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Review of Forebody-Induced Wing Rock

L. E. Ericsson,* M. R. Mendenhall,t and S. C. Perkins Jr.%
Nielsen Engineering and Research, Inc., Mountain View, California 94040

Wing rock at moderate angles of attack is often generated by dynamic wing stall; however, the wing
rock of most concern is generated by the vortices shed from the aircraft forebody at high angles of attack.
The capability to understand and predict forebody-induced wing rock is a prerequisite for the successful
design of agile aircraft and missiles that are required to perform maneuvers at high angles of attack.
Available information on the wing rock experienced by advanced aircraft is reviewed and an explanation
of the flow physics causing the wing rock is presented.

Nomenclature

wingspan

local body diameter

proportionality coefficient, Fig. 13

rolling moment, coefficient C, = I/ p.U%/2)Sh
sectional lift, coefficient C, = I'/( p..U%/2)d
roll rate

Reynolds number, U.d/v.,

reference area, projected wing area

time

velocity

angle of attack

increment or amplitude

crossflow separation offset from the lateral meridian
wing leading-edge sweep

kinematic viscosity

fluid density

body roll angle

body azimuth, Fig. 9
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Subscripts

w wall

0 initial conditions

o freestream conditions

Differential symbol

é = adlot

Introduction

REVIEW of experimental results for advanced aircraft

operating at high angles of attack reveals that they usually
experience wing rock of one kind or another." For aircraft with
straight or moderately swept wings, wing rock occurs first at
moderate angles of attack. This type of wing rock is generated
by the negative damping-in-plunge of the wing sections caused
by dynamic airfoil stall.® If the aircraft has a long, slender nose,
which often is the case, forebody vortices will generate wing
rock at higher angles of attack where the wings are fully
stalled. This type of wing rock has been documented in ex-
periments with a generic aircraft model.® The flow mechanism
driving the wing rock is in this case the downwash on the
wing generated by the forebody vortices.** The X-29A aircraft
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experiences this type of forebody-induced wing rock.*” When
the inner portion of the wing has a highly swept leading edge,
as in the cases of the F-18 HARV and X-31 aircraft, the high-
alpha wing rock is generated by direct interaction between the
forebody vortices and the leading-edge vortices from the in-

board wing panels.’®
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Fig. 1 Wing rock of the X-29A aircraft®: a) roll damping of X-
29A models (: = wind tunnel and ® = drop model) and b) wing
rock characteristics of the X-29A aircraft.
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Fig.2 Roll damping of the X-31 aircraft.” Drop model: © = single

maneuvers, ---- = partitioned data, = wind tunnel, and + =

full-scale aircraft.

The experimental results® in Fig. 1 for the X-29 aircraft
show the high-alpha trends discussed previously. Wing rock
occurs first at moderate angles of attack, caused by a loss of
roll damping through dynamic wing stall'? at « > 18 deg (Fig.
1a). When this wing rock was suppressed by the use of the
ailerons, forebody-induced wing rock**® occurred at a > 30 deg
(Fig. 1b). The measured roll damping of the X-31 aircraft’
(Fig. 2) indicates similar high-alpha data trends. At a > 25
deg the moderately swept outer wing panels may generate
wing rock through the dynamic stall process,? but at & > 30
deg the wing rock is more likely to be of the forebody-induced
type.® The F-18 HARYV aircraft exhibits similar wing rock char-
acteristics'® (Fig. 3), with the forebody-induced variety starting
at a > 35 deg.

A landing aerospace plane could experience forebody-in-
duced wing rock as demonstrated by the results'' in Fig. 4. In
the absence of the fuselage, the 78-deg delta wing experiences
slender wing rock.”” When the slender nose of the fuselage
was substituted by a hemispherical nose, no wing rock oc-
curred,” as expected, because no forebody vortices exist in the
tested a range.'* On the slightly blunted six-caliber ogive fore-
body of the actual fuselage, forebody vortex shedding should
start at o > 20 deg,"* producing the wing rock observed in the
experiment (Fig. 4).

The purpose of this article is to review previous work de-
scribing the flow physics behind the forebody-induced wing
rock phenomenon.

Discussion

Moving wall effects'® contribute to wing rock through their
influence on the forebody crossflow separation and associated
vortex shedding.**® They are very dependent upon the cross-
flow Reynolds number with regard to the nature of their in-
duced aerodynamic effects, as illustrated by Magnus lift mea-
surements on a rotating circular cylinder™® (Fig. 5). For

laminar flow conditions, positive Magnus lift is generated,
mainly as the result of the separation delay on the top side
through the downstream moving wall effects. In contrast, at
critical flow conditions, negative Magnus lift is generated by
the promotion of transition on the bottom side through up-
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Fig. 3 Wing rock of the F-18 HARYV aircraft.’’ O = wind-tunnel
data and ® = HARYV flight data.
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Fig. 4 Wing rock of slender delta wing body."
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Fig. 9 Circular cylinder crossflow drag.'

stream moving wall effects, causing a change from the sub-
critical to the supercritical type of flow separation, e.g., at Re
= 0.128 X 10° and Uu/U. = 0.3 (curve f in Fig. 5). The
negative Magnus lift reaches its maximum magnitude when
the initial, static crossflow conditions are of the critical type
(curves j, k, and [ in Fig. 5).

In the analysis in Refs. 4 and 5 of the experimentally ob-
served wing rock of a generic aircraft’ (Fig. 6), it was assumed
that critical crossflow conditions existed on the forebody. The
Reynolds number based upon the diameter of the cylindrical
aft body was Re = 0.26 X 10% i.e., in the critical Re regime'®
(Fig. 5). Thus, the crossflow over the nose and nose shoulder
will be in the critical region. The scenario in Fig. 7, envisioned
in Refs. 4 and 5, is summarized here. At ¢t = t,, the adverse
upstream moving wall effect on the forebody crossflow causes
boundary-layer transition to occur earlier, as illustrated in the
figure. The effect is similar to that of changing the separation
from the subcritical to the supercritical type in Fig. 5. In the
absence of time-lag effects, the vortex geometry sketched at

Fig. 10 Computed wing rock time history.” & = 35 deg, ¢, = 20
deg, and A@ = 40 deg. a) t = 447617 s, ¢ = 31.77016 deg,
p = —0.53 deg/s, C, = —0.037; b) t = 4.76837 s, ¢ = 0.19751 deg,
p = —194.37 deg/s, C, = —0.019; c¢) ¢ = 5.05435 s, ¢ = —32.02274,
P = 0.55 deg/s, C, = 0.037; and d) ¢ = 5.34654 s, ¢ = —0.144685,
P = 195.53 deg/s, C, = 0.019.
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t = t, would result. Because of time-lag effects similar to those
for slender wing rock,' this vortex geometry is not realized
until £ = t, = 1, + Ar. For simplicity, only the vortex closest
to the body is shown at #,, as it indicates the direction of the
vortex-induced rolling moment.

At t = t;, when the roll rate reaches its maximum in the
opposite direction, another forebody switch of flow separa-
tion asymmetry occurs. Because of the time lag effect, the vor-
tex geometry influencing the now horizontal wing has not
changed, but is the same as at £, =, + At, in agreement with
the flow visualization results in Ref. 3. During the time lag A¢,
the vortex-induced rolling moment drives the rolling motion,
generating the observed wing rock.’ This is illustrated in Fig.
8. The rolling moment increment AC,, induced by the switch

of forebody flow separation and vortex asymmetry, is statically
stabilizing. The roll angle ¢Az, generated by the time lag As,
makes AC; have a dynamically destabilizing effect.

In Ref. 17, the type of discontinuous characteristics around
¢ = 0 shown in Fig. 8 were included in an analytic method
for prediction of the wing rock characteristics of the generic
aircraft model for the axisymmetric nose and without the tail
surfaces present. The results of that investigation are summa-
rized here. Based upon experimental results for a circular cyl-
inder'® (Fig. 9), it was assumed that laminar flow separation
occurred at the lateral meridian on one side, whereas on the
other side, critical flow separation was delayed to 40 deg past
the lateral meridian; due to the adverse upstream moving wall
effect on transition, discussed earlier in conjunction with Fig.
5. It was further assumed that the favorable, downstream mov-
ing wall effect delays laminar flow separation to occur at 90
deg rather than 80-deg latitude.

Figure 10 shows the results of the computation described in
Ref. 17 for o = 35 deg, ¢, = 20 deg, and Af = 40 deg. The
vortex cloud generated by the forebody' is shown at the wing
leading edge for four different roll angles, ¢ ~ 30 deg, ¢ =
0, ¢ =~ —30 deg, and ¢ = 0 (a, b, c, and d, respectively, in
Fig. 10). It can be seen that at Fig. 10a a restoring rolling
moment C, = ~0.037 is generated, which drives the oscillation
back towards ¢ = 0. At Fig. 10b, when ¢ = 0 is reached, the
negative rolling moment generated by the forebody vortices at
a time increment At earlier, C, = —0.019, still exists, driving
the roll oscillation. Not until the time increment At later, at ¢
< 0, does the new forebody-induced vortex cloud reach the
wing, starting to add to the restoring rolling moment, which
reaches C, = 0.037 at Fig. 10c. When ¢ = 0 is reached again,
the positive rolling moment generated by the forebody vorti-
ces, C, = 0.019, continues to drive the wing rock. In free flight
the limit cycle oscillation results when the driving rolling mo-
ment is balanced by the roll damping generated by the fully
stalled wing. In Ref. 17 a value was assumed for the roll damp-
ing that included the effect of the bearing friction present in
the test.’

Figure 11 shows that the computed amplitude time-history"’
is in qualitative agreement with the experimentally observed
wing rock characteristics® (Fig. 6), and Fig. 12 shows that the
computed undamping C,(¢) loop for | ¢| < 10 deg has many
of the characteristics sketched in Fig 8. The slanted up- and
downstroke branches of the undamping, inner loops in Fig. 12,
instead of the vertical ones in Fig. 8, could have resulted from
the fact that individual vortices in the vortex cloud have
slightly different time lags depending upon where on the fore-
body they originated, whereas the loop in Fig. 8 assumes the
existence of a single time lag. The outer damping loops in Fig.
12 were obtained by applying the roll damping needed to pro-
vide the limit-cycle oscillation observed in the test.>* In free
flight, somewhat similar damping loops are produced by the
deep-stall damping-in-plunge of the wing sections.

The predicted amplitude buildup (Fig. 11) is much slower
than that observed in the experiment® (Fig. 6). This is true even
when allowing for the fact that the amplitude buildup is sig-
nificantly faster for the elliptic cross-sectional body”" (Fig. 6)
than for the analyzed circular cross section'” (Fig. 11). It is
pointed out in Ref. 5 that the experimentally observed fast
amplitude buildup is the likely result of a growth from half-
cycle to half- cycle of the extent of the asymmetric flow sep-
aration, resulting in a C,(¢) loop of the type sketched in Fig.
13. As the amplitude | ¢| grows, the roll rate | ¢| grows, and
with it the magnitude of the moving wall effect (Fig. 5). This
results in a half-cycle to half-cycle growth of the wing -rock-
driving C,(qS) loop, through the cycle-to-cycle area increase
2k[¢(0)]’At shown in Fig. 13. )

The amplitude buildup for the 2.5% model of the F-18
HARY, observed in low-speed tests'® at o = 40 deg (Fig. 14),
looks very similar to that shown in Fig. 11. Thus, one expects
the aerodynamic characteristics to have some of the charac-
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Fig. 14 Wing rock amplitude time history of subscale F-18
HARYV model.” Angle of attack (deg) = 40 and Re = 24.9 X 10°.

teristics shown in Fig. 8 or 13. Flow visualization of the wing
rock' shows that the interaction between forebody and LEX
vortices suddenly undergoes a dramatic change, the forebody
vortex dipping down to interact strongly with the LEX vortex.
That started the wing rock, with the forebody-LEX vortex in-
teraction alternating between the two sides. The interaction
between forebody and LEX vortices is likely to lift up the LEX
vortex and promote the breakdown of both vortices. As a re-
sult, much of the beneficial effect of the LEX vortex, i.e., the
delay of flow separation on the main wing due to the vortex-
induced flowfield, is lost.

These flow visualization results’® suggest the scenario for
the F-18 wing rock® shown in Fig. 15. The downstream mov-
ing wall effect will delay flow separation for laminar flow
conditions. In Fig. 15 the aerodynamic spring needed for the
oscillatory wing rock motion is provided by the rolling mo-
ment generated by the loss of lift occurring on the main wing
when the forebody vortex interacts with the LEX vortex.® As
in the case of the generic aircraft model in Fig. 7, there is a

t=t1 + At

Fig. 15 Conceptual flow mechanism of the F-18 wing rock.*

time lag involved. After the separation asymmetry on the fore-
body has changed, it takes a finite time increment At before
the strong interaction between forebody and LEX vortices has
been completed. This generates the rolling moment that drives
the wing rock motion.®

Conclusions

A review of available experimental results shows that wing
rock of advanced aircraft will be driven by the vortices gen-
erated by forebody flow separation at high angles of attack,
a > 30 deg. The key flow phenomenon driving the forebody-
induced wing rock is the coupling between forebody crossflow
separation and vehicle motion. More precisely, the rolling mo-
tion generates moving wall effects that control the crossflow
separation on the forebody and the associated vortices, thereby
providing the feedback mechanism responsible for the ob-
served wing rock. The limit cycle oscillation results when this
driving rolling moment generated by the forebody vortices is
balanced by the roll damping generated by the stalling wing.
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