VOL. 24, NO. 3, MARCH 1987

J. AIRCRAFT 195

Vortex-Induced Bending Oscillation
of a Swept Wing

L. E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunnyvale, California

An analysis of existing experimental results shows that the observed bending oscillations of a highly swept
wing cannot have been caused by the induced effects of a single leading-edge vortex, but rather by the inter-
action between two leading-edge vortices, one generated by a thick inner wing or wing/body glove and the
other by the outboard, thin, variable-sweep wing. This inner/outer wing vortex interaction is similar to that
occurring on a double-delta planform wing. The cause of the negative aerodynamic damping from the vortex
interaction is the sensitivity to the angle of attack and its time derivative of the spanwise location of a leading-

edge vortex.

Nomenclature
= wing span
=reference chord; mean aerodynamic chord
=local wing chord (in streamwise direction)
=damping; fraction of critical damping
=sectional lift; coefficient ¢,=1/(p,, U%/2)c
M =Mach number
m  =pitching moment; coefficient C,, =m/{p,,U%/2)Sc
p  =static pressure; coefficient C, = (P—p.)/(peU%/2)
Re =Reynolds number, =U_,¢/v,,
S  =reference area; projected wing area
s  =local semispan
t =time
U =velocity
X
Yy

0o 00O

= chordwise body-fixed coordinate
=spanwise body-fixed coordinate; distance from
symmetry plane of configuration

z  =vertical body-fixed coordinate; distance above
horizontal reference plane

a =reference angle of attack, in the streamwise direction

oy, =local « for static wing loading

A =amplitude

0  =angular perturbation in pitch

A =leading-edge sweep

v  =kinematic viscosity of air

p  =air density

w =angular wing bending frequency

Subscripts

v =vortex

vbh =vortex burst

o =freestream conditions

Differential Symbols
6 =a0/0r
Cm& =8C,,/0(c0/U,,)
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Introduction

HE swept-wing bending oscillation observed in flight as

well as wind-tunnel tests! (Fig. 1) is but one example of
a multitude of limit-cycle-type oscillations occurring on air-
craft and aerospace vehicles.2~13 The common prerequisites
are 1) the aerodynamics are statically stabilizing, but dy-
namically destabilizing at small amplitudes and 2) the aero-
dynamics are highly nonlinear, with the total (aerodynamic
plus structural or mechanical) damping changing from
negative to positive when a certain amplitude is exceeded.

In the aircraft industry, stall flutter, i.e., torsional oscilla-
tions of a straight wing due to dynamic stall,>~* is a com-
mon phenomenon of general concern. In wind and/or
marine engineering, it has its correspondence in the galloping
phenomenon.’~7 In the case of structural oscillations, struc-
tural damping aids in limiting the magnitude of the limit
cycle type of oscillation.%?

In the aerospace industry, blunt-nosed re-entry vehicles
exhibit limit-cycling behavior due to separated flow effects!'®
that result in decreased re-entry accuracy. For launch
vehicles, on the other hand, the elastic oscillations that the
structure can withstand are of very limited magnitude.!}-!3
Fortunately, structural damping can often save the structure.
Its magnitude relative to the aerodynamic (negative) damp-
ing is substantial in the case of bodies of revolution, but is
relatively insignificant for an aircraft wing.

It is worth noting that in spite of the general sameness of
the oscillatory character, the fluid mechanical cause of the
self-induced oscillations can be very different. It will be
shown that the present wing bending oscillations are caused
by leading-edge-vortex interactions, with the resulting un-
steady aerodynamics closely related to those for slender delta
wings. 141

Swept-Wing Aerodynamics

The variation of aerodynamic damping with angle of at-
tack and sweep angle! (Fig. 2) shows that, at 55- and 25-deg
sweep, shock/boundary-layer interaction causes the expected
increase of the damping.!® However, the damping charac-
teristics at 67.5- and 65-deg sweep are very different and
look like those generated on a straight wing by ‘‘sudden
separation”’ effects,'®!” except that in the swept-wing case
the extreme Mach sensitivity of the straight wing!'®!? is ab-
sent (Fig. 3). The symbols designate different air densities
and, hence, different Reynolds numbers. Within the data ac-
curacy, no consistent Reynolds number trend can be
distinguished. The data in Fig. 3 designate the lowest angle
of attack for which the self-excited oscillation was observed.
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The « range for the oscillation was extremely narrow (Fig.
2), in no case exceeding 1 deg. The characteristics shown in
Fig. 3 rule out shock-induced flow separation as a source of
the self-excited oscillation, as was also concluded in Ref. 1,
where it was suggested that one or both of the following
vortex-induced effects was the source.
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Figure 4 shows the two suggested flow mechanisms. In one
case (left diagram), the suggested source is the changing
strength of the leading-edge vortex with increasing angle of
attack, which due to the phase lag can generate a dynamically
destabilizing lift component. The mechanism would be
similar to that for the ¢‘spilled”’ leading-edge vortex in
dynamic airfoil stall.* This suggested mechanism has one big
flaw: the effect is not limited to one narrow angle-of-attack
region, but should instead increase with increasing «. In the
other case (right diagram), the suggested mechanism is the
breakdown of the leading-edge vortex. This would have a
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(from Ref. 18).

12 2
Z0NE OF STABLE
- meomee | - suriowompie | |
ON MODEL
10} ON MODEL R 10 v
g f ' > op b
w | - i X |- o RS
S 8 ‘\4-_*?'; | : § ok @ bf;ﬂl 19 ?\ ‘\
Q B 1 . w1\ .
E = -’ C\(ﬁe = = e B
< A= 67.5° = A=65°
5 -
& 6 A E
§ i 0 DECR s r Fig. 3 Angle of attack for starting
“CR. w . . .
Z 4 O ke a2 s self-excited oscillations (from Ref. 1).
s - > t -2
© s
2} 2}
0 ! 1 1 ] I | 1 111 or i Ll L T R " P
5 7 8 9 10 11 5 6 7 8 9 10 11
MACH NO. MACH NO.



MARCH 1987

critical angle of attack associated with it. However, this
angle would be well beyond «=7 deg according to the results
obtained by Lambourne and Bryer!® (Fig. 5). One additional
requirement would have been a phase lag 180 deg larger than
in the first case (left diagram), as vortex burst causes a loss
of lift.

Thus, none of the suggested flow mechanisms can have
caused the observed self-excited bending oscillations of the
swept wing. The present author agrees with the conclusion
drawn in Ref. 1—that the oscillations are vortex induced.
However, the source is not a single leading-edge vortex, but
rather the interaction between two leading-edge vortices.t

Analysis

The photograph of the model! (Fig. 6) shows that the
variable-sweep, thin outboard wing is preceded by a fixed-
sweep (67.5 deg) thick inboard wing or glove. The difference
in leading-edge radii is illustrated further by the cross-
sectional diagram in Fig. 7. Even for the same leading-edge
sweep angle, the inner and outer wings will start generating
leading-edge vortices at different angles of attack because of
the difference in their leading-edge roundness.’” Using the
stall angles for 12 and 9% thick airfoils?® (Fig. 8) to repre-
sent the inner and outer wings, respectively, one finds that
for 67.5-deg leading-edge sweep the respective wings should
start developing leading-edge vortices at 6.3 and 4.5 deg.
Compressibility-induced apparent sharpening of the leading
edge could probably make the very thick inner wing glove
(Fig. 7) act as a 12% thick airfoil in incompressible flow,
whereas the leading edge of the outer wing becomes prac-
tically sharp, causing vortex development to start at o>0.
Thus, considering that the inner vortex must gain some
strength before it can interact with the outer wing vortex,
one can see how the critical « value shown in Fig. 3 can
result. That leading-edge roundness does delay the genera-
tion of a leading-edge vortex in the manner described in Ref.
19 has been shown by comparison with experimental
results®! (Fig. 9.) The vortex-induced effects do not occur
until @>5 deg.

When the inner wing starts developing a leading-edge
vortex, it will trail inboard of the already existing leading-
edge vortex on the outer wing. That is, the situation is
similar to the one existing for a double-delta wing®? (Fig.
10). Figure 10 shows how the oil flow visualization results
are correlated with the position of the (primary) leading-edge
vortices from outer and inner delta-wing leading edges. The
measured suction peaks indicate the locations of the vortices.
When the angle of attack is increased above a certain critical
value, the outer and inner leading-edge vortices start to inter-
act with each other, as illustrated by the oil flow photo-
graphs? in Fig. 11 and the smoke flow visualizations®* in Fig.
12. In Fig. 11a, at « =5 deg, the two vortices are separate, as in
Fig. 10. At =7 deg, however, the two vortices have started to
interact (Fig. 11b) and, at o= 10 deg (Fig. 11¢), they have com-
bined into one vortex. The smoke flow photograph in Fig. 12
shows the interaction between the two vortices.

When one compares the flow visualization pictures for the
double-delta wing planform (Figs. 11 and 12) with the oil
flow visualization for the swept wing! (Fig. 13), one can see
certain similarities. However, a more direct comparison,
quantitative rather than qualitative, can be made by compar-
ing the experimental pressure distributions for the double-
delta planform? (Fig. 14) and the swept wing! (Fig. 15).
Figure 14 shows that the inner delta wing vortex when it in-
teracts with the vortex on the outer wing, causes the sec-
tional loading to increase and shift its center inboard. Notic-
ing that the spanwise inboard movement on the delta wing??

tAs was suggested by Atlee Cunningham when Ref. 1 was
presented in April 1985.
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(Fig. 14) corresponds to a chordwise aft movement on the
swept wing! (Fig. 15), one can conclude that the inner/outer
vortex interactions do indeed cause very similar changes in
the load distributions. The oscillation occurred when the
load distribution in Fig. 15 changed from that typical for a
single leading-edge vortex (o« =6.9 deg) to that typical for the
two-vortex interaction discussed earlier (o =8 deg).

Fig. 6 Model mounted in NASA Ames 11-ft Transonic Wind Tun-
pel (from Ref. 1),

Fig. 7 Graph of wing and body cross sections (courtesy of Steve
Dobbs).

16~ NACA 63-012
Y =
°1
1
12— '
]
1
t
) ok v
Fig. 8 Effect of airfoil
thickness on maximum lift
(from Ref, 20). 0-f1=
NACA 63-009
0.6
0.4
0.2
0 ] | i

L
4

§ 12 16 o*



198 L. E. ERICSSON

1A
1.2}t x
fea)
& nof
14
> L X
T o8
=
-
—t
o
2 ok X
'— - - e—
) D o
(&)
= o.4p
-
<
l—_
w
0.2}
PRESENT THEORY
0 L 1 J
v s 10 15 a5 20 e ATTACHED FLOW
TOTAL
EXPERIMENT

O DYNAMIC TEST, 40 - 1°, @ =O
X STATIC TEST

L4
»
]

DAMPING DERIVATIVE ~ mg

-0,8 1 it L J

[ 5 10 18 a° 20

Fig. 9 Effect of leading-edge roundness on delta-wing aero-
dynamics (from Ref. 19).

-Cp Measurement Section

08}

04}

07 1 t L ' 1
0 a2 04 06 08 10

Inner L. E. Vortex

Outer L. E. Vortex

Secondery voriix

| Seconcary teparalion

Fig. 10 Inner and outer leading-edge vortices on a double-delta
wing at o=12 deg (from Ref. 22).
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The interaction between inner and outer wing vortices
described above fits the experimental facts in regard to the
observed bending oscillation of the swept wing! (Fig. 2).
Thus, it produces a critical « range in which the single-vortex
loading is being transformed to that resulting from the two
interacting vortices. At higher angles of attack, the two vor-
tices are merged into one and no self-excited bending oscilla-
tion will result. Furthermore, the large-amplitude pressure
oscillations are localized to the wing region where one ex-
pects the two-vortex interaction to take place! (Fig. 16).

Unsteady Aerodynamics

Figure 17 shows the spanwise variation of the local,
streamwise angle of attack for A=67.5 deg and a fuselage
angle of attack of a=7.38 deg. The solid line shows the
variation due to static loads and the dash-dot lines the ex-
treme values o+ A and oy — Ae during the down- and up-
stroke portions of the bending oscillations. The inner thick
wing glove is at the constant angle of attack a,. Consequently,

Fig. 11  Oil flow visualization of inner/outer leading-edge vortex in-
teraction on a 75/62-deg double-delia wing (from Ref. 23): a) oa=5
deg, b) a=7 deg, ¢) a=10 deg.
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b)

Fig. 12 Smoke flow visualization of inner/outer leading-edge
vortex interaction on a 77.2/59-deg double-delta wing at o =16 deg
(from Ref. 24): a) plan view, b) side view.

Fig. 13 Oil flow visualization of swept-wing flow (fro
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Fig. 14 Vortex-induced loads on a 75/62-deg double-delta wing at
a=20 deg (from Ref. 23).
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Fig. 15 Static pressure dlstnbunon at M,, =0.80 on 65-deg swept
wing.

Fig. 16 Zone of large-amplitude unsteady pressures on 67.5-deg
swept wing at M, =0.975 and a=7.4 deg (from Ref. 1).

the effective apex of the outer wing does not move and
the only effect of the leading-edge vortex is the entrainment
enhancement of the attached flow loads.' If one approx-
imates the o, curve in Fig. 17 with a straight line, one can
apply the analysis method of Ref. 14 directly. In any case,
the single leading-edge vortex will increase.the damping in
pitch for the rigid delta wing and the damping in bendmg for
the present swept wing at a rate proportional to sinc. This is
essentially the singleé-vortex data trend exhibited in Fig! 2.
The deviation is the interaction at 7<a<9 deg between the
inner and outer vortices. It is also likely to be minor varia-
tions in the shock/boundary-layer interaction.'® Thus, what
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remains to be described is how the vortex interaction at
7<a<9 deg can cause negative aerodynamic damping.
[Although the interaction is likely to generate a forcing
function (buffet) due to general flow unsteadiness, the large-
amplitude response is caused by negative aerodynamic
damping. ]

Whereas the single-vortex effect is almost exclusively due
to changing vortex strength, at least in regard to longitudinal
aerodynamics such as the pitch damping for a delta wing'
or the damping in bending for the present swept wing, in the
case of the outer/inner vortex interaction, the spanwise
movement of the leading-edge vortex on the outer wing
becomes important. It has been shown by Randall® that the
leading-edge vortex describes spanwise oscillations around its
static position (Fig. 18). Thus; during the o-increasing part
of the pitch oscillation, the vortex is outboard of its static
position and, during the o-decreasing part, it is inboard. The
spanwise location of the leading-edge vortex for a stepwise
changing angle of attack and its static position is shown in
Fig. 19 for a very slender delta wing.?¢ (For a less slender
wing, i.e., with less leading-edge sweep, the vortex will not
be as far inboard.) The figure shows that for the moderate
angle-of-attack range of interest in the present case, the
spanwise location of the vortex is very sensitive to the angle
of attack. This explains the narrow « range for outer/inner
vortex interaction of the present swept wing.

With the aid of Figs. 15, 17, and 18, one can see how,
when the wing angle of attack is increasing, the load
distribution will change toward the front-loaded one for the
undisturbed wing leading-edge vortex. Conversely, the
change will be toward the aft-loaded one, generated by the
interaction from the glove vortex, when the angle of attack is
decreasing. Figure 17 shows that the streamwise angle of at-
tack of the swept wing is decreasing during the bending
upstroke, O<wf<w, and increasing during the bending
downstroke, m<wt< 2=, with the extreme values reached at
wt=7/2 and 3w/2, respectively. Because the apex of the
outer-wing leading edge is not moving, the phase lages involved
will be small. Consequently, the load distribution extremes
will occur close to wt=x/2 and 3x/2. This is illus-
trated by the results in Fig. 20. Thus, during the bending up-
stroke, the lift is increased and thereby the bending mo-
ment, whereas during the downstroke, lift and bending moment
are decreased by the vortex interaction. In both cases, the
dynamic effect is destabilizing, driving the bending oscillations,
which is in agreement with the experimental results.! (Note that
a delta wing is less likely to develop such bending oscillations
due to its different structural characteristics.)

Although the analysis in Ref. 14 can be modified and ex-
tended to apply to the bending oscillations of a swept wing,
the practical interest is in eliminating the bending oscillation,
not in predicting its amplitude characteristics. Generally, one
would have the usual scaling problems and would have to
use analytic extrapolation to predict the full-scale dynamic
characteristics.?”»2

. The fixes tried to eliminate the bending oscillation' (Fig.
21) were all addressing the outer-wing flow, aimed at stop-
ping possible adverse shock/boundary-layer interaction. Of
all the fixes tested, only the inboard fence could have af-
fected the outer/inner vortex interaction, possibly causing
the inner wing/body glove to burst. However, if the spiral
burst, observed on delta wings,'® occurred, the result may be
only to move the interaction to another o range due to the
enlarged size and changed character of the inner vortex. One
would expect that if the leading-edge stall strip had been
placed on the inner wing or wing/body glove, both the inner
and outer wing vortices would have started to develop at the
same time (same o) for the same leading-edge sweep,
resulting in a single leading-edge vortex, thereby possibly
eliminating the bending oscillations. (It would at least have
moved the interaction down to lower angles of attack, where
the vortex-induced loads would be much smaller.)

J. AIRCRAFT
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Fig. 17 Streamwise angle-of-attack variation during limit cycle
oscillation of 67.5-deg swept wing at M, =0.975 and «=7.38 deg
(from Ref. 1). ’
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Fig. 20 Upper surface pressure distribution
for the extreme positions of the bending mo-
tion of 65-deg swept wing at M., =0.80 and
a=7.44 deg (from Ref. 1).
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Fig. 21 Aerodynamic fixes tested (from Ref. 1).

Conclusions

An analysis of available experimental results in regard to
the observed bending oscillation of a swépt wing has led to
the following conclusions:

1) The bending oscillations occur only within a very nar-
row angle-of-attack range and can, therefore, not be caused
by the induced effects of a single leading-edge vortex, with
or without the océcurrence of vortex burst.

2) The bending oscillations are instead caused by the in-
teraction betwéen two leading-edge vortices, one. from the
thin outer wing and one from the inner thick wing glove.
The leading-edge vortex will develop later (at a higher angle -
of attack), on the inner wing than on the outer wing, and the
interaction is similar to the one expected for a double-delta
wing geometry.

The undamping effect of the vortex interaction results
because of the sensitivity of the spanwise location of a
leading-edge vortex to not only the streamwise angle of at-
tack, but also to the magnitude and direction of the angular
rate.
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