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SULMARY

The introduction of sweptback wings has made 1t necessary to
extend the aercelastic theories developed for aileron reversal of
strazght wings. The present paper reviews briefly existing thoories
relating to swept wings and presents the results obtained from a
programme of tests on flexable swept wings.

The wings tested worc of constant span, aspect ratio and arca
and had angles of swecp ronging from 15° swocpforward to 60° swoepback.
The tests were carricd out ain a low-spcood wand-tunnol, couprossibility
cffocts being abscnt.

The test rosults showed that the rovorsal spoods of wings of
the same staffness increasc with -both swecpback and swoepforward, the
minamum value occurrang with a small amount of sweepback. Predictions
of reversal spceds based on scori=rigid theory showed good agrecment
with cxperinmental rcsults.



1e

2,

3.

L.

5e

6.

7

8.

CONTENTS

LIST OF SYMBOLS

INTRODUCTION

1.1. General
1.2. Aerodynamic Data
143. BStructural Data

APPARATUS

1¢ Wind Tunnel

2. Fylon

3. Model Wings

L. Structural Test Apparotus

TEST PROCEDURE

L1, Structural Tests
4.2, Rolling Velocity Tests
Le3, Rolling Mcmont Tests

Wi Meozurement of Doflected Form of Wing

at Reversal

FRESENTATION OF RESULTS

DISCUSSICN OF RESULTS

6¢14 General

6.2, Correlation of Rolling Velocity ocnd

Rolling Mwment Tests
£+3. Order of Errers
6e4s Comparison with Theory

CONCLUSIONS

REFERENCES

TABLES I to IIL

AFFENDICES

FIGURES 1 to 10

Page No.

10

10

11

12

13

16



v
N d

~

-1 -

LIST OF SYMBOLS

aC
L
--= (Voriation of Lift Coefficient with Incidence)
Jda
aCy,
~=~ (Variation of Lift Coefficient with Aileron Angle)
9g

Wing Chord

~

Mean Wing Chord

Rollang Moment Coefficaent
Lift Coefficiont

Pitching Moment Coefficiont

Distance of flexural centre bohind acrodynamic centre as a
fraction of wing chord

Twist function defining variation of twist along span

Bending Stiffness of Wing in 1b £t per radian
aCy, (Variation of Pitching Moment Coefficient

- {-—-L with aileron angle at constant Lift
BE lof, const,  Coefficient)

Torsional Stiffness of Wing in 1b f4 per radian
Rolling Velocity in radians per second

Dynomic Head in 1b per sq £t

Iynamic Head at reversal

Semi Span of Wing

Constant defining position of flexural axis

Airspeed in f't per second
Co=ordinate Axes

Angle of Sweep, positive for sweegpback
Practional Sparwise Co-ordinate

Twist of Wing - positive nose up, measured in chordwise
dircction

Aileron Angle, measured in chordwise direction



1. INTRODUCTION

1.1 Gonoral

Tho rolling power of a floxiblo wing is nearly always less
than that of a similar rigid wing. This leoss in rolling power arises
because the loads produced by o deflected aileron distort the wing in
a mode giving a rolling moment in the opposite sense to that producod
by the deflected aileron. Since the restraining stiffness of the wing
is constant and the distorting loads applied by the deflected aileron
increase with air speed, it follows that the wing twist will incrensc
with air speod. At some speed the adverse rolling moment due to wing
twist will become equal and opposite to that produced by the ailaron
and the not rolling power of the wing will bo roduced to zero. The
spoed at which this occurs is kmown as the "aileron reversal spoed".

This aileron reversal was first experienced in tho 1920's
and the theory of ailoron roversal for straight wings wos satisfactordily
discussed bty Pugsley (Ref.1) ond others. The introduction of thin
sweptback wings to delay comprossibility effects at high subsonic Mach
numbers has revived the problean.

Much research and study has been carried out on sweptback
wings, but little data concerning sercelastic phonoment have boon
released. It has boon the object of the work described here to study
the variations of aileron reversal speed, and rolling power in gemeral,
with the angle of sweepback of the wing. A similar study has been
carried out in tho United States (Ref.2) but with the emphasis on the
offect of various aileron configurations on the rolling power.

1.2 Acrodynamic Data

Ideally, in an investigation of this nature, all the relovant
asrodynamic derivative coefficients, namely &, , 4, and m, should be
determined from exporimentel results, and the tests were in fact devised
go that the values of the coefficients 2, and 23 could be calculated
from the results. This opproach allowed the variation of these
coefficients with sweepback to be investigated.

Tho value of the coefficient n could not be derived from
the present tests; the value used was therefore obtained as follows.
The aileron chord was in all cases one-quarter of the total chord, and
for this configuration the theoretical valus of m for an unswept wing,
namely 0.65, is nearly equal to that for o5/a; (0.61 approximately).
Moroover, sirple considerations of an infinite swept wing indicate that
all the coefficients are reduced below the unswept values in the ratio
cosy where y is the ansle of sweep*. Accordingly, in the present
work 1t is assumed that

m = (2/3) cosy .

1.5 EBlagtic Dota

The structural aspect of the problein of aileron roversal
has been consideredly complicated by the introduction of sweepback.

In order to avoid confusion, the following definitions are
necessixry .

*3ee Appendix I.



1e3.1 Definitions

FLEXUR:L CENIRE - The flexural centro of a section of a wing
is dofinod as that point in the plano of the section at which a shear
load will produce no twist of the section in that plane., It is
erphasised that tho position of the flexural centro depends upon the
crientation of the section.

FIEXURAL AXIS - The flexural axas is deofined as the locus of
the flexural centros.

NORMoL SECTION = The normol section is defined to boe tho
pPlane normal to the quarter chord line of tho winge

CHORDVISE SECTICH = The chordwasc section is defined to be
the plone parallel. to tho direction of the airstream. N.B. The norrnal
and chordwise sections coincide for an unswept wing.

1.3.2 Floxural /Jxis of Swept Wing

It is convenient to consider the problemn in relation to a
sirple spar of uniform section which is built in at onec end to a
vertical wall (soe Fig. 1). In the case of the spar which 1s 'straight!,
that is, normal to the plane of the supporting wall, the flexural axis
wall be the locus of the shoar contres of the spar. Thus, for exorple,
in a gymmetraical rectangulor box spar the flexural axis will coincide
with tho centroidal axis of the spar and will be parallel to the spar
and noral to the plane of support. In additaon any force producing
a bending deflection will not produce rotation of the spar, neither will
a torque produce any bending deflection (Fig. 1(a)).

On the tswepi! spar, however, the position is not so
stroaghtforward. Two approaches are possiblc, using either the normal
or the chordwise direction as the second co-ordinate of the gysten.

If the normal section is used, and provided end effect is
negligible, the flexural axis will be the locus of the shear contres
as in the straight spar and the axis will lie along the spar (Fag. 1(b)}
A vertical load at some point 'Y! on the spor will cause no twist of the
norrizl. section through ¥, that is, NN'. It wall, however, produce &
twist of the chordwise section CC!'., The main disadvantage of this
approach lies in the foct that the cerodynmmic loads will be computed,
using strip theory, for tho chordwise strips. Thus any patching or
bending mouents rmst be resolved anto the norwal plane and a moment in
either sense will cause both flexural and torsional deflections.

If' tho chordwise direction is considered, the flexural centre
of a section will be at some point 'P' in front of the spar. This may
readaly be estoblished by sirple amelysis which shows that if the spar
ig of uniform section, the locus of P will be a straight line as
indicated in the diagrame. If this convention is adopted a shear load
cppliecd at P will produce no rotation of the section CC'. There will
be, in goneral, a small rotation at any section due to shear loads
opplied on the flexural centre of cther sections. A brief discussion of
these points is given in Appendix IT,

The concept of different flexural axes according to the
direction considered has been emphasiscd as this often a cause of
confusion. The different axcs noy be conveniently terried the
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"flexural axis of the chordwise section" ond the "flexural axis of
tho normal section".

In this report the chordwise scction has been used
throughout. Since the wing spar, situated at the quarter chord,
18 the nain structural nember, the flexural axis will be observed to
lie in front of the quarter chord line an all except the straight
and sweptforward wings.

1.3.3 Stiffness of a Svept Wing

For tho purposes of coparison and also to calculated the
revorsal speed of a wing, it is necessary to obtain the stiffness
characteristics of tho wing.

The use of tables of flexibility coefficients, which nay
be uased in matrox form, is the nost corprchensive woy of expressing
the elastic charactoristics of a wings This approach is considered
in Ref. 3, but considerable time is necessary to obtain those stiffnoss
matrices from tests and because of this they were not used in the
work described here. They have the added disadvantage that they do
not readily provide a single parameter of stiffness for corparason.

An alternative method is to use overall stiffnesses similar to
rg and 1y that is, to determinc at some reference section the
nonents requred to produce unit twist and unit bending deflection
of the section.

In this paper 1y and 195 have been used relating to a
chordwise reference section, 195 being neasured along the flexural
axis of the chordwise sections. BSince, with this configuration, pure
bending deflections at the reference scction produce only small
torsional deflections elscwhere, the effect of wvardation of 1¢
from wing to wing has been ignored.

A further olternative is presented in Ref. L in which the
author assunigs a detailed knowledge of stiffness distribution olong

tho Wj.ng.

2. uHFPARATUS
2,1 Vind Tunnol

The wind tunncl testing was carraocd out in the 3ft 6 in.
dianeter, open jot, return-flow tunnel of the Universitfy of Bristol.
» speed rango of LO to 130 £t por second can be achieved in the
working section,

2.2 lon

In order to support the wings at the level of the centre
line of the jet, a stroamlined pylon wos constructed. The model
wings were mounted in the rear half of the "fuselage" at tho top
of this pylon. Tho rear half of the fuseloge could rotzte on a
shaft which ran in two ball races in tho front half of the
fuselage (Fig. 3). In this manner it was possible %o sirmlate
freo rolling conditions using a send=-span wing, suitobly balanced.

In addition, o rod contained within the pylon counld be
screwed into a fatting attached to the shaft, thus preventing
rotation of the rear half of the fuselago. The rolling nonents
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acting upon the rear fuseloge were corried to the base of the pylon by
the rod. Thesc nonents were neasured with a bean balance, nounted
beside the working section, and comnected to the rod by o 0.010 in.
steel wire (Fig. 2). 4 wire was used in order to reduce buffeting of
the system by the turbulent air surrounding the jet. Tho lower end of
tho rod was fitted with baffle plates which, when iimersed in hoavy oil,
provaded the necessary darping for the balance systen.

2.3 Model Wings (Figs. & ond 5)

In order that the aeroelastic phenoriena under discussion
should be apprecazble at the wodorate airspeeds avalleble, it was
necossary that the nedel wings used should have a. low torsional
stiffnoss but that this should not be achieved at the expense of
bending stiffness and general durability.

A fanily of six send-gspan wings was constructed having the
sanle span, aspect ratio ond aerofoil section but with sweeps varying
fron 15° sweepforward to 60° sweepback in increnents of 15°. Thesc
wings were constructed after the noanner shown in Fig. L using conventional
aeroriodelling techniques involving tho use of balsa wood framework,
designed to have a standard stiffness, covered in doped tissue papers
The fromework consisted of a tapered spar, located at the quarter chord
line, which was the nmain structural membor. The loading and trailing
edgos had neogligible bending stiffness. Most of the torsional stiffness
was derived fron the covering material which was intitially treated with
a minuun quantity of cellulose dope necessary to achiove a taut,
airtight surface. It was then possible to produce subsequent increases
in torsional staffness by applying further coats of dope to enable
tests to be carried out over a range of stiffness sufficient to
eliminate the variation in stiffness from wing to wing.

The nain dimensions of the wing are shown in Fig. L.

Two solid mahogeny wings were also constructed to obtain
corparative rigid wing resudts.

411 the wings had a standard tongue root fitting which
encbled thonm to be interchonged in the fuselnge on the pylon.

2.4 8tructural Test Apparatus

A contour board was constructed which could be attached
to the wing by clamping screws at the leading and trailing edges,
Graduated scales on the contour board above the leading and trailing
edges of the wing were then observed through a pair of telescopes,.
A series of holes was provided along the bottom edge of the
contour board so that shear loads could he applied at various
chordwise stations on the wing.

3« THEQRY

Throughout the structural testing the chordwise co-ordinate
gystem was used, and for consistency the aerodvmamic loads are
considered acting upon a chordwise strip of the wing.

The use of the chordwlse co-ordinate system has the
advantage that a family of wings may be defined having the same
span, aspect ralio and chordwise aerofoil section and varying only
in the amount of' asweep.
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The effect of sweepback is then introduced into the theory as
variation of the posation of the flexural axis of the chordwise sections
and of the aerocdynaric coeffacients.,

The position of the flexural axis was deraved from the
structural tests (sce Section 4.1) and the volues of the aerodynamic
coefficients, obtained as az and az/a; for the chordwise section,
were calculated fron the rolling monent and rolling velocity tests
respectavely., us 1n the theory for calculated reversadl speeds, Strap
Theory was used and it was assuned that the coefficients for ecach wang
were independent of the spanwise co-ordiniie.

As already indicated, the approxination
n = (a,/n,) cosy
is used for all the wings considered.
The further assunption has been nads that the flexural axas
of the nmodel wings is a straight line, passing through the quarter
chord point at the root. Tests on the 30° wing showed that this assumption

was justified for the structural corfigurataon used in the nodels.

The rolling moment produced by a flexible wing under zeneral
conditaons can be wratten .

Py
R = qf %Ecydy-qf aq_--cydy*rqf a, Ocydy
a w v w

where the suffixes w and a inply intesration over the ving and
alleron respectively.

For a wing of constant chord and assuring that

and n are independent

(i) aerodynazic coefficients a_, 2,

of span

(11) odileron angle is constant,

we have, writang y = ns and assuming the ailleron extends from
y = ni 8 to y = '-‘72 S,

R Ps 0

qE a EV w E

where the suffix a now implies the lindts 7y, tc n,, and w inplies

0 to 1: strictly the lower lumit for w should corvespond to the
"fuselage" radius, but since the integronds all vanish at n = 0, there
1s littis error mn taking the lower limdt 4o be zero.

Writang, R = 0;9 8s = C;q Ts® where T is the mean chord,
we have

Gl c Ps c c o
- = a‘2 [ : T)dn - a’i ---/. : ‘nn d‘r) + 3.1 .[ 7 = - d.'ﬂ l.-(z)
g a © EViy © W
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Tests wero carrdied out under two condations, nanely,
(1) R

(i1)

0. This corresponds to stoady rolling conditions,

0. This corresponds to conditions applying
armiediately the aileron is doflected and beforc
rolling cormences.

These two condations apply sirmitanecusly at reversal.

Consideraing condition (i)} from equation (1) if R = O:

Ps ¢ a, c cH
—-f:nadn =--[ -ndn+f;-ndn eee(3)
EV w < &1 a T w C g
and fron condition (d1)
G1 c c 8
—— = 8.2 -/. : T}dTF + &1/ : - ndﬂ o..()_]-)
g a ©C wc&

Equations (3) and (L) were used to evaluate the coefficaents
a8, and o, by considerang the limiting experanental values of ps/EV
ond C;/£ as V tends to zero, that is, as the twist, 6, tends to
zerc, These linditing cases of rolling power correspond to the ragid
wing cases. Typical curves are given in Fags. 6 and 7.

Equations (3) and (4) camnot, in general, be solved for any
finite speed becauge the form of 6 is unknovn. There are two nethods
of approach depending on the amount of structural data available. If it
1s possible tc obtain the staffness distraibution in the form of
flexibality coefficients an iterative process of solution may be applied;
this will gave the rolling power and mode of twist at any spoed. This
methed is set out in Ref'. 3.

The altcornative approach is that of sem-ragadity in whach a
suitable rode of distortion is assumed (Ref, 1), whach enables
equations (3) and (L) to be solved. It 1s erphasised that the solutions
obtaaned depend acutely on the accuracy of the nmode assumed; roreover,
the correct wode will, in general, vary with speed.

With the latter approach, and with 8 = 0,f(n) where f
is the spanwise distribution of twist, equation (2) beconmes

Cl c Ps c 8,
- =&3f:ﬂﬁﬂ-a1-"/:ﬂadﬂ+--&if
g a © EVig T g W

where 6, 1s the twist at the reference section 7Ty and f(ny) = 1.
A furthor expression for Oy/& way be derived from considering the
torswonal equilabriuwa of a section of the wing, whence:-

nfdn ee.(5)

ol1 o

<] I Ps
..:E (.—bi - als f ecafzdn = 3z / c? (en'l2 - ]_‘.1) fdn = == 5.18 [ eca:ﬁ"ndn oo-(6)
g q W a Y w

where ec is the dastance of the flexural axis aft of the aerodynomic
contre. For the wings considered in this paper it was found that the
position of the floxural axis could bc expressed as



where T dis a constant depending only on sweer and stiffness.

Substituting for e in equation (6) we have

6. c '[ n, C N,/ C
-— _- - a SRTE,/’: f’ndng = aQESST[ - fndnp - 1 sf (—) f£an
' ¢ [
3 Lq ¢ A 7y n,
Ps ic
- —— aié'CT - fﬂad‘r] aoo(?)
EV o C
-
1 C
If we define A = a5 TE/ - £3ndn
o

M °
C = g, = ndn
n, °
1G
D = 8«1/ :ﬂadn > -00(8)
o C
n,
E = aacsﬂmf ® - fnan
n, °©
-]
[&]
P = mBas/na(:> fan
n, °

-
then equation (7) becones
5] I Ps
= -J?--A = EwF o (G ees(9)
g |4 gV

Cons:n.der:.ng, the two conditions of reversal, and substituting
from (8) and (9) in (5) to eluainate 6,, We have

(1) when R = 0, di.0c., O = O,

ps BG B(E - F)
- ) T —— = 0 4 emmmaaa ——— --.(10)

G G




(24) when p = O

- = G+ —————————— ...(11)

Tt will be notoed that equations (10) and (11), when applied to
the roversal condations, yield

Clr o -n!(12)
AC = B(E = F)

wpart from variations in T, equation (12) shows that for o
particular angle of sweop 4 is proportional to ag.

Equations{12) was solved using a node of the fornm

which was found to be very nearly the actual distortion mode at reversal,
to estinmate the reversal speeds of the model wings.

L. TEST PROCEDURE

L1 Structural Tests

Each wing was tested at three different stiffnesscs so that, by
interpolation, the results could be corpared ot 2 cormon stiffness.

The torsional stiffness was found in the usual way by loading a
contour board situated on the wing at the reference section and lying in a
plano conboaning the wind direction. Fron the twist at the rofeorencoc sectaon
for given loads tho torsional stiffness, ny and the position of the
flexural axas were deterruned.

The unusual position of tho reference section (7 = 0.892) was
choscn 0 enable the rosults to be used to foru stiffness matrices; thesc
were not, however, corpleted.

L2 Rolling Velocity Tests

Initially whon each waing was mounted in tho fuselage the aileron
was set in its neutral position and the incidence of the whole wing
adjustod until there was no tendency to roll at any airspecd. adleron
angles wore set nanually and retained by fixing straips of celluloso tape,
one on each side of the wing=azleron gop. These also served to seal the
gap against air loakage.

The ailcron was deflected & measured amount and the rate of roll
obscrved 2t 2 scrics of airspecds up to tho point at which the wing would
ronoin stationary at cne of scveral positions around its rolling path.

Thais procedure was repeated for a range of aileron angles, gencrally about six
an all, varying from -15° to +15°.

43 Rollins Mcmont Tosts

Aftor cach wang hed been testod under stoady rolling conditions the
rod within the pylon was locked into the fuscloge pivot shaft so that the
wing was horizontal. In order that rolling nonents of both senscs could be
ricasured, an oxtornal balance weight was added oppeosate the wing, to keep
the wire commecting the rod and the balance in tension at all tines.
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The rolling nonent procduced by the wing was then observed over
a range of airspeed, up to the reversal speed, for each of a serias of
cileron angles ranging frow -15° to +15° in 53° increnents,

Ly Measurenent of Deflected Forn of Wing ot Reversal

4 pair of photographs wos taken of the 30° wing, fixed in a
horizontal position, one exposure being taken at zero airspeed ond the
other at the reverscl specd of the wing;. The photographs were taken
along 2 line normal to the leading edge of tho wing and the double inage
on the plate was exaiiined under a travelling ndcroscope to detormine the
nodes of distortion.

5« FRESENTATION OF RESULTS

Tho results obtained during the exporinents are surmarasced in
in the Tables.

The structural characteristics of the wings ore showm in Table I,
whilo Teblos II and IXI show the rolling power of each wing oxpreossed as
tho helix angle in roll for 2 unit aileron deflcction in the case of the
rolling wvelocity tosts, and as the rolling noment coeffacient for 2 unit
aileron defloction for rolling moment tests. Repreosentative curves for
these tables are shown in Figs. 6 and 7. Theso results have been roduced
to these for a cormon stiffness and are shown in Fig. 8 for the heolix
anglo in roll.

The values of the aerodynanmic coefficients, deduced as indicated
in B3 from the test results, togethor with tho assuned values of n, are
shown in Fig. 9.

The variation of the reversal speed of tho wing (at the cormon
staffness) with sweep 1s shown in Fig. 10, togother with tho predicted
values of reversal specds obtained from the semi-rigid theory.

6. DISCUSSION OF RESULTS
6.1 General

The results indicate that the rolling power of the wings decreases
with increase of specd in o roughly parabolic marmer, the introduction of
swoapback producing no basic change in the shape of the curve. The curves
become flattor as swegpback is increased since the peak rolling power
Gocreases stoadily with the docreasc of the acrodynmric cocfficients.

The values of the aorodynarde coefficients plotted in Fig. 9 are
those for the flexible wings. It will be noted that tho values for the
golid wings arc appreciably hisher than those for the floxible wings, as
was cxpected, sancc the construction of the flexible wings made it impossible
to meantain the exact nerofoil section. In all cascs the value of a4 was
considerably lower thon was oexpeoctcd. This may have been due to tho low
Roynolds mumber of the tests (0.3 x 106 at tho maxirun tost spoed) «

6.2 Corrolation of Rolline, Velocity and Rolling Moment Tests

It will be scen that in gencral tho reversal speocd as mecsured
by the rolling velocity tests is lower than that measured in the rolling
rnonent tests. This is felt to bo probably due to misalignnont of the
Pylon, If thc pylon is not oxactly in line with the windstream, or if
thoro are apy local flow dasturbances, it is possible for the wing to
stop rolling pronaturcly, hence giving 2 false value of the revorsol
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speed. This effect is characterised by the wing stopping in the sauc
angular position on each occasions The alignmoent of the pylon was
frequently chocked to eliinate this orror as far as possible and its
effect was therefore nininised.

It is felt that in view of this the reversal speod as ueasured
by the rolling moment tests is the more reliable.

A larpardiscrepancy than usual between the two values of
rovorsal spoed 1s noticed for the straight and swoptforvard wings. This
is probably due to the fact that the wake from the pylon has a disturbing
influence on the wings when rolling and this influonce will be
considerably more pronounced for the wings which pass closc to the pylon.

6.3 Order of Errors

In practice it was found that it ws possible to sot the
incidence of the wing by the mothod described at the beginning of Bh.2
to a degree of accuracy corrosponding to an error in the aileron setting
of 0.)4° approxinately. The accuracy with which it was possible to set
the aileron deflections themselves was of tho order of 0.2°,

These errors were rrininised in the analysis of tests results
by cross=plotting rolling power at various speeds against aileron
deflection.

The errors involved in obtaining wing stiffness wore also
minioised by cross-plotting, but it is felt that some errors were
unavoidable as the wings were slightly affected by hurnddity, etc.

64y Corparison with Theory

It will be seen from Fig. 10 that the predicted revorsal speods
show good correlation with the experamental results except at very high
anglos of sweopback. The discrepancy in the case of the wing with 60°
sweepback is folt to be due partially to the difficulty in obtaiming
consistent results with that particular wing., It is also likely thot
the assumed value of n 1s in error at high angles of swoep.

7. CCONCLUSICNS

Tho test results indicate that, in the absence of compressibility
effects, the roversal speed of swept wings will increase with the increase
of both sweep forward and swegpback, the mindiwn reversal speed occurring
at opproxinately 15° sweepbock. The results for the 60° wing are open 0
some question 28 the stiffness characteristacs of this wing diffored
widoly fron tho rest of tho family.

Duc to the decrease of the acrodynwaic coefficlents a, and a,
with sweepback, the rolling power of the wings at low speeds shows a
steady decrease, the valuc for the wing with 60° sweepback being less
than holf the valuc obtained for tho straxght wing at the same staffness.

The value of the dynamic hend at reversal was found to be very
nearly proporticnal to the stiffness as measured by ng _at the referenco
section for a particular wing, as the theory indicates (§3. Equation (12)).

The twist modeo at reversal of the 30° sweptback wing was found
to be nearly simusoidal and the adoption of this mode in analysis based
on ser~risid theory sives theoretical roversal speeds which, on the whole,
agrec very woll wath experimontol reosults. It would therefore appear that
the sorri-razid hypothesis is adegquate when uscd over & lidted range of
sweep for which the variation of the nerodynaric coefficients can be
accurately ostablished.
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TuBLE T

Structural Characteristics of Vinrs

VING i
(ingle of CONDITION ng lg T
Swecpback) 1b f£t/rad  1b £t/rad i
st Stiffness 1,77 o9 w0w08m |

=159 2nd Stiffness 2.09 9.96 +0 ., 094 !

3rd Stiffness 2.29 10.46 +0.,0976 i
 Ast Staffness 1.5 1338 -0.002 |
Straapht 2nd Stiffncss 1.58 14,80 +0,0040 |
3rd Staffnoss 1,91 15.90 +0.0112

T et stiffmess | 1.2 9.3 ~0.0400
15° 2nd Stiffness 1.88 9.35 ~0.0648 |

3rd Stiffness 2.02 10,22 ~0.0696
) 1;'1‘7““St1fﬁiess ““1_:;5 mm12.6o ‘ ”;0.1216 :

300 2nd Stiffness 1.97 12,51 ~0.126),

3rd Staffnoss 2,13 12.90 =0.1192
1“;1;” Stiffness ) 1.3 o 131; o um:’.‘)".-:l 72-5”
1,5° 2nd Staffness 1.75 13.73 -0 1432 i
3rd Stiffness 1,80 13.80 -0.1568 :
1st Stiffness 1413 7.97 B -0,1520 ‘
6Q° 2nd Staffness 1.32 8.47 =0.2776 g
3rd Staffness 1.50 9.55 -0.3072

T s defined in Section L ond 1g positive if the

floxurcl axis is bchind the quarter chord line.
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pPs
Valucs of Helix Awrle in Roll = —
EV
| o= 1b/£t% 0 245 1o30  6.45  8.60 9468 10475 11483 12,9 13.99 15,05 16,13 17,20 i
e e e e i e e ———— et e m n \
V - ft/sec 0 14245 60.2 73.6 85.0 90 .4y 95.1 99,6 1040 108.5 112.7 116.7 120,54,
{ Ly Ve G
;_ 1.77 613 .576 .1,90 « 392 256 75 11 NoN| 102.0 12.20
2.29 BT 567 531 475 +H00 . 356 318 262 21k 153 A017 0480 119,6 17.10
a5 59k 490 7 210 111 0175 95.8 10.92
0 1 .58 Q60l|. ‘572 .l{-98 .378 02}-1-8 .1 73 1090 99‘7 11 .80
1.91 57k #565 505 o130 + 340 .286 221, 166 .102 036 110.8 14,60
o 1:;2 567 W512 420 313 206 40 L0875 L0350 o 102.1 12.46
T T - T ——— DO P E Dememmem I Newmmm—ae ERR O R-—- ——— -
2,02 567  .526 470 « 394 312 262 212 161 1155  .061 112.9 15,20
1,73 ' 485 J467 425 +350 .257 206 .156 .105 +051, 108.8 14.0
30 1.97 510 J493 453 »397 318 .282 «250 «200 A48 090 115.0 15.75
2,13 493 L6 ol 21y «372 <30 273 236 +200 161 .119 075 033 119.8 17.0
1.31 457 445 10 +330 2095 L1365 0817 99,1 11.70
L4 1.5 W3260 W32 378 321 259 .22l 2193 152 .109 067 031 115.3 15,80
1.80 .338 .397 L0 37 <320 2418 203 67 J21 076 029 118.9 16.80
113,222 245 278 237 191 49 .130 113.1  15.20
60 1.32  .249  .260 258 «230 «203 70 148 120 .083 +05) 025 15,0 15.7h
f 1,50 .259 284 «303 293 +253 237 212 .188 .169 137 106 Q7L 03, 1236 18.21




I1T

¢
Volues of Rolling Mouent Coefficient —--l-
g
| q - 1p/ee o 2.5 430 6.45  B8.60  9.68 10,75 11.83  12.90  13.99 15,05 16413 17.20
V- ft/scc 0 ).{-2.5 60.2 73.6 é;o_uo. 90|1+ 95.1“ 99-6 101{--0 108.5 112.% 116 .7 120!11—

g Vy 9
.77 2810 L2750 W2492 2310 1892 165 1480 1118 14.80
15 2.09  .2910 L.2830 .2050 .2312 1790 300 L1091 .0889 0662 0480 133.1 21,05

2.29  .2780 2751 L2632 2479 .2381 ,2302 2170 .2050  .1860 L1640 L1380 156.8 29,25
1.5 3080 .25%  .2092 1559 1080 o 105.0 13.41
0 1.58 .28,0 .2742 L2476 2110 1598 133 0L L0797 +0519 111.2 1L4.69
1.91  .3000 .2818 ,2508 .2122 1697 L1455 L1093  .0990 0727 L0490 0246 116.8 16.17
142 2138 L2048 JATL1 A277 L0616 .0398 95.1 10.75 |
15  1.88 .2205 , A827  JAp26 L1061 0910 0702 W0503 0351 0175 12.0 14.89
2,02 ,2080 1980 .1731 L1380 L1073 .0%02 L0692 0570 0393 .0280 1142 15451
1.73 L2700 .2022  ,1582  .1249  .09k5 L0770 0607  LOLL2 0320 o " 112,2  14.98
30 1.97 .2030 L1855 L1602 L1353  J106L 0930 0785 L0622 L0466 0354 .0188 117.2 16.32
2413 1960 1782 1577 AL L0430 L0904 L0761 0600 0528 0392 .0283 120.2 17.19
“ﬁd_w.;131 LA940 1785 LAL92 L1102 L0950 L0578 L0386 0282 10642 13,40 |
L5 1.75 1890 L1692 1526 L1167 L0905 0769 0641 0506 0365 0249 115.6 15.87
1.80 L1695 1548  .1360 L1950 0930 L0816 L0717 056k L0L51 0332 .0282 122,0 17.67
e {
1.13  L.0870 L0653 .O0L98 .0390 ,0267 .0226 0198 113,2 15,26
60 1.32 L0610 0554 L0513 .0429  .034,8 .0298 .024,9  .0201 L0157 0119 117.9 16,50
1.50 L0720 L0659 L0542  LOLS3  W037h L0338 0296  .0251 0215 O17L L0141 L0105 L0071 126.0 18°90_J




APFENDIX 1

The userodynarnic Coefficients
for an Infainite Swept Wing

If the wing is asswied infimite in extent, then the velocaty
W 1nay be resolved into V normal to the wing and v parallel to the
wings Vv has no effect on the aerodynaaic forces actang on the wing.

It is assuned that there is no spanwise variation of
coefficients and hence the 1ift on the amall chordwise and normal strips
of the sane area will be theo stmo.

Ignoring, the velocity parallel to the wing, we have that the
lift L is given by

L = 3Ps(e, 0+ a,E) ee o)

where a,, a, etc,, are values for a straight wing, and by definition
for the swept wing

Ls = %PWQSS(a'isq's + &aaﬁs) "‘(2)

Now L = Lg; V = Wecosy; ag = a Cos y; = E cos y;
Sg = 8. Hence by equating equations (1) and (2)

a = a, CoOsy
15 1
eoe(3)
235 = 8, CO8Y |
Sirdlarly for pitching .onents
M = 2pv280c [ea a + (e, - m)E] eee(l)
and Mg = %p08geg Legy, g0y + (0g0,5 = 115)Eg) eee(5)

In addition to tho equalities noted above

Mg = Msecy; cg = czecy; and €3 = €.
Thus from equations (L) and (5)
3p#%cos y Sclea,a + (02, - m}E] = fpwSc sec ylea o cos? y+ (ca, cosy = ng)E cos y]

fron which i% follows thot

Ty, = ILCOSY ese(6)
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LPPENDIX TT

Fleoxural axis of a 'Swept' Spar

Considor & swopt spor (Fis. 1b) whose bending stiffnoss (B)
and torsicnal stiffness (C) are constant along the span. Both
stiffnessos are measured alony the spar.

Let x Dbe the ordinate along the centre line of the spar and
lot the distance of any point from the spor be 2z, neasured in the
chordwise direction. Bending daisplacements are neasured by y. Y is
sore point in the spar distant x, from the root, and P is sone
point on the chordase section through Y; the ribs are assuned parallel
tc the chordwise direction.

Lot 2 vertical load F bo opplicd ¢t P, and let FY = =
Then tho ncments acting will be

1.

(2) Fz,cos y in the plane NN'
(b) Fz,sin y in the plonc of tho spar,

For torsicnal equilibrium in the plane normal to the spar

Fz,cos y ag
c dx
or

Fzyx cos y

Siixdlarly for the bending of the spar

By
ceem = F(%xy - x) - Fz,sin y,
dxa

whence
dy Fx
- =‘._,(2x1-x-2215:1_ny)
dx < 2B

The twist 2t a general section, 6, dis thus given by

dy
Becosy -(—-) sin y

sr]
n

______ + ——

z, cos®y 2z sin®y=- 2x, siny + X sin y1

¢ 2B 4
- ees(l)



"'18¢-

In particular the twast 6, at 'x = x, is

2 .2 .
z,co8” y 2z,8in’y = X, sin y_l

61 = in et as h e o e —— - ———— H

C 2B

.

and if now 2z, as regorded as defining tho flexural centre, so that
8, = 0, we have

0 = 2Bz;cosgy+2czi sm"'y—cxﬂ_ gin y

or

21 TR —— ; ------------ .'9(2)
2(8 cos®y + C siny)

so that the flexural axis, that is, tho locus of flexural centros, is
& straight line.

With =z, dofined by (2) the general twist (1) becores

B = mcme——— . x(x - xi) .-0(3)

that is, thero is a parabolic distribution of twist, with a naxirun
midway botween the root and loaded sections To compare this with the
twist under dafferent loading, let us dagine the load F  to be
applied, for exarple, on the spoxr: then the twist is given by (1) with

zs_=0andis

P siny
B = —emee—- x(x - 2x,) aea(ly)
2B

which is again parabolic but with its maxarmun at the loaded section.
This meximun is four ties that gaven by (3); cccordingly, we nay regerd
the twists pivon by (3) as smell, though they are in general not
negligible.
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