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Flow Complexities
of Slender Wing Rock
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Introduction

M ILITARY design trends toward the use of unmanned, � nless
aircraft1 have renewed interest in the unsteady aerodynam-

ics of slender wing rock. One important aspect of the problem of
wing rock control is the potential impact of typical con� gurational
details on delta-wing aircraft, such as the presence of a centerbody.
Early experimental results for a sharp-edged 80-deg delta wing in-
dicated that breakdown of the leading-edgevorticesplayed a role2,3

(Fig. 1). It could be shown that rather than being the cause of the
wing rock problem, the breakdownphenomenon limited the growth
of the limit-cycle amplitude.4 By the consideration of the effect of
the roll-inducedsideslip on the effective leading-edge sweep of the
windward (dipping) wing-half, an upper limit for the limit-cycle
amplitude could be determined.5,6 The measured start of wing rock
(Fig. 1a) is in good agreement with the prediction7 that, for zero
bearing friction, loss of roll damping should occur at a ¸ 20 deg
(Fig. 2). Bearing friction caused the delay to a = 25 deg of the loss
of roll damping in the test of a pure delta-wing model3 (Fig. 1a). It
will be shown that the earlier start of wing rock for the other model3

was caused by the presence of a centerbody or fuselage.
As even unmannedcombat aircraftare likely to have a fuselageor

centerbodyof some kind, it is important to know that the effect of a
centerbodyondelta-wingaerodynamicscanbe large.8 Experimental
results for a 69.33-degdelta-wing–bodycon� gurationdemonstrated
that the centerbody promoted vortex breakdown.9 This could be
explained by the body-induced camber effect,8,10 which according
to experimental results for the effect of static camber,11 would have
promoted breakdown, in agreement with the experimental results.
Figure 3 shows con� gurational details of the models giving the
results in Fig. 1. Whereas the Langley model2 behaves essentially
as a pure,sharp-edgeddeltawing, theothermodel3 hasa centerbody.
Becauseof its bluntness,12 it behavesas a cylindricalcenterbody,9,10

promoting vortex breakdown, thereby causing a reduction of the
maximum wing rock amplitude. The earlier loss of roll damping,
before the predictedvalue7 a ¼ 20 deg (Fig. 2), could also havebeen
caused by the presenceof the centerbody.By limiting the wing area,
the centerbody acts to increase the effective leading-edge sweep,
thereby causing earlier loss of roll damping.

The experimental results13 in Fig. 4 show that when a pointed
ogive-cylinder centerbody, similar to the one used in Ref. 9, is
moved aft to start behind the wing apex, as in the case of the ex-
tensively tested 65-deg delta-wing–body con� guration,13 instead of
promotingbreakdown, the body delayedvortex breakdownto occur
30% or more aft of the measured position for a pure 65-deg delta-
wing.14 It is described in Ref. 5 how this is the expected result when
the pointed ogive-cylinder body is moved aft, as shown in Fig. 4,
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a) Measured wing rock amplitude2;3

b) Flow visualization of vortex breakdown at ¾ = 25 deg (Ref. 3)

Fig. 1 Wing rock of 80-deg delta wing.

Fig. 2 Effect of leading-edge sweep on delta wing roll damping.7

Fig. 3 Effect on wing rock results of geometric details of the test
model.2;3
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Fig. 4 Measured breakdown location on a 65-deg delta-wing–body
con� guration13 compared with that on a pure delta wing.14

Fig. 5 Slender wing rock amplitude envelope.2;3;15

causing the body-induced camber effect to become of the opposite
type, delaying vortex breakdown.8

Flow Complexities
Figure 5 shows that the experimental results obtained in tests

with a close to frictionless air-bearing15 agree well with the earlier
results2,3 (Fig. 1). The complexity arises from the following state-
ment made in Ref. 15: “Vortex breakdown was not observed on the
wing at any time up to and including 36-deg angle of attack.” That
appearsat � rst to contradictthe � ow physicsdescribedearlier,based
on the results2,3 in Fig. 1. However, the experimental results15,16 in
Figs. 6 and 7 provide the clues needed to resolve this dilemma. The
results16 for the 80-deg delta wing in Fig. 6 for 40-deg inclination
r of the roll axis show that two widely different amplitude time
histories could be measured depending on whether or not vortex
breakdownwas observed to occur on the wing before the start of the
oscillation. Without initial breakdown forward of the trailing edge,
the wing rock oscillations reached amplitudes approaching 35 deg

a) Without breakdown on wing

b) With initial breakdown on wing

Fig. 6 Wing rock time histories at ¾ = 40 deg of 80-deg delta wing.17

Fig. 7 Wing rock time histories at ¾ = 30 deg of 80-deg delta wing.18

before settling down to D u ¼ 20 deg (Fig. 6a). In the other case
(Fig. 6b), where breakdown occurred on the wing from the start,
only a modest overshoot to D u ¼ 25 deg was recorded before the
amplitudereached its � nal 20-degvalue.These wing rock character-
istics are very different from those observed at r =30 deg (Ref. 17
and Fig. 7), which are of the same type as those observed in earlier
tests.2,3

The results in Figs. 6 and 7 indicate the likely presence of r hys-
teresis, which could be expected according to Lowson’s results for
an 80-deg delta wing (see Ref. 18). Based on these observations
one is inclined to conclude that the reason that the Notre Dame
wing rock results16 approached the predicted maximum possible
amplitude,5,6 whereas the earlier test results2,3 did not (Fig. 5),
was that vortex breakdown behaved somewhat in the manner as-
sumed in reaching the maximum amplitude limit.5,6 That is, at
a constant r , vortex breakdown is initially hung up behind the
trailing edge until (at u = 0) � ow unsteadiness18 or a change to
u 6=0 causes it to jump forward of the trailing edge. This im-
plies that on a maneuvering delta-wing aircraft the experienced
wing rock depends strongly on the preceding maneuver time
history.
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Because vortex breakdown is absent below a =36 deg in the
Notre Dame test15 (Fig. 5) another � ow mechanism limits the
amplitude growth in that alpha region. One such � ow mechanism
is the roll-rate-induced camber effect discussed extensively in the
analysis of the 65-deg delta-wing–body con� guration (Fig. 4).19 A
direct demonstration of the roll-rate-induced camber effect, with
its associated roll damping, is provided by the test results at zero
angle of attack for a rolling 80-deg delta wing20 (Fig. 8). Figure 8
shows how the vortex-inducedsuction peaks increase in magnitude
with increasing roll rate K = Çu b/ 2U 1 . The blemish in Fig. 8 is
the difference between the vortex-induced loads on the two wing

a) Effect of roll rate on the spanwise load distribution at » = 0.778

b) Effect of chordwise location on the roll-rate-induced spanwise load
distribution at K = 0.20

Fig. 8 Roll-rate-induced roll damping moment at ¾ = 0 on an 80-deg
delta wing.21

Fig. 9 Asymmetric support structure for the rolling 80-deg delta
wing.21

halves. Looking at how the load distributions change with chord-
wise location (Fig. 8b), one � nds that the relative difference in-
creaseswith increasingproximityto the trailingedge.Close scrutiny
of the test setup (Fig. 9) reveals that a large, asymmetric struc-
ture, used to enclose the drive shaft, was located within two chord
lengths from the trailing edge of the delta wing. It is likely to have
caused early vortex breakdown on the upstroking wing half (g < 0
in Fig. 8). This is in agreement with the observed effect on trail-
ing forebody vortices caused by a downstream support structure.21

The decreased suction level upstream of n = 0.958 on the port, left-
hand side (g < 0) compared to the opposite side (g > 0) in Fig. 8b
is a result of the upstream interference from the breakdown re-
gion near the trailing edge. This interference apparently does not
become of negligible magnitude until forward of the midchord,
n < 0.5.

Conclusions
An analysisof the existing experimentaland theoretical database

has revealed that the already complex � ow physics of slender wing
rock are complicatedfurther by the presenceof a fuselageor center-
body. It appears that in general the development of ef� cient means
for wing rock control on delta-wing aircraft will require experimen-
tal and theoretical investigations tailored to its unique con� gura-
tional details.
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I. Introduction

W ITH the advancement in technology, development of a me-
chanically simple yet ef� cient rotor blade system has re-

sulted in the design of a bearingless blade and hub con� guration.1

A schematic diagram of a bearingless rotor blade is shown in
Fig. 1. In this rotor system (Fig. 1), the blade is attached to the
hub through a � exbeam that is designed to provide the required
stiffness in the � ap and lag bending deformation of the blade, but
that is highly � exible in torsion. Surrounding the � exbeam, there
is a stiff cuff denoted as the torque tube, which is attached to the
blade–� exbeam junction at the outboard end and to a pitch link
at the inboard end, as shown in Fig. 1. The pitch control of the
blade is achieved by rotating the torque tube through the up/down
movement of the point P , which, in turn, twists the � exbeam. An
elastomericdamper is placed between the torque tube and � exbeam
to provide adequate lag damping. It also acts as a spacer between
the torque tube and the � exbeam. Though a bearingless rotor is me-
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Fig. 1 Bearingless rotor blade with pitch link at the leading edge.

chanically simple, its dynamic analysis becomes complicated due
to the presence of a multiple load path and a nonlinear elastomeric
damper.

The nonlinear dynamic characteristics of the elastomer are usu-
ally represented by the variation of in-phase stiffness (stiffness)
and quadrature stiffness (damping) as a function of amplitude. The
experimental results of a single frequency bench test of different
elastomeric lag dampers are available in Refs. 2–4. All of these
data indicate that both the in-phase stiffness K 0 and the quadrature
stiffness K 0 0 decreaseas the amplitudeofmotion increases.The vari-
ation of loss tangent or loss factor g with amplitude is also shown
in Ref. 3. Loss tangent is generally de� ned as the ratio of K 0 0 and
K 0 . In a recent publication, Kunz5 also indicated similar types of
stiffness and damping characteristicsof the elastomer with respect
to the amplitude of motion.

There are several linear models to describe the mechanical be-
havior of visco-elastic materials, for example, anelastic displace-
ment � elds (ADF) have been used in Ref. 6. Smith et al.7 extended
the method of ADF to include the nonlinearities and temperature
effects. The nonlinear characteristicsof elastomers have been ana-
lyzed in detail in several recent publications.8 ¡ 12 Some of the recent
studies have focused on the phenomenon of the limit-cycle behav-
ior of bearingless rotor blades due to the elastomer nonlinearity.
In Ref. 11, Gandhi and Chopra proposed a nonlinear viscoelas-
tic model for the elastomer in which the damping element is lin-
ear. The model shows a rapid decrease in damping coef� cient at
very low amplitudes of oscillation, but its value is always positive.
With this elastomeric damper, they showed a limit-cycle oscilla-
tion for an autonomoussystem representingthe isolated lag dynam-
ics of a blade. Ormiston et al.13 considered an elastomer model in
which the damping force was assumed to be proportional to a lin-
ear combination of different powers of velocity (powers of 0.5, 1,
2, and 3). Using this nonlinear elastomer model, they showed the
presence of limit-cycle oscillation for both hingeless and bearing-
less rotor blade con� gurations. It was also pointed out that there
was no limit cycle when the elastomer damping is taken as lin-
ear. The hover air-resonanceanalysis and wind-tunnel test by Panda
and Mychalowycz1 also indicatedthat nonlinearitiesin stiffnessand
damping characteristicsof the elastomer seem to have a signi� cant
in� uenceon the limit-cycleoscillations.When theyuseda � uidlastic
damper having linear characteristics,no limit-cycle oscillation was
observed.

The objective of the present Note is to analyze the relation be-
tween elastomer modeling and limit-cycle oscillation. The exam-
ple problem chosen to address this is the transient response be-
havior of an isolated bearingless rotor blade undergoing coupled
� ap– lag–torsional deformation under a hovering condition. The


