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Sumnmary

A brief review is made of the avallable information concorning
the flow fluctuations and instebilities arising from shock-induced
separation in the flow over aerofoils and wings. The influence this
phenomenon has on the oscillatory behaviour of aerofoils and control
surfaces is also bricfly discussed,

A more detailed considerution is devoted to o recent investigation

at the N.P.L. into the part played by shock-induccd separation in the
instability of & control suriace.

1e Introduction

Shock waves which, under some conditions of high-specd flight form
close to wings and bodics can lead to the flow separating from the surface.
Such shock-~induced separation con have a number of serious consequences
concerning aircraft performance and control, including the possibility of
oscillatory instabilities of control surfeuces and flow fluctuations giving
risc to buffeting.

The interaction bebtween a shock wave and a boundary layer in
steady flow has bcen the subject of numerous investigations, for instance
Refs.1 and 2, whilst various authors?s4 have discusscd its offects on aerofoil
characteristics and on aircraft performance and the means whereby they can be
prevented, Flow fluctuations arising from shock-induced separation have been
measured for a varicty of aerofoils and wings, mainly at the NACA, ileasurements
of the ncrodynamic forces on oscillating acrofoils or their controls, a
knowledge of which is required for flutter prediction, have shown that «t high
subsonic specds large changes in the velues often occur, and that souwetimes
unstable reglons cxist, It has been suggested that some of these changes
can be attributed to sepuration.

Although much information is available on the unsteady effects ol
shock-induced separation, it appears that little attention has so far been
paid to the reciprocal problem of the effects of unsteady flow cn sheck-wave
boundary=loyer interaction.

The purpose of the present paper is firstly to provide on the basis
of available information a very brief review of the part played by shocke-
induced separation in instabilities and other cenditions of unsteady wmotion;
secondly to describe some results from a recent investigation at the N.P.L, in
connection with an oscillatory instcobility of a control surfuce arising from
shock=induced separation.
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The paper has been written with structural effects in mind, but no
attempt has been made to survey the occurrences of actual flight. Indeed
much of the available information relates to wind tunnel tests of aerofoils
and for simplicity the discussion will refer mainly to two~dimensional
conditions of flow,

2e The Development of Shock Waves Close to an Aercfoil and their Bffects
on the Flow

The formation and subsequent development of shock waves close to a
wing is conveniently outlined by considering a symmetrical aerofoil at a small
positive incidence in a flow of gradually increasing Mach number, At a
certain critical value of the free-stream Mach number a small region of flow
in which the local velocities are supersonic is formed, firstly in the
neighbourhood of the position of the maximum thickness on the upper surface.
This region is terminated by a shock wave (see Fig,1).

With increase of Mach number, the rearward limit of the supersonic
region tends to move towards the trailing edge accompanied, for the usual
type of cerofoil, by an increase in the strength of the shock wave as
measured by the pressure ratio across it.

The formetion and growth of a similar region at the lower surface
of the aecrofoil is delayed to a higher Msch number depending on the incidence.

At some stage in the flow development the shock wave at the upper
surface will be strong enough to separate the boundary layer either locally
near the foot of the shock or more extensively over the rear of the aerofoil
(see Fig.2), The separation induced by the shock has considerable effect
on the further development oi the flow and on the pressure distribution over
the aerofoil, A marked falling-off (or divergence) of the Pressure ocours
at the trailing-edge when the separation is extensive enough to affect the
flow therelsk, As will be mentioned again later, this is found to coincide
with the onset of many of the consequences cof separation,

In the absence of separation the positions of the shock waves at
the upper and lower surfaces would be expected to vary smoothly with
increasing Mach number, the shock wave on the upper surfacc reaching the
trailing-edge first (see Refs.) and 5). However, when the shock wave
interacts with the boundary layer, which for the moment will be regarded as
turbulent, both the individual and the relative rates of movement of the
shocks towards the trailing edge are moditied, As shown in Fig.3, after
separation cccurs over the upper surface, the movement of the shock at this
surface is slowed down whilst that of the lower surface shock is hastencd.

The photographs of ¥ig.5 show the following stages in the flow
development as the Mach number is increuscd towards unity:-

Fige5 (a) A series of weak shock waves has formed at the upper
surface; probably the waves secn in the photographs are not
stationary but travelling upstream, later at a higher Mach number,
they coalesce into a single stationary shock,

(b) The shock on the upper surface is now strong enough to
causc the flow to separate, but probably only locally near the
foot of the shock; a series of weak shocks now exists at the
lower surface,

(¢) There has been only a very slight rearward movement of the
upper surface shock but the separation now extends over the rear of
the aercfoil; a single shock is present at the lower surface but is
not strong enough to cause separation,

(a)/
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(4) The upper surface shock has been overtaken by the shock
at the lower surface which is now causing slight separation.

(e) With the free-stream close to sonic speed, both shocks
have reached the trailing edgec.

An important feature in the variation of the position of the shock
wave with incidence is shown up by considering an aerofoil initially at low
incidence and at a Mach number sufficient to produce a small region of
supersonic flow over the upper surface, When the Mach number remains
constant and the incidence is gradually increased, as shown in Fig.l4, the
shock moves rearwards over the surface until separation occurs, after which
the direction of movement is reversed, If for some reason separation did
not occur, the rearwards movement of the shock would be expected to continue
as indicated by the dashed line in the diagram,

The variation of the position of the shock with incidence which has
just been described relotes to quasi-static changes, A full understanding
of the influencc of shock-induced separation on the flow over oscillating
aerofoils would require information on the effects of rapid changes of
incidence or of flap deflection on the shock-wave boundary-layer interaction.
For cyclic variations of incidence at relatively low values of the reduced
frequency (we/V ~ 0.1) measurements® have shown that the shock movement
is slightly delayed and that for any particular instantaneous incidence the
gencral flow pattern is similar to that for steady motion but at a different
incidence, However in a more rccent, and as yet unpublished, investigation
at the N.P.L. in connection with the protlem of a high-speed aircraft meeting
a gust, Chinneck has observed the behavicur of the shock on the upper surface
of an aercofoil when the incldence is rapidly incre@ugd A preliminary
result for o rapid variation of incidencc from 0° to 9 , Fig.6, shows that
in comparison with the guasi~static variation, (1) the formauion of the shock
is delayed to a higher incidence and, (2) for any incidence less than about
7 degrees the shock is situated more to the rear of the acrofoil,

Before discussing the instebilities arising from shock-induced

separation a general comsent must be made regarding the state of the

boundary layer. This is that the type of intcraction which occurs depends
on whether the boundary layer has become turbulent or heos rcmained laminar

up to the point of separation (secec Fig.2). In the latter case the effects
of the interaction are also more dependent on Reynolds number,  The
differences between the conditions under which laminar and turbulent boundary
layers separate and behave after separation neccessitate caution in applying
the results obtzined with small models with extensive laminar boundary layers
to the conditions of flight where turbulcnt boundary layers are more common',

B Flow Instabilities with Rigid fAerofoils

The flow separation caused by a shock wave can lecad to flow
unsteadiness involving fluctuctions in the pressurc distribution over the
aerofoil and in the wake sometimes accompanied by considerable movements of
the shock, It is clear from a consideration of the prcosure change across
a shock=-wave, (see Fig.1), that, should any oscillstory motion of the shock
ocecur, any point on the surface over which it passes wguld cxmcrlpan severe
pressure fluctuctlions, Therc is cvidence from flight 29,10,11, 2, that
buffeting cncountered at high subscnic specus can be associated w1th shock-
induced separation and can be attributed to fluctunting loads on the wing.
That the onset of the {luctuations coincides with the effects of the
separation reaching the trailing-edge is suggested by the obscrved close
correlation betwecn the buffet boundary ana the falling-off of the trailing-
edge pressure11:12. If a shock wave Torms in the flow over a fuselage, even
a scparation of very limited extent could possibly lead to excessive noise
being transmitted into the interior,

Most/
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Most of the available information concerning flow fluctuations
has been obtained in wind tunnel tests und mainly with two-dimensional models.
Some of the earliest recorded examples of instabilities arising from shock=-
induced separation on aerofcils were those encountered by Daley and
Humphries1§ in investigating the flow over a series of propeller sections
which had high (very high by wing standards) thickness to chord ratios. At
Mach numbers above the critical for shock formation, a violent high-frequency
oscillation of the flow was encountered which was characterized by a
relatively regular out-of-phase backwards and forwards motion of the shock
waves at the upper and lower surfaces. This motion was accompanied by an
upwards and downwards deflection of the wake, The significance of this
large scale type of oscillation is not quite clear since the investigations
of Eggink14 and of Liepmann and Ashkenas15, in which similar oscillations
were found, showed that the tunnel itself, unless it had a sonic throot
downstream of the model, could be a source of disturbance which produced the
unstable flow, On, the other hand a similar type of instability was observed
by Holder and North' s even after the disturbances originating from the
tunnel werc suppresseds A schlicren photogroph, Fig.7, token using o short
duration spark shows the shock waves and weke at one instant during the
oscillation. It was found, however, that this instability could be suppressed
by introducing rough turbulencc into the streom, A general conclusion that
can be drawn from the investigations already mentioned is that, in addition
to instabilities arising from the wind tunnel itself, a violent, large scale,
flow oscillution can occur with aerofoils having high thickness to chord
ratios and laminar boundary layers.

A different type of oscillatory flow has been found to occur due to
a shock wave interacting with a turbulent boundary 1ayer3s17. This consists
of bursts of periodic formations of eddies in the wake behind the aerofoil,
rather like a Kirmdn vortex strcet (see Fig.8). The reduced frequency
(we/V) for the violent type of instability occurring with a laminar boundary
layer was in the range 1 to 2; that for the instability occurring with the
turbulent boundary layer was very much higher, being in the region of 50.

A large number of measurements of the fluctuations in the pressures
and forces acting on aerofoils at high subsonic specds has been made at the
NACA (Refs.18 to 25). Some of these investigations includced pressure
measurements in the wake, Although information concerning the flow was not
always obtained, the fluctuations of large magnitude which were encountered
ocourred under conditions for which shock-induced separation would be
expected. The wide range of Reynolds numbers covered in the tcsts indicates
that the occurrence of fluctuations is not dependent on the precise nature
of the shock=-wave boundary-layer interaction, Particular reference will now
be made to an investigation of Humphries21 in which mecasurements were made on
four aerofoils having thickness to chord ratios of 4, 6, 9 and 12 per cent.
Although not explicitly stated in the report, the schlieren photographs
indicate that the boundary layer was laminer up to the point of the shock
interaction. As an example the distributions of the magnitude of the
pressure fluctuations over the upper surface for several Mach numbers are
shown in Fig.S. In general for any given Mach number the magnitude of the
fluctuations increases with distance from the lecading-edge, rcaches a
maximum and then decreacses as the trailing edge is approached., The position
of the maximum fluctuation is probably close to the foot of the shock and
thus the rcarwards movement of the peak with increasing Mach number accords
with a rearward movement of the shock. t will be noted that the magnitude
of the maximum fluctuation decreasecs as the free-stream Mach number approaches
unity. For a 12 per cent thick aerofoil near to the zero lift condition
there appeared to be bursts of fixed frequency {luctuations in the surface
pressures, Fig.10(a), whilst at high angles of incidence the fluctuations
were more random, Fig.10(b).

Whether regular or random fluctusntions cccur would also appear to
depend on the thickness to chord ratio of tinc aerofoil. From an analysis of
the results of the verious investigations of Refs.13 to 2) involving 17
different acrofoils and wings, Teble I has been compiled.

Table 1/
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In the above tauble the acrofoils arce listed in column 1 in order
of maximum thicknecss. A cross placed either in column 3 or 4 indicates
whether regular or random fluctuations were encountecred. The disposition
of the crosses clearly indicates that definite frequencies are only
associoted with aerofolls whose moxiuum thickness is more than about 10 per
cent. The definite frequencies encountered in the investigations covercd
in this survcey are shown in Pig.11 as a plot betwcen reduced freguency wc/V
and Mach number. It will be noticed that the frequencies lie within the
range 0.5 < we/V < 2,0 which suggests that these fluctuations could be
important sources of structurul vibration,

A simple formula giving an estimate of the oscillation fregquency of
a shock in terms of its chordwise position and the Mach number wns put
forward by Erickson ahd Stephensont?, ogiéinully in connection with control
surface instabilities, In some cases 7920 this was found to give values
in fair agreecment with the measurcd frequencies.

L Instabilities Involving Oscillation of the Acrofolil or o Control Surface

Measurements of the pitching moments for acrofoils performing
pitching oscillotions20527 have shown that both the inphase (or stiffness)
and the out-of-phase (or damping) components undergo large chenges as the
Mach number is increased above the critical. Under some conditions rcgions
of oscilletory instab;%ity or negative damping have becen encountered which,
it has been suggested®”, can probably be associated with shock=-induced
separation, although, as far as is known, no physical explenation of the
instebility has becn advanced,

¥Fig.i12 shows some unpublislied measurcments made by Brott at the
N.P.L. for a 10 per cent thick acrofoil performing pitching oscillations about
an axis Ol 445c from the leading-cdge. The stiffness and the damping curves
show large chunges of slope at the higher Mach nunbers including a sudden
change in the damping from a stable to cn unstable value,  Although the onset
of shock-induced separation was not mcusured in thesc particular tests, other
measurcments with a similor ccrofoll show that at this incidence scparation
would probably first cccur when the Moach number is cbout 0.81, which is close
to the Mach number at which there is o sbecp full of damping.

Rather/
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Rather more attention has been paid to the oscillatory
instabilities of control surfaces at high subsonic specds known as single
degree of frecdom flutter, or "buzz".  Although the present discussion
refers only to what which depends on flow separation, two-dimensional
potential flow theory28,29, suggests that other types of single degree—of=-
freedom oscillations of control-surfaces can occur at transonic speeds.

The early investigations19,3os31’32 into control surface
instabilities at high Mach numbers showed that they occurred in the presence
of shock waves which executed a backwards and forwards motion over the surface
of the wing or aerofoil in synchronism, but not in phase, with the motion of
the flap. Erickson and his associates!?:30 showed that the cyclic movement
of the shock wave lagged bechind the motion of the flap and this phase lag
featured prominently in several of the theories put forward at the time,
Shock=-induced scparation was known to be involved, The precise rble that
this was playing in the instability was, however, not clear although the
results of an experiment made at low speed showed that a similar type of
ingtability could occur in thc presence of a secparation_of varying severity
artificially provoked and coupled with the fleap motion33,

Although regions of negative damping and self-excited oscillations
of control surfaces have been encountered and their prevention studied in
wind tunnel and flight tests (Refs.3l to 38), little further investigation
appears to have been made into the mechanism of the instability. Reccntly
some attention has becn given to the subject at the N,P.L. during an
investigation which will be briefly described in the following paragraphs.

Table II

Data for Aerofoil-Flap Combination used in
N.P.L. Expecriments

Acrofoll section RAR102

Thiaickness to chord ratio 0.10
Position of max, thickness 0.356 chord
Aerofoil span 14 in,
Aerofoil chord 9 in.

Flap to aerofoil chord ratio 0s25

’ . Natural |
: linged flaps Stiffness frequency !
; 1
e e e LY

z : 1
: "pee" approx 9 1b in./radn ' approx 13 c.p.s.z
| Spring constrained 330 1b in,/radn 76 copes.

[ B [P

5 Recent Work at the N,P,L. on Control Surface Buzz

5¢1 Description of experiments

The experiments, which were designed to throw some light on the
part played by shock-induced separation in the buzz instability, were made
with a two-dimensional rigid eerofoil spanning the working section of a
transonic wind tunnel, Data concerning the aerofoil and the flaps are given
in Table II, whilst Fig.13 shows a photograph of the model supported by
tongues in the glass windows of the tunnel so that optical observations of
the shock waves and boundary layers could be made, The leading-edge of the
aerofoil was roughened with a band of carborundum grains to provide a turbulent
boundary layer which is more representative of fiight conditions, Two
alternative hinged flaps could be fitted; these were nominally identical in
their extenral shapes but differed in their elastic hinge stiffnesses, one
being almost freely hinged. Both flaps had spring hinges with very low

inherent/
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inherent dampings and each had snubbers set to limit the amplitudes to _
approximately *7 degrees, The hinged flaps could be replaced by a solid
tail-piece to provide a plain aerofoil which was used for comparative

observations.,

The onset of a flap instability was determined by gradually
increasing the Mach number until the flap was seen to oscillate, the value
at which this occurred being called the "buzz critical Mach number". The
onset of buzz was found to be very sensitive to Mach namber, the cscillation
growing rapidly to a sustained amplitude of several degrees, as socn as the
critical value was reached, On lowering the Mach number again, the
escillation persisted until the value was only about 0,005 less than that
at which the buzz started, The buzz critical Mach number for the flap
which was elastically constrained was, as shown in Fig.1l4, slightly higher
than that for the freely hinged flap, although it is possible that some of
this difference can be attributed to small differences in the external shape
or setting of the two flaps, Although the critical Mach numter for buzz was
not radically changed, it is probable that the amplitude of the oscillaticn
was reduced by the increasz in the wing stiffness,

Optical observations of the flow by the schlieren and the direct
shadew techniques showed that, for incidences less than about 7 degrees, over
a small range of liach numbers Just before the buzz critical was reached the
usual features occurred indicative of a shock wave interacting with a
turbulent beundary layer, namely bifurcaticn of the foot of the shock wave
accompanied by a separation and thickening of the boundary layer, (Pig.2(b).
A slight fluctuation in the position of the shock and an intermittent flicking
of the boundary layer away from the surface downstream of the shock could
sometimes, but not always, be detected just before buzz commenced. The
photographs «f Fig.15 for incidences 0°, 2° aad 4° show the flow conditions
immediately before the critical condition was reached. It will be noticed
that the appearances ¢f the bifurcation at the foot af the shock (or shocks
for 0° incidence) and of the boundary layer separation are almost identical
in each of these photographs,

Comparative observations ¢f the flow over the plain aerofoil in Mach
number regions below and above the buzz critical shcwed that similar small
scale fluctuations were present. Analysis of high-speed ciné films of the
shock waves showed that these inherent flow fluctuations were of a random
nature and that the total excursion of the foot of the shock along the
aerofoil surfuce was only about 0.005 chord, end thus, as will be seen later,
very much smaller than that cccurring during the buzz instability. It seems
reasonable to regard the control surface instability, not as a consequence cf
the flow fluctuations, but rather as an independent effect arising from shock
induced separation.

Observations of the behaviour of a thin film of oil on the upper
surface of the plain aerofoil, Fig.16, indicated that buzz did not occur
until the Mach number had been raiced sufficiontly for a region of reversed
Tlow to extend over the flap., As seen in the diagram, the flow was then
no longer two-dimensional, the area of reversed flow originating near, and
expanding outwards from, the centre of the span. Also, unless the incidence
was small, the region of reversed flow near the centre of the span was
accompanied by a bowing forward cf the shock wave, It has already bteen
mentioned that a change in the pressure measured at the trailing-edge of an
aerofoil has been found to coincide with the cnset of other effects of shock-
induced separation such as buffleting. As shown in Fig.17 the Mach number
corresponding to the falling off of the trailing-edge pressure measured for
the plain aerofoil agrees fairly well with the critical Mach number fer buzz.

In agreement with the usual type ¢f separation “t:cnmc'iary‘g’11 for an
aerofoil at high subsonic speed, the buzz critical Mach number falls with
increasing incidence as shown in ¥Fig.14., This diagram also shows the
frequencies of the buzz oscillation just after onset, However, the freguency

variation/
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variation for the spring constrained flap, particularly at the higher
incidences, may not be significant owing to the occurrence during the tests
of changes in the elastic stiffness whose magnitudes are unknown. That a
difference between the buzz frequencies for the two flaps does exist is
evidence that the buzz is not a response of the flap to an inherent flow
oscillation, It seems likely that the buzz frequency is determined simply
by the moment of inertia of the flap and the sum of the aerodynamic and
elagtic hinge~stiffnesses, The results of such a calculation in which the
aerodynamic hinge-stiffness was based on measurements of the static hinge
moments for a similar aerofoil=-flap combination is shown in Fig.,18. The
variation of the calculatea frequency shown in this diagram, which refers to
a constant stagnation pressure of 1 atm., as in the tests, is due solely to the
variation of the quantity ZpV?.

For the various buzz critical conditions with increasing incidence,
the shock at the upper surface and thus the point of separation moved towards
the leading=-edge. Between 7° and 8° incidence the shock was so close to the
leading-~edge that the precise nature of the separation was not clear. Above
this incidence, although small shock waves continued to be present near the
forward part of the aerofoil, the separation appeared to be similar to that
which occurs near a leading-edge at low speed., Since the buzz critical Mach
number and the buzz frequency vary smoothly with incidence in spite of the
change from a shock-induced to a leading-edge separation, it may be concluded,
in agreement with Ref.33, that the essential feature of the instability is the
separation and not the shock wave,

The region corresponding to Mach numbers above the critical for the
onset of buzz was found to be extremely difficult to explore systematically
since a very violent behaviour of the flap accompanied the passage of shock
waves across its surface, In addition to oscillatory instabilities, large
destabilizing steady hinge moments occurred which caused the flap to move
to one or other of the limits set by its snubbers, often in a manner which
was not repeatable from one run to the next. Observations close to a free-
stream Mach number of unity could only be made for low incidences or otherwise
the loadings would have been excessive., But these consistently showed that
when both the upper and the lower surface shocks reached the trailing-edge and
thus no extensive regions of separated flow existed, see Fig.19(b), the flap
remained stable, DBetween the initial onset of buzz and this stable condition
close to sonic speed the existence of two kinds of oscillatory instability,
elther in separate regions or overlapping, according to the incidence, would
seem likely., An intermediate region of stability in the presence of shock-
induced separation was consistently encountered at incidences between =1° and
+1° when the Mach number was raised sufficiently for both shocks to move
rearwards to positions just forward of the flap hinge, (Fig.19(a)). A possible
reason for this stable condition is discussed later in Section 5.3.

5.2, Analysis of the buzz oscillation

High=speed ciné films obtained using the schlieren method of flow
visualization have shown the cyclic behaviours of the flap, the shock waves
and the boundary layers during a buzz oscillation, Sequences from films of
the oscillation for 0° end L4° incidence are shown in Pigs,.20 and 21
respectively, whilst the results of an analysis of another portion of the
film for 4° incidence are shown in Pig.22.

In each of Figs,20 and 21 the photographs are prints of alternate
frames of the film and, although thc amplitude of the oscillation was growing
very slightly, it has becn possible to arrange them in a cyclic order
correcsponding to a single cycle of the motion, In the left-hand pictures the
flap is moving upwards, in the right-hand pictures it is moving downwards,
and as far as possible the two pictures of cach horizontal pair show the flap
deflected by about the same amount. (It is not possible to match the pairs
exactly because the picture frequency in thc camera was not an exact multiple
of the oscillation frequency).

Referring/
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Referrins Tirstly to the sequence for 4° incidence, it is obvious
from the photogruphs that the oscillation of the flap is coupled with large
variaticns in the position of the shock, in the strength of the shock and
in tlie severity of the separation. A close examination of the sequence of
shock positions reveals that the shock is in the process os moving forwards
in fromes (b), (c) and (d) and meving rearwards in fromes (f), (g) and (h).
It is very probably close to its extreme rearward position in frame (a) and
to its extreme forward position in (e). It is then clear that when moving
forwards the shock is of high strength and induces severe separation, but
on moving to the rear it becomes weaker and no longer causes separation.
Indeed in frames (g) and (h) the shock has weakened to such an extent that
it is hardly visible, TFig.22 relates to an oscillation of smaller amplitude
at the same incidence (4°), In this diagram, against a common time axis,
are plotted the dellection of the flap &, the position of the shock ¥an/c»
and the severity of the separation as measured in a rather arbitrary manner
by the height & of the shear layer above the aerofoil surface at a position
slightly ahead of the flap, As mentioned previously the shock wave,
particularly when separation occurs, is sometimes bowed Torwards at the centre
of the span of the aerofoil; the two curves showing the shock position
correspond to the forward and rearward extent of the base of the shock as seen
in the photographs, It will be noticed that the flap deflection and the
shock position both vary approximately sinusoidally, ard that there is only a
small phase lag in the motion of the shock with respect to the flap., As
already shown by the sequence of photographs, there is a large phase lag in
theseverity of the separation so that the flap performs its up-stroke mainly
under conditions of shock-induced separation and itc down-stroke mostly under
conditions of attached flow,

The photographs of Fig.20 show the instubility occurring with the
aerofoil at zero incldence, For this incidence, under stable conditions
before buzz coumences, the shock waves are arranged symmetrically at the
upper and lower surfaces, It is clear from the photographs that during a
buzz oscillation the two shocks execute a backwards and forwards motion
out-of-phese with one another and that each has a phase displacement with
respect to the flap., Txaemination of the sequence reveals that the upper-
surface shock is definitely moving forward in frames (c), (d), (e) and (f)
and definitely moving rearwards in frames (i), (Jj) and (a). It probably
is clese to its extreme forward position in either frame (g) or frame (h)
and to its most rearward position in frame (b). In comperison with the
photographs for an incidence of 4° the cyclic changes in the appearances of the
shock and its effect on the boundary layer are not so markeds. But it can be
seen, Tor instance, by comparing frames (¢) and (i) for which the upper-surface
shock is in approximately the sawe position, that, in agreement with the
previous observatlons, the forward moving shock, frome (e), is stronger and
has more iniluence on the boundary layer than the rearward moving shock,
fraue (i),

5.3+« Congiderations concerning the mechanism of the buzz oscillation

In attempting to provide an understanding of the instability it is
convenient to consider separately, (1) the effects on the flow of an
oscillation of the flap and, (2) the changes in the cerodynamic loading on
the flop arising from changes in the character of the flow,

Before considering the effects on the flow of a rapid oscillation of
the flop, it is necessary to discuss the relations between the various
quantities for the quasi-static condition of a slowly deflecting flap under
flow conditions similar to those existing Just before buzz occurs. For
simplicity we shall consider the aecrofoil-flap combination to be at a small
angle of incidence with shocl-induced separation over the upper surface only;
the Mach number will be such that the shock wave remains ahead of the flap
hinge for all valucs of the flap weflection.

The/
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The deflection of thc flap can be regarded as a source of pressure
disturbance which is propagated into the {ield of flow. In the present
simple approach it is Justifiable to assune that the shock is the upstream
limit to the propagation of this disturbance over the upper surface; thus
the flow which remains ahead of the shock is unaltered by the flap deflection.
The disturbance, which according to the direction of the flap deflection will
be either a compression or an expansion wave, will when it reaches the shock
represent an alteration in the pressure ratio across it. In consequence of
this change of shock strength and in order to restore the equilibrium of the
flow, some change, either in the position of the shock, or in the severity of
the separation, or both, must occur.

Starting with the flap in an undeflected condition we now imagine it
to be given a downward (i.e. a positive) displacement. In the absence of
viscous effects this would be expected to lead to a rearward extension of the
supersonic region and thus to a rearward displacement of the shock which would
be accompanied by an increase in its strength. As can be scen from the
observations of the flow for a statically deflected flap shown in Fig.23(b)
and (c), under actual conditions of shock-induced separation, although there
is a rearwards extension of the supersonic region, the foot of the shock
remains in almost the same position and the severity of the separation
increases,” It will be noted that in addition to the increased severity of
the separation at the foot of the shock, the thickness of the "dead-air"
region over the surfuce of the flap is alsc incrcased by the convex corner
at the hinge.

With an upward (i.e., a negative) deflection of the flap the effects
are contrariwise (see the change from (b) to (a) in Fig.23); the shock is
displaced forwards and becomes weaker; in consequence the severity of the
separation is first diminished and eventuelly suppressed.

Thu§ if the flap were moved slowly through a cycle, the shock
displacement (regarded as positive towards the trailing-edgej and the
severity of the seporation would both be in-phase with the deflection of the
flap.

Procecding now to 2 consideration of what happens when the flap
uadergoes a more rapid oscillation, we must consider two additionsl factors;
these are:-

1s  The shock wave does not immediately respond to the movement of
the flop owing to the time nccessary for the disturbance to
travel the distance betwecen the flap and the shock.

2+  The strength of the shock is closely rclated to its speed of
propagation in the fluid and thus to its rute of movement over
the aerofoil surface,

The first of the factors mentionecd alove, as pointed cut by
Brickson and Stephenson1 and by Smilg3!, would cause a phase lag in the
motion of the shock with respect to the flap which the present and previous
observations!? have shown to exist. The relation between the rate of shock
movement and the shock strength for the simple case of a normal shock in a
parallel stream is cbtained immediately from the Renkine-Hugoniot shock-wave
equations, As shown in Fig.24, for shock velocities small in comparison
with the velocity of the free-stream, the increase in shock strength is
directly proportional to the upstream velocity of the shock. For the flow

% : - . :
The flow observations ond hinge moment measurements with statically deflected
flaps which are referred to in this discussion were obtzined by Pearcey and
Pankhurst during a steady motion investigation with a similer aerofoil and

flap combination.,
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over an acrofoil it is then reasonuble to find, and as the obscrvations
have shown, that the shock wave in moving forward over the acrofoil surface
in response to an upward deflcction of the flap has its strength increased
and is thus capable of inducing more separation than a similarly situated
shock which is moving rcarwards and is therefore weaker, Thus it is %o be
expected that the severity of separation would depend on the angular velocity
of the flap. Combining these additional dynamic effects with the quasi=-
static effects of the flap oscillation on the flow, we should expect to
find o tendency for the shock-induced separation to be most severe when the
shock is displaced rearwards and moving upstream, and to bc least severe
when the shock 1s displaced forwards and is moving to the rear, That this
is not completely in accord with the observations suggests that further
factors will need to be considered.

We now turn to the effects of changes in the flow on the hihge
mement acting on the flap., Measurcments of the hinge moments for static
deflections of the flap indicate that, for the incidence and Mach number
conditions under discussion (i.e. with the shocks remaining shead of the
hinge line), the onset of shock-induced separation on cither surface leads
to an incremental change in the hinge moment which tends to turn the flap
towards the separation; that is, the additioncl hinge moment tends to turn
the flop upwards when the separetion occurs on the upper surface. If this
remaing valid under oscillatory conditions, then it is clear from the
obscrved behaviour during the buzz that the incremental hinge moment due
to scparation is almost always acting in the direction of motion of the flap;
thus it can perform the work necessary to amplify or maintain the oscillation.

It was mentioneu earlier, in Section 5.1, that Ffor incidences near
zero the flap became stoble when the llach number was increascd sufficiently
for both the upper and the lower surface shocks to have reached the hinge
line of the (lap, Observation of the flow with o statically deflected flap
reveals that at this Mach number the positioms of the shocks are almost
unaffected by the flap deflection., Thus with no movement of the shocks, we
can no longer associcte a vaeriation in the severity of the separation with
the angular velocity of the flap. The absence of this dependence might well
account for absence of an instability,

It will be rcmembered that at high incidences an oscillation of the
flap occurred in tnc presence, not of shock-induced separction, but of
separation from the leading-cuge., A film sequence of this oscillation is
shown in Fig.25, from which it cun be seen that the upward motion of the
Tlap occurs under conditions of flow separation, whilst for wuch of the
downward motion the flow is attached to the upper surface. To this extent
then, the phasing of the separation cycle is similar to that for the
previous examples in which the separation was shock-induced, If the
agsumption is again made that the separation causes an incremental hinge
moment tending to turn the flap towards the separation and thus in the
direction of its motion, it is clear that this additional hinge moment has
the ability to amplify the oscillation,

It seems reasonable to expect that a consideration of the effects
of unsteady motion on the behaviour of a boundary layer could predict the
observed phasing of the separation cycle, Fyrthermore it would seem that
the cyclic behaviour of the shock-wave boundary-leyer interaction, which has
already been discussed, is a particular example of the general phenomenon,
Motion of the flap leads generally to time rates of change of the velocities
at points on the aerofoil surrace, Based on existing knowledge of the
sensitivity of the boundary layer to an unsteady external stream39,40 it is
reasonable to suppose that a boundary layer in an accelerating stteam
(i.e. a stream in which the velocities are everywhere increasing with time)
is less likely to separate than one in a decelerating stream. Thus the
tendency, generally, observed, for separation or attachment to occur on the
upper surface according to whether the flap is moving upwards or downwards is
to be expected,

1t/
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It must be admitted that the preceding discussion is only of a
tentative and rather speculative nature and is based on inadequate knowledge
of the effects of the various factors entering into the buzz instability,
Since some of the difficulties encountered concern the separation of cause
from effect, there is a need for further experiments designed to examine
each factor independently.

6. Concluding Remarks

A brief review has been made of the available information on the
flow fluctuations and instabilities arising from shock-induced separation and
on the influence this phenomenon has on the oscillatory behaviour of aerofoils
and control surfaces, A more detailed discussion has been devoted to a
recent investigation at the N.P.L, into the part played by shock-induced
separation in the instability of a control surface.

Although for a variety of reasons extensive shock-induced separation
would not be tolerated under normal conditions of flight, it would seem that
local regions of separation might occur during manceuvres or under other
special conditions, For this reaon somc attention should continue to be given
to the instabilities themselves as well as to the means of preventing the
occurrence of separation,

No attempt has been made in this paper to discuss the prevention of
shock induced separation or its effects, although the subject can hardly be
left without mentioning that for wings, a low thickness to cliord ratio, a
small trailing edge angle and sweepback have all been shown to be beneficial,
and that methods of boundary layer control such as vortex generators have been
used effectively to delay the onset of the effects., ‘Jithout attempting to
modify the actual separation characteristics, control surface instabilities
can sometimes be prevented by the use of a high circuit-stiffness or of
damping.,
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Aerofoil-Tlap combination mounted in tunnel for buzz experiment
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FIG 23

(@) Flap deflected

4° upwards

(b) Zero flap detlection

€©) Flap deflected

4° downwards

The tlow over an aerofoil with statically deflected flap ot a Mach
number for which buzz would occur. Incidence 29,
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