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STMMARY

Resonance tests on a dural model delta wing are used as a basis
for flutter calculations to determine the effect on the [lutter charac-
teristice ol changes «n structural inertias and stiffnesses, Forward
movement of the inertia axis and increased stiffness of the wing spars
are ghown tc be separately beneficial,

The csleulated flutter speeds are compared with flutter speeds
given by formulae derived from earlier flutter tests on model delta
wings in the wind tunnel and on ground launched rockets. There is
gualitative agreement on the effects of the structursl changes, but
the absclute values of flutter speed differ spprecrsbly., Possible
explanations for the differences are discussed,
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1 Introduction

The effects of veriation of inertias and stiffnesses on the nommel
modes of a delta wang have been investigated by resonance testing a dural
model wing'., The m.del, vhich represented only the structural preperties
of & typicsl delta aircrafi, could not be flutter tested, but caleulations
have been made, based on the measured modes, to investigate the effects
of changes in inertia and stiffuess on the flutter characteristics.

This note gaves the results of the flutter calculations, The effect
of inertia wvariations on the rescnance modes was oraginally investigated
by Gaukrogers, Some of Geukroger!s measurements weTe later repeated by
Webbl, who also extended the measurements to cover the effect of replacing
the original spars by two alternative sets of stiffer spars. The results
for “he stiffest set of spars have not been used as they were not considered
to be sufficiently accurate; 21t was thought thet, for frequencies abeve
60 c.p.s., a true mode was not being obtained beceuse of undue flexibality
at the fuselage rib.

Tn the calcvrlations use has boen made of the aeradynmic derivatives
calculated by Woodcock feor a delta wing’, and their spplication to the
varicus modes is shown,

Thas investigation is compared with two esexlier investigetions which
had the same object but employed different means, namely, the direct deter-
mnation of the effects of structural changes on the flulter of model delta
wings in the wand turmel and on ground launched rockets®.  The resonance
model delta was larger and more representative of a full scale structure,
but on the other hand calculation of the flutter characteristics is of
course less relisble than actual flutter tests,

The general conclusion which cen be draswn from this comparison is
that there ls satisfacuory qualitative sgreement between flutter test
and caleulation results,  an unususl feature 1s however, that the flutter
test results give lower critical flutters gpecds then the calculated; some
possible reascons for this are discussed later in the note.

2 Baxperimental data

2.1 Description of model

The modsl was made of Gural and represented a tallless oropped delta
of spproxmately 11 £t span and 5 £t root chord, Fig., 1 shows the model
end its relevant dimensions. The structure was supported internally by
five ribs on each side rumning i1n a chordwise direction, The fuselage was
represented by the hollow centre piece of comstant cross-section, between
the two imner ribs of each wing.

In the design of the model, the aim was to achieve flexursl and
torsional wing stiffrness distributions that were representative of full
scale, The overall value of the staffress ratio finally used was, with
the cmginel set o spars fitted.

Flexural stiffness Lg
Torgicnal stiffness g

= 2.5 measured at 0.7 span.

Considerable flexural stiffness was provided by the skin itself, which
included thet provided by the stringers in full scale design. The
leading and trailing edges of the wing may be considered as spars, =o
that the constructicn was normsl except that the two spars were further
gpart than they would be in practice,
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The model was supported at points at the nose and tall of the
fusel oge. Excitation was by means of an inertia excater which could be
attached at various points on the fuselage.

2.2 Method of varistion of structursal parameters

Wooden blocks were fitted internslly in the fuselage and their
positions oould be adjusted to give any desired oversll c,g. position
without aff'ecting the total mass; these blocks also fommed convenient
attachment points for the excater, Wing masses were represented by
lead strips fitted =along the four outboard ribs of each wing to the
top and bottom surfaces, and inertia axis position was varied by changing
the positions of these strips, Stiffness variations were effected by
changing the spars,

2.3 Calculation of struciursl inertia coefficients

The Inertia of the model was represented by a system of masses
placed at various points on the wing and fuselage (Fig, 1). These
point mass positicns had previcusly been calculated to give the correct
overall c¢.g, pocsition and inercia axis.

Nodal lines for the particular medes obtained for three inertia
and stiffness configurations are shown in Figs, 2, 3 and 4, Their
gpplication *o the determination of the inertia coefficients was as
foliows, The reference axs was token at the mid chord and the
reference section that of the 5th rib which is distent &, say, fiom
the centre line. Thig choice of reference axis was convenient when
determining the asrodynemic coefficients, because Woodcock's derivetives
were referred to this axis,

Then if fl(n) represents the downward displacement of the refercnce
axis in the xth'mode and Fj(m) the nose wp twist zbout this axis in the
sawe mode, the structursl inertia coefficients are given in the usual
manner by

Ayp = 3§ n? frz + 2mxlf B+ mx&.t*‘rz}

and

- 2 2
Apg =2{me“ £ £, + mxb (£, Fg + £ F ) + mx" F. P}

whers m is any point mass,
x ig its distance aft of the mid-chord axis
mx is its mass moment sbout the reference axis
mx® is itsmoment of inertia sbout the reference axis

3 Theoretical Aerodynamic Data

3.1 Determination of Aercdynamic coefficients

In Woodeocks notstion’ the serodynamic coefficients in the equations
of motion are defined to be

= (ZZ)I'S + (Zc{_)rs + (Az)rs *+ (Aa)I‘S

=2
H
|

= (25)pg + (B)ps * (Rg)pg + (Bg)pg
4,



where the acrodynamic inertias are included in the stiffness terms. The

functions Z and A are defined as
1

4
(@)= W3 [ 22 25m) s )y = ooy [(gme. e a

(74); 5= s 3 f(.::)fimmj(n)an; (8); 5= (mg)s 5 f@z F;(n) Pyln) an

are multiplied inside the integral by the factor In the present case

the Zy, Ay stc are of the same form but depend on(:\:j dotted derivative and
the referance section is teken o the fifth rib and the limits of integra-
tion are ®mrrespondingly modified, The equivalent constant deraivatives,
which are constant over the span, for use in these functions depend on a
set of known equivelent conspent derivatives associated wath a set of
axbitrary modes of the type ¥ () = In [1 i i) = Inl* where i has integral
velues from O %o 4, The mid chord Plexure snd torsion modes are represented
as linear functions of these axbitrary mecdes and are used in this form to
Asteymine the serodynamc derivetives. In the presemt work a frequency
parsmeter, besed on the mean chord, of O, 26 was assumed when gvaluating

the deravatives. Thas was in fairly good agreement with the value of

0,11 amd 0,15 obbteined on solution of the flutter squations.

3.2 Application of Dernvetives

Woodonck's derivetives) were calculatea for a cropped delta of aspect
ratic 3 with leading edge sweepback of 45° whereas 1n the particular model
del‘ta. under consideration the aspect ratio is 3.5 and the sweepback also
45°. Despite the somewhat higher aspect ratios, 1t 1s unlikely that the
results will be sermously affected since the aerodynsmic coefficients hawve
been determined by using the equivaleni constant derivatives as suggested
by Woodcock, A further point of dafference between thecry and practice
is that the resonance model delta 1s crupped at the aspex of the delta.
This 1s not likely to affect the 1ift distribution or the centre of
pressure pasition markedly, and the effect on the merodynamic coefficients
has been ignored,

In celoulating the derivetives Wocdeock considered only two chordwise
collocation points = that the effect of chordwise distortion was not
allowed for Ir the practical modes obtained however, apopreciable chord-
wige dlstortlcn is asscciated withi 21l the torsion modes mostly over the
inboard portions of the wing (Fig, 5). This distortion has been ignored
by taking the chordwise struips to be ragad; thus the vertical displace-
ments of points on such a strip have been represented by Joining the
leading and traaling edge displacements by a straight line. In fact it
seems likely that such distortion might affect the serodynamic character-
istics_sppreciably and if it were tsken into account by spplying W.P.Jones's
method” with threc or more collocation points, might have a considersble
effect on the critical speeds,



Case 1 Original spars snd stendard inertia condition i.e, overall c.g.
at 50% rcot chord, inertia axis at 50% chord.,

Case 2 Original spars, inertia axis at 40% chord.
Case 3 Stiffer spars, standard irertia condition.

The analysis for a typical case {Case 2) is as follows, The normal
tranglation slong the mid chord axis and incidence of fore and aft sections

of the fundamsntal mode at 148 c.p.s. esn be represented by the displace-
ment functiona

Ty = ~0.6155 + 2,9429m - 15.1128n2 + 30.0721;113 - 16, 2871111*

Fy = 1.2931 - 7.3908n + 37.7076n% - 73.8865° + 47.2374m*
and similarly for the torsion mode st 63,2 c.p.s.

£, = 1.5671 + 20,350M - 133.83681° + 219.3898° - 106.,4989m™

Py = 64871 — T1.9149n + 283.03251° - 514, 80421 + 26155620

The coefficients in these equations are then used in oconjunction with
the equivelent gwnstant derivatives for the known set of modes of type In| @
to determine a set of derivatives, This lezds to the following set of
asrodynamic coefficlents.

L 0.0569  ~2.1626 [0, 4425  =0.4875
C o= b =

1.3916  ~20.336 11,6956 15.9432]

-

The structural inertias are worked out as descrited in section 2,3
and in the non-dimensional form sre given by

22,5369 -1.8561
a8 =

g-1 .8581 70,3878

The elastic mebrix 1s derrved from the inertias snd frequencies as

M 2 o2
1 0 a o G A, W 2
s ve 814 \Uy

No variable was taken in the calculations and the solution was
obtsined directly for speed and frequency parameter, Anything corres-
pending to a physical chenge, such ss masses placed on the wing to
represent verious fuel tank conditions, would be expected to affect the
modes cbtained end the corresponding flutter speeds accordingly.

4.2 Orthogonality of the Mcdes

The reference axis for defining the position of the point masses on
the wing was chosen as the line passing thmugh the overall c.g. position,
The products of inertia of the modes w'th pitch sbout the c.g, are
reasonably small in most cases. As examples, two of the cases considered
are quoted,

Case 2, The products of inertis between pitch and each of the
fundeamental and toraion modes arxre small and the cross inertia botween
these two modes is also small,
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Case 3, The product of inertia between pitch and the fundemental
mode is of the order of 224, This would seem to andicate that a crue
nomeal mode had not been measured, The cross inertia between funda-
mental and torsion modes here 1s large and of the order of 70k,

4,3 Results

The critical speeds obtained relate directly fo a model of the
dimensions given, but some coamparison with other results can be obtained
from the formilee mentioned later. The following wxre the results
obtained,

Case 1. Vg = 4,106 ft/sec, v = 0,11; 1t the cross incrtia, vhich
should 1deally be zero, is negiected then V. = 4,284 ft/sec, v = 0,10,

Case 2.V, = 4,547 ft/sec, v = 0,15,
Case 3. TNo solution for V, i.e, mo flubter is obtained in this case,

In Csses 1 end 3 there are large cross inertias present, and the
flutter speed might be expected to be sensitive to this factor. In fact
however, when the ciovss-inertra was put equsl to zero in Case 1, =
reletively small increase in V, was cbtained, The cross inertia in
Case 2 1s however, dready small.

There 1s zn elemert of uncertsinty abocut the asrodimamic coefficients
used 1n the calalations. The representation of the actusl set of mid
gherd modes obtained in terms of the arbitrary set of modes f‘i(n) and
F;(n) for integral values of i 1s not acourate in all cases. & better
set of results might be obbtoined 1f the method were extended for larger
values of i, It is dafficult to assess the change whach any such
medification might bring sbout in the final resnlts,

LA Compearison vath Wind Tunnel Results

In his repert on the wand tunnel tests of a delta wingl*, Gaukroger
correlates his reenlts with the torsional stiffness requyrements of
AP.970 by plotting velues of the stiffness parsmeter involved against
varicus ratios of fuselage to wing moment of inertia for several irertia
axis positions., An estimate of flutter speed can be obtsined for any
delta of spproximately the sasme planform using known values of tersional
stiffness and wing dimensions. This method has been gpplied to the
resonence model delta,

1
The Pormula for flutter speed is | DO P _ g (1)
v 2
¢ \ dem

where V, is the criticel flutter speed

g is the wing torsional stiffness measured at 0,7s

d = OQC}\S

¢y = wang mesn chord

k is the parameter for which Gaukroger quotes experimental results,
its volue depending on the ratio of pitching moments of inertia of
fuseloge and wing (Sec Fug. 7, Ref. 4).

dpplacation of the formulo to the resonsnce model delta gives the
following results

Case 1. k = 0,0148, V., = 3,296 ft/sec (me = 1,476, 800 1b in./rad)
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Case 2, k= 0.0140, V, = 3,484 f4/sec (mg = 1,476, 800 1b in/rad)

1,765, 200 1b in/rsd)

1

Case 3. k= 0,0148, V, = 3,603 ft/sec (mg

The calculated results appear to be optimistic when compared with
those obtained from the wind tunmnel tests e.g. the calculated results show
that the critical speed for the 4OF inertis axisz oase is 10, % above that
for the standerd inertia case (Cases 2 end 1) whereas the wind tunnel test
formula (1) gives a carrespondang increase of only 5.7%; the overall values
of the salculated results are also higher than those from the wand tunnel
tests, The following points may be considered i1n assessing the relataive
values of the two sets of results.

(1) As stated before, the rescmance model delta was considered to
be more representative of a full scale structure thsn the single spar model
used to investigate similar mnertia variations in the wind tunnel. Some
diff'erence in the results may therefore be aue to the differences in
structures.

(2) A further difference in the two models is that the ratio of
flexural to torsional stiffness of the wind tumel delta was 6:1 whereas
that of the resonance model was 2.5:1. This may account for the lower
speeds given by the wind tumel results.

(3) in the flutter calculations no szccount has been taken of any
body freedoms which the model might have in {light excepi those which are
implicit in the fundementsl and torsion modes considered, The wind tunncl
test model was allowed body freedoms in pitch snd vertical translation so
that strictly the results for the resonance delta obtained from the wirnd
tunnel formula (1) are not comparable with the oalculated values. The
values of the parameter k for the three resonance model cases, however,
do not very much (between ~0.55 and -3%) from those obtained by Gaukroger™
for the corresponding fixed root conditims; hence, it is wnlikely that eny
major part of the discrepancy in the results can be accounted for by the
neglect of the body freedoms in the calculations.

(&) Mo relisble anformation about the higher freguency modes of the
resonance model, particularly the first overtone torsion mode, was available,
and as has been noted in section 4.1, 1t was hoped that the binary flutter
calculations would give the relative critical gpeeds sufficientlv acourately.

t is possible, however, that the inclusion of this mode in the caleculations
conld reduce the critical speeds, which would then be in closer agreement
with those predioted from formula (1),

The fact that nc solution was obtained for critical speed in the case
of the stiffer spars and standard inertia condition (Case 3) could be due
to the fact that the nodal line in the fundamental mode is further outboard
than in the other cases (see Fig. 4) and the coupling between the modes is
consequently reduwced. This particular result might be altered by the
intreduction of further modes and body freedoms.

45 Comparmison wi.th rocket results

From flutter textg on delta wings using growmd lammched rockets,
Molyneux and Ruddlesden” suggest the following formula for determining
the flutter speed of a delta wing

v

=( mg )% (0.9-0.33k) (0.77+ Ql) (o.95+%§_—)
1

Yo _R
PoS%m” 0.78 (g - 0.1) Ser’™ (a-7g) (@)

where the symbols are defined in Ref, 6.

8.



The value of V, is then modified by a Mach number correction factor
(1 ~ 0,156 ¥y Cosa) 170 give the required flutier speed.

Since the ecalculations on the rescnance medel delta used deravatives
for incampressible flow, the mly valad comparison to be made between the
rocket test and ealenlated walues 1s that between V1 and the calculated
speeds. The values of Vy from the formula (2) for the three rescnance
model cazes are as follows

Rocket tests Wind Tunnel Teats Calculaticn
Formula (2) Formula (1)
Case 1 Vy = 3000 £t/sec = 3296 ft/sec = 4,106 £4/sec
Case 2 V4 = 4000 £t/seo = 348l f1/sec = 4,547 £4/sec
Case 3 V4 = 3352 f{/sec = 35603% ft/sec = o

The 40% inertia axis case (Case 2) shows an increase of 331/3?’5 in
flutber spesd over th: standard inertia sase (Case 1) as compared with
10.7% from the ocalculated values. The case 1 value compares favoursbly
with the wing tunnel test value but not with calculation, whilst the case
2 value is mid-way between the values predicted from the wind tunnel tests
and calculation. The zncrease in the flutter speed due to the stiffer spars
(Cases 1 and 3) is less than that due to forward movement of the inertia
ax1s (Cases 1 and 2), a reversal of the corresponding effects shown by the
other two sets of values,

The reasons for these differemes are not precisely known. The
rocket tesh resulis covered a wide variation in stiffness ratio so that
this footor has been sllowed for in the formula (2). Some difference may
result from the fact that the rocket wings are of different construction
from the wanl tunnel and rescnance models.

A belter cowparison can be obtained if the inertia axis term
1/(g - 0.1) in formula (2) is replaced by 3.19 (1.4~g). This gives the
same value for Vi at g = 0.42 but lower values of g < 0.42 and higher values
for g » Q.42 With this modificabtion the flutter speeds for the resonance
model by fermula (2) would be

Case 1. V= 3L45 ft/seo.
Case 2. V = 3828 fi/seo.
Case 3. V= 3849 ft/seo.

The 40% irertia axis ease then gives a flutter speed 11.1% over the
basic case, similar to the calculated results, although here again the
sbsolute calculated values are still higher. The general agreement with
the calculated and wind tumnel test wvalues ig much betbter, however, and
from this particular investigatiocn the sugpested modafication to formula
(2) would be desirsble.

5 Conelusions
The design implications of the uwestigation are that the flutter

speed of a delta wng will be increased by moving the inertia axis forward
or bv 1naoreasasine the ataiffneass of the snars. These general cornolusials



used f'or the wind tunnel investigation had a much higher stiffness ratio
(flexure to torsion) than the resonance model, and secondly that the mecdels
used in both the wind tumnel and the rocket investigaticns were of much
simpler ccnstruction than the resonance model. The effect of nigher
frequency modes has been neglected in the calculations and it is possible
that, if these were accurately known and could consequently be taken into
account in the caleulations, the flutter speeds would compare much more
favourably in absolute value with those predicted using the formulae (1)
and (2)., It is unlikely that any major part of the discrspancy in the
results can be accounted for by the neglect of tne body frecedoms in the
calculations,

It is considered also that the discrepancies are probably partly
due to the neglect, in the calculation of the aerodynamic coefficients
in the present investigation, of the chordwise distortion in the measured
modes of the resonance model. The assumption of a linear displacement
mode between leading and trailing edges iz questionable, and a possibly
bettor approximation would be to take the tangent line at the three-
quarter chord position.
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