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Abstract

The role of configurational effects and
associated maneuver-dependent departure
characteristics in placing limitations on high-alpha
maneuvers has been examined. The unsteady
aerodynamics of advanced aircraft are considered
with reference to two radical maneuvers, the
Herbst and cobra maneuvers, for which the initial
pitch-up phases are very similar but the high-alpha
maneuvering phases are distinctly different. To
successfully perform air combat maneuvers the
aircraft must display adequate lateral-directional
dynamic stability over the complete alpha range of
the maneuver.

Nomenclature
b wing span
d maximum body diameter
n yawing moment, coefficient C_ =n/q_Sb
N normal force, coefficient Cyy=N/q_S
4., dynamic pressure, = P, Uw2/2
T . yaw rate ‘
Re Reynolds number, Re=U_d /v
S reference area, nd2/4 or projected wing area
t time
U,  freestream velocity
\Y circumferential crossflow velocity
X axial distance from apex
Y side force, coefficient Cy, = Y/q S
a angle of attack
a pitch-rate-induced angle at the nose tip, =
XeG al Uoo
B angle of sideslip
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SN forebody apex half-angle

\% kinematic viscosity

P air density

0} body azimuth

0] body-fixed roll angle

y coning angle

Q dimensionless coning rate, = y bl2U,,
Subscripts

CG  center of gravity (rotation center)
I initial

oo freestream conditions

Derivative Symbols

¥ = oylot; Cp = 9C/o(rb/2UL,); Cop =
aC,/3(Bb2U.) |

Introduction

In response to the increased demands during
the 1980s for high maneuverability radical
“supermaneuver” concepts Wwere introduced,®
which subsequently became something of a test of
potency for contemporary high-performance
aircraft. It soon became clear that not every aircraft
could perform these maneuvers. In comparing the
aircraft that are known to have made the grade,
some common configurational characteristics
emerge. Thus, the full-scale flight experience
provides valuable information, which can serve as
a basis for conceptual analyses®® of the dynamic
stability of these aircraft under maneuvering flight
conditions. In the Herbst supermaneuver ™ the
pitch-up motion ends with a sharp lateral turn, a
so-called velocity vector roll (Fig. 1), whereas the
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cobra maneuver is a pure pitching motion,®
terminated by a pitch-down from o = 120°.

Fig. 1. Herbst supermaneuver.®’

The unsteady aerodynamics are very sensitive
to forebody configurational characteristics and, in
particular, to where leading-edge extension (LEX)
and wing surfaces are located relative to the base of
the slender forebody; e.g. well aft and/or outboard
of the air intakes, as in the case of the F-14
aircraft® (Fig. 2), or extending to the base of the
forebody, as in the case of the F-16 aircraft®
(Fig. 3). Whereas LEX surfaces were originally
incorporated in the aircraft design to improve post-
stall lift characteristics they have been shown to
have also a very beneficial effect on the dynamic
lateral stability.”

Fig. 2. F-14 Tomcat.®®

9]

Fig. 3. F-16 Fighting Falcon.®

Background

Test results for an advanced aircraft
configuration with the F-14 type of forebody
geometry® (Fig. 4) showed that the high-alpha
dynamic instability in yaw was generated by the
loads on the slender forebody. Consequently,
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Fig. 4. Yaw damping characteristics of an
advanced aircraft model.®
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body-alone aerodynamics are representative of the
high-alpha characteristics of the complete aircraft,
and the flow visualization results for an I/d = 10.3
blunted cone—c?/linder body in pitch-up or pitch-
down motions®'® are of interest. They showed
that asymmetric forebody flow separation, causing
the dynamic yaw instability in Fig. 4, developed
even at pitch rates well above those reached in the
cobra maneuvers"? (Fig. 5). Thus, the dynamic
instability in yaw, developed at zero pitch rate®
(Fig. 4), is likely to exist also at the high pitch rates
of the Herbst and cobra maneuvers. As the moving
wall effects are largely concentrated in the
boundary layer build-up region near the flow
stagnation point, Magnus lift results for a rotating
circular cylinder™® are indicative of the moving
wall effects for the translating circular cross-section
of a slender forebody"® at moderately high angles
of attack, a < 60°. Using this assumption®®
provided satisfactory prediction of the experimental
results for a coning cone-cylinder® (Fig. 6).

pitch down pitch up

Prediction"

&0+ Unsteady

Asymmelsic

Symmeleic

204 Altached

] T ¥ T T
-075 ~0.50 ~0.7%5 035 030 075

o
&

Fig. 5. Effect of pitch rate & on alpharegion for
asymmetric crossflow separation on a 10.3
caliber cone-cylinder.®
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Fig. 6. Free-to-spin coning rate of cone-cylinder.

Analysis

Thus, the moving wall effect™ on the
forebody flow separation will significantly amplify
the control-induced yawing moment. In addition, a
sudden increase of the pitch-up moment will be
generated by the change to an asymmetric
crossflow separation geometry. Recent tests"®
showed that removing the nose strakes on an
advanced aircraft model (Fig. 7), thereby allowing
the development of static, asymmetric crossflow
separation, more than doubled the nose-up pitching
moment (Fig. 8).

Fig. 7. AGARD WG16 generic combat aircraft
model.*®
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Fig. 8. Effect of nose strakes on C_ (o) and Cy()
of AGARD WG16 aircraft model.“®

Thus, a strong pitch-up tendency is associated with
the crossflow separation asymmetry established
during a rapid roll around the velocity vector. This
could have provided the conditions for a stable spin
mode of the F-14 aircraft at very high angles of
attack."” Rotary-rig tests of the AGARD WGI16
generic model of a combat aircraft’™® (Fig. 7)
produced the results shown in Fig. 9. Instead of
the high-alpha pro-coning C,, expected at
subcritical flow for  forebody-dominated
characteristics” (Fig. 4), the data®™® in Fig. 9 for
the clean forebody show an anti-coning trend.
When looking for the cause of this difference one
notices one obvious difference between the tested
aircraft models, i. e. the presence of LEX surfaces
only on the AGARD model in Fig. 7. It is
discussed in Ref. 7 how the LEX-induced upwash
could have caused this difference. In the rotary-rig
tests™1#1%19 the effect of the LEX-induced upwash
is influenced by the coning motion as illustrated in
Fig. 10. The coning generates a local sideslip that
decreases the effective leading-edge sweep of the
LEX on the windward, advancing side and
increases it on the opposite, receding side.
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Fig. 9. Effect of nose strakes on C_(Q) for o =
20, 30, and 40 deg."®

This results in a stronger LEX-induced upwash on
the advancing side than on the receding side. As a
consequence of the dominance of the LEX-induced
upwash, the crossflow separation and associated
vortex shedding on the slender forebody is affected
as illustrated in the sketches in Fig. 10. That is,
instead of generating a pro-coning force as in the

- case of no LEX surfaces (Fig. 10a), the LEX-

induced upwash causes the crossflow separation to
generate an anti-coning force on the forebody (Fig.
10b), in agreement with the high-alpha data trend
in Fig. 9. That the LEX surfaces act as shown in
Fig. 10, providing an anti-coning moment
contribution rather than simply being delaying the

occurrence of asymmetric crossflow separation on
the forebody is demonstrated by the experimental
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results in Fig. 9, where the nose strakes delay the
asymmetric crossflow separation to a > 40°.

a. Without LEX b. With LEX

Fig. 10. Crossflow separation on coning slender
forebody.”

In view of the above discussion of the effect
of LEX surfaces it is interesting to note that in the
documented cases of aircraft known to have
performed the cobra maneuver,?**" the Su-27
(Ref. 22 and Fig. 1la) and the MiG-29 (Ref. 23
and Fig. 11b), the aircraft have LEX surfaces that
extend to the base of the slender forebody. In
addition, asymmetric  forebody  crossflow
separation may have been delayed somewhat by the
presence of a nose boom.*"

The difficulty in performing the Herbst
supermaneuver with a slender-nosed aircraft was
overcome by using thrust vectoring on the X-31
aircraft. Test pilot Karl Lang performed the
supermaneuver, using a turning radius of 475 ft
compared to the 2700 ft radius of a coordinated,
steady turn.*® To decouple lateral and longitudinal
control mechanisms, as was accomplished here by
using thrust vectoring for lateral control and all
movable canards for pitch control, appears to be
important in order to minimize the tendency
towards adverse control/vehicle  dynamics
coupling.®® Moreover, for symmetric deflection

b. Mikoyan MiG-29M (Ref. 23).

Fig. 11. Aircraft known to have performed the
cobra maneuver.

the canards with swept leeding edges will act as the
LEX surfaces (Fig. 10), generating an anti-spin
force on the forebody in the presence of a coning
motion.

Slender Forebody Aerodvnamics

The complicated nature of the loads induced
on a slender forebody in pitch oscillations"” are

well illustrated by the C, results in Fig. 12,
obtained on the AGARD WG16 generic combat
aircraft model with nose strakes and boundary
layer grit strips"® (Fig. 7). They are unusual in
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Fig. 12. Effect of large-amplitude oscillatrions in

pitch on C (o) of AGARD WG16 model
with nose strakes and boundary layer
trips.“®

two respects. First, a static yawing moment , | C,, |
> 0, is measured at § = 0 for o > 45° even though
the strakes force the flow separation to be
symmetric at the nose tip.? The nose strakes only
delay the occurrence of the separation asymmetry,
from o > 30° to o > 45°. This is inagreement with
experimental results for the X-31 aircraft,®”
indicating that a limited range exists at high alpha in
which steady asymmetric crossflow separation can
develop aft of the nose region affected by the
strakes. Surface flow visualization results at o =
46° for the AGARD WGI16 model with a clean
forebody®® suggest that a new vortex pair is being
generated two calibers downstream of the nose tip.
This is in basic agreement with existing
experimental evidence.?” If the forebody is long
enough the presence of the symmetric first vortex
pair produced by the nose strakes can only delay,
not prevent, the occurrence of asymmetric flow
separation farther downstream. The location where
the second vortex pair starts on the clean forebody
of the WG16 model is approximately one strake
length behind the trailing edges of the nose
strakes.®®

It is more challenging to explain the other
result in Fig. 12, i.e. the capability of a very
modest pitch rate to eliminate the asymmetric
crossflow separation existing at 45°< o< 65° for
essentially static flow conditions (Slow alpha-
sweep). As the dynamic C (o) loops above and
below o = 40° are quite similar, there cannot be

any significant effect of forebody flow asymmetry
at o > 40°. Experimental results for an ogive-

cylinder®-? (Fig. 13) show that the modest pitch-
up rate o d/U_, = 0.0027 significantly changed the

crossflow separation characteristics from those
existing at & = 0. The crossflow acceleration
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Fig. 13. Pitch rate effect on ogive-cylinder normal
force at critical flow conditions.®”

generated by the pitch-up motion apparently had an
effect similar to that of nose strakes®” (Fig. 14),
preventing the asymmetric flow separation with
associated side force and increased normal force
from developing. The crossflow separation process
can be simulated using the impulsively started
cylinder flow analogy.®*”® In that case the
circumferential crossflow velocity V is a function V

= f(V}) of the initial velocity V; = U, sin a, and
the crossflow acceleration can be written

dV/dt = (df/dV)) U_ cos o « (1)

Equation (1) shows that the crossflow acceleration
is largest at o0 = O and becomes zero at oo = 90°.
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This is in agreement with the data trend in Fig. 13,
where the difference from the static normal force
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Fig. 14. Effect of nose strakes on the Cy(a) and
Cy (o) characteristics of a pointed ogive-
cylinder.®?

is largest at low angles of attack, and becomes
negligible at o > 60°, where the increased data
scatter is the likely result of Karman type flow
instability.®” The kink at a > 40° in the static
C{o) curves is the result of the lift-off of one
member of the asymmetric vortex pair, allowing
the other, lower vortex to move inboard, thereby
generating more normal force. This data trend is
clearly exhibited by the experimental results®? in
Fig. 14. The cylindrical afterbody in Fig. 13, not
present in Fig. 14, provided an additional Cy
increase at higher angles of attack.

One question that needs to be answered is
why the accelerated flow effect is so much larger at
Re = 0.08 x 10° than at Re = 0.05 x 10°. The
quoted® 6 % decrease of the freestream speed
when the model was pitched from o =0 to oo = 90°
indicates that the model blockage was substantial,
suggesting that the associated increased turbulence
level could have been responsible for the early

establishment of critical crossflow conditions.®?
With that scenario the experimental results in Fig.
13 suggest that at Re = 0.08 x 10° the static
characteristics were obtained at crtical flow
conditions, whereas at Re = 0.05 x lO6 laminar
flow conditions existed. This is consistent with the
fact that the decreased crossflow drag at o = 90°

resulted in 10% lower Cy at Re = 0.08 x 10° than
at Re = 0.05 x 10 Furthermore, at Re = 0.08 x

10° it appears that the accelerated flow effects
during the pitch-up were powerful enough to

produce laminar flow conditions, generating Cy
values equal to or larger than the static values for

Re = 0.05 x 10° at o < 50°. That the crossflow
condmons on the clean forebody in the test at Re =

0.2 x 10 of the AGARD WG16 model (Fig. 7)
were close to the critical range could be verified by
a companson with the force data at Re = 0.15 and

0.30x10° (Ref. 28). The presence of the trips at ¢

= % 40° on the forebody (Fig. 7b) could therefore
have played a significant role in establlshmg critical

crossflow conditions at Re = 0.2 x 10

Another question that needs to be answered is
why the predicted"”® ¢ dependence of the «
boundaries for asymmetric crossflow separation
agrees so well with the experimental data trend’
(Fig. 5), despite the fact that no consideration was
given to the accelerated flow effect discussed here,
Eq. (1). The likely reason is the large difference in
the magnitudes of the pitch rates. It has been
shown that the roll-rate-induced camber effect for a
65 deg delta-wing-body configuration is saturated
at a very modest roll rate, whereas the convective
time lag effects continue to grow unabatedly to
very high roll rates.®**® A similar rate saturation
phenomenon has been observed for the pitch-rate-
induced camber effect on the vortex characteristics

of a 45 deg delta wing.®”*® The pitch rate o d/U,,

=0.0027 in Fig. 13 gives a = aXg/U,, = 0.022,
well below any rate saturation value in Fig. 5. That
is, in Fig. 5 the convective time lag is the dominant
effect, whereas in Fig. 13 the accelerated flow
effect dominates.

Maneuver Time History

The question which has to be answered in
order to assess the lateral-directional control
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requirements in the supermaneuver is whether or
not asymmetric flow separation conditions will be
established over some part of the alpha range.
Considerations of the flight conditions should in
themselves give an indication of the likelihood of
departure.

The entry into the Herbst post-stall maneuver
occurs at high subsonic Mach numbers, where the
crossflow separations are predominantly of the
supercritical type. At moderate altitudes the flow
conditions are likely to remain supercritical during
the deceleration period when the angle of attack
climbs into the range for asymmetric crossflow
separation. Since the coning motion is initiated
before that point, there is a possibility of departure
into a steep spin when the pitching moment
changes sign at high alpha. With further
deceleration as alpha approaches 90°, the
critical/supercritical crossflow separation can be
established over part of the forebody, facilitating
the departure into flat spin. Thus, for forebody-
dominated aircraft configurations the danger of
departure would be present at more than one
segment of the Herbst maneuver. Consequently,
even if the aircraft manages to traverse uneventfully
the o range for asymmetric crossflow separation,
the control-induced lateral motion can lead to flat
spin when the critical/supercritical flow asymmetry
occurs in the range 70° < a < 90°. The commanded
maximum yaw rate of the F-14 aircraft,”? 180
deg/sec, would result in lateral velocities at the
nose tip that could generate a flat-spin-driving
moment.®

Even in the absence of a control-induced
input the forebody flow is likely tc become

asymmetric at o.> 2 6 . Because of the flow field
time lag the crossflow asymmetry could persist to
angles of attack approaching 90 deg. Thus,
departure into flat spin is possible. This tendency
will be independent of the presence of nose
strakes, as at these high incidences asymmetric
crossflow separation will develop on the forebody
aft of the strakes.” This behavior is consistent with
observations for the X-31 at o = 60° (Ref. 27) as
well as for the AGARD WG16 model (Fig. 7) at a
> 45° (Refs. 16 and 28). Maneuver control through
forebody blowing®***” will be ineffective at these
high angles of attack.

In contrast to the Herbst supermaneuver,
where a large control-induced yaw rate will be

generated, favoring departure into flat spin, in the
case of the cobra maneuver, performing a pitch-up
to oo = 70°, the steep spin that might result at the
equilibrium conditions will occur at a lower
rotation rate and possibly higher angle of attack
because of the reduced pitch-down moment in the
presence of asymmetric crossflow separation
(Figs. 8 and 14). On the other hand, if the aircraft
is pitched up towards o = 90° , the full negative
pitching moment generated by the tail surfaces has
to be balanced, which could lead to a fast flat spin
that may not be recoverable. The conditions for
spin equilibrium also require a balance of lateral
forces, which is provided at finite sideslip.

The conditions associated with fluid/motion
coupling at lower altitudes are dangerous to cover
in flight tests and difficult to investigate in wind
tunnels because of the high Reynolds numbers that
have to be simulated.“” As a result, very little data
is available for these flow conditions.
Consequently, more analysis is needed of
fluid/motion coupling at high subsonic Mach
numbers and high Reynolds numbers. Until such
data become available the documented flight
experience of the Su-27 and MiG-29 will provide
the sole corroboration of supermaneuver
predictions.

Conclusions

An analysis of the unsteady aerodynamics of
combat aircraft, performing the Herbst and cobra
maneuvers, has shown that a dominant source of
the highly nonlinear vehicle dynamics at high
angles of attack is the effect of the asymmetric
crossflow separation occurring on a slender
forebody. A study of the rotary-rig test results for
the subscale AGARD WG16 combat aircraft model
demonstrates that the highly nonlinear effect on the
unsteady aerodynamics of angular rate and
oscillation amplitude can be explained by applying
the information obtained in one-degree-of-freedom
dynamic tests with subscale models of missiles and
aircraft geometries. While the test results analyzed
are not representative of full-scale flight conditions,
largely because of the habitual use of boundary
layer trips, the methodology used in the present

analysis is fully applicable to the (more
straightforward) analysis of the unsteady
aerodynamics existing at full-scale Reynolds

numbers. The analysis demonstrates that the
presence of wing LEX surfaces on the aircraft
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performing these radical maneuvers could have
provided the needed dynamic lateral stability.
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