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Introduction

OST high-speed airplanes incorporate wings or strakes

with considerable leading-edge aft sweep. Such wings,
in addition to their favorable performance at supersonic
speeds, are also capable of generating high lift coefficients for
low-speed maneuvers and landing. The high lift at low speed
is obtained by vortex lift, which is a result of concentrated
vortices originating at the sharp leading edges of the lifting
surfaces. However, flight tests! of such slender wings and
wind tunnel tests?>~> with free-to-roll delta wings indicate that
this type of wing planforms is subject to self-induced roll
oscillations. A typical experimental procedure to measure
these roll oscillations (wing rock) is described schematically in
Fig. 1. In this case,>® a slender delta wing was set at an angle
of attack « in the wind tunnel, and in most cases, the wind
tunnel natural disturbance was sufficient to initiate a continu-
ous limit cycle roll oscillation.

Analytical investigations®~!° focused on aerodynamic hys-
teresis during the limit cycle roll oscillation as the cause of
this phenomena. Among the reasons causing this nonlinearity
(the hysteresis), time delays and asymmetry in the leading-
edge vortex strength, motion, and vortex burst location were
suggested. Experimental evidence, especially at low angles of
attack® (« =~ 20 deg), points toward momentary asymmetry in
vortex strength and location as the driving moment for the
oscillations. Calculated dynamic rolling moment hysteresis
loops?™ (as shown in Fig. 1b) indicate that near the wing
level condition (where the roll angle ® & 0) there is an un-
damped loop in the rolling moment data that is being bal-
anced by the two damped loops at the two edges of the limit
cycle (at large values of |@[). This encrgy balance sustains the
limit cycle roll oscillations.

It is believed that at the larger angles of attack the two
outer damped loops are influenced by the vortex breakdown.
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This can be justified by considering the effect of roll rate on
the downward rolling semispan of the wing that increases the
local wing incidence, advances the leading-edge vortex burst
on the corresponding wing side, reduces its lift, and, thereby,
creates an incremental damping moment. Proof of this hypo-
thesis, by direct measurement of the rolling moment during
the unsteady oscillation, is rather complex and difficult, there-
fore, at this point, only the static rolling moment hysteresis
(which is mainly a result of the vortex burst) is presented.
These data (in Figs. 2—5) were obtained by locking the
free-to-roll axis bearings of the same experiment apparatus of
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Fig. 1a Schematic description of the “wing-rock” experiment.
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Fig. 1b Estimated rolling moment histogram during a limit cycle roll
oscillation.
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Fig. 2 Static rolling moment hysteresis during positive and negative
side-slip sweeps (x = 15 deg, Re_, = 0.2 x 10%).
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Ref. 3, which exhibited limit cycle roll oscillations. The static
hysteresis data of Figs. 2—5, therefore, is different from the
dynamic hysteresis since it does not have the central un-
damped driving loop (compared to Fig. 1b) and clearly
cannot sustain limit cycle roll oscillations. Also, because of
the steady-state nature of these experiments, these results
should be viewed as an indication of the damping role of the
vortex burst but not as a direct proof.

Discussion

The experimental apparatus that is shown schematically in
Fig. 1 is the same hardware used for the dynamic load
measurements during the roll oscillation tests reported in
Refs. 3 and 4. The slender delta wing root chord was
428.5 mm, and span was 150 mm (aspect ratio=0.71), and
test Reynolds number, based on this root chord, was about
Re.=0.2x10° The wing leading edge was sharp and had a
bevel of 30 deg, as shown in Fig. 1. This nonsymmetric
leading-edge geometry has a noticable effect on the wing
aerodynamics, and the difference in normal force due to
inverting the wing is reported in Ref. 11. The wind tunnel was
of an open return type, with a 1 x 1 m test section, and
leading-edge vortex core positions were visualized by using
the helium and soap bubble technique. The aerodynamic load
measurements were conducted at a fixed angle of attack and
then at very low rate (~0.5 rev/min). The side-slip angle 8
was varied by direct yaw motion of the string support. This
experiment was mechanically much simpler than a roll angle
variation experiment, but it still can provide valuable infor-
mation about the rolling moment hysteresis. (Note the rela-
tion between side-slip and roll angles is tan ¢ =sin3/sinca.)

The measured rolling moment for varying the side-slip
angle between B = +20deg at an angle of attack of
o = 15 deg is shown in Fig. 2. At zero side slip, the leading-
edge vortices are stable and no vortex burst is present over the
wing. (Recall that flow visualization observations are based
on the helium/soap bubble technique.) For the higher side-slip
conditions (B ~ |16| —|20| deg) there is a small indication of
counterclockwise hysteresis. This becomes more evident in the
case of « =25deg in Fig. 3. Now if, for example, when
increasing positive side slip (or equivalent positive roll angle)
the restoring rolling moment is larger than in the decreasing
side-slip situation, then work needs to be invested to sustain
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Fig. 3 Static rolling moment hysteresis during positive and negative
side-slip sweeps (z = 25 deg, Re. = 0.2 x 10°).
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Fig. 4 Static rolling moment hysteresis during positive and negative
side-slip sweeps (x = 35 deg, Re, =0.2 X 10°).
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Fig. 5 Static rolling moment hysteresis during positive and negative
side-slip sweeps (x =45 deg, Re, =0.2 X 10°).

the equivalent rolling motion. Thus, a clockwise loop in the
rolling moment data (or an undamped loop) will drive the
motion, whereas a counterclockwise hysteresis (a damped -
loop—as here) will consume work or increase the damping of
the system. This trend is repeated for the larger angles of
attack in Figs. 4 and 5, but the large hysteresis loop occurs at
smaller side-slip conditions because of the more advanced
vortex burst position. The damping forces seem to be the
largest in the case of =25 deg, when the vortex burst is
moving over the wing’s trailing edge (at Fig. 3). In Fig. 4, the
vortex burst, at §=0, is near the trailing edge and any small
value of side slip will move the vortex burst above the wing.
(This will initiate the wing stall, as shown in Ref. 3.) For the
a =45 deg case, the wing stall has been initiated and the
vortex burst is ahead of the trailing edge at the § = 0 condi-
tion. Consequently, the hysteresis is smaller but maintains the
damping characteristics (as shown by Fig. 5).

Conclusion

The preceding tests clearly indicate that the static rolling
moment hysteresis has a damping nature. This hysteresis
seems to be larger when, due to wing roll (or side slip), the
vortex burst moves back and forth over the wing trailing edge.

These static data should be viewed as an indirect indication
of the damping role of the vortex burst during the limit cycle
roll oscillations of slender delta wings, but not as a direct
proof (and, therefore, further studies are needed).
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