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a speed of sound

b maxinmum spanwise dimension of unswept elliptic panel

D Flexural rigidity (En®/12(1-v2)

E Youngs modulus

T tension parameter (N, /oLfwfx?)

g structural damping coefficlent

h panel thickness

K flutter parameter (pVZL>/MD)

L panel chord - maximum chordwise dimension of unswept. elliptic panel
M . Mach number o
Nﬁx chordwise stress resultant

q pitch rate

R aerodynamic damping parameter (pa/ow,)

v ‘airspeed (suffices e and i signify 'equivalent’ and 'indicated®)
W lateral deflection

X, ¥ chordwise and spanwise co-ordinates

o body incidence

B foreplane flap incidence

7 % critical damping

§ aileron angle‘

1 eleyatof.angle

o) éir‘density

o massapér unit‘érea

Wy panel fundamentai frequency in chordwise bending

) panel flutter frequency.

Y Poisson's ratio



1. Introduction

Since the College of Aeronautics was founded in 1946 aerocelasticity
has been the subject of much research by both students and staff in the
Depertments of Aircraft Design and Aerodynamics.

It is not the present intention to review the entire period since
1946, but, rather, to concentrate on the period 1958/6% during which the
author has been associated with the College. In this period aeroelastic
research has been concentrated on four main themes, viz:

(a) panel, membrane and wing instapilities;
(b) investigations associated with the Morane-Saulnier M.S.760

'Paris’;

(c) investigations on Design Project Studies, and
(d)  Thelicopter problems.

The list of references covers the entire period up to 196% and contains
references dealing with such related topice as flutter model construction
and unsteady aerodynamics. These are included for the sake of completeness
since such investigaticis often bear directly on the more specific problems
of aeroelasticity. It should alsoc vpe mentioned that there has been
considerable research on vibration testing, impact loading, ete., but such-
references are not included.

No detailed comparisons have been attempted between the research
described and similar work done elsewhere - for these the appropriate
references must be studied. It must be emphasised however that the
research performed whilet being certainly worthwhile for its own sake also
enables the students to become familiar with research methods -~ a primary
aim of the College.

2. Panel, Membrane and Wing Instabilities
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2.1 Supersonic Flutter of Rectangular Plane Isotropic Panels
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Most of the plane, panel flutter investigations to date have considered
rectangular pancls, and the effects of various edge conditione, external
flow conditions, etc. have all been examined. The published analyses
differ considerably in the aerodynamic theories used, which include
lineariced supersonic flow theory, a quasi-steady approzimation to this
theory, and static theory in which all time-dependent effects are neglected.

The Justification for this last approach was examined by the author
(Ref. 1) in an analysis using linear picton theory for two-dimensional penels
of finite chord. A two~ and four- mode analysis was made employing the

The major part of Ref. 1 was written vwhilst the author was employed at
gir W.G. Amstrong Whitworth Aircraft Ltd., Coventry during 1957.



Galerkin procedure and the results showed that at Mach numbers above 2
acrodynamic damping can be neglected when structural damping is zero.

In most analyses to date the influence of structural damping has been

neglected, presumably on the assumption that the result would be conservative.

t has however been shown (Ref. 2%) that at speeds where piston theory is
applicable, hysteretic structural damping may be destabilising i.e. tlen
the stiffness terms are factored by the quantity (1 + ig) where g is the
structural damping coefficient. Some of the analytical results are
summarised in Fig. 1, where the critical flutter parameter K° is plotted
against an aerodynaric damping parameter, R, for various values of g and

mbranc tension in the panel, n=37. It is seen that the significance of
R, when g = O is very small, as mentioned above, but for g # G the
variation of X% with R is much more pronounced. The destabilising effect
of structural damping and membrane compression is clearly ceen. Note:
7% = - 1 corresponds to Euler buck ling.

The possibility of wing/panel flutter coupling was examined in Ref. 3
in a brief binary analysis of a simplified wing/panel configuration.: The
mnndes assumed were wing twist and fundamental bending of the chordwise
panel array simply supported on spanwise stiffeners. Linear piston theory
was used for the aerodynamic forces which were assumcd to act only on the
flexible vanels. For most practical wing structures the likelihood of
w1rg/panyl flutter coupling was shown to be small but for configurations
with high wing torsional frequency and low panel bending frequency (1.e.

frequency ratio — 1) such a coupling should be examined.

2.2 Supersonic Flutter of Ellipbic, Plane Isotropic Pancls

Since most of the published literature has related to rectangular
plane panels an analysis was made (Ref. 1) dealing with panels of elliptic
planform. The analysis assumed linear piston theory, zero membranc stresses
and zero structural damping and a two-mode Galerkin procedure was adopted
using 'static! deflection modes for a clamped edge pancl.

Now it is well known that it is customary in flutter analyses to use
the in-vacuo vibration modes of the structure. For the configuration
considered general analytical e Ureu810n5 for the modal shapes for varying
ellipticity were not avallable and the 'static' modes used corresponded to
the deflection shapes of the panel when subjected to both a uniform, and a .
linearly varying, vpressure across the panel chord. For the special case of
a circular panel it has since been shown by comparison with analj es using
the known vibration modes, that the use of simple 'static' deflection modes
is Justified. This significant result can probably be generalised for
other panel configurations.

1Ref. 2 was written with a former colleague at Bristol Aireraft Ltd.



Further analysis have cince becn made by students at the College
/sich are reported in Ref. T.11 and T.1k. Tnese ctudies and a later
analysis of the effect of sweepbachk on the flutter of clamped edged
elliptic panels are reported on in more detail in Ref. L.

Thug, it is shown for the clamped edged penel that ctructural
damping and compressive membrane cltresses are destabilising and the
effect of qveepbac& is stabilising dr destapilicing depending on whether
the pancl 'aspect ratio' (P/L) is less than, or greater than, unity
initially. In general the addwtlov of a concentrated mags is stabilising
put may be destabilising when the additionsal mass is added close to the
antinode of the overtone mode. However, the addition of a concentrated
mass as a neans of stablilisation is not as effective as increasing the
panel thickness.

Regults for circular panels with varying degrees of cdge restraint
are also gilven. There ig a 20 per cent difference in critical pancl
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thickness between simply-supported and fully cla&oﬁd edges.

An experimental investiga tlon of the flutter of circular panels is
reported in Ref. T.11 and T.1lk The findings have been cummarised in
Ref. 5. The tests were made in the continuous rumning 9 X 9’ supersonic
tunnel at the College, at a fixed Mach number of 2, on aluminium panelsg
having an unsupported area of 6 in. diemeter. The panel mounting apparatus
is chown in Fig. 2. Inductance type pick-ups were used to measure the
panel viprations but since vibrations were experienced on &ll the panels
tested and at all stagnation pressures it wasg uncertain whether panel
flutter has in fact occurred. However, by a comparison of the predicted
and mcasured 'flutter' frequencies it is pelicved that the thinnest panel
(0.011 in.) did flutter at a high stagnation pressure (about 12 p.s.i. ).

These tests were only exploratory in nature but they enabled somec
of the problems of instrumentation and interpretation to be tackled.

2.5 %E?SESOHEC_?%Eﬁﬁéf-Of_C%EEB%%E-QE%EE@E%E%%_§§§}%§

Tor ring stiffened shells with small ring spacing the use of a
travelling wave appy oach to flutter analysis can only be justified if the
flutber wavelength (axial) is small in comparison with the spacing - and
it has therefore been cuubomary to use a chbanding wvave anelysis. Such an
approach was followed in Ref. 6. Three sinultaneous differential equations
were derived Tor the equi‘ibrium of a chell element in terms of the axial,
circumferential an@ radisl displacement components, and by using linear
piston theory for the radial acrodynamic Torces the flutter problem was
gxamined.

By neglecting tangential ineriia forceg in the shell and considering
a binary flutter anslysis a particularly simple closed formm result is
obta imeﬂ which indicates that, if acrodynamic damping is also neglected,
the axisymmetric flutter mode is the most critical (Ref. 7). It is now



felt that tangential inertia forces should be retained in the analysis,
since, particularly for modes of large axial or circumferential wavelength,
che effect on the predominant resonant frequencies may be large. In fact
many authors have tended to assume also that acrodynamic damping could be
neglected - as it can be for plane pancls at high supersonic speeds.

For cylindrical shells however the flutter frequencies are much higher
and acrodynamic damping must be Included since it depends directly on the.
flutter frequency (Ref. 8). It follows (Ref. 5) that the significant
coupled modes in a binary analysis using piston theory are those having.

a low sum of the squares of the modal natural frequencies as well as «
low difference in these squares. For practical shells thi:z corresponds
to modes with a large number of circumferential waves.

It was shown in Ref. 6 by an axisymmetric flubtter mode analysis that
the use of a travelling wave form of the radial displacement component
gives similar results as a standing wave form for chells of finite lengtn.
It has since been shown that the converse is alco true, viz. a standing
wave binary analysis, using an asymetrical cxpression for bthe radial
displacement componcnt, reduces, if one assumes a large number of circum-
Tferential waves, to the same form as obtained from a travelling wave
analysis.

2.4 Subsonic Divergence of Rectangular Plane Pancls.

The static acroelastic instability of two dimensional paneles in a
subsonic flow has been investigated by several authore and it was suggested
that the phencmenon of 'panel divergence'! might have occurred in practice.

In several experimental investigations conducted at the College
(Ref. T.11, T.15, T.19) 'panel divergence' was never experienced but certain .. .
observations can be made on the results obtained. . ‘

Thus, in Ref. T.1l5 a panel was tested having nominally clamped end
conditions and subject to a constant tensile load. For given velues of
this load it was found that, whilet at low dynamic pressures there was no 7 (
marked deformation of the panel, at a higner pressure a noticeable increase
in the deformation occurred similar to a 'divergence' of the panel. The
experimental relationship found between this crivical dynamic pressure and
the tensilc force in the panel had the same Torm as simple theory would
predict. '

In Ref. T.19 the panel wac assumed Lo have an initial curvature and
the ratio of final deflection (at a given airspeed) to the initial deflection
was calculated as a function of tensilc load in the panel, in-plane shbifiness
of the panel support structure and dynemic pressure. The correlation
obtained with experiment was cncouraging but not conclusive. '

£

All the above studies have been described in greater detail in Ref. 5.



2.5 Subsonic Flubter of Rectangular Planc Membrancs

An exploratory esperimental investigation into this problem is
reported in Ref. T.15. Two distinct types of flutter were observed for
a given chordwise tension in the membrane. The fTirst Tlutter occurred
as & low frequency, emall ampll+uae, travelling wave and the sccond, at a
slightly higher opCcd, nad a larger frequency and amplitude (Fig. 5).
Trom the available test data, for membranes with thelr aspect ratio much
less than unity, there appears to be a lincar ”eWaﬁlonsblp bectween the
membrane tension Qarameter (tensile fo“ce/opap )} and dynemic pressure for
both types of flutter

2.6 QEE&:20918,91YEf”§§C§-2:.3GE:§?ZE% T,§%§?_§%§Eﬁ-€:i9~9-%i

- Many mnapers have been published concerning the static aeroclastic
stability of rectangular plate wings in supersonic flow. The usual method
of investipation has been to specify the spanwise deflection node- precisely
and to allow the chordwise distortion to be arbitrary. This is based on
the assumption that only the chordwise mode ig important in supersonic
divergence. In surveying the literature on the subject it is clear that
the effect of the choice of modal functions iz so pronounced that aero-
elastic instapility could be either most likely or, as in some solutions,
completely impossible.

Rnoaeo (R . T.18) has analysed this problem,susing Ackeret's theoxy
for the acrodyr 'cs, in a Rayleipgh-Ritz nethod. The deflection modes
assumed are of tqc gene:al polynomial Form:

ﬁf\/]L
s
%
QP

Values of m and n up to L4 arc used but clearly some values of Cp, are

1

gzero when the root boundary conditions of the wing (y=0) are satisfied.

for wing asmect ratios of less than unity and even then it

of practical concern. Further analyses arve reported in Rel

experimental and theoretical structural influence cocfficie csfor flat

plates of aspect ratlio 1 and 2, The results show that as the plate stiffness
es the 1ift of the elastic U”utc for a given root incidence, als

decreases and is never greater than the 1ift of the same rigid plate.

Thuz it can be chown thab divergence only occurs at supersonic.speeds

Tt must be emphasised that the above conclusgions only relate to
rectangular, flat plate wings clamped along thelir entire root chord. For
wings havin~ other profiles or planforme or different root constraints the
same conclusions do no cessarily apply.
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2.7 Static Aeroelastic Behaviour of Doubly Swept Wings (M - Wings)

A wing of M-planform has been considered as a possible compromise
in design to avold the undesirable aeroelastic properties of divergence
and aileron reversal typical of swept forward and swept-back wings
respectively. The choice of kink position, where the change of sweep
occurs, is obviously of prime importance for optimum aeroelastic design.

Analyses are reported in Ref. T.35 for five wings having similar
geometrical and elastic properties but different kink positions. = Using
a Rayleigh-Ritz approach, results are given for the divergence speeds and
rolling powers of the various wings and compared with simple experimental
studies. Both sets of results chowed an increase of divergence speed as
the kink position moved inboard. The results for the rolling nower are
less conclusive but indicated a decvea:e in rolling power as the kink
nogition moved inboard.

Investigations Associated with the Moraae Saulnier M.S. 760 'Paris!
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Elevator Flutter of a T-Tail Aircraft
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The College took delivery of a M.S. 760 'Paris' jet aircraft (Fig. L)
in December 1958 and in February 1960 after a stick force transducer had
been fitted to the top of the control column an oscillation of the tail
structure and elevators was obcerved. This oscillation was later recorded
as an elevato“ vibration vhose amplitude increased with increasing airspeed
from 200 knots up Lo 320 knots above which speed it was considered unwise
to proceed. On enquiry the makers confirmed that the flutter only
occurred when a sufficient mass was added to the top of the conbrol column.

It was decided te investigate the problem further as a student research

study (Ref. T.13 and R.15) particularly since the aircraft has a T-tail.

In the previous decade at least six aireri It with T~taile had been flown

in Great Britain and at least two had e"perienced flutter of the fin and/or
tailplane structure, viz. the Handley Page Victor and Gloster Javelin.

The subseguent theoretical investvigations concisted of binary and
ternary symmetric flutter calculations with, and wrthou the manual control
circuit included. These showed the aircraft to be llaDWG to flutter Tfor
mass distributions qlﬂl7a“ to uhqt which existed at the time of the original
incident. The actual modes used were (a) a wing bending mode that included
some Ffuselage bending, vwﬁh a Frcqucncv of about 10 c.p.s., (b) a fuselage
vertical bending mode at about 18 c.p.s. and (c) clevator rotation. The

P

results were in qualitative agreement with the observed effects.

The flight tests were most comprehencive. Firstly, the flutter
characteristics of the basic alrcraft, with empty wing tip fuvel tanks,
were established. Secondly, the effects of variations in many parameters

.

were examined viz. control column inertia, aircraft centre of gravity, main



fuel tank content and wing tip fuel tank content.

These flights showed that the three most important narameters
affecting the flutter of the aircrafi are control column insrtia, nose
pballast and main fuel tank content. In fact the variation of in-flight
damping with main fuel tenk content was most complex.

The last series of Flight tests was concerned with proving the
safety of the aircraft, for variations in the same parameters as before,
following the necessary modifications to prevent elevator flutter.

The flubter calculations had shown the necessity for increased elevator

mass balance - from 5.5 1b to 7.5 1lb - where the elevator underbalance

arose directly from the fact that the aircraft had a T-tail. It had been
noticed previously that although the elevators -themselves were statically
balanced when out of the aircraft, and normally rested nosc down when in

the aircraft, they weie in Tact underpalanced. This was due to the elevator
control run up the fin providing an undervalancing moment of 18 1b.in.

When the complete circuit connected this was not apparent as the control
column in the cockpit slopes back and so, statically, provides an over-
balancing moment that over-rides the effect of the control run. However,

when the aircraft is oscillabing the displacement amplitude is much greater

"8t the control run in the Tin than at the control column. Thus the apparent
static overbalance becomes a dynamic underbalance for the elastic modes
considered, and it was the mass of the controlrun up the fin which provided
the inertia coupling to cause flutter.

Some interesting results have been obtained from this investigation
which suggest that a destabilising effect due to the internal damping of
the aircraft may be occurring.

The main tank capacity is §50 litres. When it contains G600 litres
the in-flight damping is markedly reduced compared to the case of a T

© tank. With 400 litres the damping is much the same bub further reduction
to 200 litres causes the damping to increase again. These trends ave
chown in Fig. 5 for the aircraft with zcro noses pallast but with the stick
force transducer fitted. The frequency ranges from 17.0 to 17.5 c.p.s.
and the aircrofit state was identical (apart from the nose ballast) with
that in which it fluttered at 240 knobs. Therefore Fig. 5 chows implicitly
the effect of nosc ballast on flutter - in that flutter did not occur for
~ the condition described - and algso the complex effect of m in fuel tank
~ content. Both effects could be due to the changes in mass - vhereby
frequency coincidence was increascl; or to changes in mode -~ whereby the
aerodynamic coupling of the elevator forces in the fuselage pending mode
was increased. An alternative explanation could be that changes in
internal damping are occurring with variations in noge ballast or in main
tank fuel content to produce the results observed in Fig. 5. Some suwvport
for this hypothesis is found by examining the variation of the Tree surface
area with volume of the fuel in the main tank (Fig. 6)- t is easily seen
that thig variation follows a similar pabttern to that observed from the
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in-flight damping measurements except that the latter would appear

to vary inversely as the free surface area. Energy dissipation in a
standing wave system should be proportional to the free surface area

of the fuel. That the inverse occurs could be due to the destabilising
effect of the internal &amplnb, viz., in addition to the stabilising
disslipation, phase changes are caused which are most destabilising.

A closer examination of this effect has been recently made and will
pe reported on more fully later (Ref. T.23). Some results are shown
in Fig. 7 where the variation of damping (in a ground vibration test)
with main fuel content is given. The series of curves for different
values of exciter current show the significant effect of this parameter
on the measured damping at resonance in the frequency range 17.5 - 18.0
c.p.8. At higher exciter currents (and hence exciter forces) the fuel
surface wave motions produce lower values of damping; this could be due
to the surface waves breaking at the higher force levels.

It can also be seen that there is a general (but not marked) tendency
for the damping to vary as predicted i.e. to increase and decregse with
corresponding changes in the free surface area. The behaviour around
50% tank fullness of the curves for lower exciter currents can be explained
by the fact that, at this fullness, the fuel free surface coincides with
a horizontal oaflle over about 50% of the arez.

3.2 atlc Aeroelastlc Problams

The main purpose of'the_investigation reported in Ref. T.22 was to
determine both by ground and flight tests the infl ueﬂﬁe of aeroelastic
distortion on certain control characteristics of the 'Paris' jet aircraft.

Initially the relevant stiffnesses of the aircraft were measured
which affected the rate of roll, rate of pitch and wing flexure - torsion
flutter and these were used to predict their actual gquantitative effect
on the behaviour of the aircraft. The measured stifgﬂesses were also
compared with criteria given in Av.P.970. Chap 500" (where aopl*caole)
The military requirements were chosen as the Paris is closer in design
arnd performance to existing military aircraft from which it itself was
developed than to existing civil aircraflt.

It was concluded that all the wing stiffness criteria in A.v.P. 970
are satisfied. .

' The fuselage vertical bending stiffness is greater than that required

but the tailplane torsional stiffness requirement is not met. However, the
Ministry of Aviation publication 970, vol. 1. Aeroplane Design Requirements.

Chapter 500 - Aeroelasticity.



combination of fuselage Jenﬂva and tallvAane twist nrooaa v satisfies
the spirit of the requirements. ,

It was also found that both the aileron and elevator control circults
are too Tlexible compared with the requirements.

Subsequently, the necessary flight tests were made to provide the
required comparable flight measurements and only with regard to the
wing flutter problem were the results wholly inconclusive. However, this
problem lS)SE&ll being pursued and will be reported on more fully later
(Ref. T.23).

All the flight tests were conducted at 10,000 ft. and the wings and
fuselage were instrumentated for measurements of rates of roll and pitch.
Also measured were the control surface deflections and the movement of
the control columr (pilot's input). Roll accelerations were also measured,
better results being obtained from an angular accelerometer in the fuselage
than from wing tip accelerometers.

Fig. 8 shows a plct of maximum rate of roll per alleron angle against
the inverse of speed squared. The different sets of results indicate an
apparent dependence on the direction of roll and show a distinct non-linesr
relationship. Fig. 9 shows the same results plotted with respect to the
control column deflection. This plot obviously includes the effect of
control circuit stretch but, more interestingly, a linear relatliconship is
now Found which shows less dependence on the direction of roll. The
corresponding predicted aileron reversal speeds are 520 knots E.A.S. and
550 knots E.A.8. respectively, where the Fformer value is oaly 10 knots
lower than the value obtained from Av.P. 970 (which also does not include
control circuit stretch).

By using the measured values in flight of control column movement
and aileron angle it was possible to calculate the effective control
circuit flexibiiity. The agreement with the ground stiffness test result
is excellent, viz., .05 degrees of aileron movement per mean aileron
hinge moment (1b.ft) ef. with .63.

Static sercelastic effects on longitudinal stability and control are
much more difficult to assess as more parameters are involved, e.g. fuselage
flexibil ity, tailplanc twist and tailplane mounting flexibility, elevator
flexibility and control circuit stretch. On the '"Paris' it proved possible
to differentiate only between fuselage bending and tailplane twist effects
and the correrond:Lnb flexibilities were determined from the flight test
data and compared with ground test results, viz.

Flight Test : Ground Test
Fuselage Flexibility 10.60 x 1075 deg/lb  8.36 x 1075 deg/lbp

Tailplane Flexibility  17.15 x 1075 deg/lb  17.90 x 107 deg/lb

¥



The type of manoeuvre chosen to assess these aeroela5ulc effects
(preferred out of a total of four considered) was the 'pull out! from
a dive. The aircraft was trimmed to fly straight and level at the
required speed at 10,000 ft. and the tailplane setting was recorded.
Without altering this setting the aircraft was taken to between 12,000
and 14,000 ft, dependlng on the required 'pull-out’ speed and a dive
starued The 'pull-out! was judged to level out at exactly 10,000 ft.
and the dive had to be steep enough to ensure a steady pitch rate by the
time the plane was horizontal at 10,000 ft. The same engine power was
maintained during trim and 'pull-cut' to prevent any effects of thrus®
eccentricity on pitching moment. This manoeuvre was difficult but not
impossible to attain. .. A gyroscope measured pitch rate and a force
balance instrument measured pitch acceleration - the latter was not
successful. An expression for the pitch rate of an aircraft (q)
allowing for fuselage (k4) and tailplane (kg) flexibilities is

- ko(l = kgVB)
AVE T KV - K VeV

where kg, ki, kp include rigid aircraft aerodynamic terms and &1 is the
change in elevator angle. Fig. 10 compares the flight test data with
predicted data based on ground test results, for the elevator effectiveness
defined as in the equation above. The experimental results at the high
speed end of the range are known to be suspect.

T - St > - - > " - o

This study igs currently in progress (Ref. T.23) and the theoretical
investigations have almost been completed. These ansglyses are intended
to determine the effect of main tank and tip-tank fuel contents on the
flutter characteristics of the wing-aileron. The flight test investigations
1o date havc been less successful. A satisfactory method of excitation in
flight using control surface jerks etc. has not been found and the records
obtained show a poor signal»to noise ratio.

5 & Flutter of Alreraft Acrisls

Many failures of aircraft aerials have occurred on various types of
aireraft during £1light which have been attributable to stalling flutter
brought about by the change of cross-section of the aerials through ice
aceretion at their leading edges. All these aerials had low internal
damping and considerable bending flexibility - and flexure-torsion flutter
was considered most unlikely. For blade aerials with a streamlined profile
the usual flutter cure has been to mount the aerials with thelr thick leading
edges aft. This artifice alters the shape of the Ice then formed on the-
aerial and is found to prevent stalling flutter.

Blade aerial flutter has occurred on the 'Paris' jet aircraft during
icing conditions even though the blade was mounted in the reversed sense
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described above. The pilot was able to observe large amplitude
oscillations before failure occurred.

Subsequent wind tunnel tests were made at Cranfield, on a similar
aerial to that which fluttered, for various types of simulated ice patterns
(Fig. 11). Plasticine was in factused to simulate the ice. The blade
aerial (type 386) had a length of 15.57, a root chord of 1.16" end a tip
chord of 0.52". 1Its fundamental bending frequency was 45 c.p.s.

For small, symmetric, 'ice' accretions, small amplitude flutter occurred
o / . N 2. . ; 1 . . .
petween 160-180 ft./sec. - being maximum at about 25° incidence to the
airstream. No flutter was found at 200 Tt/sec. but at 215 ft/sec. large
=0

amplitude flutter cccurred which was greatest at 2° but zero at 2° and
above. ’ ‘

Tests with lerger amounts of symmetrical or asymmetrical icing (hence
a cambered profile) showed similar results viz. maximum amplitudes at
about 2° to 3° incidence and defiritely no flutter above 6° for a very
wide range of speeds.

The conclusion reached was that flutter can occur on reversed blade
aerials but this can probably be prevented by mounting the aerials at a
moderate sngle of incidence.

L., Investigations on Design Project Studies
Aercelastiic investigatlions have been made on many Design Project
Studies (see list of references) some of which will now be described.

4.1 Supersonic Delta Wing Airliner (1960) -

Ref. T.16 contains an aeroelastic assessment of a supersonic airliner
project (A.60) designed to carry 108 passengers on the transatlantic route,
cruising at a Much number of 2.2 between altitudes of 57,000 and 65,000 ft.
The shape of the aircraft in plan is that of a slender delta wing with
streamwise tips and having no horizontal tail (Fig. 12). A basic structure
in aluminium alloys was chosen and the wings were of miltispar, multi-rib
consbruction. . The fuselage comprised two shells ~-an inner presgure shell
and an outer shell carrying the external loads. he aircraft all-up welight
was 325,000 lb. ‘ ‘ : .

The aeroelastic effects analysed were elevator and aileron effectiveness,
defined in terms of the initial pitch and roll acceleration per change ir
control angle, where the controls were mounted on the wing trailing edge.
The aerodynamic forces were calculated using slender body theory and linear
piston theory and the analyses were made for flight at M = 2.2.

In the caleulation of elevator effectiveness the planform was idealised
as a chordwise beam with rigid spanwise sections, and at 57,000 ft. the
effectiveness was determined as 89% of the velue for the same rigid aircraft.



For aileron effectiveness a semi-rigid approach was used involving
nine elastic modes representing asymmetric plate action of the structure
about the fuselage longitudinal centre line. A vealue of aileron effect-
iveness of 5l was obtained for flight at 65,000 ft.

k.2 V.7.0.L. Freighter (1961)

This project (F.6l) shown in Fig. 13 was a V.T.0.L. version of the
conventional freighter design studied in 1959 (r.59). The effect of the
large V.T.0.L. engine pods mounted at 65% semispan of the wing, on the
flutter of the wing, was studied and is reported in Ref. T.17. In the
absence of more realistic data at the time the stifiness distributions
of the F.59 wing were assumed for the F.61 wing. The influence on the
corresponding natural frequencies is shown in the following table:

Modal Frequencies (c.p.s.)

Mode F.59 . F.61
Fundamental Flexure 3,74 2.89
Fundemental Torsion 22,20 5.05

Flutter calculations for the conventional (¥.59) wing using the
AV.P.970 criterion gave a flutter speed of 658 knots which was satisfactery
since 1.25 Vp was 438 knots. A similar calculation for the V.T.0.L. (F.61)
wing using the appropriate frequencies gave a flutter speed of only 164
knots.

More detailed calculations were made on the F.61 wing using the
theoretical vibration modes and flutter was found for all speeds considered
above 200 knots. Subsequent investigations suggested that the term having
the greatest influence on the flutter has the fomm

B, =1+ pgmz/;a

and represents the combined aerodynamic (fgy) and inertia (Iy) forces in

the torsion mode. To obtain a reasonably high flutter speed me should be
negative and for the F.59 wing the appropriate values were phgy = -38,000
slugs Tt and fa = 12,000 slugs ft2, TFor the F.61 wing however, Iy = 140,000
siugs Tt® so thet the sign of A gy becomes positive.  These results confimm
that wings with large concentrated inertias and masses need to be examined
closely for flutter. :

.3 Supersonic Canard Airliner

Ref. T.20 describes a number of theoretical aeroelastic investigabtions
which have been made on the Mach 3 Design Project Study (A.62) shown in
Fig. 14. It should be noted that pitch centrol is achleved by trailing edge
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flap movement on the canard lifting surface (the foreplane).

The effect of fuselage deformation on the longitudinal bending moment
distribution was determined for trimmed flight at M = 3.0 snd 68,000 ft.
altitude at the beginning of cruilse. As in the other investigations made
it was assumed that spanwise sections were rigid. A direct method of -
analysis for the trim condition showed a maximum increase in the bendling
moment, in the region of the centre fuselage, of 26% compared with rigid
airecraft values.

An iterative method was also used in which the separate deformation
modes were first caleculated for the cases ¢ # O, =0and =0, P # 0
(¢ = body incidence, B = foreplane flap incidence). For trim the condition
of zero pitching acceleration gave a relationship between ¢ and B from
which the longitudinal bending moment distribution could be found.  The
results agreed with those above bul the method was more lengthy.

Using the results for the case ¢ = 0, P # 0 the initial pitching
acceleration per charge in foreplane flap argle was determined as a
measure of pitch contrcl effectiveness. An increase of only 3%, compared
with the rigid aircraft, was obtained. »

An iterative method was used to obtain the fundamental, longitudinel
body bending mode (frequency 2.4 c.p.s.) and this was used, with two rigid
pody modes and a foreplane tcrsion mode, in a flutter investigation. This
study has been extended in a current investigation (Ref. T.24) which is
making use of a dynamic model, described in Ref. T.21, to obtain more
realistic modal shapes. The theoretical studies in Ref. T.24 are using
three aircraft elastic modes in a six degree of freedom study.

The effects of the fuselage flexibility upon the dyrnamic stability of
a supersonic canard aircraft at M = 2 have been examined in Ref. T.3L.
‘"he fuselage was presumed to bend in the manner of a uniform cantilever beam,
'built in' at the centre of gravity of the aircraft.

Using Lagrange's equations certain expressions were obtained which hiad
to be satisfied for the aircraft to be dynamically stable. The main
parameters introduced into the stability contours were fuselage mass,
length and moment of inertia, fuselage flexibility C and control surface
area.

It was found that the damping of the aircraft is increased as C is
inereased but, consequently, the frequency is reduced, leading to a decrease
in static stability.

Further, as C is increased the response to pitch control movement is
also increased.
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4.h  General Purpose Freighter (1963)

On this aircraft a flutter investigation is being made of the spring
tab~aileron-wing system. The analysis 1is conventional and uses wellw
established techniques but it is hoped to make an gppraisal of various
methods of calculaling the aerodynamic derivatives for such configurations.

This study is to be reported in Ref. T.25.

5 Heliéopter Problems

W o T o ot s 6 B¢ Yok Bt 1D OO T T S

5.1 Analyses Including Aerodynamic Forces

In Ref. T.36 a method of helicopter blade vibration analysis is
presented in which special account is taken of the forces due to unsteady
axisl and in-plane flows, about the rotor blades in the wvertical and
forward flight conditions.

Equations of motion are derived, in terms of the flapping, lagging and
torsional motions, which contain the effects of elastic, inertial,
aerodynamic and control forces. The periodic aerodynamic damping
associated with forward flight rendered these equations non-linear.:
Difficulty was found in linearising these eguations and in assessing the
effect of the skewed, helical wake system on the unsteady aerodynamic
forces in forward f ¢1ght

It was concluded that accurate vibration analyses are possible in the
vertical flight condition but for forward flight much more research is
reguired on wake effects on the unsteady aerodynamic forces, and on
effective linearisation of the aerodynamlc derivatives.

With a view to improving the *lapnlrg stapility of an art iculated
rotor an analysis has been made (Ref. T.37) of the flapping stability of
a blade with two flapping hinges. The introduction of the second hinge
allows an additional degree of freedom in the flapping system, the
motion of which is described by a pair of simultaneous linear differential
equations with periodic coefficients. The second hinge is located outboard
of the hub.

When there is no damping or spring restraint at the outboard hinge
a maximum gain in stability is obtained when the motions in the two degrees
of freedom have the same frequency but ere anti-phased; this pemits the
elimination of one of the variables from the equations of motion.

A more general analysis has been made incorporating hinge contraints
which, to satisfy the above criterlion, ylelds expressions defining these
constralnts and the blade parameters as functions of the location of the
outer hinge. It is thus found possible to eliminate from the equations of
moticn the second harmonic termu VhTCh are predominantly destabilising when
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the advance ratio is greater than unwtv. The resultant system shows a
gain in the flapping stabllity o ; '

5.2 Hellcon er Ground Reaonance

. e e o o . 3 S S o Ot TV S T Y e Bk M b

Although this problem is not truly an aercelastic one, the nature
of the self-excited oscillations which can occur in ground rescnance
shows considerable similarity to flutter. :

A useful summary of this work already exists (Rez. 9) and will not be
described further.
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