Figure 3a, along with the images shown in Figures 3b and 3c, it is
evident that the presence of the impingement plate can substantially alter the onset of
vortex breakdown for the case of the stationary wing. An important issue is whether
this type of in#uence extends to vortex breakdown generated from a pitching delta
wing.
Figure 4 shows the instantaneous location of vortex breakdown X

�
(t) normalized by the

wing chord C as a function of the instantaneous angle-of-attack �(t) for cases without and
with the impingement plate. In the absence of a plate, it is well known that the onset of
vortex breakdown lags the motion of the wing, and the end consequence is the generation of
the type of dynamic hysteresis loops of vortex breakdown shown in Figure 4. These loops
are shown for three values of mean angle-of-attack �� "203, 243 and 303. At the two lowest
values of �� "203 and 243, data were not acquired during a portion of the downstroke. It is
remarkable that for all values of �� , the di!erence between the instantaneous locations of
vortex breakdown X

�
(t)/C with and without the plate is relatively small. A discernible

exception occurs at the highest values of � (t) at the largest mean angle-of-attack �� "303. It
is therefore evident that the dynamic nature of the vortex breakdown process and thereby
the phase lag are not signi"cantly in#uenced by the presence of the impingement plate, at
least in a general sense.
Figures 5a and 5b represent, respectively, cases with and without the impingement plate.

They show instantaneous patterns of vorticity corresponding to dynamic variations of
angle-of-attack � (t) for a mean angle-of-attack �� "303. In each layout, images are shown
for three successive instants during the oscillation cycle. Moreover, in each of the images of
Figure 5a and 5b, the instantaneous angle-of-attack � (t) is indicated at the upper right
corner, as is the dimensionless time t*"t;

�
/C. Consider, "rst of all, the top image of

Figure 5a, which corresponds to �"303. The location of vortex breakdown vb is within the



Figure 4. Comparison of dynamic hysteresis loops of vortex breakdown as a function of angle-of-attack: �, in
the presence of the impingement plate; �, in the absence of the impingement plate. Amplitude of the pitching

motion is �
�
"103 and the reduced frequency is k"�f

�
C/;

�
"0)74 for all cases.
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"eld of view and near the trailing-edge. The centerline of the vortex breakdown region,
which is de"ned by patterns of positive and negative azimuthal vorticity, is slightly above
the leading-edge of the plate. In the second image, corresponding to �"39.53, the center-
line of the vortex breakdown is located above the plate, and in the third image at �"23)43,
it is approximately aligned with the leading-edge. These images can be compared with those
of Figure 5b, which represent cases without the plate. It is evident that the onset of vortex
breakdown, when it is detectable, is located slightly further downstream for the case without
the impingement plate.
The issue arises as to the insensitivity of the dynamic variations of the vortex breakdown

positionX
�
(t) versus angle-of-attack � (t); that is, these variations ofX

�
(t) are very similar for

cases with and without the impingement plate. During a given pitching cycle, the o!set
of the vortex center-line with respect to the leading-edge of the plate varies substantially,
as shown in Figure 5a for the case of the impingement plate. In essence, this means that
the location of vortex breakdown X

�
does not have the opportunity to relax to an

equilibrium state, unlike the aforementioned case of vortex breakdown from a stationary
wing incident upon a plate. That is, the vortex dynamics appears to be controlled primarily
by the wing motion, rather than by the upstream in#uence from the region of the
impingement plate.
These observations of the vortex breakdown characteristics for the case of the pitching

wing provide a basis for assessment of the corresponding end views of the vortex break-
down/plate interaction, which are addressed in the next section.
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4. EVOLUTION OF VORTEX}PLATE INTERACTION IN
CROSS-FLOW PLANE: PATTERNS OF VORTICITY

Patterns of instantaneous vorticity � and averaged vorticity ���, as well as corresponding
velocities < and �<�, are shown in the images of Figures 6 and 7 for the cross-#ow planes
de"ned in the schematics of Figures 1 and 2. The streamwise location of the cross-#ow laser
sheet is designated by the thin, vertical white line in Figure 5a. The angle-of-attack � and the
dimensionless time t* elapsed during the pitching cycle are designated on each set of images.
Figure 7(a). Cross-section of vortex breakdown}plate interaction at a location 0)185¸
�
downstream of the

leading-edge of the plate, corresponding to the thin vertical line in Figure 5a. Delta wing is pitching at reduced
frequency k"�f

�
C/;

�
"0)74. Instantaneous vorticity "elds (left column) and averaged vorticity "elds (right

column) are shown for variations of angle-of-attack � of the wing and dimensionless time t*"t;
�
/C. Mean

angle-of-attack and pitching amplitude of delta wing are �� "303 and �
�
"103.



Figure 7(b). Cross-section of vortex breakdown}plate interaction at a location 0)185¸
�
downstream of the

leading-edge of the plate, corresponding to the thin vertical line in Figure 5a. Delta wing is pitching at reduced
frequency k"�f

�
C/;

�
"0)74. Instantaneous velocity "elds (left column) and averaged velocity "elds (right

column) are shown for variations of angle-of-attack � of the wing and dimensionless time t*"t;
�
/C. Mean

angle-of-attack and pitching amplitude of delta wing are �� "303 and �
�
"103.
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Furthermore, the locationX
�
of vortex breakdown for each image set can be determined for

each value of � from Figure 4.
Figures 6a and 6b directly compare the contours of constant instantaneous vorticity

� (left column) and averaged vorticity ��� (right column) for successive values of instan-
taneous angle-of-attack � (t) and dimensionless time t*"t;/C. Images of averaged vortic-
ity ��� were obtained by considering a total of four images at each respective phase of the
oscillation cycle of the pitching delta wing. These images, which emphasize the large-scale,
repetitive vortical structures, are intended to serve as a guide for the interpretation of
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instantaneous patterns of �. Contours of ��� clearly show the positive (thick white line)
and negative (thin white line) projections of streamwise vorticity for the two principal
vortices and their distortion upon encounter with the plate. Examination of the images of
Figures 6a and 6b reveals a number of phenomena, as described in the following.

4.1. GENERATION OF CONCENTRATIONS AND LAYERS OF SECONDARY VORTICITY

ADJACENT TO SURFACE OF PLATE

Considering the images of Figure 6a and 6b, especially the instantaneous representations
above the surface of the plate, a concentration of positive vorticity immediately adjacent
to the surface of the plate often appears beneath a corresponding concentration of
negative vorticity, and conversely. These concentrations appear somewhat randomly in
spatial position from one image to the next. In concept, the generation of a vorticity
concentration from a solid surface due to a concentration of vorticity of opposite sign above
the surface is well documented in a range of investigations, as summarized by Doligalski
et al. (1994).
On the other hand, in the region below the plate, well-de"ned layers of distributed

vorticity are clearly evident when a signi"cant fraction of the incident vortex system is
partitioned below the plate. That is, at angle-of-attack �"25.63, well-de"ned layers of
vorticity are evident along the lower surface of the plate and, in fact, these layers persist in
subsequent images in Figures 6a and 6b. Such layers are clearly evident in images of both
� and ���.

4.2. SPACING OF MAJOR CONCENTRATIONS OF VORTICITY ABOVE AND BELOW THE PLATE

Consider the images of averaged vorticity ��� in Figures 6a and 6b. As the value of
dimensionless time t* increases, an increasing fraction of the incident vorticity concentra-
tions is partitioned to the region beneath the plate. For all values of t*"t;/C, the distance
between these concentrations remains relatively large. On the other hand, the remaining
portions that are partitioned to the region above the plate move relatively close together at
larger values of t*. This di!erence in spacing between vortices on the upper and lower sides
of the plates is apparently due to vortex induction. The coexistence of the actual vortices
with their corresponding image vortices within the plate results in a tendency for the upper
vortex system to move together and the lower system to move apart. This e!ect was
suggested in the limiting situation of a stationary wing and plate in the investigation of
Mayori & Rockwell (1994). In addition, the numerical simulation of Gordnier & Visbal
(1997), for a stationary wing and plate system, shows a similar di!erence in spacing between
the partitioned vortices on the upper and lower sides of the plate.

4.3. SIMULTANEOUS PRESENCE OF SMALL- AND LARGE-SCALE CONCENTRATION OF VORTICITY

The instantaneous patterns of vorticity of Figures 6a and 6b, especially those extending
from t*"2)55 to 4)16, show small-scale concentrations of vorticity of opposite sense
intermingled with the large-scale concentrations. In the averaged images, especially those
extending from t*"2)55 to 3)18, it is evident that the small-scale vorticity concentrations of
opposite sense exist in the region between the two large-scale, primary vortices. The origin
of these small-scale vortical structures may be due to two sources. First of all, prior to
encounter with the plate, concentration of vorticity may arise about the periphery of each
large-scale vortex from the three dimensionality of the breakdown process. Second, periodic
eruption of the surface boundary layer induced by the large-scale vortex adjacent to the
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plate can lead to successive, small-scale vorticity concentration, in the manner described by
Gordnier & Visbal (1995) and Cipolla & Rockwell (1998).

5. EVOLUTION OF VORTEX}PLATE INTERACTION IN CROSSFLOW
PLANE: PATTERNS OF VELOCITY

The images of Figures 7a and 7b show instantaneous < and averaged �<� patterns of
velocity vectors corresponding to the contours of constant vorticity exhibited in Figures 6a
and 6b. The major features of these patterns are described in the following.

5.1. HALF-SADDLE DISTRIBUTIONS OF VELOCITY: CONVERGENCE OF PATTERNS OF VELOCITY

VECTORS AT THE PLANE OF SYMMETRY

Consider the patterns of averaged velocity �<� shown in the right columns of Figures 7a
and 7b. At the highest angle-of-attack �"32)73, which occurs at t*"2)55, the large-scale
vortex system is associated with a pattern of velocity vectors that converges at the vertical
plane of symmetry of the plate. According to topological concepts based on critical point
theory, this pattern corresponds to a half-saddle point at the locations where the corre-
sponding streamlines would meet at an elevation immediately adjacent to the plate. Away
from the surface of the plate, the velocity vectors are directed upwards. This general pattern
along the upper surface of the plate persists, with some irregularities, to �"203, corre-
sponding to t*"4)16. Over the time span from t*"2)55 to 4)16, the saddle point drifts to
the left, then to the right at t*"4)82. This observation suggests a low-frequency variation of
the saddle point location. At larger values of �"20)73 and 22)73, a saddle point adjacent to
the surface of the plate is not so well de"ned.

5.2. STAGNATION REGIONS OF PATTERNS OF VELOCITY VECTORS: DIVERGENCE OF PATTERNS AT

PLANE OF SYMMETRY

As increasing fractions of the incident vortex system are partitioned below the plate,
a stagnation region forms along the lower surface of the plate. It is located midway between
the centers of the swirl patterns of velocity vectors. This stagnation pattern is "rst evident at
� "25)63 and becomes more sharply de"ned at subsequent values of � in Figures 7a and 7b.
To be sure, the corresponding streamline pattern would also exhibit a half-saddle point
analogous to that observed along the upper surface of the plate; on the lower side of the
plate, the corresponding streamlines are directed away from, rather than towards the
vertical plane of symmetry. In this section, this region is referred to as a stagnation region,
since it represents a region of very low velocity magnitude, relative to that occurring on the
upper side of the plate.

5.3. INSTANTANEOUS DEVIATIONS FROM THE AVERAGED PATTERNS OF VELOCITY

The concepts of half-saddle point and a stagnation region, which were de"ned on the basis
of the averaged images shown in the right columns of Figures 7a and 7b, are, in some cases,
discernible in the corresponding patterns of instantaneous velocity as well. The patterns of
instantaneous velocity can exhibit substantially more complex forms, especially for the
region above the plate. For example, at �"25)63, the instantaneous pattern of < does not
exhibit a single, well-de"ned half-saddle. Rather, the simultaneous presence of a number of
vorticity concentrations along the plate produces several adjacent swirl patterns of velocity
vectors. Additional patterns of distortion are shown at the other values of � in the left
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columns of Figures 7a and 7b. The bu!et model of Breitsamter & Laschke (1994a, b, 1998)
requires the instantaneous vertical component of velocity v, in conjunction with the
instantaneous out-of-plane velocity component w at representative spatial locations along
the surface of the plate, with the assumption of no signi"cant #ow separation from the
surface. It is evident that the large variation with time t* of the instantaneous patterns of
Figures 7a and 7b will yield substantial #uctuations of the v component of the bu!et
velocity. Moreover, the spanwise correlation of the v component #uctuations is not
necessarily dictated by a single length scale, e.g., the spanwise distances between the largest
scale vortical structures. The patterns of velocity suggest multiple scales of the swirl patterns
of velocity vectors.

6. INTERRELATIONSHIP BETWEEN PATTERNS OF VORTICITY AND
VELOCITY: CONSEQUENCE FOR BUFFET VELOCITY DISTRIBUTIONS

Taken together, the patterns of velocity and vorticity described in Figures 6 and 7 have
important consequences for the vortex-induced loading of the surface of the plate. As shown
in the preceding sections, the type of imaging performed in this investigation allows
acquisition of a sequence of velocity images, then extraction of the spatial distribution of
vertical, or normal, velocity as a function of time. The potential for employing this velocity
component as an input to a bu!et model is described in Section 1.3. In turn, these patterns
of velocity can be directly compared to the corresponding patterns of vorticity, in order to
reveal as to how distortion of the vortical structures is related to the patterns of vertical
bu!et velocity. Our present considerations are twofold. First of all, the aim is to assess the
relationship between the instantaneous distributions of vorticity and the corresponding
instantaneous patterns of vertical velocity. Second, the sensitivity of the spatial distributions
of bu!et velocity to distance from the surface of the plate will be addressed.

6.1. EFFECT OF VORTEX PARTITIONING ON PATTERNS OF VORTICITY IN RELATION TO

PATTERNS OF VERTICAL BUFFET VELOCITY

Figure 8 shows a direct comparison of patterns of instantaneous vorticity � and vertical
velocity v at two critical instants during the vortex}plate interaction. The top row corres-
ponds to the situation where the vortex system is located above the surface of the plate, and
the bottom row of images to the scenario where the incident vortices have been split upon
encounter with the plate. In the image at the upper left part, large-scale vortical structures
are generally discernible and, between them, smaller-scale concentrations of positive and
negative vorticity are evident. The corresponding distribution of vertical velocity at the
upper right indicates a substantial magnitude of upward (positive) vertical velocity in the
region between the two large-scale concentrations of vorticity. Near the left and right
boundaries of the image, a region of high downward vertical velocity exists above the
surface of the plate. It is evident that the small-scale concentrations of vorticity between the
large-scale vortical structures do not produce local changes in the sign of the vertical bu!et
velocity; rather, its sign everywhere corresponds to the induced velocity between the largest
vortical structures.
For the case where the vortex system is split upon its encounter with the plate, as shown

in the bottom row of images of Figure 8, a distinctly di!erent pattern of vertical velocity
distribution exists. Along the upper surface of the plate, the vertical velocity is positive
upward, due primarily to the induced updraft between the two concentrations of vorticity.
Only very low-level regions of negative vertical velocity exist on either side of this positive
region. This contrasts with the image at the upper right part of Figure 8. It is therefore



Figure 8. Contours of instantaneous vorticity (left column) and instantaneous vertical velocity (right column).
Minimum and incremental values of instantaneous vorticity � are �

���
"$1 s�� and ��"0)5 s��, respectively.

For vertical velocity v contours, v
���

"$5 (mm/s) and �v"2)5 (mm/s), respectively.
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evident that partitioning of the incident vortex system, which is represented by the lower
set of images, yields a region of large vertical velocity between them, and insigni"cant
vertical velocity exterior to them. Along the lower surface of the plate, a broadly distributed,
lower level region of upward (positive) vertical velocity is evident in the central portion
of the image and regions of negative vertical velocity exist near the boundary of the
image. This type of pattern does not exist along the lower surface of the plate for the
case where the vortex system remains above the surface of the plate, as in the top row of
images.

6.2. VARIATION OF DISTRIBUTIONS OF VERTICAL BUFFET VELOCITY WITH DISTANCE FROM

SURFACE OF PLATE

It is envisioned that a typical model for the bu!et loading will require the distribution of
bu!et velocity along a constant elevation from the surface. The issue then arises as to the
sensitivity of the velocity magnitude, as well as its overall distribution, to the displacement
from the plate surface. Figure 9a shows the instantaneous distribution of vertical bu!et
velocity for the case where the vortex system remains above the plate. Four horizontal white
lines designate reference heights for evaluation of the velocity distribution. They are
indicated as y"70, 75, 80, and 85. In the plots shown at the bottom of Figure 9a, the
distributions of the vertical bu!et velocity v versus z have a generally similar form, but with
signi"cantly di!erent peak magnitudes.
Figure 9b represents the case where the incident vortex system is split by the plate. For

both the regions above and below the plate, the general form of the vertical velocity
distributions, as a function of distance from the surface of the plate, is again similar, but with
di!ering magnitudes. Above the plate, for example, the peak positive value of bu!et velocity
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at y"85 substantially exceeds that at y"70. Below the plate, along the line closest to the
plate, i.e., y"55, the magnitude of v becomes very small and the general form of the
distribution is substantially distorted, relative to the distributions of y"50}40.
Based on these observations of Figures 9a and 9b, it appears that a zonally averaged

distribution of bu!et velocity might be an appropriate representation of its e!ective
magnitude and distribution. That is, a spatially averaged vertical velocity over a "nite
horizontal band would alleviate limitations associated with consideration along a single
elevation from the surface of the plate.
Figure 9(a). Contours of instantaneous vertical velocity v (top image) and distributions of v along horizontal
lines indicated in the image. Instantaneous angle-of-attack is �"32)73 and dimensionless time is
t*"t;

�
/C"2)55. Minimum and incremental values of instantaneous vertical velocity contours in image are
v
���

"$5 (mm/s) and �v"2)5 (mm/s), respectively. Dimensions of v are mm/s and z is mm.



Figure 9(b). Contours of instantaneous vertical velocity v (top image) and distributions of v along horizontal
lines indicated in the image. Instantaneous angle-of-attack is � "32)73 and dimensionless time is t*"t;

�
/C

"2)55. Minimum and incremental values of instantaneous vertical velocity contours in image are v
���

"$5
(mm/s) and �v"2)5 (mm/s), respectively. Dimensions of v are mm/s and z is mm.
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7. CONCLUDING REMARKS

Techniques of high-image-density particle image velocimetry have led to the instantaneous
and averaged patterns of velocity and vorticity associated with vortex breakdown, and its
interaction with a stationary impingement plate. Vortex generation from both a stationary
and a pitching delta wing has been considered. Images of the #ow have been acquired in two
principal planes: a plane coincident with the axis of the leading-edge vortex; and a plane
parallel to the leading-edge of the impingement plate. Representations of the #ow in these
planes provide insight into the streamwise evolution of the vortex, including the occurrence
of vortex breakdown and its interaction with the plate.



Figure 3(b). Contours of averaged vorticity ��� in the presence of the impingement plate (left column) and in
the absence of the impingement plate (right column). In the presence of the impingement plate, minimum and
incremental values of averaged vorticity ��� are �

���
"$1 s�� and ��"0)5 s��, respectively. In the absence of

the impingement plate, minimum and incremental values of averaged vorticity ��� are ��
���

�"$1 s�� and
����"0)75 s��.

M. OG ZGOG REN, B. SAHIN AND D. ROCKWELL



Figure 3(c). Contours of instantaneous vorticity � in the presence of the impingement plate (left column) and in
the absence of the impingement plate (right column). Minimum and incremental values of instantaneous vorticity
� are �

���
"$1)5 s�� and ��"0)75 s��, respectively, for all angles-of-attack in the presence of the impingement

plate. In the absence of the impingement plate, minimum and incremental values of instantaneous vorticity � for
�"243 and 303 are, respectively, �

���
"$1 s�� and ��"0)75 s��, and for �"353 are �

���
"$2 s�� and

��"0)75 s��.
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The case of the stationary delta wing and a stationary plate has served as a reference for
characterization of the vortex}plate interaction. The locations of vortex breakdown, both
in the presence of the impingement plate and in the absence of the plate, have been
determined for incremental changes in angle-of-attack of the wing. It is demonstrated that,
over a substantial range of angle-of-attack, the streamwise location of vortex breakdown is
substantially di!erent for the case with and without the impingement plate. This observa-
tion is conceptually similar to previous experiments, which have demonstrated an upstream
movement of the onset of vortex breakdown due to the placement of a probe, moderate-
sized cylinder, or a very small wire within or across the vortex. Taken together with the
present results, it is clear that disturbances originating at the location of the leading-edge of
the plate propagate upstream through the noncolumnar vortex to alter the steady-state
location of vortex breakdown. This view is supported by the theoretical "ndings described
in Section 3.
When the wing is subjected to pitching motion, the induced phase shift between the wing

motion and the onset of vortex breakdown induces hysteresis loops of vortex breakdown
position versus angle-of-attack. Remarkably, these loops are generally similar for cases with
and without the impingement plate. In other words, despite the fact that wing motion
induces a change in the vertical o!set of vortex breakdown with respect to the leading-edge
of the plate, the time variation of the axial location of breakdown along the vortex core is
similar to the variation in absence of a plate. The consequence is the generation of
essentially equivalent hysteretic-loops of breakdown position versus angle-of-attack. This
equivalence of cases with and without the impingement plate is apparently due to the fact
that the location of vortex breakdown never comes to an equilibrium state during its
encounter with the leading-edge of the plate, due to the continuous variations of the vertical
o!set of the vortex center-line.
When the wing undergoes pitching motion, the vertical position of the incident vor-

tex(ices) upon the plate, and thereby the mechanism of vortex}plate interaction, varies
substantially during the pitching cycle. The incident vortex system is partitioned into two
subsystems above and below the plate over a substantial range of angle-of-attack. The two
vortices above the plate tend to merge together, while those below the plate move apart. In
addition, a given vortex adjacent to the plate can induce either a distributed vorticity layer,
or a vorticity concentration, depending upon the scale and circulation of the primary vortex.
These features of the partitioned vorticity "eld are also interpreted in terms of space}time

distributions of vertical (transverse) velocity above and below the plate. According to the
model of Breitsamter & Laschke (1994a, b, 1998), which is described in Section 1.3, these
velocity distributions adjacent to the top and bottom surfaces of the plate can eventually be
considered to determine the bu!et-induced loading, provided the corresponding streamwise
velocities are accounted for, and the e!ects of #ow separation are not signi"cant. The focus
of the present investigation is on determination of the basic classes of patterns and
topologies of both averaged and instantaneous "elds of velocity vectors, in relation to
fundamental types of vorticity patterns. Furthermore, the magnitude and form of the
instantaneous distributions of velocity are assessed as a function of distance from the
surface of the plate. The magnitude of the vertical component of the bu!et velocity
distribution is found to be sensitive to the elevation from the top or bottom surface of the
plate, but the overall form of the distributions is generally preserved. It is recommended that
a zonally averaged distribution of velocity be considered in order to characterize the normal
bu!et velocity. This aspect could be accounted for in the next generation of this work, which
could employ a cinema version of particle image velocimetry to determine the space}time
variations of both the vertical and horizontal velocity "elds as a basis for the implementa-
tion of a model for the bu!et loading.
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Figure 5(a). Patterns of positive (thick line) and negative (thin line) vorticity for pitching motion of delta wing in
the presence of the impingement plate. Minimum and incremental values of instantaneous vorticity are
�

���
"$1.5 s�� and ��"0)75 s��, respectively. Mean angle-of-attack of delta wing �� "303 and amplitude of

pitching motion is �
�
"103. The reduced frequency is k"�f

�
C/;

�
"0)74 and dimensionless time t*"t;

�
/C.
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Figure 5(b). Patterns of positive (thick line) and negative (thin line) vorticity for pitching motion of delta wing in
the absence of the impingement plate. Minimum and incremental values of instantaneous vorticity are
�

���
"$1)5 s�� and ��"0)75 s��, respectively. Mean angle-of-attack of delta wing �� "303 and amplitude of

pitching motion is �
�
"103. The reduced frequency is k"�f

�
C/;

�
"0)74 and dimensionless time t*"t;

�
/C.
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Figure 6(a). Cross-section of vortex breakdown}plate interaction at a location 0.185¸
�
downstream of the

leading-edge of the plate, corresponding to the thin vertical line in Figure 5a. Delta wing is pitching at reduced
frequency k"�f

�
C/;

�
"0)74. Instantaneous vorticity contours (left column) and averaged vorticity contours

(right column) are represented as a function of angle-of-attack � of the wing and dimensionless time t*"t;
�
/C.

Patterns of positive (thick line) and negative (thin line) vorticity are depicted. Minimum and incremental values of
instantaneous vorticity are, respectively, �

���
"$1 s�� and ��"0)5 s��; and of averaged vorticity ��� are

��
���

�$0.5 s�� and ����"0)35 s��. Mean angle-of-attack and pitching motion amplitude of delta wing are
�� "303 and �

�
"103.
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Figure 6(b). Cross-section of vortex breakdown}plate interaction at a location 0.185¸
�
downstream of the

leading-edge of the plate, corresponding to the thin vertical line in Figure 5a. Delta wing is pitching at reduced
frequency k"�f

�
C/;

�
"0)74. Instantaneous vorticity contours (left column) and averaged vorticity contours

(right column) are represented as a function of angle-of-attack � of the wing and dimensionless time t*"t;
�
/C.

Patterns of positive (thick line) and negative (thin line) vorticity are depicted. Minimum and incremental values of
instantaneous vorticity are, respectively, �

���
"$1 s�� and ��"0)5 s��; and of averaged vorticity ��� are

��
���

�$0.5 s�� and ����"0)35 s��. Mean angle-of-attack and pitching motion amplitude of delta wing are
�� "303 and �

�
"103.
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