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Supermageuverability
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MESSERSCHMITT-BOLKOW-BLOHM GMEH
Munich, Germany

Abatract:

Supermaneuverability is defined as the
capability of a fighter aircraft to execute -t Thrust Reversal
tactical maneuvers with controlled side slipping

and at ang!es of attack beyond maximum 1lift. e

This paper deals particularly with post stall C—:}-'_-——— -
maneuverability at zero side slipping since this '35 “everse Thrus!
element of supermaneuverability is relatively

unknown. The analysis is based on optimum anne ¥

control calculation of simplified zaneuver
elesents and on extensive manned and -
computerized close air combat simulatiorn. This N | ChrustVecierre
arnalysis explains the tactical advantage
observed during combat simulations and leals to -
the definition of a typical maneuver duty cycle E"' %
which {3 consistant with conventicnal air coabat N

zaneuvers with all aspect weapons. Reference is -
made to earlier studies about mepeuvers with OG-
thrust vectoring and thrust reversal. Finally,
requirements are given for the necessary leve! &
of thrust-to-weight ratios and control power
including i{rdications of techrical solutions. g

w
0

'.  latreduction g

There are three different concepts (fig. 1)
¢of improving caneuverability by means of tilting
engine thrust:

T=r_g!

a) Inflight thrust reversal
%) Thrust vectoring
¢c;  Post Stall maneuvering (PST) Fig. ! Schemes of using thrust deflection for

saneuver erhancesent.
‘a) has teen considered as a teceleration
device [1)] which permits to slow the aircraft

dcwn rapidly irto a speed regime of bdetter turn advartage 1is based on =hkort term ard highly
perforzance, however, it does not directly i{nstantaneous mansuvers and the ach:evement of
contribute 0 maneuver performance in tarms of small radii of turn. (d) could even :nclude (c)
izproving a change of the direction of flignt. 1f the afreraft were allcwed o0 exceed the stall
limita. In a PST-maneuver, however, the
(5) has been discussed {2} in conjunction advantage of thrust vectoring i3 marginal and
with configurations, such as the Bie Harrier. say not justify the overall Zdesign penallles.
Thrust vectoring offers an additional degree of
freedom %0 establish a maneuver =tate. However, The tact:cal advantage of FST-mareuver:ing in
1 reQulires engine er{t momentusm to point at the short rarge a:r comtat Jdegends on the weapons
aircraft c.g. ovar the vectoring range, which is used. There !3 a charnge .o co=lal =aneuver
fair.y incompatible with afterbdurrer charactersstics (3] caused by the all aspect
tratsllation. A noticeadble !mprovement of aiv carablliity of nev weapons in recal-on
combal capadility has teen demonsirated. aittuations jarticu.arly instantanecus turn
perforsance comt.red with 3mall turn radil has
[¢) 12 the sudlect of this paper. The been found decisive. The rew weajons -
:t . ergine 13 fixed to the atrcraft fuselage and tneluding radar controlled guns in comtinaltlo:l
| *hus exit momentum 1> a_ways ln llne wilh the witlh sidesll;ping flight =odes - will lnnit:ll
C.f. The only differeace %0 a conventioral further ipprovemernts c!' alr ccabst cajadiliity by
sircraft i3 the requirement for .arge ang.es of =exn3s of furlrer lmproved energy -
allack n excess of maxieuam ({ft angle of zancuveradility [3]. .lew mareuver mole: - such
l attack. Post Stall fltight conditions have as PST-mareuver:ing - =ay Ye lle orly way of
a.ready teen depornstrated, however, tactical achleving substanllal lmfrovesents ln c.ode
3 PCT-mareuvers require a leve! of contro!llab:l:it cestal effectiveness.
B far beyond that of contesporary aircraft. Also,
the tactlcal advanlage waz unkrown . Zagiigcal feauall
There i3 slmi.arlly lelweer lhe concepls (b)) PIT maneuver
ng Gopl For Ydoth corceptls 'he galrn 't sanned ard cojule
H Al

F
sustalred turp jerforsancey (35 cmall and [izmilted sioulatlicns (s, - i
to exilreze flight conditicns. The tactical are the fo.lowlirg Batelves
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o 5 sec .verage duration of a PST
maneuver

o 10¢ of total engagement time in PST

lower g-level by about 1 1 g

[} lower uverage maneuvering speed by
about 0.7 * M

o}

and tactical! advarntages:

] quicker inte firing position
oaneuvering

longer a firing positiom maintaining
more first shoot opportunities

less counter hits

easier and quicker to switch alternate
targets

dictating tact.cs throughout entire
speed regime

a core missiles deployable

O 0 0 0o

o

As an overall resu.t it was found:

- ex?hangs ratio in dual coobat with
equa. weapens against an opporent of
equa. ccnpnventional maneuver
rerformance is about 2:!

- excharge ratio irn moultipie combat
remaing Lo be largeiy dependent on the
awuabers ratio, however, c¢an be

significantly izprcved. For example

«n (%] 4 s.ngle PST-capable fighter

8 avl to neutralize two
nventicnal cpponents. Computer
sulations [7] involving larger

T

N

ucters of opponents are showing an
ncrease of the relative advantage of
PET-maneuvering (fig, 2).

& .arge arcurt of tactical data has beern
ered ir more than 3000 simulated engagements
d:fferent rmanned combat simulators flown by
"erationa. piiots cf three airfor-ces.
, it remnined somewhat difficult to
e.y understund the advantage. Sozmetinmes
fe advartage i attributed to fuselage pointing
Cvel the .arger g -rarze., AcCtually, onRiy a
relatively smalli nunber of gun shots have been
clserved during PST.caneuvers and a missile
firirg limitation to T 3C° did not iead to
any significant degradation of tactical success
IS

e

RUR:

[

[ =3

[\c]

}

owy
bo BEPTIES ARCL N X

ve w3 tn
a ;.
[

The malor:ty of firing opportunities occured
tght after finist:ing a PSTemanouver zand
urning %o the conventional flight regizc.

3 lity, therefore, =ust be :'nterpreted
vering scheze rather than a gimballing

In general, the fay-cff {3 based on & trade
ol L0335 of erergy versuy posit:iona.l &and tice
alvantage. & projer FST-pmaneuver preceeding
aread-on ongageernt provides a decizive tice
advantage al a momentary exjfense of energy. In
Sultiple engagezmen.s the 1053 of energy seem: O
e tomjenzates Ly a rol.-ralte acdvantage,
according o [4), In order to convert from a
g0t harnd turn to o Left hand turn against an
ernste targe! a cunventlonal aircraft would
have %o un.cad, ro.. an! re-lcad. With PIT
ablLity an alrcraft cound roll around the
de.Colly veclor at constant - very hl - arg.ec
af attack, Thiz fajavny ) wasz levelc
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e O Syalagation of Zupermaneusverapiliuy in
Sed. ard suipiple EES ccmbar with el
acjeCt wWespond.,  Feiults of comp.ter
cLLuLLation:. Z = 3% uean. a yalt

awnhned simulations (slicing maneuvers).

A3 a resuit, the aircraft with PST-capability
was able to dictate the tactical course of the
engagement. Miss:le capabiliity aid not allow
the conventional opponent(s) to disengage.
Overall speed and loadfactor was observed to be
.ower than in convent:ional air cosmbat. In
rarticular, there was less time at limit g-
Loadings.

3. Hapeuver analvals

For any rlight condition taircraft attitude,
velocity vector, power setting, ait:tude) the
mansuver 3tate (lorgitudinal and lateral
acceleration) is a functinrn of the sum of all
forces, aerodynaeic forces, tngine inlet and
exl? momentum. The analys: sha.l be liajited teo
zero =ideslip conditions for PiT-maneurerinag.
Fig. (3) and rig. (4) are resultls of mass po:int
ca'ulations for a particular aircralt Jdrag
posar at a particular altitude and fcr zaxinue
englne power. F.g. (1) jertain:s %0 horizcn.al
fiight conditicns.
Fig. (&) describes two conditicns of a v
raneuver, the highest and .owest point wi
velocitly vectlor pointing hor:ontally. There s
a CEF:0 lino distingulshing beltweer acceleruted
and Je.elerated caneuver =tates and there are
structural and max:i:sue li1f! limita.  Any
coetination of turn rates and machx nusder
correspond: to a particular radius of turn.
Tig. {2) and ‘5] are syecial cares cof many such
(.agrazs for an infinile nunmter of (1
.onditiona.  An alrcrafl maneuver would
sequence Of Daneuver xtales abl continuo
J i L)

tiens. Filg.
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Macnnumeer
Marclvel otates in a horizontal turn

(aircraft depeniant).

that a turn rate advantage beyond
maximum lift angle of attack as
compared to "corner speed"™ can be
expected at vers low speeds

that a significant turn radius
advantage can be achieved at angles of
attack well beyond maximum lift

that the high angle of attack part cf
an advantageous PST-maneuver would
have to penetrate a relatively low
speed regime (0.05>M>0.2)

Lthat no significant advantage could be
exjpected from PST-paneuvers limited to
moJerite angles cf attack ( : <50°),

Performance of a PST-maneuver i3 an optimue
control problem with angle of attack and bank
angles as independ:.t variables (thrust was
found tc be maximum throughuut the maneuver for
vest results). Pay-off functica in real cocbdat
would be an earlier firing opportunity and to

deny counterfire. In order to gel Dbetter
problem transparency, zinisum tize raneuvers
with defined starting and end conditions have
deen calculated in [9). There was an advantage
of exceeding maximum _{ft ang.e of atlack and

ARl ks e, O T K
1Sl Ycichoattts .

instantanecus penetration into the PST regice
whenever certain geometrical constraints had to
Se zatisfled.

Sae Cne of the most appliicable ana.ytical zareuvers,
fcr exag; .6, is that of 3 180° crarge of heading
DI TS witn the additic constraint of returning 'o

ditizhal




Arrcraft with ST Capability, amax = 90°

i 5 Comparicon of minizmum time maneuvers.
Resuit of trajectory optimizations.

dzvartage

the point of departure at initial speed and
altitude (fig. (5)). The same aircraft, howaver
limited o maxizmum Lift angla of attack would
follow a differert optimum flight path and need
zore tise. Fig. (5) shows the associated tinme
nistories for angle of attack and speed
Typically, the PST-paneuver i3 characteriZed by
a rap:d pitch up to PET-insidences with a fast

recovery into the conventional flight regime
with only a few seconds of persistence at PST-~
conditions.

Fig. (1) is a time history of the same
analytical minimvm time maneuver as shown in
rig. (5) an (6), plotted in terms of rate of
velocity vector turn vs. speed. It shows the
type of PST~-maneuver cycle which also has been
found in actual combat maneuvers. In comparison
with the a -1imited optimum maneuver the PST-
mAreuver features a lower average rate of turn
{18°9/s against 229/s) but less total cnange of
headings and a significantly smaller average
radius of turn. Fig. (8) shows the energy
management o»f both the conventiona. and the PST
maneuver.

0f course, there i= a large variety of
maneuver types for which PST-capability can
provide an advantage. Mass point trajectory
dlculation are useful but limited. Actual PST-
raneuver perforpance will depend upon availalle
-ontrcl power and dynamic response. Fig. 9 {s a
supzary of simulatcr tr:als with actual
aerodynamic and mass data of a fighter aircraft
Jdesign, for which a suitable control system was
designed incorporating low spoed control
enhancement by means of s 1€ effiux
deflecticn in pitch and yaw.

For certa:n repeatable zaneuver tyjpes and
for a given limitation in angle of altack
(abacissa ‘n fig. 9) p..o0ts were try.ng o
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minimum time maneuvers.
trajectory optimizations.

minimize the time to accomplish the maneuver.
Average rate of turn and average radius of turn
improvement throughout each maneuver is shown in
fig. 9.

Simulated air combat engagements (both
manned and computer simulations) have been
investigated with regard to commcn
characteristics of PST-maneuvers. Fig. (10)
shows trajectories of a typical initial phase
engagement of two opponents with equal
conventional performance. Aircraft 1 is limited
to maximum lift, sircraft 2 has PST-capability
up to 70° angle of attack including certain
control power in pitch and yaw. Both aircraft
are equipped with the same all aspect weapon.
The associated tim- history of turn rate vs.
speed arnd angle of attack {s plotted in
ftg. (11) and rig. (12). Starting at high
speed, same altitude, and a typical poaitional
offset opponents are pulling maximum g and then
slow down to best inatantaneous tur:a rate by
means of gaining altitude. At the same time 2
smaller radius of turn would help to get the
opponent into own weapon off-boresight cone and
to keep the opponent from achieving the same
objective. A properly scheduled penetration
into the PST-regime enhances both the slow dowr
and the minimum radius part of the combat
maneuver without a significant loss of turn
rate.

A3 a result aircraft 2 achieves ity firing
opportunity at a time still outside of
aircraft 1 firing cone. It i3 izportant to note
that this firing opportunity occurs shortly
after the aircrafl has returned into the normal

v

.apsec Time s
Energy manageoment comparison fcr
Results of




flight regime., During the PST-maneuver the
weapon was even pointing away from the target.

Fig. (13) i= another representation of the
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Typical air combat engagement of a PST
fighter against a conventional

limited fighter with ail
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Fig. 13 Typical air combat engagement. Re-
lative positions of opponents and
their aspects and firing opportunities
Time intervals in sec. Result of

computer simulations.

_ame engagement. It shows how the pilots in
aircraft 2 (left hand side of rig. (13)) and in
aircraft 1 (right hand side of rig. (13)) would
view their opponents as they look cutside their
cockpit windows. Aircraft symbols in rig. (13)
represent the actual aspect relative to the
opponent at the indicated time intervals. The
figure, therefore, also shows convergence into a
firing position 2nd the time in firing position
for a given weapon cone.

Aircraft 2 performs the PST-section of the
maneuver (second 8 - 15) far outside aircraft 1
weapon range in its backward look angle sector
and {3 getting a first firing opportunity in tue
23. second being in a safe beam position
relative to the target. There is active firing
time without counterfire for several! seconds
until the oppcunent woull puss each ather almost
head on. The pilot of aircraft 2 is never
tooking into his opponent firing cone until his
first pissile hits the target. He recovered the
anergy lost during the PST-maneuver right after
*he attack against aircraft 1 (frig. 14).
Average 3speed of the PST-aircraft observed
throughout pany simulated dual and muitiple
combat engagesents is only $S - 103 lower as
compared to the conventional oppunents.
Obvioualy, the aircraft is vulnerable during the
high angle of attack phase of a PST-maneuver,
however, the piiot has always the option toO
restrain if the momentary loss of =speed
constitutes a tactical disadvantage (provided
conventional performance dces not suffer too
such from {3 i{ncorporation in%o the overall

design).

PST-maneuvers are consistent with the
general dynamic characteriatics of air combat
with all aspect weapons (10]. There is the same

(7]

t¥f.ca.
2t ef computer




overall left hand maneuver cycle of the turn
rate vs. speed time history with the additior of
a short term right hand cycle excursion into tre
PST-regime.

4, PST regime and requirements

Limits are given by controleability, engine
power and structural constraints (fig. 15).
Actual usage, however, is dictated by tactical
advantages. For high performance aircraft
(thrust-to-weight > 1.0) there is a low speed
regime of possible sustained maneuver. in
combat, however, there are no sustained
maneuvers {(conostant maneuver states); excess
thrust is always used to re-accelerate or to
gain altitude, As a general rule PST-capability
requires

- sufficient control power in pitch,
roll and yaw at mach pumbers as low as
0.1 and {ncidencs up to 70°.

- Yigh angle of attack compatibility up
to 70° at machnumbers as high as 0.6
(4000 m altitude) for example with
regard to aircraft stability or air
intake flow.

- Thrust/weight ration > 1.0 fig. (16}
shows the time advantage of the
optimized PST-maneuver (fig. 5) at
different thrust-to-weight ratios.
With decreasing engine power the
observed maximum values of angle to
attack are becoming smaller. At
thrust-to-weight rations of less than
0.6 there is no tactical advantage in
exceeding maximum 1ift even if the
capability is avaiiable.

- Sufficient control power, particularly
in pitch and yaw.
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Fig. 16 Thrust dependance of the time

advantage in a minimum time mareuver
with limited PST capability. Resui's
of trajectory optimizations.

PST-maneuvers are characterized by high
pitch rates and rotation inm yaw and roll at the
same time. Coordinated flight with zero
sideslip requires rotation around the velocity
vector. Since the pilot does not recognize the
velocity vector the control system has to be
mechanizad accordingly. A lateral stick iaput
would have to produce more yaw and less roll at
increasing angle of attack. This caused soue
confusion with piluts during simulated combat,
because a pilot tends to use body axis as
reference.

As a result of manned combat simuiations a
requirement for velocity vector roll
acceleration was developed. It is plotted in
fig. (17) as a function of angle of attack for a
speed of M = 0.2 at 6000 w altitude. A
translation in body axis motion shows that for a
conventional aircraft the demand for roll could
marginally be satisfied with aerodynamic
controls, however, for pitch and yav a control
lugnentltion would be required. For example, a
10° conical deflection of the jet exhaust would
suffice if the nozzle actustion meets certain
dynamic requirements. Such a nozzle would have
to be integrated in the aircraft control systenm.
It was found that nozzle control s an
enhancement of handlirg characteristics and thus
combat effectiveness even in the conventional
flight regime heyond 10° angle cf attack.

5. Suemary

The capability of exceeding maximum 1ift
angle cf attack - Post Stall (PST) maneuvering -
can i{mprcve future close air combat
effectiveness to a degree unachievable by
conventional performance. The tactical
advantage i3 attriduted to a combination of
fairly high turn rates and saall turn radii at
PST flight conditions {n all aspect weapon
environpent. PST maneuvers are short period and
highly instantaneous and constitute a trade of
short terz .033 of energy against positional
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rig. 17 Control power requirements at PST
conditions. Statistical results of
manned combat simulations.

advantage. PST maneuvers are an extension of

conventional combat maneuvers. PST
maneuverability requires an aircraft to be
I compatible with angles of attack up to 70° at

Mach numbers up to M = 0.6, a thrust-to-weight
ratio of at least 1.0 and a level of control
power at Mach-numbers as low as M = 0.1 which
can not be achieved by aerodynamic means alone.
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ABSTRACT

Flow mechanisms that can generate
wing-rock type oscillations are
described. It is shown that the slen-
der wing rock phenomenon, the limit
cycle oscillation in roll observed for
very slender delta wings, is caused by
asymmetric leading edge vortices and
that vortex breakdown can never be the
cause of it as it has a damping
efiect. For that reason slender wing
rock 1is only realized for delta wings
with more than 74 leading edge sweep
for which asymmetric vortex shedding
occurs before vortex breakdown. For
straight or moderately swept wings the
flow =mechanism causing wing rock is
two-dimensional in nature, closely
related to the dynamic stall phenome-
nen. Pointed forebodies provide a
third flow mechanism, asymmetric vortex
shedding sensitive to body motioa,
which can generate a rocking motion of
a slender vehicle unless it is cor-
pletely axisymmetric.

INTRODUCTICN

The steadily increasing demands on
performance expose present day aerospace
vehicles to unsteady flow fields which
generate highly nonlinear aerodynamics
that exhipit significant coupling
between longitudinal and lateral degrees
of freedoml-3. The complex vehicle
dynamics are caused by separatcd flow
effects of varicus types, which have
largely eluded theocetical description.
Consequently, the designer is to a large

extent dependent upon ex.sting
experimsntal capabilities for dynanric
testing®, _where dynamic support

interference’ adds complexity to the
already complicated separated flow
characteristics. Thus, it can be rather

WING ROCK FLOW PHENOMENA

L. E. Ericsson
Lockheed Missiles £ Space Company, inc.
Sunnyvale, California

difficult to obtain a true description
of non-linear pitch-yaw-roll coupling
phenomena such as wing rock and nose
slice. In the present paper existing
experimental results are examined to
obtain a description of the underlying
fluid mechanics.

DISCUSSION

Recent systematic experiments
performed by Nguyen et al” provide the
intormation needed to fully describe the
fluid mechanic phenomenon leading to
slender wing rock. The phenomenon is
similar in many aspects to the limit
cycle oscillation in pitch observed on
blunt cylinder-flare bodies . Thus,
the roll oscillations of ar 80 delta
wing are self-excited %nd build up to a
limit cycle amplitude (Fig. 1), an
oscillatory behavior very similar to
that observed for blunt-nosed
cylinder-flare bodies . The roll
oscillation, v = _vsin .t 1n Fig. 1,
induces the following effective angles
of attack and sideslip (on each half of
the delta wing).

Qppp = arc tan (tana cos9) (1

JEFF = arc tan (tana sin Q) ()

It can be seen that the main effect
i1s the induced sideslip. Thus, onc can
comnpare the C;{,)-characteristics for a
slender delta wing ” (Fig. 2a) with the
Cpfue)=-characteristics {or a
cylinder-flare body ¥ (F1g. 2b). In both
cases the characteristics change in a
discontinuous tashion, and are likely to

be associated with hysteresis, toth
Fhenorena typical for the effects of
separated flow. The zerodyramic

stiffness, C; tn Fig. la and C,.  1n
Fig. 2b, :ncreases draratically when the
discontinuity 1s encountered, (with or




without associated hysteresis). Both
discontinuous changes of the aerodynamic
characteristics are assogigtsd with
convective time lag effects’ 5! This
causes the statically gtabilizing
effects to become dynamically
destabilizing, as is 1illustrated in
Fig. 3 for the cylirder-flare body. The
separated shear layer impacting on the
flare at time t, when «(t) = 0, was
generated by the nose at a time
increment _t earlier, when the angle of

attack was a(t=-2t) > 0. Thus, a
residual tlare force exists at a(t) = 0,
which drives the motion, and

consequently, is undamping.

Thus, the statically stabi.izing
separation-induced flare force is
dynamically destabilizing. It is shown
in PRefs. 7 and 8 how the unsteady
aerodynamics measured for large
amplitude oscillations (2+) around
+ = 0 can wve predicted from static
aerodynamic characteristics when
accounting for the convective time lag
effect (Fig. 4).

A sudden change of the leading edge
vortex on a delta wing 1is also
associated with convected time lag
effects, as is illustrated by the
experimentally observed formation of the
leading edge vortex10 (Fig. 5'.
Accounting for this time lag provided
good prediction of the vortex-induced
unsteady aerodynamics of sSlender delta
wings at high angles of attack!!.12 , and
stiould also permit the effect of the
discontinuous aerodynamics associated
with the vortex asymmetcy te be
predicted.

Two types ot separation-induced
discontinuities occur for the slender
deita wing. Cne 1is caused Ly the
treakdown of the leading edge vortices.
It 1s the three-dimensional equivalent
to airfoil stall. For very slendet
Jeita wings another discontinuous change
of the aJaerodynamics can occur before
vortex breakdown due to asymmetric
leading edge vortices. The asymmetric
vortex phenomenon has teen studied
extensively in c¢he case of slender
todies ot revolution!3d 14 and has
reen 9bserved also on slender delta
wings!? (Fig. 6). Vortex asyrmetry
occurs bLefore vortex breakdown oniy for
very slender delta vigqs, 73 16
according to experiments (Fig. 7). In
orger to use Fig. 7 to explore the
effects of sideslip, -, and roll angle,
v, an etfective apex half-angle 18
formulated as tcllows (for small angles,

18T, S KT S

)

N 0y -_\{}.\ Ja:

3
Afy = tana s:ng

A8, = J.cosa I

The C;: evaluated from static
reasurements for a 70 delta wingl’
shows the effects of both vortex burst
and vortex asymmetry (Fig. 8). The
first break in the Cj;-characteristics,
at « - 20°, is caused by vortex burst on
the windward wing half (Pig. 9).
Eqs. (3a) and (3b) give 43~ 24.3° for
a= 20", 3= 4° (Cy evaluated for
3 = t4°). The loss of 1lift due to
vertex burst on the right wing-half
causes the observed decrease of the
derivative magnitude I[C;:1 (Fig. 9). At
a ~ 35" one obtains 4y = 15.1 for
4= -4’7, giving vortex lift-off on the
leeward wing half (Fig. 9). This causes
a loss of 1lift which results 1in an
increase of the magnitude of the rolling
roment derivative, ICz;3!, in agreement
with the experimental results (Fig. 8).
Even more erratic Cj;-characteristics
have been measured on an 86.5 swept

delta wing (Pig. 1l0a). The expected
behavior, following that for the 82.5°
swept delta wing, (rg=7.5%) 18

indicated by a solid line. The zig-zag
behavior of the dotted line connecting

the experimental results can be
understood if one studies the
Cgls)-characteristics  (Fig. 10bJ. It

appears that between . =0 and 3 = S’
the vortex asymmetry switched several
times, with vortex lift-off alternaxing
between the two wing halves. A static
hysteregis of . = $5° is indicacted.

Experimental results ® demonstrate
that wing rock starts before vortex
breakdown (Fig. 11}, and that wing rock
is associated with a loss of the
time-average lift 6.1 (Figs. 11 and 12).
It is, of <couree, to te expected that
the ®lift-off® of one of the leading
edge vortices ' (Fig. 6) will cause a
loss ot 1ift. Thus, wing rock is caused
by the vortex-asymmetry and not Se the
vortex breakdown. Figures 13 and 14
1llustrate the fluid mecnanical reascns
for this. At an u--y combination where
vortex asymmettfy occurs, the wing half
with the lifted-off vortex loses 1lift
and “dips down®, rotating around the
toll axis (Fig. 13). As a result of the
increasing roll angle o the effective
apex angle -y 18 increased, Egs. (3a)
and (3t!, and the vnrtex attaches again.
This produces a restoring tolling
moment, the positive aerodynamic spring
needea tor the rigid tody oscillazion
in roll (Fig. 1). Due to the convective
tive lag effect discussed earlier tre
wing is dynarically unstable 1in roll

until the amplitude has reached the
limit cycle wmagnitude, at which the
damping on both sides ot the
discontinuity suffices to talance the
undaumping induced oy i, as 18
1llustrated by the Cylinder-flare

results 14 Fig. 4. According to Fig. 13
wing rcock should start occuring for an
80" delta wing (“y= 10" at . 7,
which 18 in excellant agreement with
experimental results®.
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Thus, the discontinuity introduced
by the vortex asymmetry has all the
characteristics needed for the 1limit
cycle oscillation in roll. Figure 14
demonstrates that vortex breakdown 1is
lacking these characteristics, If for
some reason, due to external
disturbances for example, the vortex
burst becomes asymmetric, as is sketched
in Fiqg. 14, the resulting net loss of
lift on one wing half will cause it to
*dip down". This increases o and
thereby 4y, Egs. (3a) and (3b), causing
this wing half to penetrate further into
the vortex burst regicn, and no switch
to a restoring moment occurs. The
opposite wing half gets out of the
vortex burst region, generating
increased 1lift that adds to the
statically destabilizing rolling moment.
Thus, no restoring moment, no positive
aerodynamic spring, is generated and no
rigid body © -oscillation 18 possible.
If <c¢he positive spring 1s provided by
the structure, as in the case of elastic
vehicle dynamics, the dynamic effect of
the vortex breakdown would be
dynamically stabilizing, damping, as the
vortex burst 1is also associated with
time lag effects. Thus, vortex
Sreakdown has aerodynamic
characteristics completely opposite to
those needea to cause slender wing rock.

Alzhough vortex burst cannot cause
wing rock, 1t 1s involved in the cases
ot wing rock observed for very high
angles or attack" !, . -~ 35" (Fig. 9).
Figure 15 1llustrates the  fluid
mechanics for . 42’ and -, = 10 , tor
which a limit cycle ampl itude of
= 31 has been measured”. At o = 0,
y= ¢y = 10 , asymmetric vortex burst
existe. The wing half with the largest
lift loss dips down, 1ncreasing o and
. when -3 - 0 for v. =11" and the
vortex-induced 1ift on the ¢ Josite
leeside wing half 18 reduced
dramatically or lost completely, a
restoring rolling moment is generated.
Because of the integrated darping
effects discussed earlier in connection
with Fig. 13 the ampiitude . has to
exceed _-v = 1! substantially hefore net
zero damping 18 reached and the limit
cycle oscillation called wing rock 1s
established.

whereas Nquyen et al” measured no
wing rock for their 80 delta wing below
+= 27 Levin and Katz'  measured wing
rock aiready at . = 20 tor the same
ieading edge cweep (Ffig. 16!, This
early wing rock occurance is probatly,
as the authors suggest , caused bty the
centertoay used on their wmodel (see
inset 1n Fig. l6!). The smaller limit
cycle amplitude, ..° 127 Fig. 18
compared to .V 34, which was tle
limit cycle amplitude Teasured by the
Nguyen et al at Y= 7 , .3 protatly aue
to  th iesser vortex-:nduced louags
ex157:ing At the lower angie of attack:

Nquyen et al® showed that the
oscillations in roll damPed down to zero
amplitude if the 80 delts wing
(dy= 10} wag yawed to s = 10 at
« = 27° (Fig. 17). This is, of course,
to pbe expected as the windward wing half
has +7>15°, Eqs. (2), (3a} and (3c),
leaving it outside of the boundary for
asymmetric vortex shedding (Fig. 13},
whereas the leeward wing half with
iy <5° remains inside the 1wgion for
vortex-asymmetry. Thus, neither wing
half «crosses the boundary, and the
wing-rock-inducing discontinuaity is
never encountered. Correspondingly,
oscillations in yaw around . = 0 are
damped for s = 10 according to the
experimental results® (Pig. 18).

It was noted by the authors in

Ret. 18 that the normal force measured
during wing rock was below that measured
in static tests. Thus, at « = 20° the
mean or time aver-je normal force 1§
Cyor = 0.64  for ~oppy - 14° (Fig. 16)
whereas the static data showed Cyog tO
vary from Cxpok 0.80 to Cypor 0.65
when v increased from 0 to 15°. Ae the
static data show no rolling moment at
= v =0 for u <« 32°, it is cbvious
that the vortices stayed symmetric in
the static case, whereas in the dynamic
test vortex-asymmetry must have been
present to cause the wing rock. The
likely reason for this anomaly 1s the
larqge centerbody. Whereas a thin
splitter plate of similar height has
been found to trigger early vertex
asymmetry also in statlc tests - by
forcing asymmetric stacnation flow
conditions on the topsicde-Y, the lateral
extent of the center body 1n FRef. 18
appacently allowed symmetric vortex
formation 1n the static test. As a
matter ot fact the wing rock motion
was not self-induced at = 20" but had
to ke started at a higher angle of
attack, in which case it would Fpersist
when the angle of attack was reduced to

+a 20°. Even at -+ = 35° the vortices
remained symmetric for 15 seconds
(Fig. 12). This cannot, however,

explain the big difference observed at
« = 30", wnere in the dynamic test with
~YLIM < 30 CNOR varied Letweern
Cxon=~ 0.86 and Cyop ©.% whereas the
static test gave Coopy = 1.28 and
Cxop= 0.8 for RN and = 307
fespectively. In this <c3se i1 :s the
early vortey burst obtserved 1in the
dynamic test’' that is the likely reason
for the additional lift joss.

In regard to the usage of re
resuits in Fig. 7, which are ctta:ned
tog sysmetric tiow cenditions,

« v =0, for the asynmetric flow
conditions aiscussed 1n figa. 9, 12, 14,
and 1%, the following needs c e said.
Whereas wortex Lurst 18 telatively
craffected by t yresence or atsence of

il

o
b A )

the vortex ¢on e  Cpposite wing-falf,
the asymmetric vortex shedding is very




dependznt upon the ‘“crowding® of the
compunion vortex. It is the strength of
the vortex, represented by « in Fig. 7,
and the closeness of the opposite
vortex, represented by =y in Figq. 7,
which together determine whether or not
®lift-off® of the vortex will occur. In
a first approximation the effect of side
slip on the ®closeness parameter® can be
neglected. That 1s

Cadgpp = [0+ Cpj/2 W

It is shown in Ref. 19 that the vortex
strength and associated aerodynamic
loads are determined by the parameter
w/y rather than by u alone.
Consequently, the indicated changes cof
7y in Fig. 13 should be substituted Ly
changes ot (®/YA)ppy - That 1is. the
changes would occcur in the verticat
rather than in the horizontal plane.
The conclusions would, however, be the
same in regard to the effects of roll
inilev.

In Ref. 21 a simple analytic method
13 presentel, which can predict the
limit cycle amplitude for the wing rock
cscillations measured by Nquyen et

1.9,

WING ROCK OF NON-SLENDER WINGS

A completely different flow mecha-
nism is the cause of wing rock of
straight or moderately swept wings. It
1s closely related to dynamic stall.
The experimental results--in Fig. 14
illustrate that pluncing oscillations
of an airfoil can be undaeped in the
stall region. It is shown in Ref. 23
that this will be the case if the stall
is associated with a significant loss
of life, It is the "leading-edge jet™,
the moving wall/wall jet analogy dis-
cussed in Ref. 24 (Fig. 15), that pro-
duces the negative aerodynaaic damping
in plunqc22 shown in Fig. l4.

1¢ an aircraft s perturbed vhen
flying close to stall, the down-rolling
wing half will experience the upstrean
soving wall effect 1llustrated for the
down-~stroke :n Fig. 15. As it promotes
separation, the loss ot lite is
increased beyond the static lift loss,
rore the higher the plunging rate ' Z:
is. Thi.s generates a rolling moment
that drives the w»otion, 1i1.e., 1t i3
undamping. The delayed stall due to
downstream »o0ving wall effects on the
opposite wing (upstroke in Fig. 15)
will add =0 the undasping rolling
aoment.

Thus, the induced effects of zthe
local plunging velocity 2 will Jdiive
the wing in roil. What stops the wing
rolling motion to produce wing rock?
£q. (i) and Fig. 14 give the answer.

When the roll angle Q has been
increased enough to cause Jppp to
decrease Dbelow Ograr;, on the down-
going wing half, the flow will reattach
to generate the lift needed to produce
a restoring rolling moment; the aero-
dynamic spring needed for wing rock, as
was described earlier. The flow reat-
tachmen is associated with time lag
effects<’, creating negative aerody-
napic damping to be added to the "lead-
ing edge jet™ effect discussed ear-
lier. Thus, the condition for wing
rock exists also for a conventional
wing.

Associated with wing-rock is the
oscillation in yaw called nose slice.
The down-rolling wing half will move
back due to the stall-induced drag
increase. The increased leading edge
sweep angle will promote flow reattach-
ment, thus reinforcing the aerodynamic
spring of the wing rock. For a
straight or moderately swept wing, the
side slip due to nose slice will domi-
nate over the roll-induced side slip,

dppp in Eq. (2), as a is small. The
opposite i3 true for a slender delta
wing where the drag increase due to
nose slice is small and Jgpp is the
dominant side slip component { a is
large in Eq. (2)). Thus, one expects
the coupling between wing rock and nose
slice to be weak for highly swept wings
and strong for straight or moderately
swept wings.

BODY ROCK

That a pointed forebody can provide
a third wmechanisme for wing rock, or
body-rock was demonstrated
recentlyZé. Wwings and tail surfaces
could be removed from the model of an
advanced aircraft without satopping the
rocking xotion. Obviocusly, :t =ust be
the vortices shed from the pointed
forebody that supplied the driving
zechanism for this body rock motion.
It has been established that the forma-
tion of asymmetric body vortices can be
dominated by the body motion’?, and
that the vortex that is not lifted off
aoves :nboard to remaln very close to
the surface near the centerline of the
bodyza' 29 (Fig. lé). Placing the
cockpit in the inset sketch of Fig. 1&
and considering the data Ly Fidlerd®
(Fig. 17), one starts to see what this
third flow zechanism i».

it is shown in Ref. . that at a
critical Keynolds nurber negative Mag-
nus lift of large =magnitule will bDe
generated at very aclest rotartion rate
on a circular cylinder. It is Jdescribed
in Ref. 27 how <this flow phenomenon,
which 1s caused by =moving wall effectn
on boundary layer transition, can
explain the resuls :n Fig. Vo Tha®
s, the dJdirect:ion of even a very slow
rotation  leter=ines the lirection  of




the vortex asymmetry.
results, one
sketched in Fig. 18 for the vortex-
induced effects on the cockpit.

Based upon these
obtains the plcture

At t = t;, the body receives a
rotational perturbation as indicated.
The upstream moving wall effect causes
transition to move ahead of flow sepa-
ration, thereby changing the separation
from subcritical to the supercritical
type indicated in Fig. 18. The down-
steam asymmetric vortex close to the
body generates suction on the cockpit,
thereby driving the rolling motion.
At t = tj, the cockpit has rotated to
a position where it interferes with the
flow separation, triggering a change
trom supercritical to subcritical type
separation. This generates a restoring
rolling moment, which will reverse the
roll direction at scme time between t =
ty and t = 3, At t @ tj3 the
roll rate is large enough to cause
transition, changing the flow separa-
tion from subcritical to supercritical
and generating a driving rolling noment
at O = 0, as is indicated for t =
t3. The situation 1is somewhat simi-
lar to that for slender wing rock dJdis-
cussed earlier. That 1s, a switch of
vortex asymmetry generates the uaero-
dynamic spring, and the associated tinme
lag jenerates negative aerodynamic
lamping. The difference 1s that in the
present case of body rock the undazping
1s amplified by moving wall effects,

The experimentally observed bcdy
rock<® was obtained on a =model that
only had the roll Jdegree-of-freedonm
(DOF). For an ailrcraft in free flight
the asymmetry will generate the largest
effect 1n the yaw DOF. That 1s, the
motion  will be ~nose-slice-dominated
with relatively weak feedbacx from the
roll DOF i1l.ustrated in Fig. 18. How-
ever, for vortex inteiaction with an
aft fir-< this third ¢flow =mechan:is=a
ray become =auch wmore s:gnificant 1in
regard o :%s lmpact on piltch-yaw-rol!
coupling.

{1t shoulld be noted that the cthird
{low zechanlse exists only :n a lizapted
range Jf a and Re. Of course, the
Sritical Reynolilds number rfange =zay be
relatively wile, as the transition
tnduced separat:ion asymmetry zOvVes
towards the nose tip on a pointed ogive

>f ccne s the Reynolis number 1s
increased Fig. 19},
CONCLUSIONS

An analysis 2¢ wing rock phenozena has
3%own the faollowing:

> Siender wing ok s
asy=petlliC
varices.

racsed Dy
ceading elije

o Vortex breakdown has a damping
effect on the roll oscillations
and can never cause wing rock.

o Thus, slender wing rock will
only occur for delta wings with
more than 74° leading edge
sweeDd.

© Wing rock of a conventional
wing can occur at stall if the
stall causes an abrupt lift
loss.

O Body rock can be generated cn
body alone by asymmetric vortex
shedding from a slender nose if
the Dbody 1is not <completely
axisymmetric.

L
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