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Experimental investigation of small-aspect-ratio rectangular wings mounted on a free-to-roll sting balance
indicated that self-induced roll oscillations are possible when the aspect ratio of such wings is less than 0.5. The
oscillations are probably driven by the periodic changes in the location and strength of the side-edge vortices,
as it has been shown for the ‘‘wing rock’’ of delta wings, where similar changes in the leading-edge vortex
strength and position cause the roll oscillations. During the roll-oscillation cycle, the roll angle, normal force,
and the side force were recorded and presented for three wings with aspect ratios of 0.25, 0.35, and 0.47. These
data indicate that the lift loss during roll oscillations of rectangular wings is less than what was measured for
similar delta wings. Also, the flowfield of such slender rectangular wings at high angles of attack is more
complicated than the flowfield over slender delta wings, due to the additional leading-edge vortex.

Introduction

7' LOW-INDUCED oscillations of slender configurations,
A usually at high angles of attack, have been known to exist
and mostly were avoided by excluding this angle-of-attack
range from the flight envelope. At these high angles of attack,
however, leading-edge (LE) vortices orginating from highly
swept, slender lifting surfaces are capable of generating much-
needed high-lift coefficients. Therefore, in many situations it
would be advantageous to operate within this high-angle-of-
attack range if some unintended instabilities, such as the limit-
cycle roll oscillation or “‘wing rock,” could be avoided. As a
first step in developing control devices that will eliminate the
self-induced oscillations, an effort was made to study the aero-
dynamic phenomena driving the roll oscillations. Most of these
wind-tunnel experiments'~® concentrated on simple wing
geometries, such as the delta wing, and measured various
parameters, such as frequency, amplitude, and aerodynamic
loads. Based on these experimental observations, mathemat-
ical models’-'* of various complexity were developed to pre-
dict the envelope of self-induced roll oscillations, mainly in
terms of leading-edge-sweep angle and the angle of attack.

Because wing rock is most likely to influence the high-angle-
of-attack performance of a landing slender supersonic air-
plane, or a sharply maneuvering missile or fighter airplane
with highly swept back strakes, most previous studies focused
on such wing shapes (e.g., on delta wings). As a result, the
leading-edge-sweep angle and the angle of attack were con-
sidered to be the dominant parameters in defining the en-
velope of self-induced roll oscillations (and even some max-
imum wing-sweep angles were quoted for possible limit-cycle
oscillations).

In the present study it is demonstrated that the self-induced
oscillations can be initiated by the interaction between con-
centrated vortices and a lifting surface that does not have a
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delta shape. In cases where the leading or side-edge vortex
length is larger than the wing span, such instabilities can de-
velop and if the wing damping is insufficient a limit-cycle roll
oscillation will develop. For example, trailing-edge vortices
of a canard® can induce roll instabilities on a wing placed
downstream. Similarly, the side-edge vortices of a rectangular
wing can induce roll oscillations when the wing aspect ratio
becomes sufficiently small.

Consequently, for this experiment, several low-aspect-ra-
tio, rectangular wings were examined in a free-to-roll test. It
was found with this particular experimental setup that rec-
tangular wings having an aspect ratio (AR) of less than 0.5
did exhibit continuous, limit-cycle, self-induced roll oscilla-
tions. These rectangular wing shapes were previously consid-
ered to be insensitive to limit-cycle oscillations, but based on
the results of this study, it seems that for these self-induced
oscillations of a lifting surface, wing aspect ratio is the dom-
inant parameter and not leading-edge sweep.

Experimental Setup

The one-degree-of-freedom wing-rock experiment is de-
scribed schematically in Fig. 1. The wing was mounted on a
sting support in a free-to-roll manner by two low-friction bear-
ings located inside the central cylinder (bearing friction was
on the order of 0.002 N-cm). The aerodynamic loads were
measured by a six-component balance located inside the cen-
tral cylinder, behind the bearings. The balance was attached
to the sting support and did not rotate with the wing. During
the experiment the normal, axial, and side forces and the
pitching and yawing moments were recorded in the sting bal-
ance frame of reference. The accuracy of the balance was
better than =0.05 N for the force components and better than
+0.3 N-cm for the moment components (in general, these
values were less than 2% of the maximum loads during the
experiment). Because the wing was free to roll, the rolling
moment could not be measured directly, but the roll angle ¢
was recorded by a potentiometer located inside the cylinder
ahead of the balance (see Fig. 1). Because wing roll damping
increases with aspect-ratio, four flat-plate wings with aspect
ratios of AR = 0.25, 0.35, 0.47, and 0.63 were fabricated for
this test, but only the first three (shown in Fig. 2) would exhibit
self-induced roll oscillations. Therefore, experimental data on
the fourth wing is not presented. Based on the “‘wing rock™
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Fig. 1 Schematic description of the free-to-roll experiment.
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Fig. 2 Dimensions (in mm) of the three wing models.

characteristics of these four wings, we can conclude that rec-
tangular wings with aspect ratios of AR > 0.5 are unlikely to
undergo self-induced limit-cycle roll oscillation.

The open return wind tunnel used for this test has an inlet
contraction ratio of 1:25 and test-section dimensions of 1 X
1 m. Test speeds varied between 10-20 m/s, corresponding
to Re. = 0.15 x 10° to 0.57 x 10° where the Reynolds
number is based on the corresponding wing chord. Because
the leading edges of the models shown in Fig. 2 were sharp,
it is believed that the effect of Reynolds number is relatively
small and, therefore, the results of this small-scale testing are
relevant to larger flight speeds and wing planforms.

Static Measurements

Prior to the free-to-roll tests, the static aerodynamic loads
vs angle of attack were measured for the three rectangular
wings. For these tests, the bearings were locked so that the
wing was rigidly mounted to the internal balance. As an ex-
ample, the normal-force coefficient C, vs angle of attack o
for the three wings is presented in Fig. 3. Each symbol on the
figure represents the average value of 200 individual load
readings of the six-component balance. For comparison, the
“linear”” normal-force coefficient slopes are presented for the
low-angle-of-attack range. These curves represent the normal
force due to attached flow on the wing and were obtained by
a vortex-lattice method,' using a 6 x 6 grid per semispan.
When comparing the experimental values of the normal force
with the potential flow results, it becomes evident that the
lift of small-aspect-ratio rectangluar wings is considerably
larger'¢ than predicted by linear theory. This is a result of the
strong side-edge vortices, which are shown schematically in
Fig. 4. Reference 16 also presented results for the effect of
side edge vortex lift, which accounts for most of the lift of
the small aspect ratio rectangular wing. In this particular case,
the wing leading edge was sharp (see Fig. 2) and a bubble-
shaped separated-flow region was visible (by smoke flow vis-
ualization) near the leading edge for angles of attack larger
than 15 deg. Closer observation of this leading-edge separa-
tion indicated that it bears some similarity to the mushroom
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Fig. 3 Measured normal force (static) vs angle of attack for the three
rectangular wings (‘‘linear lift’’ indicate results obtained by potential-
flow methods’*).
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Fig. 4 Schematic description of the leading- and side-edge vortices,
as were observed during flow visualizations (using both smoke and
helium/soap bubble seeding).
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Fig. 5 Effect of leading-edge shape on the normal force of a slender
rectangular wing (AR = 0.35).

shape observed!” by surface-oil flow visualizations on larger-
aspect-ratio rectangular wings. Figure 4 shows the average
shape of this leading-edge bubble but periodic wake shedding,
similar to the case of two-dimensional leading-edge separation'®
was present.

The leading-edge shape has been known to affect leading-
edge (or side-edge) separated vortex strength!'® and vortex
strength, usually, influences the aerodynamic loads. The or-
der of magnitude of this effect is depicted by Fig. 5, which
compares the normal-force coefficient obtained for wing 2
(AR = 0.35) in its standard position (see Sec. AA, in Fig.
2) and in its inverted position. This trend is very similar to
the results obtained with inverted low-aspect-ratio rectangular
wings'® and delta wings'® having the same leading-edge ge-
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ometry. It is interesting to point out that the stronger side-
edge vortex in the “standard position™ case results in a delay
in the wing stall (or vortex burst) and this wing generates
more lift (or Cy) throughout the whole range of a.

In conclusion, the side-edge vortices of slender rectangular
wings have a strong effect on the aerodynamic coefficients.
The normal force is considerably increased by these side-edge
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Fig. 6 Angle of attack and maximum roll angle range of the roll
oscillations as observed during the present experiment (autorotation
means that the wing continuously rotates in one of the directions).
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Fig. 7 Range of reduced frequencies observed during the present
experiment.

vortices in the same manner as observed with low-aspect-ratio
delta wings.

Free-to-Roll Tests

For the dynamic tests, the model was mounted in the wind
tunnel, as shown schematically in Fig. 1. During the test, the
model’s angle of attack was increased at a given airspeed V.,
until a self-induced limit-cycle roll oscillation would develop
(as indicated by the arrow in Fig. 1). Once the periodic os-
cillations developed, the angle of attack could be varied slightly
within this ‘“‘wing rock” range, which is shown in terms of
angle of attack and maximum roll-angle amplitude for the
three wings in Fig. 6. This range seemed not to depend on
the direction of angle-of-attack sweep or on air speed, within
the limited envelope of the experiment, and to depend mainly
on angle of attack (this is an indication of lack of dependence
on Reynolds number for the leading-edge and side-edge vor-
tex lift). The wing with the highest aspect ratio of 0.47 had
the narrowest range (27 deg < a < 30 deg) for continuous
roll oscillations, as shown by the solid line in Fig. 6. The
dashed lines indicate the maximum roll angle ¢,,,, observed
for this wing during random oscillations, which did not de-
velop into steady periodic oscillations. These oscillations were
random in their occurrence and not chaotic, moreover the
frequency of their damped oscillations was close to the range
presented in Fig. 7. As the wing aspect ratio becomes smaller,
roll damping is reduced, and angle-of-attack range of self-
induced oscillation increases. For wing No. 1 (AR = 0.25)
the roll-angle amplitudes rapidly increased and at angles of
attack of over 50 deg, the oscillations often turned into a
steady spinning in one direction (autorotation).

The reduced frequency of the observed oscillations is shown
in Fig. 7 and its magnitude is similar to values presented for
delta wings in “‘wing rock” experiments.> As the wing aspect
ratio was reduced from 0.47 to 0.37, the oscillation frequency
increased. However, for the smallest-aspect-ratio wing, no
additional increase in the reduced frequency was observed.
It seemed that near the maximum roll-angle amplitude for
this case (®,,., is over 50 deg in Fig. 6) the motion was some-
what delayed and this caused the lower (than expected) os-
cillation range for this wing.

Typical dynamic results for the roll angle and side and
normal force, as a function of time, are presented for the wing
with AR = 0.35 in Figs. 8-10 (for three angles of attack).
The roll angle data have a smooth sinusoidal shape whereas
the aerodynamic-load data are less smooth. The symbols in
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Fig. 9 Roll-angle, side-force, and normal-force variation during the wing rock cycle (AR = 0.35, @ = 35 deg).
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Fig. 10 Roll-angle, side-force, and normal-force variation during the wing rock cycle (AR = 0.35, @ = 40 deg).
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Fig. 11 Typical hysteresis loop of the rolling moment during the wing
rock cycle.
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Fig. 12 Typical side-force-coefficient hysteresis loop during the wing
rock cycle.
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Fig. 13 Typical normal-force-coefficient hysteresis loop during the
wing rock cycle.

the load data represent the measured value of the load and
they are connected by straight line segments that indicate the
sequence of the data (hence, cannot be considered as a curve
fit for the data). The side force in general follows the pattern
of the roll angle and near the maximum amplitudes the curve
is less smooth, which is an indication of possible hysteresis
there. The normal force oscillates at twice the frequency of

the roll oscillations because the rolling motion either from
left to right or from right to left will result in a complete
normal-force cycle. So when the wing rotates from — ¢,,,, to
+ ¢max> ONE complete cycle of the normal force and only one-
half of the roll-oscillation cycle has been completed. Also,
the average dynamic normal force in Figs. 8-10 is less than
the corresponding static force. This is mainly a result of the
force normal to the wing being multiplied by cos¢ and also
due to a larger average distance between the wing and the
side-edge vortices in the dynamic case (when compared with
the static data).

To investigate the phase relation between the roll angle ¢
and the aerodynamic loads, the hysteresis loops of Figs. 11—
13 are presented. Here, for briefness, only the data for wing
2 (AR = 0.35) at @ = 35 deg are provided, but these data
are representative of the other wings.

The normal-force and side-force hysteresis loops clearly
indicate that both clockwise and counterclockwise loops exists
in the aerodynamic loads. The direction of the roll angle
variation is depicted by the small arrows and it seems that
there is a change in the direction of the hysteresis loops near
the maximum roll angle amplitude range. In order to identify
clearly the roll angle range where the oscillations are damped
or driven, the rolling-moment hysteresis loop of Fig. 11 was
indirectly constructed. The one degree-of-freedom equation
of motion for the free-to-roll wing can be presented as

where [, is the wing inertia, p is the air density, and S and
b are the wing area and span, respectively. Once the roll angle
(1), as presented in Figs. 810, is differentiated twice (nu-
merically) the rolling moment C, can be calculated from this
equation and a hysteresis loop, such as those presented in
Fig. 11, can be constructed. (Note that here C, includes in
addition to the aerodynamic moments, the damping due to
the bearing friction.) Now, if we consider a positive rolling
angle and moment, as indicated in Fig. 1, then a clockwise
loop in the hysteresis loop represent an area where work is
added to the system (the oscillations are being driven). Figure
11 indicates that this condition exists near the wing leve!l po-
sition (when ¢ is close to zero). Similarly a counterclockwise
loop indicates that work is consumed by the system and the
motion is being damped (near the maximum roll angle re-

gion).

Discussion

Flow visualizations with helium/soap bubbles, laser sheet,
and smoke revealed that the vortex structure shown sche-
matically in Fig. 4 also existed during the dynamic tests. The
large leading-edge separation bubble would pulsate with time,
but this frequency was much larger (by more than one order
of magnitude) than the “‘wing rock frequency.” Also, the two
side-edge vortices were visible and they oscillated up and
down (relative to the wing) with the same frequency, but with
a phase shift, in a manner similar to what is described in the
literature for delta wings (for more information about the
dynamic wake position on delta wings see, for example, Ref.
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Fig. 14 Comparison of the normal-force coefficients during wing rock
and steady-state conditions for rectangular and delta wings.

6). Side-edge vortex burst was visible at angles-of-attack of
over 35 deg, but a careful documentation of the vortex-burst
position with the current experimental setup was not at-
tempted (because the helium/soap bubble probe-size affected
the burst position).

The driving force of the “wing rock” oscillations, as most
researchers'~'2 agree, is the dynamic vortex interaction and
the associated flow lag effects caused by the motion of both
the wing and the leading-edge vortices (or side-edge vortices
in the present case). This flow lag affects both vortex strength
and vortex position and, at least, the delay in the side-edge
vortex motion relative to the wing is easily detected by flow
visualization. It seems that during the oscillation cycle the
vortex system above the up-moving semiwing moves closer
to the surface, compared to the position of the vortex on the
opposite semiwing. Consequently, a rolling moment in the
direction of the rotation is generated near the wing leveled
condition and, thereby, providing the energy to drive the
motion.

So, in conclusion, it seems that the two strong longitudinal
vortices drive the self-induced oscillations in cases of both the
slender delta and the rectangular wings. There are some dif-
ferences though in the aerodynamic behavior and, for ex-
ample, the autorotation of the AR = 0.25 wing at high angles
of attack has not been observed so far with delta wings. Also
the change in the normal force due to the vortex motion is
somewhat different for the two planforms. For the purpose
of this comparison, Fig. 14 describes the measured steady
state and the dynamic values of the normal force for the deita
wing of Ref. 2 and for the present rectangular wing, No. 2.
The normal force of a delta wing drops considerably during
the roll oscillations, whereas the dynamic normal force of the
rectangular wing reaches values (during the wing rock cycle)
larger than the steady-state value. The larger amplitude of
the oscillations in the case of the rectangular wing are due to
the larger roll angles, but the difference in the average value
of the lift cannot be explained easily. Possible future work
should, therefore, concentrate on studying dynamic vortex
strength, core locations, and effects of the motion on the
vortex burst.

Conclusions

Vortex-induced lateral instabilities are not restricted to highly
swept, slender wings and may appear in cases where the dis-
tance between a concentrated vortex and a lifting surface
varies due to vehicle’s motion. In the present study, the vor-
tices originated from the side edges of the rectangular wings
and the aerodynamic damping was altered by testing wings
with different aspect ratios. When the aspect ratio was less

than 0.5, the damping was low enough to allow the vortex-
induced instabilities to develop into limit-cycle, continuous
roll oscillations. It seems obvious that a possible control of
the unintended wing rock can be based on manipulating the
strength and location of the vortices that initially caused the
motion.

At the higher angles of attack, in the case of the wing with
aspect ratio of 0.25, the lateral instabilities led to a continuous
autorotation resembling the tumbling motion of high-aspect-
ratios wings. Also, the loss of the average lift during the roll
oscillations was found to be less than the lift loss of similar
slender delta wings.
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