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HIS article extends an earlier analysis of the roll-induced

coupling between forebody and LEX vortices.'-? Flight
tests of the F-18 HARYV show a buildup of the wing rock
towards and possibly past 30 deg® (Fig. 1). Some insight into
the flow physics of this wing rock was provided by a film clip
shown by Nelson.* Both the full-scale flow visualization and
the one with a small model in a wind tunnel at Re < 0.02 X
10% or 20,000 showed a very extensive interaction between
forebody and leading-edge-extension (LEX) vortices,** re-
sulting in large amplitude wing rock (Fig. 2). When comparing
flight data with wind-tunnel measurements, one has to ac-
count for the bearing friction present in the wind-tunnel test.
It has been observed to have a very significant effect on the
wing-rock boundary for an 80-deg delta wing.® The predicted
boundary for free flight” shows wing rock to start at o = 20
deg. In a wind-tunnel test with a regular bearing,® wing rock
started at o = 27 deg. However, when the same air bearing
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Separated Flow Mechanisms in F-18 Wing Rock

Lars E. Ericsson*
Mountain View, California 94040

In tests of the F/A-18 aircraft, wing rock was observed in laminar subscale tests as well as in full-scale flight,
whereas wind-tunnel tests at an intermediate Reynolds number showed ne wing rock. An analysis previously
performed for a generic aircraft model was extended to identify the flow mechanisms behind this chain of events.

Nomenclature
wingspan
maximum body diameter
maximum nose diameter
sectional lift, coefficient ¢, = L'/q.(wd?*/4)
nose length
rolling moment, coefficient C, = l/q..Sb
body roll rate
freestream dynamic pressure, p. UZ/2
Reynolds number based on maximum body
diameter
reference area, projected wing area
time
freestream velocity
moving wall velocity
axial body coordinate
angle of attack
angle of sideslip
increment and amplitude
time lag
apex half-angle
roll angle

dynamic

static

numbering subscripts
freestream conditions
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was used as in the F/A-18 test,® wing rock started already at
a =22 deg (Ref. 9), only 2 deg later than what was predicted
for free flight.7 Assuming that the bearing friction has a
similar effect on the present wing-rock results, one obtains
the data trend shown by a dashed line in Fig. 2. The agreement
with the flight test results is still amazingly good. When testing
a larger F-18 model in a wind tunnel at NASA Langley Re-
search Center, at a much higher Reynolds number than in
the Notre Dame tunnel test, Nguyen et al.’ did not observe
any wing rock at all. This illustrates the difficulties discussed
in Ref. 11. The situation is the opposite of that encountered
earlier in tests of a generic aircraft model.'? In this case, tests
at NASA Langley (in the same tunnel and at a similar Reyn-
olds number) showed wing rock to exist,'? whereas it would
not occur in laminar flow'*'* and would be less severe at full-
scale Reynolds numbers.'® This article presents a separated-
flow hypothesis that can explain these contradictory experi-
mental results.
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Fig. 1 Wing-rock buildup of the F-18 HARYV aircraft.>
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Fig. 2 Measured wing-rock amplitude of the F/A-18 aircraft.®

Right Forebody Vortex

Fig. 3 F/A-18 forebody flow visualization at @ = 50 and 55 deg.'®

Fig. 4 Observed LEX-vortex breakdown in static test at &« = 29
deg.*®

Analysis

The high-alpha forebody flow on a model of F/A-18 was
investigated in conjunction with a water-tunnel test of fore-
body blowing.'® The flow visualization for no blowing shows
that the forebody vortices are symmetric at &« = 50 deg, but
become asymmetric at « = 55 deg, with the lower of the
vortices, the one that is not lifted-off, staying close to the
nose contour (Fig. 3). In another test,'”-!® flow visualization
showed spiral brcakdown of the LEX vortex (Fig. 4).

Based upon the flow photographs in Figs. 3 and 4, one can
construct the conceptual forebody—LEX vortex geometry
shown in Fig. 5 to explain the interaction described by Nel-
son’s film clip.* It showed how one of the forebody vortices
at a high angle of attack would dip down to interact with the
LEX vortex on that side of the body. That started the wing-
rocking action, with the forebody—ILEX vortex interaction
alternating between the two sides. Section A-A in Fig. 5 il-
lustrates how the LEX vortex, after spiral vortex breakdown,
would generate a velocity field that drags down the forebody
vortex, starting a spiraling interaction by the two vortices.
The good agreement in Fig. 2 between flight data and one
degree-of-freedom free-to-roll test results in a wind tunnel
indicates that the yaw degree of freedom in flight (Fig. 1) did
not change the character of the wing rock in any fundamental
way. Consequently, only the roll degree of freedom will be
considered in the analysis to follow.

It was suggested in Refs. 1 and 2 that the vortex interaction
caused the beneficial effect of the LEX vortex on the loading
of the adjacent wing to be lost or greatly decreased. This
would increase the magnitude of the statically stabilizing roll-

‘
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Section B-B

Section A-A

Fig. 5 Conceptual flow geometry for LEX—forebody vortex inter-
action.

Forebody vortex core

LEX vortex core

Forebody vortex core pal

o = 40.6° and 8 = 0.6°.

Fig. 6 LEX-forebody vortex interaction in flight.?
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ing moment and, through the effect of convective flow time
lag, would cause a loss of roll damping, resulting in the ob-
served wing rock. Flight test results!*?° show that such an
interaction indeed takes place (Fig. 6).

Moving Wall Effects

Moving wall effects®! generate wing rock through their in-
fluence on the forebody crossflow separation and associated
vortex shedding.'*'* They are very dependent upon the cross-
flow Reynolds number in regard to the nature of their induced
aerodynamic effects. This is illustrated by Magnus lift mea-
surements on a rotating circular cylinder® (Fig. 7). For lam-
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Fig. 7 Magnus lift characteristics for a rotating circular cylinder?2:
a) initially subcritical (laminar) and b) initially supercritical (turbu-
lent) flow conditions.

inar flow conditions (curve f in Fig. 7a for U,/U. < 0.3),
positive Magnus lift is generated. This is mainly 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 tran-
sition on the bottom side through upstream moving wall ef-
fects, causing a change from the subcritical to the supercritical
type of flow separation, e.g., at Re = 0.128 X 10° and U,/
U, = 0.3 (curve fin Fig. 7a). The negative Magnus lift reaches
its maximum magnitude when the crossflow conditions are of
the critical type already in the static case (curves j, k, and 1
in Fig. 7a). In the turbulent, supercritical case (curve n in Fig.
7b for Uy/U.. < 0.1), the main effect is that of the upstream
moving wall effect on the bottom side, which promotes flow
separation, moving it from the supercritical towards the sub-
critical position. Thus, the difference in Magnus lift between
laminar and turbulent flow conditions is mainly the result of
the difference between the capability of the moving wall effect
to delay laminar flow separation and promote turbulent sep-
aration. The difference in Magnus lift slopes, the laminar one
(Fig. 7a) being only three-eighths of the turbulent one (Fig.
7b), reflects the fact that it is much more difficult to delay
than to promote flow separation.

The Reynolds number based upon the maximum forebody
diameter of the generic aircraft model was Re = 0.26 x 10¢
in the test,'? and therefore, in all likelihood in the critical Re
regime?? (Fig. 7a). Thus, the crossflow over the nose and nose
shoulder was in the critical Re region, and the scenario in Fig.
8 can be visualized. 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 critical or supercritical type (Fig. 7a). In the
absence of time lag effects, the vortex geometry sketched at
t = t, would result. Because of time lag effects similar to those
for slender wing rock,?* this vortex geometry is not realized
until t = ¢, = ¢; + At. For simplicity, only the vortex closest
to the body is shown at ¢,, as it indicates the direction of the
vortex-induced downwash on the wing and the resulting roll-
ing moment. At ¢ = t;, when the roll rate reaches its maximum
in the opposite direction, another forebody switch of the flow
separation asymmetry occurs. Because of the time lag effect,
the vortex geometry influencing the now horizontal wing has
not changed, but is the same as at t, = ¢, + At, in agreement
with the flow pictures in Ref. 12. During A¢, required for the
new vortex geometry to reach the wing, the vortex-induced
rolling moment generated by the previous vortex geometry
drives the rolling motion.'*-'* This is the mechanism gener-
ating the observed wing rock.'?

F-18 Wing Rock

Using the information in Figs. 3-6, the flow sketch cor-
responding to Fig. 8 looks for the subscale test of the F/A-18
model as shown in Fig. 9. The downstream moving wall effect
delays flow separation for laminar flow conditions (Uy/U., <
0.3 for curve f in Fig. 7a). In Fig. 9 the aerodynamic spring
needed for the oscillatory wing-rock motion is provided by
the rolling moment generated by the loss of lift on thc main
wing through the vortex interaction. As in the case of the
generic aircraft model in Fig. 8, there is a time lag At after
the rotation of the forebody has changed before the vortex
interaction occurs. This generates the rolling moment that
drives the wing-rock motion, just as in the case of the generic
wing rock in Fig. 8. The time lag effect is well illustrated by
flight-test results' (Fig. 10). The maximum roll rate at ¢ =
0 generates the delay of crossflow separation causing the low-
ering of the forebody vortex sketched in Fig. 5. Because of
the time lag effect the resulting lowering of the vortex at the
LEX occurs at t, = ¢, + At (Fig. 9). This is in good agreement
with what the frames in Fig. 10 show. The shown vortex
location was observed by the pilot, seated above the LEX.
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Fig. 8 Conceptual flow mechanism for forebody-induced wing rock
of a generic aircraft model.”
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Fig. 9 Conceptual flow mechanism for LEX-forebody vortex inter-
action.

= tl + At

The wing-rock amplitude of F/A-18, observed in flight and
measured at low Reynolds numbers in wind-tunnel tests,®
shows the amplitude to increase with angle of attack, from
approximately 3 deg at « = 30 deg to a maximum of slightly
more than 20 deg at @ = 45 deg (Fig. 2). When the angle of
attack is increased further, the limit cycle amplitude decreases
rapidly. The reasons for these data trends will be discussed
next. From Figs. 3 and 4 one obtains /,/dy ~ 2.5. For a
tangent—ogive nose the corresponding apex half angle would
be 6, = 24 deg, indicating that static asymmetric forebody
vortices should start developing when a > 26, = 48 deg.**
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Fig. 10 Forebody vortex location on rolling F-18 flight vehicle.'

This is in good agreement with the flow visualization results
in Fig. 3, showing that asymmetric forebody vortices started
occurring at @ > 50 deg. It is also in agreement with the
measured yawing moment at zero sideslip.®> As discussed in
Ref. 25 in connection with test results for a spinning nose
tip,2° the moving wall effect is largest.just before natural sep-
aration asymmetry occurs at @ = 50 deg. At that point, the
symmetric flow separation is easiest to perturb to change the
symmetric vortex pattern to an asymmetric one in the direc-
tion dictated by the moving wall effect.

The rapid decline of the wing-rock amplitude at higher
angles of attack® (Fig. 2) reflects the fact that the moving wall
effect now has to overcome the natural, static separation
asymmetry. The observant reader probably is questioning why
the peak amplitude in Fig. 2 occurs at o =~ 45 deg, when
experimental results show static flow asymmetry to occur at
a > 50 deg. The likely reason for this is that, within a certain
a-range below that at which static flow asymmetry develops,
even a moving wall effect of modest magnitude will cause the
symmetric flow separation to become asymmetric. Once it is
asymmetric it will take a moving wall effect of significant
magnitude to reverse the separation asymmetry. This is in
agreement with the experienced difficulty in developing re-
liable means for control of the crossflow asymmetry on a
slender nose.?” The data trend for o < 45 deg in Fig. 2 is
the expected one. Farther and farther away from the trigger
point a = 50 deg the moving wall effect will have more and
more difficulty in trying to perturb the symmetric flow sep-
aration.

The agreement between the wind-tunnel test and free-flight
results in Fig. 2 appears at first rather surprising. It is well
known?* that static side forces generated by asymmetric
forebody flow separation are of similar magnitudes for lam-
inar and turbulent flow. However, one must also compare the
laminar and turbulent moving wall effects. Figure 7 shows the
Magnus lift measured by Swanson®? on a rotating circular
cylinder. In the laminar, subcritical case (Fig. 7a), the Magnus
lift is generated mainly by the downstream moving wall effect
on the top side, which moves the flow separation from the
subcritical towards the supercritical position. In the turbulent,
supercritical case (Fig. 7b), the Magnus lift is generated mainly
by the adverse, upstream moving wall effect on the bottom
side, which moves the flow separation forward from the su-
percritical towards the subcritical position.

In the present case of interest the laminar flow separation
is delayed by the moving wall effect from the static position
S, to the dynamic position S, (Fig. 11a), whereas the tur-
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a) } b)

Fig. 11 Conceptual roll-induced asymmetric forebody vortex geom-
etries: a) laminar and b) turbulent crossflows.

TRANSITION— — TRANSITION

Fig. 12 Flow sketch of conceptual effect of body strakes on forebody
crossflow at critical flow conditions.

bulent separation is promoted (Fig. 11b). The result is a
forebody vortex pair that looks very similar.

Reynolds Number Effects

Based upon the results in Figs. 7 and 8, one expects the
effect of rotation on the flow separation and associated vortex
geometry to switch if the laminar Reynolds number is in-
creased to fall in the critical range. There, the moving wall
effect does not influence the flow separation directly, as in
the cases illustrated in Figs. 9—11, but acts instead only in-
directly through its effect on boundary-layer transition, as
illustrated in Fig. 7a and discussed in connection with Fig. 8.
This reverses the ultimate moving wall effect on crossflow
separation. Thus, the forebody—LEX vortex interaction would
become statically destabilizing/dynamically stabilizing, and no
wing rock should occur. That is exactly what was observed
when the F/A-18 model was tested'® at roughly the same
crossflow Reynolds number, Re = 0.26 X 108, for the fore-
body as in the case of the generic aircraft model.'* However,
when the forebody of the F/A-18 model was provided with
small strakes, at =40-deg azimuth from the bottom meridian,
wing rock did occur.' The logical reason for this is that the
strakes caused early, localized, transitional flow separation
with turbulent reattachment, resulting in final, turbulent flow
separation, with moving wall effects similar to those for lam-
inar flow (Fig. 12). A similar supercritical type of flow sep-
aration would probably also result if the strakes were substi-
tuted by boundary-layer trips,** preferably placed farther away
from the flow stagnation point than the strakes in Fig. 12.

These results illustrate the fact that dynamic simulation of
separation-induced self-excited oscillations in subscale tests is
not possible unless the full-scale Reynolds number is simu-
lated."" One encouraging result of the present analysis is that
it indicates that, even in the presence of so-called moving wall
effects, analytic extrapolation to full-scale vehicle dynamics
from subscale tests may be possible, provided that the fluid
mechanics involved are fully understood.

Conclusions

A brief analysis of recent experimental results for the F/A-
18 aircraft has led to the following conclusions:

1) The wing rock of the F/A-18 aircraft can be explained
by extending the analysis performed earlier for the wing rock
of a generic aircraft model.

2) The main change is that instead of inducing downwash
on the main wing, the forebody vortex in the present case
interacts with the LEX vortex, controlling its lift generating
effect on the main wing.

3) It needs to be emphasized that in the present case the
roll-induced moving wall effect acts directly on the crossflow
separation, delaying it for both laminar and turbulent flow
conditions, whereas in the case of the generic aircraft exper-
iment, the moving wall effect controlled the crossflow sepa-
ration via its effect on boundary-layer transition.
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