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Abstract

Experimental resulis on the wing rock
of thin slender delta wings with a sharp
leading edge at subsonic and transonic
alrspeeds are presented.

I. Introduction

At sufficlently high angles of attack
modern high-performance aircraft become
unstable and enter into an oscillatory,
mainly rolling motion, which is known as
wing rock. Such oscillations lead to a
significant loss in the average 1lift which
can cause & serious safety problems during
a maneuver.

The source of oscillation in this case
are vortical structures generated over the
wing because of separation at the nose
section or at the sharpened wing leading
edge.

To study the general characteristiocs of
the phenomenon, thin slender delta wings
are used. Since roll oscillations predo-—
minate, 1t is possible to simulate wing
rock regimes on lifting sy§§§@@ having one
or two degrees of freedom.

In spite of the multiple experimgaggé
and computational research efforts =
it 1s generally acknowledged that the
physical mechanism of th87phenomenon is
not yet well understood.

This paper is directed toward the
determination of the physical cheracter of
the phenomenon, the areas of 1ts presence,
and the that influence the motion para-
meters.

The approach relies extensively on
experimental methods. The novel thing in
this approach is that it tries to reveal
the dependence of the wing rock onset and
suppression on special types of vortical
flows, to determine the trajectories of
vortex cores during oscillation and to
evaluate the effect of the air compressi-
bility on the parameters of wing rock.

II. Models and Types of Tests

Various lifting system model (see
Pig.1) were tested on a one-degree-of-
freedom dynamic rig in & subsonic and
transonic wind tunnels.

The models included delta, diamond-
shaped and arrow wing planforms. The
effects of the aspect ratio and the
planform, the shape of the leading edge
sharpening and the size of the upper
fuselage, were studled. A wing-canard
configuration model was also tested.

Delta wing having an aspect ratio of
A = 0,71 were tested in a high - speed
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subgonlc wind tunnel in the range of Mach
number M = 0,3...1,0.

A=G71
wdny
plarne
foum
/41'2/0[? LT =TT =) N | é’
foem — 5-2/8
Aspect -
roiio 4 |0 05|04\ M1 AE | w22 | 470 a7l
Apex P o o > a 40 0 ° o .0
/‘,M/Mﬁféyﬁmw 10%44° | 107 14 7 20 0% -

FPigure 1. Wing planeforms

Except for the wing rock parameters
(amplitude and frequenoy) some other
chaeracteristics including roll deamping and
dynamic pressures were determined on
certain models. The vortex wake was
visuelized through the use of & net with
tufts behind the trailing edge. The
photographic date were analyzed %o
determine the vortex position in roll
motion.

I1I1. Experimental Resulis

Experimental analysis of itransition
processes preceding the stationary mode,
a8 well as pressure measursments per cycle
shows that the development of oscillation
occurs without any extermal disturbance
(soft exzcitation) and the establishment of
a stabilized steady regime doesn‘'t depend
on the initial conditions.

The lcoopwise curves‘g§ the roll moment
against the roll angle having double
self-crossing show the presence of nega-
tive and poslitive demping - the main
symptom of self-induced osoillation. as
well as an alternating function of damping
against the angle of sildeslip (roll)
obtained independently through experimen-
tal research.

Let's consider the exzperimental results
shown in Fig.1. They 1illustrate basic laws
regulating wing rock amplitude variation.
It is obvious thet wing rock occurs only
in & limited range of angle of attack,
from 12 to 50 deg. and that an increase in
the wing aspect ratlo as well as the
following modification of the planform,
lead to a decrease in the oscillation
amplitude. Also, the sherper the lower
leading edga, the lower the oscillation
amplitude. Note, that roll oscillation has
a maximum emplitude of 60 deg. and a

1426




frequency of 2...3 Hz.

Fig.2 demonstrates also the effect of
the upper fuselage mounting on the delta
wing. The bilgger the relative size of the
upper fuselage, the less the amplitude.
Moreover, in the cagse of & fuselage-seml-
cone configuratlion D=0,5 there 1ls no wing
rock at all.

At last in Pig.2 1llustrates the effect
of self-induced oscillation generated on
1lifting systems with a slender delta wing
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Flgure 2. Influence of the maln parameters
of models on oscillation amplitude

as & canard. Note that no wing rock is
generated on the main of those systems.

The effect of the alr compressibility
is another factor that sirongly influencaes
the parameters of wing rock regimes.

Fig.3 shows examples of the oscillation
amplitude curves against the angle of
attack at various Mech numbers.
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Pigure 3. Dependences oscillation
amplitudes versus angles
of attack for several Mach number

It is obvious that the effect of the
air compressibility shows in a decrease in
the oscilllation amplitudes and also in

narrowing of the angle-of-attack range in
which wing rock 1s exclted.

Pig.4 shows typlcal examples curves of
the osclllation amplitude dependences
against the Mach number at fixed angles of
attack for an isolated wing, wings with
various shapes of the leading edge
sharpening, and a wing with a fuselage-
semicone above the upper suriaoce.
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Pigure 4. Bffect of Mach number on
ogcilletion amplitude

1t 1s obvious that the effect of the
upper fuselage and the shape of the
leading edge sharpening is gualitatively
the same as at low alrspeeds.

In all the cases when the amplitude of
oscillation 1s reduced, the wing rock is
suppressed at lower Mach numbers. With an
increase in the Mackh number the amplitudes
of wing rock are decreased. At M > 0.95 no
wing rock is generaied.

The assumptions concerning the physical
mechanism of the aly compressibility
effect are dilscussed below.

Speaking of the physical aspects of the
phenomenon, note that self-induced oscll-
ltion of eny system is based on balance of
energy. Therefore, in the case of soft
excltation, negative damping is generated
at low roll amplitudes, but positive
damping moments are generated at high
amplitudes.

Since lifting systems never lose their
damping qualities in attached flow, nega-
tive damping moments can only result from
vortical components of the load.

In & flow with well-developed vortical
structures the most interesting case
presents itself when the attachment lines
meet in the wing's pleane of symmetry. and
the vortices thems?}g?s remain unburst.
According to Werle this case is lmown
as "connected vortices®, as distinct from
the foregoing case the voritices are
“disconnected”. It is meant that the
vortices are connected to or separated
from each other depending on the position
of the attachment lines.

The authors have no a priori informati-
on on peculiar dynamic characteristics of
such voritical structures.

The date discussed above allow to dete-
rmine the conditions for the excitaiion or
suppression of wing rock. To study the
relation between the wing rock boundaries
and speclal regimes of the flow over delta
wings, Fig.5 compares a number of the

1427




curves for the characterlistic angle of
attack against the aspect ratio. Curve 1
determines the angles of attack for the
cagse of attachment lines that meet in the
wing's plane of symmetry. Curves 2 and 3
corraespond tc the first o . and the
second o " critical angles of attack for
the wing rock regime; at the angle of
attaclk o, the wing rock 1s excited, and
at the o r wing rock is suppressed.
Curves 4 and 5 determine the angles cor-
responding to vortex bresakdown regimes at
the trailing edge (4) and the wing sapex
(8); o - is the angle of attack
corresponaing to the meximum oscillatlon
amplitude. Curve 6 determines the angles
of attack corresponding, according to
Ericsson's hypothesls, to vertlcal
agymmetry of the vortex in steady regimes.
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FPlgure 5. Wing rock boundaries

The analysis of those curves snables to
reveal the following. The onset of wing
rock 1s preceded by a certain flowfield
structure with the attachment lines arran-
ged in the wing's plene of symmetry. This
regime occurs when the similarity parame-
ter velues for conical flows a=o0./6«1.2
achleved (6 ~ 1s the half-angle at the
wing apex). Wing rock 1s onset at angles
of attack exceeding = S under the
condition of a = const that reflects
gimlilarity of %ﬁg flowileld over wings
having verious aspect ratlios. The latier
phenomenon itestifies that the onset regime
depends on a special type of the flow
f£ield structure wlith enhanced initeraction
between the vortices and reduced "attach-
ment" of those to the upper wing surface.
This assumptlon enables to understand the
cause of the delay effect in the shifting
of vortexz cores under roll angle distur-
bances, which lead to oscillatory of the
wing.

The simllarity of thes onset regimes
determines the upper boundsxry for the
agspect ratlo range llable to wing rock.

This boundary is given by a ars @ which
corresponds to a flowfield regime wi%h the
vortex breakdown front over the itralling
edge. In this case, roll motion causes
positive dampind moments resulting., as
stated by Ericsson, from the longiltudinel
asymmetry of the vortex breakdown front.
The limit espect ratio for a flait-lower-
surface delta wing having the consldersd
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parameters 1s A ~ 1,3.

At the angle of attack o > o, wing rock
is maintaeined because negative ping
effects due to vertical asymmetry of the
vortices prevall over damping effects due
to longltudinal asymmeiry of the vortex
breakdown fronts and the loads acting on
the lower wing surface.

The narrowing of the angle-of-attack
range of wing rook regimes with increasing
the aspect ratioc is due to the growing
role of positive damplng factors. Those
physical mechenisms determine the upper
wing-rock boundary ., (curve 3).

Note that the bounﬁary of asymmetry
for vortical structures steady regi-
mes, assumed by Fricsson as the wing
rock boundary, 1s located within the range
of wing rock regimes but actually has
nothing to do with them.

More detalled informetion on this
phenomenion determined by the dynamic
characteristics of vortices under wing
rock conditions, is presented by the
trajectories of the vortex cores, obiained
by means of means of filming the flow
patterns at a cross—section behind the
trailing edge.

Those data (Fig.6) show that in the
wing rock regimes the vortex cores follow
the wind's motlon after & considerable
time lay. The latter menifests itself in
the loop~like character of these trajsc-
tories.
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Plgure 6. Vortex core trajectories.

Sketch of vortex position at various roll
angle

By comparing the coordinates of the
voritex cores under static conditions and
under wing rock , 1t is obvious that the
wing's motion leads to additional dynamic
asymmetry based on the inertial characte-
ristics of the vortical structure.

The following characteristic of the
vortex dynemilcs (see Flg.6) ls essentially
important for the understanding of the
wing rock mechanism.

The analysis of the itrajectories shows
that because of the time lag every guarter
of & cycle the type of vortex asymmetry is
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detually, at low roll angles the asym—
metry is of a type that generates a moment
directed motionwise. At hing roll angles
the moment 1s directed ageinst the motion.
It 1s this effect that determines alterna-
tion of positive and negative damping.

This can be illustrated also by schema—
tic diagrams of vortical structure at
various phases of motion (Fig.6). It can
be seen that the time lag effects show in
the asymmeiry of the vorticael structure.
The type of the asymmetry depends on the
directlon of the wing's motlon. The delay
between the wing's motion and the motion
of vortices 1s the main factor in the
understanding of the phenomenon.

"Connected vortices" have greater
freedom of motion and & considerable time
lag. The resulting loads determine the
alternating character of the damping
function in the course of a half-cycle.
The onset of wing rock is determined by
the character of this function. The
suppression of wing rock is bound to the
regimes of final brealdown of the vortical
structures.

No wing rock is generated on wings
tallored so that the “comnected vortices"
flowfield i1s proceeded by the vortex
brealkdown regime.

It was mentioned above that one of the
main characleristics for the wing rock
regime i1s the damping function. The
suthors obtained ezperimental data accep~
ted as a basis for & semi-empirical mathe-—
matical model to be developed for the
phenomenon using Ven-der-Paul equation.

As for the physilcal aspects of the
phenomenon, there’s still much %o be
thoroughly studied. For example, the cause
for the reduced "attachmenit® of the
vortices that strongly influences their
dynamics, or the evolution of the voriical
structure in a compressible flow in the
bresence of shock waves above the lifting
surface.

The effect of the asir compressibility
on the oscillation amplitude are connected
probably with variation of the vortical
load components that are reduced with an
Increase in Mach number due %o the
decrease in the axisl and radi§;)velocity
components in the vortex cores .

An inecrease in intensity of the process
of vortex breakdown with increasing Mach
number due to the growing pressure
gradients may be considered another factor
which possibly effects the angle ~ of -
attack range llable %o wing rock at high
M.

Conclusions

The resulits allow to make the following
conclusions on the mechanism of wing rock
onset and formation of the limit cycle.

1. Wing rock arises under the condition
of the attachment lines meeting in the
wing's plane of symmetry with a voritical
structure less "attached" to the wing
surface, or "connecited vortices®.

2. the basic cheraciteristic for “con-
nected voriices" is e strong response to
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roll disiturbances with a considerable de-
lay.

3. As a consequence of the itime lag
effeots in the voritez dynamics, even
8lidht disturbances lead to dynamic asym-
metry of the cores relative to the wing.
Therefore, small angles of deflection
cause such voritlcal load components that
generate a moment directed motionwise
(negative damping), but high angles of
roll lead to & moment in the opposite
direction.

4. The 1limit cycle is formed at an
amplitude providing the equallty of work
between the negative damping and the
positive damping motlon.

5. The suppression of wing rock occocurs
in the regimes dominated by positive
damping due to the voritex breakdown.

6. In case, when vortex brealkdown
occur before the formetlon of “connected
vortices" structure., wing rock ars nob
arise.

T. The effect of the alr compressibili-
ty shows in e decrease in the oscillation
amplitudes malnly at high subsonilc and
trensonlc speeds. At Mach number ¥ > 0.95
wing rock on wings with aspect ratio 4 >
0.5 are not excited.
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