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Cobra Maneuver Unsteady
Aerodynamic Considerations

Lars E. Ericsson*®
Mountain View, California 94040

Introduction

HE “COBRA’ maneuver, performed by Pougachev at

the 1989 Paris air show with the Soviet Su-27 ““Flanker,”"!
and later performed also with a MiG-29 at the Canadian Na-
tional Air Show in Ottawa,” requires lateral high-alpha sta-
bility superior to what until then had been demonstrated by
other aircraft.* One conclusion that has been drawn is that
somehow symmetric flow separation has to be assured through
the alpha range 0 < o < 120 deg. Some attention has been
given to the problem of preventing the vortices from highly
swept wing leading edges from generating large lateral loads
in roll and yaw through asymmetric vortex breakdown and/
or vortex liftoff.** However, little has been said about the
potentially more serious lateral stability problem presented
by asymmetric flow separation from a slender forebody.”
The lateral stability provided by the twin fins on the Russian
aircraft'- is probably comparable to that on U.S. aircraft,
which have experienced uncontrollable yawing moments at «
> 50 deg.® The separation asymmetry on a slender forebody
is controlled by so-called microasymmetries,” as has been
demonstrated by the effect of roll angle on a pointed ogive.*
The flow separation can be forced to be symmetric by the use
of body strakes, trips, and by other means.” It is noted in Ref.
3 that “the Su-27 radome does have small chines located at
the apex of the nose. These chines are small but probably
have a very positive effect on high AOA stability.” That
chines may not always be successful in eliminating or even
alleviating forebody flow asymmetry at zero side slip has been
demonstrated in low-speed tests with conic noses.'” In these
tests a nose boom was found to reduce the maximum side
force | Cy|,... more than lateral strakes located near the apex.
However, this favorable nose-boom effect appears not to be
present at higher Reynolds numbers.®“-'' Thus, not too much
of an effect should be expected from the presence of nose
booms on Su-27 and MiG-29. The vortex wake from the very
slender nose boom embeds the apex of the forebody, possibly
having an alleviating effect similar to that of nose bluntness.”
Consequently, the experimental results for a blunted cone-
cylinder geometry in rapid pitching motion'” (Fig. 1) should
be of some relevance.

Asymmetric Vortices on a Pitching Body

The pitch-rate-induced angle of attack at the nose tip is
—& = —dxei/U, = —0.175 = —10 deg for the pitch-up
motion, and for the pitch-down case the angle of attack is
increased by 10 deg (Fig. 1). Accounting for this pitch-rate-
induced angle of attack (dashed lines in Fig. 2) did not fully
account for the experimentally observed effect of the pitch
rate on the boundaries between symmetric, asymmetric, and
unsteady vortex shedding (solid lines in Fig. 2). However, it
has been shown'* that if one adds the time lag for convection
of the pitch-rate-induced effect from the nose to the local
station x, the predicted boundary in Fig. 2 will agree with the
experimental data trend.'? The message one obtains from the
experimental results in Fig. 2 is that the large side forces with
associated huge yawing moments experienced in static tests® !
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Fig. 1 Asymmetric vortices on cone-cylinder body in rapid pitch-up
and pitch-down motions.'?
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Fig. 2 Angle-of-attack/pitch-rate boundaries for symmetric, asym-
metric, and unsteady vortex shedding.'

should be realized also in a rapid pitching maneuver at laminar
flow conditions. The 70 deg/s maximum pitch rate estimated
for Su-27° would induce an angle of attack at the nose of less
than 5 deg, i.e.. well within the range covered in Fig. 2. Even
when allowing for the fact that the asymmetric loads on the
nose would be somewhat lower at the high Reynolds numbers
of full-scale flight than at the laminar flow conditions of the
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ground test,'* one would expect a situation qualitatively sim-
ilar to the one illustrated in Fig. 2. Thus, based upon the
experimental results discussed so far, the Su-27 and MiG-29
aircraft should have experienced significant out-of-plane mo-
ments. However, before one can say anything about nose-
slice tendencies, one has to analyze the nose-slice motion and
the associated moving wall effects.'”

Experimental results'® have shown how powerful the mov-
ing wall effects on laminar flow separation can be. They dom-
inate completely over the effect of roll angle observed in static
tests of a pointed ogive-cylinder at laminar flow conditions.'”
As the moving wall effects are concentrated to a region near
the crossflow stagnation point,'* the moving wall effects mea-
sured on a rotating circular cylinder' could be applied to the
translating circular cross section of the coning body (see inset
in Fig. 3), resulting in a predicted data trend® that agrees
well with the experimental results.'® This type of moving wall
effect caused the observed lateral oscillations of sting-mounted
slender-nosed models in ground tests at laminar flow condi-
tions.”' Assuming that lateral motion does develop during the
pitch-up maneuver, similar moving wall effects will be pres-
ent.

Self-Induced Coning Oscillation

It has been demonstrated that when the crossflow condi-
tions become critical, the asymmetric flow separation on a
pointed slender nose is the result of asymmetric boundary-
layer transition.>> The moving wall effect on flow separation
via transition is responsible for the self-induced oscillatory
coning observed on the cone-cylinder body (Fig. 3) when it
was turned around 180 deg.'®*" In this case a change of coning
direction occurred without any external (even ever so subtle)
forcing, in contrast to the case shown in Fig. 3. The Magnus
lift measured on a rotating circular cylinder' shows the reason
for this (Fig. 4). At Re = 0.128 X 10°, curve fin Fig. 4, so-
called Magnus lift reversal occurs when U, /U, > 0.3. This is
caused by the upstream moving wall effect on the bottom
side, which, when the critical U,,/U.-Reynolds number com-
bination is exceeded, will cause boundary-layer transition to
occur upstream of flow separation, thereby changing the sep-
aration from the subcritical towards the supercritical type.
This results in a more or less discontinuous loss of lift. This
negative Magnus lift reaches its maximum magnitude when
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Fig. 3 Low-speed coning characteristics of a cone-cylinder body.'¢
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Fig. 4 Magnus lift characteristics for transitional and laminar Reyn-
olds numbers. '

the crossflow conditions are near critical already in the static
case (curves j, k, and [ in Fig. 4).

Initially, flow asymmetry or surface irregularities set the
vortex asymmetry in Fig. 5. The resulting coning motion rein-
forces the effects of the asymmetry, as the laminar separation
is delayed on the advancing side. Positive coning velocity and
acceleration result (¢ and > 0). However, as i increases,
the moving wall effect eventually causes boundary-layer tran-
sition forward of flow separation on the retreating side. This
reverses the vortex asymmetry (as in the case of the Magnus
lift reversal in Fig. 4), and the coning motion starts to de-
celerate (y > 0, but § < 0). Eventually, this results in
accelerated coning in the opposite direction (¢ and 4 < 0).
The rotation reversal moves transition back into the wake on
the new advancing side, and asymmetric laminar separation
is re-established. Eventually, transition occurs on the retreat-
ing side to cause critical/subcritical flow separation reversing
the asymmetry, and the coning motion is decelerated (i <
0, ¢ > 0). The process continually repeats itself, resulting in
a self-reversing coning motion with limit rates in both direc-
tions, producing «(«) characteristics similar to those shown
in Fig. 3.

The flow mechanism producing the behavior in Fig. 5 is
also the essential ingredient of the “‘nose-slice’” phenomenon.
The experimental results in Fig. 5 are for Reynolds numbers
below the critical region (curves a—f in Fig. 4). When the
Reynolds number is increased towards the critical range, the
Magnus lift reversal occurs at lower and lower values of U,/
U, (curves j, k, and [ in Fig. 4). Likewise, one expects the
reversal of the coning motion in Fig. 5 to occur at lower and
lower coning rates, reducing the nose-slice amplitude. That
is, the nose-slice or coning tendency in Fig. 5 will decrease
until it is completely damped at Re = Re,,. A similar damping
effect can be expected to be generated by the moving wall
effects on the transition region on a slender forebody.'32* By
acting as a nose-microasymmetry,’ the transition region con-
trols the forebody separation/vortex asymmetry. Conse-
quently, one expects the coupling between boundary-layer
transition and the coning motion to have a damping effect on
the nose-slice tendencies of slender-nose aircraft, such as the
Su-27 and MiG-29, especially at high altitudes where the crit-
ical flow region can cover a significant extent of the nose. The
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Fig. 5 Acceleration/rate time history of a coning, flat-faced, circular
cylinder at &« = 50 deg for initially laminar flow conditions.”

critical flow region only has to be large enough to be able to
switch the forebody separation asymmetry.

The results discussed above supply a sobering reminder of
the fact that dynamic simulation of high-alpha vehicle dynam-
ics is not possible unless the full-scale Reynolds number is
simulated.****

Conclusions

Analysis of available experimental results leads to the fol-
lowing conclusions in regard to the Cobra maneuver unsteady
aerodynamics:

) In laminar flow the coupling between forebody flow
separation and body motion is such that it will drive coning
and nose-slice motions.

2) At full-scale Reynolds numbers the coupling between
body motion and forebody boundary-iayer transition is at high
altitude such that coning and nose-slice motions are damped.

3) Dynamic simulation of high-alpha vehicle dynamics, e.g.,
in a Cobra-type maneuver, can only be simulated at full-scale
Reynolds number.
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