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Introduction

T HE extension of an airplane's performance envelope into
the high angle-of-attack region to improve maneuvera-

bility often carries the penalty of undesirable instabilities. One
frequently encountered lateral instability is the limit-cycle roll
oscillation, "wing rock," which is driven by strong, concen-
trated vortices originating from the leading edges of highly
swept lifting surfaces.!~8 Mathematical models9"17 at various
levels of complexity have clarified the role of these vortices
in driving the rolling motion. Simultaneously accumulated
experimental evidence18-19 indicates that a wing's rolling mo-
ment can be affected by mechanical or pneumatic manipu-
lation of these vortices. Since these vortices generate the much
needed high-lift coefficients at larger angles of attack, it is
logical to assume that control of this undesirable roll oscil-
lation is possible by manipulating the strength and/or location
of the vortices18"20 that cause the wing rock.

In the present study, a simple flap system was incorporated
into the front section of a slender double-delta wing where
the leading-edge vortex motion could be influenced by moving
these flaps (Fig. 1). Since analytical studies21 on the control
of wing rock indicate that a feedback of the roll oscillation
rate, or a frequency shift between the wing motion and the
control device, can generate damping of the motion, the pro-
posed flap system was activated (mechanically) at the same
frequency of the rolling motion. Also, instead of feeding back
the roll rate, a relative phase shift (between the oscillatory
motions of the flaps and wing) was imposed due to the me-
chanical simplicity required for such a wind-tunnel model.

Experimental Apparatus
A schematic description of the "free-to-roll" wind-tunnel

model is shown in Fig. 1 (top) and additional geometrical
details of the model are provided in the bottom of Fig. 1.
Each leading-edge flap was mounted on two roller bearings
to reduce friction, and the size of these bearings dictated the
wing thickness. Intuitively, the flaps should have been placed
at the most forward position, starting at the apex, but because
of the large size of the bearings the flaps were moved ap-
proximately 45% of the chord behind the appex. Conse-
quently, to increase the likelihood of being able to manipulate
leading-edge vortex location by such simple leading-edge flap
deflections, a double-delta wing shape was used. This choice
is based on experimental evidence22"24 indicating that a second
vortex forms near the leading-edge break point and, there-
fore, the flaps were placed behind this point. (As most high-
speed airplanes have thin, highly swept strakes that cannot
house movable control surfaces, the above placing permits
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the flaps to be placed in the thicker wing section of an actual
airplane, just behind the strakes.)

The mounting of the model in the test section was similar
to that used in most free-to-roll experiments.1"3'7 The poten-
tiometer for measuring the angular position and the bearings
were mounted inside a central cylinder, as shown in Fig. 1.
Friction due to the bearings and flap actuating mechanism
was small compared to the aerodynamic moments and it was
on the order of 0.1 N- cm [which is less than Cl = Moment/
(\pVlSb) « 0.001, at Vx = 36 m/s].
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Fig. 1 Three-quarter view of the wing-rock model and its principal
dimensions (dimensions in mm).
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Fig. 2 Definition of the phase shift (<p) between wing roll angle <£,
and flaps deflection 8. The mechanical flap-actuating linkages are
shown schematically on the upper part of the figure.
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The wind tunnel (closed-return type) has an inlet contrac-
tion ratio of 1:7 and has test-section dimensions of 0.81-m
high and 1.15-m wide. Model to test section frontal-area cross
section ratio was less than 3% for a — 45 deg, and therefore,
no wind-tunnel blockage corrections were applied to the data.
(Ref. 25 suggests 7.5% as the maximum allowable blockage.)
Test speeds varied between 17-36 m/s, corresponding to Rec
« 0.11 x 106 to 0.23 x 106, where the Reynolds number is
based on the wing's chord. Since the model's leading edges
were sharp (Fig. 1), it is believed that the effect of Reynolds
number is relatively small, and therefore, the results of this
test can be considered to be relevant to larger Reynolds num-
bers.

The mechanical actuators and the two rods were connected
to an external cylinder (which did not rotate with the wing)
and are shown schematically in the upper portion of Fig. 2.
This external cylinder allowed adjustment of the phase shift
(by changing the angular position of the external cylinder)
between the wing and the flaps' oscillatory motions. The phase
shift 9 between the oscillatory motions of the two flaps and
the wing is defined in the lower part of Fig. 2; e.g., if cp = 0
the maximum flap deflection 8max is reached at the maximum
roll angle <f>max. Through the mechanical flap actuators (shown
in Fig. 2), the flap amplitude 8max depended on the roll angle
amplitude <f>max and the phase shift 9. Positive flap deflection
(for the right side) was measured in the direction of the rolling
angle (shown in Fig. 1, top); thus, Fig. 2 depicts the positive
deflection for both flaps (e.g., right flap down and left flap
up). Note that the flap angle variation was close to, but was
not a pure sinusoidal oscillation because of the simple linkage
geometry (shown in Fig. 2).

Experimental Results
The double-delta wing model with locked flaps (at 8 = 0

deg, flush with the wing) did exhibit self-induced roll oscil-
lations within the angle of attack range of 20 deg < a < 45
deg. During these experiments all flap actuating linkages were
connected so that the damping effect due to mechanical fric-
tion (when comparing with the moving flap case) would be
minimized. Then for the roll damping experiments a flap angle
8 and a phase shift <p could be selected by adjusting the length
or position of the control rods (see Fig. 2) until a significant
reduction in the roll angle amplitude was observed. These
observations indicated that with the present flap system the
most effective damping (judging by the reduction in roll am-
plitude) was obtained when the flap motion was in phase (9
~ 0 deg) or in antiphase (9 ~ 180 deg). Consequently, the
investigation was centered around these phase shift values.

To demonstrate the effect of the flap system on the free-
to-roll oscillations, the roll angle history with and without
activating the flaps is presented in Fig. 3. The largest roll
angle amplitude for the wing without the flaps was observed
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Fig. 3 Effect of the moving flaps on the roll angle amplitude during
the self-induced oscillations.

at about a — 25 deg, and when activating the flaps, the largest
reduction in these roll angle amplitudes was obtained at a
phase shift of 9 = 15 deg. Therefore, the data presented in
Fig, 3 represent the most effective rolling moment amplitude
reduction observed throughout this experiment.

The roll angle variation for the basic wing with fixed flaps
(nonmoving at 8 = 0 deg) is shown at the left side of Fig. 3.
By oscillating the flaps at the same frequency of the roll os-
cillations, with an amplitude of 6max = 15 deg, the roll-angle
amplitude was reduced considerably. Over an extended time
period the wing showed limited bursts of roll oscillations, as
shown in the center of Fig. 3, possibly due to flow disturbances
(after which the rolling motion would almost stop until the
next flow disturbance would initiate another such perturba-
tion).

Limited flow visualization (mainly with tufts) indicated that
because of the thick wing and the large bevel angle of the
wing leading edge, the flap vortex was interacting in a complex
manner with vortices originating at the leading-edge sections
ahead of and behind the flap and with those originating at
the gap caused by the flap deflection. In an effort to achieve
a simpler vortex structure, the wing was inverted so that mainly
two dominant leading-edge vortices (per side) will be present,
and the flap amplitude was reduced to 5max = 10 deg. The
results for this case are presented at the right side of Fig. 3
showing that the roll-oscillation amplitude became even smaller
(note that for the inverted wing, with 6 = 0, the oscillation
amplitude levels were lower than those presented at the left
side of Fig. 3, and for this case <£max ~ 15 deg).

The achieved reduction of the self-induced oscillation am-
plitude with the present wing/flap system is summarized in
Fig. 4. The dashed horizontal line depicts the oscillation am-
plitude observed with flaps taped to the wing at d = 0 deg
(see left side of Fig. 3). The oscillation amplitudes for the
"flaps-up" case (explained in the next paragraph) were very
close to the value obtained with the flaps at 8 = 0 deg, shown
by the dashed line, whereas for the inverted wing case, <l>max
was —15 deg as noted before. In general, the best amplitude
reductions were obtained with a phase shift of 9 = -15 deg
or 9 = 180 - 15 deg =165 deg, but other ranges of sizable
amplitude reduction are visible. For the larger angles of attack27

the relative amplitude reduction is smaller due to the initially
smaller roll angle amplitudes.

The basic approach of this study was to seek a simple method
to disturb the leading-edge vortex location by the two movable
flaps. The large wing thickness and leading-edge bevel seemed
to reduce the effectiveness of the flaps, and therefore, the
two flaps were raised by 20 deg into the flow (such that at O
= 0 and 9 = 0, 8 = 20 deg at the left side and 8 = -20
deg at the right side) so that they will be closer to the vortex
originating at the apex. This case was somewhat more effec-
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Fig. 4 Effect of the flaps and the phase shift on the roll angle am-
plitude during the self-induced oscillations.
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tive in reducing the oscillation amplitudes and the correspond-
ing results are represented by the circles in Fig. 4.

The inverted wing with the planar upper surface presents
a case where the flaps' leading edge is closer to the vortices
originating from the leading-edge portion ahead of the flaps.
Consequently, for this configuration, smaller oscillation am-
plitudes are expected (indeed, as shown by the diamond sym-
bols in Fig. 4) due to the larger effect of the flap motion.
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Effects of Wing-Tip Vortex Flaps
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Nomenclature
AR = aspect ratio, b2/S
b = wing span
CD = drag coefficient, drag/^5"
CL = lift coefficient, \\iilqS
CLa = lift curve slope
CM — pitching moment coefficient, moment/'qSc
c = reference chord
e = Oswald efficiency factor
q = dynamic pressure of freestream
S - projected planform area
a = angle of attack
8F = wing tip vortex flap angle

Subscripts
cdmin = lift coefficient at which minimum drag occurs
min = minimum drag coefficient
0 = zero lift

Introduction

T HE trailing vortex system of a finite lifting wing induces
a down wash, and as a consequence a rotation of the

freestream velocity vector giving rise to vortex drag.
The importance of wing tip geometry in the generation of

vortex drag has propagated several tip-mounted drag reducing
devices aimed at improving wing efficiency. Successful con-
cepts include winglets1"3 and tip sails.4'5

Recently, the planar sheared tip has received attention, and
its most extreme application (the planar crescent wing) is
attributed with a theoretical efficiency exceeding that of a
wing with elliptic loading.6 Vijgen et al.7 reported in an in-
vestigation of sheared tip aerodynamics, an increase in both
(L/D)max and aerodynamic efficiency for sheared wings over
a comparative basic wing. Naik et al.8 in comparing a high-
aspect ratio wing with a rectangular, elliptic, and a sheared
tip, reported the lowest Oswald efficiency factor for the sheared
tip. These contradictory results suggest that the performance
of sheared tips has not been fully characterized. The drag
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