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Fig. 2 Averaged drag coefficient of circular cylinder with splitter plates
of various lengths: filled symbols, splitter plate fixed at 0 deg and open
symbols, splitter plate free to rotate (size of symbol represents approx-
imate accuracy of measurement; multiple data points at same LID are
for runs on different days).

whether the splitter plate was fixed at 0-deg angle of attack or free
to rotate. In both cases, CD decreased rapidly up to L/D — 1, lev-
eled off around 2 < L/D < 3, and then decreased slowly at higher
L/D.

Discussion
For the first time, drag measurements have been obtained on a

freely rotatable cylinder/splitter-plate body. It has been shown that
the splitter plate reduced the drag significantly, with drag reduc-
tion increasing with splitter-plate length, just as in the case of a
nonrotatable cylinder with splitter plate attached at 0 deg. In fact,
there was very little difference between the drag on the cylinder
with splitter plate attached at 0-deg angle of attack, and that on the
cylinder/splitter-plate body free to rotate. This is consistent with the
wake measurements and flow visualizations of Cimbala and Garg,6
who reported that splitter plates larger than about 2 cylinder diame-
ters had nearly the same effect on the wake of the cylinder regardless
of whether rigidly attached or free to rotate.

For the bare-cylinder case (no splitter plate), our measured CD
is about 1.17, lower than the 1.24 reported by Apelt et al.3 Both of
these are somewhat high compared to that reported by Schlichting10

in this Reynolds number range, i.e., around 1.12 for a smooth bare
cylinder. With the addition of splitter plates, however, the present
data are consistently higher than those of Apelt and co-workers.3'4
There is also a dip in their drag coefficient between 0.5 < L/D < 2,
which did not appear in the present data, although CD did tend to
level off somewhat in this L/D range. The reasons for these discrep-
ancies are discussed now. Model blockage in the wind tunnel was
about 6% for the present experiments, the same as that of the water-
tunnel experiments of Apelt and co-workers,3'4 and neither set of
data was corrected for blockage. The aspect ratio of the model used
by Apelt et al.3 was 20.6, whereas the total aspect ratio of the present
model was 16. Thus, neither tunnel blockage nor aspect ratio should
have played a significant role in the differences between the two ex-
periments. The discrepancies in the two sets of data may be because
Apelt et al.3 calculated drag solely from pressure measurements on
the body, whereas total drag (both pressure drag and skin friction
drag) were measured in the present experiments. White1! shows that
for a bare circular cylinder, skin friction drag accounts for only about
3% of the total drag. This is not enough to bring the data of Apelt et
al.3 up to the level of the present experiments. However, additional
skin friction drag would be caused by the splitter plate itself, and
this was not accounted for by either Apelt et al.3 or Apelt and West.4

Conclusion
In summary, for engineering applications where it is desirable to

reduce the drag on a cylinder, but where the freestream flow direction
is not fixed, or not known a priori, a freely rotatable splitter plate
can provide nearly the same drag reduction as can a fixed splitter
plate, even though it migrates to an angle not in line with the flow.
A freely rotatable splitter plate, mounted to a cylinder, therefore has
potential as an omnidirectional drag-reducing device.
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Interactions of a Vortex with
an Oscillating Leading Edge
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Introduction

IMPINGEMENT of coherent vortical structures upon airfoils and
blades occurs in a variety of flow configurations, including wings

and tails of aircraft and blades of turbomachinery, helicopters, and
wind turbines.

When a vortex interacts with a surface, it induces pressure fluc-
tuations, which serve as the origin of unsteady loading and noise
generation. The unsteady loads may be of the same order as, or even
surpass, steady loads and can lead to early failure of an airfoil or
blade. The associated noise generation often exceeds design limits
and severely threatens system operation. Moreover, the overall sys-
tem performance, based on steady-state criteria, is often degraded.
An understanding of the flow physics of these vortex-surface inter-
actions is therefore crucial.

The theoretical study of Rogler1 and the experimental investi-
gations of Gursul and Rockwell,2 Kaykayoglu and Rockwell,3 and
Booth4 show that the magnitude of the pressure fluctuation p due
to vortex interactions is greatest at the leading edge of the surface.
Rogler,1 Gursul and Rockwell,2 Kaykayoglu and Rockwell,3 and
Wilder5 indicate that the nature of the incident vortex, namely scale A
and circulation F, as well as its transverse offset 8 from the lead-
ing edge, strongly influence p. Ziada and Rockwell,6 Kaykayoglu
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a) Stationary leading edge at an angle of attack a = 0 deg

b) Oscillating leading edge at a = 0 deg during its upstroke in phase (</> = 0 deg) with the upstream airfoil

c) Oscillating leading edge at a = 0 deg during its downstroke, corresponding to out-of-phase
((/> = 180 deg) motion of the upstream airfoil

Fig. 1 Instantaneous vorticity distributions (left column) and streamline patterns (right column). Contours of positive vorticity, corresponding to
counterclockwise rotation, are denoted as solid lines, whereas negative vorticity is represented by dashed lines. The minimum contour level is |cjmjn |
= 10 s"1; incremental contour levels are for negative vorticity, Au; = 20 s"1, and for positive vorticity, Au> = 40 s"1.

and Rockwell,3 Nakagawa,7 and Wilder5 observed secondary vortex
formation and shedding during vortex-edge interactions; Kaykayo-
glu and Rockwell3 and Wilder5 found p to be greatest during sec-
ondary vortex shedding. Furthermore, Ziada and Rockwell6 found
the amplitude of the induced force on the leading edge depends
strongly on secondary vortex shedding. These results suggest that
generation of a secondary vortex strongly correlates with the in-
duced force on the edge. In fact, generation of a secondary vortex
is an inherent feature of vortex-surface interaction, even when the
surface is of infinite extent, as assessed by Doligalski et al.8 and
Smith et al.9

The foregoing investigations have focused on stationary surfaces
or edges. Relatively little is understood of the effects of controlled
oscillation of an edge. Kaykayoglu,10 using qualitative visualiza-
tion, showed that a variety of vortex patterns can be generated in
a mixing layer-edge system. Staubli and Rockwell11 relate quali-
tative dye visualization of a jet-oscillating edge interaction to large
variations of the magnitude and phase of the surface pressure on the
edge.

A major, unclarified issue that emerges from all of the forego-
ing investigations is the degree to which the generation of vortic-
ity concentrations from a perturbed edge can be altered by con-
trolling the phase shift between an incident vortex and the edge
motion. This study addresses the detailed structure of the inter-
action of an incident vortex with a leading edge that is oscillat-
ing at the frequency of the incident vortex street. Instantaneous
streamline patterns and vorticity distributions allow characteriza-
tion of the mechanisms of interaction as a function of the timing,
or phase shift, of the incident vortex relative to the motion of the
edge.

Experimental System and Techniques
Experiments were conducted in a recirculating, free-surface water

channel. The transparent Plexiglas® test section had a cross section
of 597 x 933 mm and a length of 4000 mm. The nominal water
depth was maintained at 540 mm.

A NACA 0012 airfoil having a chord of 76 mm generated the
incident vortex system. It was located upstream of a tapered flat



2450 AIAA JOURNAL, VOL. 34, NO. 11: TECHNICAL NOTES

plate having a chord of 152 mm. Both the airfoil and plate were
oriented horizontally in the channel at a depth of 260 mm beneath
the free surface. A freestream speed of U = 152 mm/s yielded a
Reynolds number Re = 2.6 x 104, based on the flat plate chord
C. The upstream airfoil was oscillated about its leading edge at
a reduced frequency k — coC/211 — 5 and generated a phase-
locked vortex street that convected downstream and impinged upon
the leading edge of the flat plate, which also oscillated at reduced
frequency k — 5 and amplitude of ±5 deg. Using this approach,
it was possible to maintain a defined phase shift 0 between the
oscillating airfoil and the plate, which corresponded to a prescribed
time of arrival of the incident vortex, relative to the motion of the
leading edge of the plate.

A laser-scanning version of high-image-density particle image
velocimetry was used to obtain the instantaneous velocity field over
an entire plane intersecting the leading edge of the plate. Instanta-
neous vorticity distributions and streamline patterns could then be
calculated. A full description of this experimental approach is given
by Rockwell et al.12-13 and Rockwell and Lin.14 The laser-scanning
system employs a 4-W argon-ion laser beam that is deflected by
a rotating, 72-facet mirror, producing a scanning laser sheet that
illuminates seeding particles in the flow. These particles are silver-
coated, hollow glass spheres with an average diameter of 14 /z and
density of 1.65 g/cm3. The flowfield illuminated by the laser sheet
is captured on high-resolution 35-mm Kodak TMAX 400 film by a
Nikon F4 camera with a 2X teleconverter and Micro 105-mm tele-
photo lens combination. The lens system has a magnification factor
M = 1:1.5. Directional ambiguity is avoided by employing a bias
mirror immediately in front of the camera lens. The 35-mm film
negatives are digitized at a resolution of 125 pixel/mm and then in-
terrogated using a window size of 100 x 100 pixels (0.8 x 0.8 mm)
in which a single-frame, cross correlation within each window is
performed. The interrogation continues for the entire image by over-
lapping the windows 50% and produces a vector field with a grid
spacing of 0.6 mm in the plane of the laser sheet. The estimated
uncertainties of the velocity and vorticity are within 0.5 and 4%,
respectively.

Results
Figure 1 shows instantaneous vorticity distributions and corres-

ponding streamline patterns for the stationary leading edge at an
angle of attack a = 0 deg (Fig. la) and for the oscillating lead-
ing edge at a & 0 deg during its upstroke (Fig. Ib), in phase
(0 = 0 deg) with the upstream airfoil, and during its downstroke
(Fig. 1 c), corresponding to out-of-phase (0—180 deg) motion of the
airfoil.

In all cases, a large-scale vortex of negative (clockwise) vorti-
city (dashed lines) is incident upon the leading edge. It occurs at
approximately the same position in Figs, la-lc. The circulation of
the incident vortex is defined as F* = r/nUX, in which U is the
freestream velocity and A is the wavelength of the incident vortex
street. The circulation was determined by performing the classical
line integral about the contour defined by the lowest level of vorticity.
For cases in Figs, la, lb,andlc,T* = -0.082, -0.081, and -0.081,
respectively.

For the stationary edge (Fig. la), both a secondary vortex of pos-
itive vorticity (solid lines) and a tertiary vortex of negative vorticity
are evident along the lower surface. These vortices have values of
r* = 0.057 and -0.003, respectively. The streamline pattern corre-
sponding to the secondary vortex exhibits inward-spiraling stream-
lines, i.e., a stable focus.

For the oscillating edge, at <p — 0 deg (Fig. Ib), both a secondary
and tertiary vortex are visible on the lower surface of the edge in the
vorticity plots. Relative to the stationary edge of Fig. la, they have
a much larger scale, suggesting that their values of circulation are
substantially larger than those of Fig. la. In fact, the values of F*
for the secondary and tertiary vortices are 0.142 and —0.027; these
values therefore exceed the corresponding ones from the stationary
edge by factors of approximately 2.5 and 9.0. The small-scale sec-
ondary vortex initially shed from the tip of the edge in Fig. Ib is
severed from the major secondary vortex by formation of the ter-
tiary vortex. The streamline patterns also reveal these features of the

secondary vortex/tertiary vortex interaction. Both the small-scale
and major secondary vortices exhibit outward-spiraling streamlines
corresponding to an unstable focus.

When 0 = 180 deg, corresponding to Fig. Ic, the vorticity has a
relatively low level and is distributed nearly symmetrically along
the upper and lower surfaces of the edge. Neither secondary nor
tertiary vortices are formed, confirmed by the corresponding stream-
line patterns.

Conclusions
Oscillations of a leading edge, involving a controlled phase shift

between the incident vortex and the edge motion, can dramatically
alter the patterns of vortices in the vicinity of the leading edge.
The degree of phase shift influences the development of secondary
and tertiary vortices from the tip of the edge, and proper choice of
this shift can actually preclude their generation. The original inves-
tigation of this interaction showed that formation of a secondary
vortex was coincident with larger magnitudes of induced force on
the leading edge. Its elimination may therefore significantly alter
the magnitude of the loading on the edge. This observation suggests
the phase of the leading-edge oscillation can potentially be used as
a means of controlling vortex-blade interactions.
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