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Thes Acaerdunm provides 2 shert note on two aspects omitvted from the
crigiaal pager, vim, gravitabtional effects on! stractural damping. A
short last of references to earlier papers dealing watln the subject is
also added.

1 Gravitational Affects

The structural dastortions produced in an aero-elastic model by
pravitional forces moy in some circumatances be 1vwportsnt, Tdeally, lhe
gravitational=Ciatortional efTects shouwld be 1dentacal for model and
aircraft, but it i1is generally impossible to achieve this while sataslying
the octaer samilarity rolatooaships. The nost that can usually be done 1s
to minimdine as lar as poscible tne pravitational effects on the model,
which cend to be greater than on the aiwrcralt.

ravitational effects manifest themselv:s mainly in two ways. The
Pirst is thnat on vertically mounted aero-elastic model surfaces gravity
effects modafy the effective stuffness cf tne surface in a laveral displace-
mant mode, particulacly with a lacge tip mass 1a a Fundamental type distor-
tion mode. A wethod of minimising tue elfect associlated with a tip mass is
described in reference 73 the mass 18 hurg wiay {row the surface on long
wares ard 1s coupled to the sucface horigoatally, so vhat the mass partakes
of the same horlsontal motion as tonebt of the surface to which it is coupled
and only the inertaa forces associated with tals woticd are transmitted o
the surfacs.

The sccond important manifestacion of pravity effects occcurs on
horizontally mounted model surfaces, merc gravaty effects assocaated with
the pass of the suoface, and particulacly vita any large masses carried by
the surtace, may distorc the surface Jo o corplotely unrcpresentative
extent, The resulting scrodynanic forces may evea be difficult to sustain,
In reference 2, Sccouton and Lawbourne poiac out that the comparative gravita-

tional effects are determined by the relation

Anpular deflection due to gravity for mousl -

1
Anzmular deflecoion due to grovity for alrcraft o

7

(%)

=

and they suggest that this ratio saculd bo no higher than 3.

2 Structural Damping

The flutter charactaristics of en aircraft are to some extent
influenced by the structural dumping present in the various modes, This
influence can vary considerably; 1n main surface flutter it is fairly
small for the anoimt of damping normally associated wita typlead structurss;
in control surfacs flutter, on thie other hand, structursl demping in either
main surface or control surface modes may have a significunt effect,



It may therefore be important, in some cases, to take account of the
structural damping present in a model and of its influence on the modal
flutter characteristics, For a prediction model the damping should
ideally be related to that of the aarcraft; a logical relation would seem
to be that ths damping in any pariticular mode should be the same proportion
of the eritical damping in that mode as 1t is for the aircraft in the corres-
ponding mode, If the structural damping in the model cannot te regulated
but is significantly different from that of the aireraft, then some theore-
tical allowance for its effect on the flutter characteristics must be made.
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SUNMARY
An account is given of severzl types of asro—elastic model used for
flutter investigations, The various purposes for which they are used are
outlined, and the scale relationships for prediction models are deraved,
Different types of model construction are described and their main

applications are defined,
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1 Introfdiction

Models Lave been used in the investigation of aerow-elastic problems
since these problems first arose, The subject is so complex that we have
had to rely very much on experimental wethods, either as a control on theory
or te provide information in the absence of theory. In recent years the
subject has becrme even more complicated, due to the advent of %ransonic and
supersonic girspeeds and to the increasing complexity of aircraft structures,
and models are being used more and mere in this work,

Of the asro~elastiic problems flutter i1s the most complex, and it s for
flutter investigations that models are used to the greatest extent. In
flutter a structural oscillation of the aircraft is maintained by the aero-
dynamic perturbations arising from the oscillation, which by the standard
Janear theory becomes divergent sbove a certeaain critical airspeed, A model
test designed to reproduce this phenomenon must therefore adequately
represent bthe aerodynamic, structural, and dynemic characteristics of the
vhencmenon., For other aero=elastic phenomena of a quasi-static nature -
sach a8 divergence and loss of cortrol power -~ the dynamic characteristic is
absent and the type of model required 1s correspordingly simplified,
Similarly, vibration models involve wno aerodynamic chsracteristae, In this
paper attention is confined to the flutter model, as it embraces all the
features that are involved 1n aerc-elastic models,

Flutler models can be classified into two brosd groups, according to
the purpose for which they are used,

A, Research models, which do not represent any particular sircraft and are
only broadly representative of full scale designs, They are used for the
following purposesi-

(1) To assist in the understanding of a particular problem, for
example to demonstrate what types of flutter may occur with a particular
type of confipgaralbion.

(2) To provide an experimenial compariscn with theory,

{3) To provide general design information on the flutler *trends that
occur with variations in certain parumeters, for erample the effect of
sweepback on wing flutter.

B, Prediction models, which are used to predict the flutter character-
istics of particular full-scale designs, These models may be classifaed
into two sub-groups, according Lo the basis of repre.entationy-

(1) Models based on a theoretical representation of the full scale
design, 28 used in the full scale flutter calculations., The model
tests are then used primarily as a checdk on the results of the flutter
calcvlatione.

(2) Wodels based on the actual full scale design and intended to
predict the fiutter characteristics directly.

Hodels in class B are related to the full scals designs which they
represent by certawn scale relationships, and the full scale flutter
characteristics are derived from the model characteristics by these same
scale relationships,

In vhat follows, the scale relationships for the design of predictzon
models are firat derived, Brief descriprvions are then given of the varicus
types of flutter model, according to their construction, with en indication
of their main uses, The types of flutter model described are those known
to the author,

--3—



2 Notation
a matrix of non~dimensional znertia coefficients
834 typlcal element of matrix a
b matrix of non~dimensional aerodynamic damping coefficients
c matrix of non=dimensional aerodynamic stiffness coefficients
& matrix of non=Cdimensional structural stiffness coefficients
54 typical element of matrix e
B modulus of elasticity
(BI) representative value of EI
Fi mode function for the ith despree of freedcom
I moment of inertia c¢f a transverse section
k additional scale factor on transverse thickness
2 representative length for arrcraft
ém  element of mass
M representative mass
q column matrix of generalised non-dimensional co-ordinates
t transverss thickness of skin, webs, ete,
airspeed for craiticel flutter condation
¥ material density
n non-~dimensicnael ce-ordinate measured along wing, fuselage, eic.
A scale factor on overall dimension {aircraft length/model length)
i kinetic viscosity of fluid medium (coefficient of viscosaity/density)
Y Frequency parameter (= we/T)
@ fraquency (in engular measure)
w3  natural frequency of the ith mode
P density of fluid medium
Subscripts
A denotes value for adrcraft
M denotes wvalue for model
3 Scale relationships for prediction medels

The scale relationships for flutter models can be eatablished very simply

by the well known method of hypothetically defining the significant parameters

“l -



involved and applying dimensional analysis, In this paper, however, they
are derived on the basis of the flutter equations; although this derivation
takes a little longer to present, certarn features of the model representa-
tion are, in the author's view, more clearly brought out,

The flutter equations can be written in non-dimensional form as the
matrix equabtion

(= v2a+1ub+c+e)q = 0 (1)

where a, b, ¢, e are non~dimensional square matrices of inertia, aero-
dynamic demping, aerodynamic staffness, and structural stiifness coefficaents
respectively, q is a colum matrix of non-dimensional generalised co-
crdinates and v 1s the frequency parsmeter, The order of the matrices is
equal to the nuuber of degrees of freedom inwolved,

We consider a model which reproduces, on a non-dimensionzl basis, the
flutter characteristics of a full scale design. OClearly, the flutter
equations (1) must apply equally tc both, The first requirements for the
model are that it should be geometracally similar to the full scale design
in external shape, ard that its mass and stiffness distributions should be
the same as those of the full scale design, The model should also be pro-
vided with the appropriate bodily freedoms, or at least as mary of them as
are considered to be important, As a consequence of these requirements, it
follows that the rommalised natural modes of vibration will be identical for
model and full scale,

We consider the case where the flutter equations are based on the
natural modes of vibration as the degrees of freedom, in which case the
nmatrices a and e will be diagonal. The acrodynamic matrices b and o
are functions of non-dimensional geometric paramsters and of the normalised
modal displacements, all of which are identical for model and full scale,
They are also functions of nen~dimensional aerodynamic derivatives or
influence coefficients that in the general case are dependent on frequency
parameter and Mach mumber, and to some extent on Reynolds rumber,

If the matrices a @nd e are identical {or model ~nd full scale, it
follows that, under the same conditions of Reynolds mumber and Mach number,
the flutier conditzong of the model and full scale wall be represented by
1dentical solutions of equations (1) , and that the frequency parameter will
be the same for both,

A typical (diagonel) element of the matrix a is of the form

1 7 2
aii = --—g ‘i dm . (2)
P Lo

For the matrix e the corresponding element will in general be a
functaion of both the flexural and torsional ragidities of the structure.
Sance these will e in the same ratio for the model as for the aircraft, it
is sufficient to consider, for the present purpose, say a purely flexural
mode, for wnich e,, 1is of the form

2
N2
o = ——m fEI(azFl\. an . (3)



Since Ty and m are inveriant between model and aircraft, and since
Sm o« YE% and T &31:, & being a representative transverse thickness of

the structural material (skin, webs, etc.) then for the aircraft

dm YA g
L), o« 0 e, (k)
B, I E
AR A %
(o504 = 2% 2% " (5)

PAC VA PV

For the model, we consider first the case where the structural layout of
the aireraft is reproduced exactly an the model, If she overall dimemsions
are scaled by the factor 1/A (M = rutis of aircraft length to model length)
ond trensverse ‘hickness ty the factor ¥/3 , then from (&) and (5)

.
Mkt

(o = . 5 (6)
By Xt

(o505 = ﬂ 5 g " (7)
Py

For the a and e matrices to be identical for modsl and aircraft,
therefore,

i (8)
P P

Koy By (%)
> = 5 G
P PaVa

Equality of Reynolds nmber (V9/,) requires that

My B
W o, Va
cr “}i = ?\' pA ™ ( 10 )

With % =1 (model thickness to same scale as overall dimensions),

relationships (8), (9) and (10) become the familiar basic relationships
derived by damensional analysis,

To summarise, the basic conditions for the model are

- .



(1) The overall external and internal layout ;‘fs geometrically similar
to that of the ajrcraft (model dimensions = '/ x aircraft dimensions,

model thicknesses = %/ x aircraft thicknesses).

(2) The model mass and staffness distributions are the same as for the
arrcraft, and the appropriate bodily freedoms are present,

(3) The scale relationships (8), {9) and (10} are complied with,
As a corsequence of these conditions, the frequency perameter {wé/V)

will be the same for model and aircraft, from which the frequency ratio will
be

& p

M M
= 5 AT . (11)
Q.‘ VA

It can easily be shown that the natural frequencies of aircraft and
model in a corresponding mode are related by

1

N \ V| Va

Using (8) and (9), relationship (12) becomes, with (11),

LD . (13)
Gyl Voo Yy

showing that the flutter frequencies are in ths same ratio as the natural
frequencies,

Some ccnsideration is now given to the exten’ to whach the basic condi-
tions can be met, It will be assumed that the model is to be smeller than
the aircraft (A >1). If the model speed 18 to be smaller than the aircraft
speed (Vy < V), then relavionship (10) requires a lower kinetic viscosity
for the model then for the axreraft, which can be achieved in a compressed
air tunnel, I% is usual, however, to ignore condition (10) on the assumption
that Reynolds number has a comparatively small effect cn the flutter
characterigstics,

If the model is tested in air at the full scale density (py = py)

relationship (8) becomes kYy = ¥, which determinss the value of k for

a given model density, With k = 1 (model thickness reduced by same scale
as the overall dimensions) relationship (8) cculd normally be satisfied only
by testing at a different density.

The speed ratio can be obtained from (9); or, alternatavely, by come
bining (8) and (9), 2t is obtained an terms of the structural elastic
modulus~density ratios, and in this form zs independent of k, thus

v 7 B [ B, \2
- K_E}i/—%> ) (14)
T ) Ya

At the same time, relabtionship (9) shows that, for gaven aircraﬁé' properties
(Pa, B, Vi), the lowest achievable model dynemic pressure (Py¥“) is

directly proportional to the model stiffness,
-7 =



To complete the aervodynamic simalarity, the mcdel test Mach mumber should
be the ssme as the aircraft Mach number, Tor high Mach numbers the model may
be tested an a high speed tunnel or on rockets, when a correspondingly high
model stiffness will be required; or the model may be tested in a different
medium, such as freon, in which high Mach rmombers can be obtained at relatively
lower dynamac pressurcs. MNach number similarity 1s not always obligatory,
however, Low speed wini tunnel tests are the most convenient to perform and
larger mcdels can usually be used; it is therefore comrmon practice to investigsate
the comparative flutter charscteristics of the various sthiuctural and loading
configurations of an aircraft by low speed model tests, and then to test the
most unfavourable configuration on a high speed model at representative Mach
numbers, Alternatively, in cases where hagh speed tests cannot be made, the
low speed tests may be used to check theoretical calculatzons, and then he
Mach rmumber effcct applied {as accurately as possible) through the calculations,

Relationships (8) and ($) aprly to the case where the aircrafh structural
layout is reproduced in the model, In cases where the aircraft struciure is
simulated by & different type of structure in the model, the corresponding
relationships derived from (2) and (3) ave

Moo M

(15)

Pu A3 Pa
{(BI); 1 (B},
Py AT Py

where M 13 a representative mass in the sense that 8 .5 the same for model

and aircraft, and sumilarly for the ripandity EI, Condition (2) of page 7 must
of course still be met. The relationships correspondang to (1&) and (15)
become

7 |r )y |G, |
i Blhy (480 1
Aok A | 1
Vﬁ. | MM !] mﬂ i ( 7)
L ] )
@ 1)15 [ (BI)y | (BI), =
= 18
ER N / iy (e

from vhich relatzonship {13) is again derived,

Y Tvees of models

Various types of models will now be described, classified broadly according
to thewr method of counstruction, There are many methods of constructing aero-
elastic models, and any classification is bound to be somevwhat arbitrary. The
broad classifications adopted here sre the following: flexible skin models,
segminted asrofoll models, stressed skin models, s01id models, and semi=rigid
models,

Lot TFlexible skin models

In these models the external skin covering i1s very flexible compared with
the internal structure and mekes a negligible contribution %o the total
stiffness,



A simple form of the construction that has been used at the R.AE,
consists of a wooden framework covered with a skin of silk doped with a
solution of vaseline in chlorofoim, The wooden framework 1s made up of one
or two spars with uniformly spaced ribs., A diagram of such a model 13 shown
in Fag.1, and a photograph of a model in a test rig 1s shown in Fig.2, Any
desired mass distribution 1s cbtained by fixing suitable lead weights to the
wooden structhure,

The construction of this type of model is similar to that of aircraft
wings of twenty or more years ago, and these models were at one time used
as prediction models, Examples of their use were the models used to predict
the flutter characteristiics of the Puss Moth and Gamecock aeroplanes.
Nowadays, these models are used mainly for research tests, They are easily
constructed and will survive a surprisingly large mmber of flutier testa,
Yor instance, a model used at the R,AE. to investigate the effect of large
localised masses on wing fluttcr survived one thousard flutter tesis.

The main daisadvantage of these models for research tests is that
structural stiffness changes cannct easily be made to them, To investigale
such changes it s usually necessary to build a serzes of different models,
Also, at airspeeds higher than about 200 ft per sec excessive ballooning of
the skin is liable to occur, and this lumits the use of these models to low
speed tests,

4.2 Segmented aerofoil models

The essential strueture of this type of model is a single wooden or
netal spar, to which so0lid segments are abttached to provide the external
contour, The segments are made of a very low density materaal, either balsa
wod or plastic, and are fixed to the spar by single point attachments so
that the segments contribute no stiffness Yo the spar. The narrow geps
betveen the segments are then covered by sirips of thin sheet rubber, 4
dragrem of a segmented wing model recently constructed at the R.AE, 1s
shown in Fig,3,

This type of model appears to have a fairly wide application, though
gxperience in 1ts use 1g relatively small, Different mass ard stiffness
distributions are obtained by making different spars, but the same segments
can be used with each spar, Struciursl parameter variations can thus be
made fairrly easily, and these models are thereiore very suitable for research
tests. Al the same time they also have a good application as prediction
models, since the spars can be made o represent the essential character-
istics of an sdrcraft structure, based on theoretical design velues
(group B(1) of sectzon 1); in partrcular, structural discontimiities such
ag cut-outs for undercarriage vheel bays con be represented in the model
spar, These models do not suffer from skin bsllooning and are therefore
not limited to low speed tests, The main uncertainty with them is that
concerned with the aerodynsmic effect of the discontimities or ateps that
occur between the segments as the model deforms, This effect would, of
course, be lessened the greater the mmber of segments used.

In an alternative form of the construction the external contour is
built up as a solld structure integral with the spar, and this structure
18 subsequently divided into segments by slots running to the spar. This
enables models to be constructed meore easily and guekly, but the segments
contribute in some measure to the total stiffness, which becomes less
controllable, Illodels of this type have been tested on rockets up te
supersonic speeds,



.3 Streased skin models

As the nome implies, the construction of thesc models as similar to that
of modern sircraft in that the skin i1s a majer stress cerricr under load and
contributes largely to the totel staffness, This type of model 1s mainly used
for prediction tests where a close representation of the aircraft structure is
required and the effect of varying structural parameters 1s to be investigated
to a minor extent only, if at all, As these models are comparatively difficult
to construct they are not generelly used for tests where siructural parameters
are to be varied extensively,

The internal structure of the model may vary from a solid "filler" to the
more conventional rib=spar atructure, Models with a single sper combined with
solid "filler" ore probably the easiest to construct of those that can be used
for prediction tests. There is a lower limit to the model skin thickness that
can be used, because of buckling and merufacturing diificulties, and if the
material used js the same as that of the aircraft (a,e. metal or wood) 1t is
generally found that even with the lowest skin thickness possible the model
stiffness is so high that the model 13 suitable only for high speed tesis,
This is no disadvantage 1f complete representation is requared, but af it is
desired to moke low speed tests on a prediction model this type of model
presents some difficulty.

One way out of the difficulty that has been tried is to use a plastic
material for the model. In England scme stressed skin models have been made
in the plastic Xylonite, whose elastic and shear moduli ere in approximately
the ssme ratio as those of aluminium alloy but the absolute velues are much
lower, This enables Xylenite models to be made with reasonable skin thick-
nesses but with overall stiffnesses low encugh for low speed tests, A notable
example of this type of model was that of a delta winped aircraft made by
Boulton Paul sarcraft Ltd. (A photograph of bthis model is shown in Fig.h,)

In this case the model structure was a compiete repiica of the aircraft
sbructure, even to small dstails, The model span was 5 fi, the overall scale
factor (1/\) 0,186, the sltin thickness scale factor (¥/3) 0,391, and the speed
ratio achieved was Vi /Vy = 1/3.06,

The disadvantoges of Xylonite are that its stiffness is apprecishly
affected by tempsrature and humidity chenges, and that creecp of the materdal
occurs under load. These properties are obvicusly undesirable for fiutter
work, Xylonite s aiso highly inflammskle, Another plastzc, Vinidur, was
used for models in Germany during the last war; it 13 less susceptible to
temperature, humidity, and creep effects, but is more brittle., It appears
that both Xylonite and Vinidur models sre liable to fail at comparatively low
amplitudes of oscillation, and special precaufions are particularly necessary
with them,

Stressed skin research models with skins of aluminium alleoy, plywoed, and
perspex, combaned with a single spar and solid “filler", have Leen tested at
the R.ABE, on rockets through the transonic speed range, Fig.5 shows the
construction of these models, and Figs.6 and 7 show the assembly on the rocket.,

Lolr BSolid models

This class of models covers all those vhich have a solid intermal
structure but which do not possess a separate stress—carrying skin, Stressed
skin models with a solid internal structure, already described in section 4.3,
are thus excluded,

The simplest type of solid model is that which is made from a piece of
homogeneous material, usually metal or wood. Such models are probably the
easiest to mamfacture, but are generslly used only as research models since



they cannot usually be made representative of aircraft structures. They are,
however, eminently suitable as predictzon models for the aerodynamic surfaces
of guided missiles, which are often mede in a simalar way. The stiffnesses
of these =o0lid models are usually such as to restract their use to high test
speeds,

These models may be given a representative aerodynamic coniour, or, in
their sumplest form, they may be made from flat metal plate with the leading
and trailing edges rounded coff, Flat plate models are particularly easy to
construct, ard they have been used extensively in America for general
research tests af high speeds, In Bratain they have been used very little,
as 11 is considered that, sven for research tests, they are too unrepresen-
tative of arrcraft constructions. In the author's opinion, however, they
have o useful application in research tests where the mein purpose is to
obtain compariscns between oxperiment and theory, In other words, vath
reference t0 tho model groups designated in section 1, flat plate models are
unsuitable for groups Afﬁ) and A(3), but may be usefully employed in
group A(2),

Methods have been considered of msking solid models more representative
of aircraft structures, Two recent examples from America are interesiing.
The first 15 a simple development of the flat plate or machined metal solid
model; the s0lid model 1s first made, and then a number of holes are drilled
through the model, By varying the mmber, location, and size of the holes,
dafferent stiffness characteristics can be obtained, and stiffness charac—
teristics that ars fairly representative of aircraft structures can be
achieved, The holes are subsequently filled in wath a plastic "filler" to
preserve the aerodynamic contour, Tig,B8 allustrates a fypical model of thas
type, It ig doubtful wheiher such models could be employed as prediction
models, but they enable solid models to be used for research tests in which
structural parometers are varied with a gaven asrodynamic contour,

The second example is a fairly claborate attempt to build a prediction
model of a delta wing, A lattice structure of wooden spars (see Fig.9) forms
the basic structure of the model, and the required siiffness cheracteristics
of the model are presented in the form of influerce coefficients for parti-
cular points of the lattice, An influence coefficient in this connection is
defined as ths deflection at ore point of a structure due to unit load
applied at another point, and the stiffness characterictics of a structure
can be represented by the influence coefficients for an array of points
presented in the fomm of a squere symmeiric matrix, The influence coeffi-
cients for the prediction model are derived from those for the aireraft by
gscale relationships similar to those presented in Seciion 2, In this
particular example the required model influernce coefficients are cbtained
by successive adjustment of the spar thicknesses, the influence coefficients
being measured at each stage, Finally, the spaces between the spars are
©131ed in wath balsa wood to provide the aerodynsmic contour, The process,
though attractive in principle, is rather lsoborious in practice,

L.5 Semi-ragad models

These constitute a rather special class, A semi-rigid model is
designed to deform in certain simple prescribed modes enly, and 1t 1s
almost entirely restricted to rescarch tests where the main objective is a
comparison between theory and expsriment, The empioyment of a semi-rigid
model serves to define the kinemstic proverties of the model precisely and
thereby to reduce the uncertainties in the theory tc that extent,

A common example of a semi-rigid model is that of a wing, constructed

so that at the test speeds concerned a1t 2s virtuelly ragid in itself, but
it is allowed freedoms in pitch ebout an axis along the wing and in roll



about the root, The motions of the wing-an pltch and in roll are separately
restrained by appropriate sorings. Such a model 1s 1llustrated in Fig,10 and,
in terms of the wing mode terminology commonly used, it may be regarded as
possessing only the +w degrees of freed-m of lisear {lexure and unc form twist,
Por the purposc of the tests the stiffnesses of the restraining springs may be
and usually ere varied, but it is important that i1a verying these spring stiff-
nesses lhe natural frequencies of the model in ats prescribed modes should be
kept well below the naturel frequencies of the wing a1tself, which 1s inbtendsd
to be effectively rigid, This sometiimes presents a problem when semi-rigid
models are used for high sneed tests,

An interestirg recent application of semi-rigid models at the R,AB. has
been %o use them in flut*er tests to obtain the aerodynamic forces operaling
on the fluttering model., The semi-rigid model, as already mentioned, desines
the kinematic properties of the mcdel, and in consequence the flutter equations
for the model are likewise delined, Measurements are made of the airgpsed and
frequency, anG of the amplitude and phase relationships between the degrees of
freedom 1n a flutter condition, Repecat measuremunts are made for different
flutter conditions, obtained by varying the spring stiffnesses, and the aero-
dynamic coefficients an the flutter equations are then obtained directly from
these equations on substitution of the measured quantities, The msthod has so
far been used {or low speed tests only.
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