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Summary.--The report gives the results of tests to inve.stigate the aerodynamic effects of aspect ratio on the flutter 
of delta wings that  are virtually rigid but are flexibly supported at the root. A function representing the aerodynamic 
effects of aspect ratio on wing flutter speeds is derived from the experiments. 

Flutter calculations are made using this function as a correction to the derivatives obtained from two-dimensional 
theory, and there is good agreement between measured and calculated results. Calculations are also made using 
derivatives obtained from three-dimensional theory, but the agreement between measured and calculated results is poor. 

1. Introduction.--Wind-tunnel tests have been made on a series of semi-rigid delta wings to 
investigate the effects of aspect ratio on the flutter characteristics. The technique of these 
experiments was the same as that  employed in previous work 1,", in which the aerodynamic effects 
of aspect ratio on wing flutter are segregated from all the other effects by  using wings that  are 
virtually rigid but are flexibly supported at the root. 

A function representing the aerodynamic effects of aspect ratio on wing flutter speed is obtained 
from the experiments, and by use of this function a close estimate of flutter speeds and frequencies 
of the wings has been obtained on the basis of two dimensional theory. 

A parallel investigation to predict the wing flutter characteristics has been made using aero- 
dynamic coefficients calculated for each wing on a three-dimensional basis ~. The theoretical and 
experimental values are compared and the agreement is poor. 

2. Experimental Details.--2.1. Description of the Rig.--The rig allowed wing freedoms in 
modes of linear flexure (roll) and uniform pitch. The wing root was at 0. 075s above the roll 
axis, and the pitching axis at 50 per cent of the root chord. Torsion bars of adjustable length 
on these axes provided the required stiffnesses, and sliding weights enabled the roll and pitch 
inertias to be adjusted. The lay-out of the rig is shown in Figs. 1 and 2. In Fig. 1, which is 
taken from above tile rig, a typical torsion bar governing the rolling motion can be clearly 
seen. The sliding weights giving additional rolling inertia are more easily seen in Fig. 2, at the 
lower end of the vertical sideplates which hold the pitching body. The roll and pitch bodies of 
the rig were free to rotate on ball-races and, in general, friction damping was small. 

* R.A.E. Report Struct. 180, received 6th February, 1956. 



The wing mounting was designed so that  its product of inertia was zero, but the mountings 
contributed to the direct inertias of the wings so that  means of adjusting them were required. 
The moments of inertia of the rig (wing plus mounting) about the axes of roll and pitch were 
adjusted by means of the sliding weights to vary as s a in roll and s in pitch, where s is the 
distance from roll axis to wing tip. The values are given in Table 1. 

2.2. Wind-Tunnel Measurements.--The tests were conducted in the Royal Aircraft Establish- 
ment 5-ft Diameter Open-Jet Tunnel. All wings were mounted vertically above a reflector plate. 
The wing aspect ratios ranged from 1- 87 to 5.62, being defined as 2s/c,,~ where % is the mean chord 
of each wing and was constant for the whole series. 

To set up the wings, the torsion bars were adjusted so that  for all the wings the frequencies 
of the corresponding modes were the same. Flut ter  tests were made for two frequency-ratio 
conditions, the pitching frequency being varied and the rolling frequency kept constant. 

Flut ter  speeds and frequencies were measured for each wing, the speed being that  at which 
the oscillation first damped out as speed was reduced. Measurements were also made of 
amplitude ratios and phase angles at flutter for one frequency ratio. For these measurements 
two potentiometers were attached to the roll and pitch bodies respectively and slide wire tappings 
were attached to fixed points on the rig. Voltage was applied to the potentiometers, and the 
outputs from the tappings, porportional to the displacements ill roll and pitch, were displayed 
on a twin-beam oscilloscope and photographed as a continuous trace. Tests made with and 
without the slide wires showed that  slide-wire friction had a negligible effect on flutter speed 
and frequency. 

Measurements of the wing rolling moment in steady flow due to wing incidence were also 
made on all the wings. The purpose of these measurements is discussed ill section 4.1.1. 

3. Experimental Results.--The results of the wind-tunnel tests are plotted in Figs. 3 and 4 
together with the results of the theoretical investigations. The results of Fig. 3 show that  as 
aspect ratio decreases, the flutter speed increases linearly whilst the flutter frequency remains 
constant. The amplitude ratio, angle of roll to angle of pitch, also increases with decreasing 
aspect ratio whilst the phase angle is practically constant (Fig. 4). The rate of change of flutter 
speed with aspect ratio can be expressed in the form V ----- Vof(A),f(A) seems to be dependent on 
the wing modal frequencies, but there is too much scatter of results for this to be established 
positively. For the two frequency ratio conditions considered the appropriate results are given 
approximately by 

(a) NR = 4.1 c.p.s., N~ = 5.6 c.p.s. /(A) =- 1 + (2.3/A) 

(b) NR = 4-1 c.p.s., Np = 7.1 e.p.s, f(A) = 1 + (2.S/A) 

where V is the critical flutter speed, V0 is the calculated flutter speed using two-dimensional 
derivatives, and A is the aspect ratio. 

The flutter frequency remains approximately constant over the range of aspect ratios considered 
in the tests, in the first instance at 4.85 c.p.s, and in the second at 5.05 c.p.s. However, the 
wing of smallest aspect ratio has a somewhat higher flutter frequency than the others of the 
series for both values of the pitching frequency. 

4. Theoretical Investigations and Comparison with Experiment.--4.1 Calculations Based on 
Two-dimensional Theory.--The procedure here is to determine from the experiments factors to 
be applied to the theoretical aerodynamic derivatives for two-dimensional flow that  will enable 
all accurate prediction of the wing flutter characteristics to be made. I t  can be seen that  a 
relation of the form V = Vof(A), which has beei1 obtained experimentally, can be reproduced 
theoretically by  multiplying the aerodynamic damping coefficients in the flutter equations for 
the infinite wing by 1If(A) and the aerodynamic stiffness coefficients by  1If(A) ~. For the present 
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series of wings, to minimise the calculations a mean value (of the experimental results) for f (A) 
of the form f(A) = 1 + (2.4/A) was used as the factor to be applied to the two-dimensional 
coefficients for both frequency ratios. The results are plotted in Figs. 3 and 4, and it can be seen 
tha t  a close agreement of measured and calculated flutter characteristics is obtained, particularly 
so far as flutter speeds are concerned. 

I t  should be noted (see diagram with Tabie 1) that  reduction of a.spect ratio for a delta wing 
leads to an increase of wing sweepback, so that  the factor f(A) above includes effects of both 
aspect ratio and sweepback on flutter. For swept wings it has been found tha t  the effects of 
aspect ratio and sweepback can be separated for the purpose of calculation ~, the former being 
represented by the factors 1/F(A) and 1/{F(A)} 2 applied to the damping and stiffness derivatives 
respectively, and the latter by  the factor cos A applied to all the derivatives (where A is the 
leading-edge sweepback). The particular value assigned to the factor F(A) as a result of the 
previous tests on unswept untapered, unswept tapered and swept untapered wings was 
{1 + (0.8/A)}. I t  was decided in the first instance to see if this particular value had more 
general significance by applying it to this series of deltas, still assuming that  the factor cos A 
represented the sweepback effect. The latter assumption involved a possible error as the factor 
cos A was derived for wings having both leading-edge and trailing-edge sweepback. 

These calculations gave a close agreement between calculated and measured flutter frequen- 
cies, amplitude ratios and phase angles, but the flutter speeds were some 14 per cent less 
than the measured values. Accordingly a new value of F(A) was derived of the form 
1 + [(I/A){2.0 -- (1-5/A)}] and using this factor, in conjunction with the factor cos A, a close 
agreement of all flutter characteristics was obtained. 

4.1.1. Correction factor derived .from steady flow measurements.--The suggestion has been put 
forward ~ that  it might be possible by  measuring in steady flow the variation of the slope of the 
lift curve (or some related parameter such as rolling moment) between the wings of a given set, 
to obtain the value of the aspect-ratio correction to be used in tile flutter equations. The rolling 
moments of this series of wings, due to a given incidence were accordingly measured to investigate 
this possibility. The value of the function F(A) found from these rolling-moment measurements 
gave calculated results having the same Order of agreement with measured values as those 
obtained using the linear aspect-ratio factor {1 + (0.8/A)}. A comparison of the measured 
flutter speeds with the calculated speeds using these two aspect-ratio factors is made in Fig. 5. 
Both factors are plotted in the figure. 

4.2. Calculations Using Three-dime~sional Derivatives.--The aerodynamic derivatives used in 
the calculation were obtained by interpolation from three other sets of derivatives: 

(a) Those due to Miles 4 for very low aspect ratio (up to AR = 1). 
(b) Woodcock's derivatives for a delta wing of aspect ratio three oscillating in elastic modes 3, 

with no chordwise distortion. 
(c) The two-dimensional values. 

In Woodcock's report derivatives are given only for the two frequency parameters of 0.26 and 
0.8, and it was only possible to derive the coefficients here correspondingly. Hence it was not 
possible to obtain a balance between the actual and assumed frequency parameters in the flutter 
calculations. In one case, that  of the infinite-aspect-ratio wing and for the first frequency 
ratio, the derivatives corresponding to both values of the frequency parameter were used in the 
calculations. The corresponding results were as follows: 

Assumed frequency pa rame te r  

V 0 (ft/sec) . . . . . . . . . .  
Calculated f requency pa rame te r  . . . .  
Tip ampl i tude  in rol l /pi tch angle (ft) . . . .  
Phase  a n g l e - - R o l l  leading p i tch  . . . .  

0"26 

31-05 
0.479 
0.764 

45 ° 56'  

0.8 

33.40 
0.466 
0-533 

49 ° 45' 
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The only parameter affected greatly by  the change in assumed frequency parameter is the ratio, 
tip amplitude in roll to pitch angle. Amplitude ratio is obtained from this on division by the 
span s. However, the infinite-aspect-ratio wing for the first frequency ratio gives the greatest 
discrepancy between the cMculated and assumed frequency parameters, and the difference will 
be less for the finite-aspect-ratio wings where the balance of frequency parameter is initially 
better. Hence, the change in amplitude ratio on balancing frequency parameter in the case of 
the finite span wing will be smaller than might appear from the above results. The slope of the 
line plotted in Fig. 4 is unlikely to be reduced appreciably. 

The results of the calculations are plotted in Figs. 3 and 4 and it can be seen that,  whereas a 
close agreement of measured and calculated flutter frequencies, amplitude ratios and phase 
angles is obtained, the agreement of flutter speeds is poor. The agreement of flutter speeds is, 
in fact, worse than is obtained using any of the modified two-dimensional approaches mentioned 
above. 

5. Comlusio~s.--Tests on a series of delta wings having the same taper ratio and mean chord 
and whose aspect ratios are altered by changing the span show that  if these wings have freedoms 
in roll and uniform pitch, then the flutter speeds are given quite accurately by  a relation of the 
form V = Vof(A), where V is the critical flutter speed, V0 is the calculated flutter speed using 
two-dimensional derivatives, and A is the aspect ratio. 

For these wings the mean value of the function f(A) found from consideration of the experi- 
mental results was f(A) = 1 + (2.4/A). This function may be dependent to some extent on 
the frequency ratio between the degrees of freedom of the system. 

By  using this factor, which combines the effects of aspect ratio and sweepback on flutter as a 
correction to the aerodynamic derivatives for two-dimensional flow, quite good agreement 
between the measured and calculated flutter values is obtained. 

As an alternative to the above procedure, aspect ratio and sweepback effects on flutter have 
been separated, sweepback being represented by a factor cos A based on leading-edge sweepback 
and aspect ratio being represented by the factor F(A) = 1 + [ ( I / A ) { 2 . 0 -  (1.5/A)}] applied as 
corrections to the derivatives for two-dimensional flow. Quite good agreement is obtained 
between measured and predicted flutter characteristics using this method. 

A comparison of the measured results with those calculated using three-dimensional theory 
shows poor agreement for flutter speed and relatively good agreement for the other flutter 
characteristics. 

A cknowledgement.--The authors' thanks are due to Miss J. M. Howarth formerly of Structures 
Department for the determination of the aerodynamic coefficients for these wings from three- 
dimensional theory. 

No. Author" 

1 W.G. Iv[olyneux and E. W. Chapple 

2 W.G.  Molyneux and H. Hall .. 

3 D .L .  Woodcock . . . . . . .  

4 J . W .  Miles . . . . . . .  : 

REFERENCES 

Tille, etc. 

The aerodynamic effects of aspect ratio on flutter of unswept wings. 
R. & IV[. 2942. November, 1952. 

The aerodynamic effects of aspect ratio and sweepback on wing flutter. 
R. & IV[. 3011. February, 1955. 

Aerodynamic derivatives for a delta wing oscillating in elastic modes. 
C.P. 170. July, 1952. 

Aero. Quart. Vol. I I .  Part I I I .  November,  1950. 

4 



L 
r .  

T A B L E  1 

Geometrical and Structural Details of Wings 

1.60 't ) 

.o 
0 

± 
AXES OF ROLL 

11-22" 

Wing mean  chord = 0. 534 It  
Wing  th ickness /chord = 0-08 
Wing  section = R A E  101 

--I 
r I 

b, 

Wing  
number  

Wing  
span 

S 
(in.) 

Iner t ias  
Wing  + Mount ing 

(lb in. 2) 

RoH 
iner t ia  

R o l l - -  
P i tch  cross 

iner t ias  

P i tch  
iner t ia  

Aspect  
ra t io  

A 

6 
7 
8 
9 

10 
12 
15 
18 

4" 74 
7"51 

11"38 
16- 20 
23-31 
39- 03 
76" 21 

131 "57 

O" 775 
1' 008 
1- 294 
1" 679 
2. 126 
2- 946 
4- 627 
6- 592 

1" 570 
1. 802 
2. 073 
2"414 
2" 671 
3" 043 
3- 865 
4"801 

1 "87 
2"18 
2"50 
2"81 
3"12 
3" 75 
4" 68 
5" 62 

Sweepback  
A 

(deg) 

60 
56 
53 
49 
46 
41 
35 
30 

Wing  frequencies 
Rol l  
P i tch  

= 4 .1  c.p.s. 
---- 5 .6  and  7-1 c.p.s. 

(71645)  ]~ 



ROLL MEMBER AND ROLL MOTION 
BEARING HOUSINGS GAUGE 

SLIDING WEIGHT. ( 

TO ADJUST 
PITCHING INERTI 

ROLL 
ANVIL 

CONTACTS FOI; 
FREQUENCy 

ME A SU REMENT 

ROD ATTACHED TO 
PITCH MEMBER 

FIG. 1. P l a n  v iew.  

TORSION BAR AND 
SLIDING ADJUSTMENT 

WING FORK 
ATTACHED TO 

PITCH MEMBER 

SiDEPLATES HOLDING 
PITCH BEARINGS 

SUDING WEIGHTS 
TO ADJUST 

ROLLING INERTIA 

PITCH 
• MOTION 
GAUGE 

FIG. 2. 

MOUNTING BRACKETS 
BOLTED TO UNDERSIDE 
OF REFLECTOR PLATE 

m 

F r o n t  e l eva t ion .  

6 

~ r  j 

PITCH BEARING 

HOUSINGS 



,...] 

8D~ I 1 

60 

4,0 

~0 

N~: 4-.I c.~.s.~ N F, = 5.6 ~ ~ .  

4-0 

O.g 0,'~' 
- -~.p.s. )  

t 

b 
h 

NOTE FAL~ ORIqlN I 
I 

0.2 0-4 0,G 

F I G .  3. 

0.8 

V c  
IZO 

IOd 

BO 

6O 

4O 

~,.0 

I I /, 
I 

0.2 o.,+ o.6"-"" Y~ 
x 

Y Y 

I 

I 

'~ YA ~.0 NOTE F'AL_~8. O~IGIN ~ i/A 
0 0.~ 0.4. 0.6 

The effect of aspect ratio on flutter speed and frequency. 

KE"( 

~ M~AS~JRE.D VA~UE.$. 
.... CALCULATED WALLJE5 U~ING 

THREE. DIt~ENSIOHAL. THEORy'. 
. . . .  CALCUL.ATEQ "VALIJE.5 USING 
TWO ~IMENS~ONAL THEOR~f WITH 
ASPECT'RATIo FACTQP~ F~.OM 
E%PER.I K~ENTA~. RES~JLTS. 

NIL; NATLJRAL FRE.QUENC~( IN RO~.L, 
Np : NATLI~AI,. F~EQUENCh' IN PITCH. 
A = ABPECT RATIO. 



u i  

O0 

o O  

I 
O 
P 

o 
Ill 
_1 

J 
J 

8 eo' 
i 

N 
t9 
Z 

lr  
O- 

:FIG. 4. 

KEY. 
+ MEAS~)RED ~/ALUES. 
. . . .  CALCUL.ATEO VALUE~ USING 

THREE DIME.NSIONAL THEORY. 
. . . .  CALCLILATEO "VALUE5 uSING TWO 
DIMENSIONAL TNEOR"( WITH ASPECT 
~ATIO FACTO~ FROM EXPERIMENTAL 
RESULTS. 

- - N ~ =  NATUP, AL FREquENCY( iN ROLL 
Hp= NATIJRAL F~,E,.QUENCY iN PITCt~ 
A = A~PECT RATIO. 

/ 

MR = 4"- I c.p.S., N p =  5 ' 6  c.p.5. / 

O-I 0 .~:  0 . 5  0-4-  0 " 5  

/ 

:< 

. I / . -  
o-j o . z  0 . 3  o . ¢  o . s  

The effect of aspect ratio on amplitude ratio and phase angle. 

w l:~../see. 

60 

4-0 

F® ":I'° 
0 

Nil. : 4 -  I c.p-$., 

/ 

Np= 5.6¢.p.$. / 

/ ..:2 
j .  

F(A> L+ -~  

'" MEASURED VALUES. 
. . . .  CALCULATED Vp, I.~iE5 USING THE. 

ASPECT RATIO FACTOR l+-g-~ 
- - - -  CAkCU!.ATED "VALUES USING THE 
ASPECT RATIO F)~:TOR DER.WED 
FP~OM ROLLING MOMENT MEA~uRI~MENTS. 

Ng : NATURAl. FREQUENC'f IN ROkL. 
Np = .NATURAL F~EqUF.NCY IN PITCt-I. 
A = ASPECT RATIO. 

F~(A) FROM ROLLING 
MOMENT MEASUREMENTS 

0.2 0 .4  O.6 

FIG. 5. A comparison of the predicted flutter speeds using two 
different factors to represent the aerodynamic effects of aspect ratio. 



R. & M. No. 307 

Publications of the 
Aeronautical Research Council 

A N N U A L  T E C H N I C A L  REPORTS OF THE A E R O N A U T I C A L  
R E S E A R C H  C O U N C I L  ( B O U N D  V O L U M E S )  

1939 Vol. I. Aerodynamics General, Performance, Airscrews, Engines. 5os. (52s.). 
Vol. II.  Stability and Control, Flutter and Vibration, Imtruments, Structures, Seaplanes, etc. 

63s. (65s.) 
194o Aero and Hydr6dynamics, Aerofoils, Airscrews, Engines, Flutter, Icing, Stability and Control, 

Structures, and a miscellaneous section. 5os. (52s.) 

1941 Aero and Hydrodynamics, Aerofoils, Airscrews, Engines, Flutter, Stability and Control, 
Structures. 63s. (65s.) 

i942 Vol. I. Aero and Hydrodynamics, Aerofoils, Airscrews, Engines. 75s. (77s.) 
Vol. II. Noise, Parachutes, Stability and Control, Structures, Vibration, Wind Tunnels. 

47 s. 6d. (49s. 6d.) 

I943 Vol. I. Aerodynamics, Aerofoils, Airserews. Sos. (82s.) 
Vol. II. Engines, Flutter, Materials, Parachutes, Performance, Stability and Control, Structures. 

9os. (92s. 9d-) 
1944 Vol. 1. Aero and Hydrodynamics, Aerofoils, Aircraft, Airscrews, Controls. 84s. (86s. 6d.) 

Vol. II. Flutter and Vibration, Materials, Miscellaneous, Navigation, Parachutes, Performance, 
Plates and Panels, Stability, Structures, Test Equipment, Wind Tunnels. 
84s. (86s. 6d.) 

1945 Vol. I. Aero and Hydrodynamics, Aerofoils. I3os. (I32S. 9d.) 
Vol. II. Aircraft, Airscrews, Controls. I3OS. (I3ZS. 9d.) 
Vol. III .  Flutter and Vibration, Instruments, Miscellaneous, Parachutes, Plates and Panels, 

Propulsion. I3OS. (I3ZS. 6d.) 
Vol. IV. Stability, Structures, Wind Tunnels, Wind Tunnel Technique. 13os. (I 32s. 6d.) 

Annual Reports of the Aeronautical Research Council--  
I937 2s. (2s. 2d.) i938 IS. 6d. (IS. 8d.) r939-48 3 s. (3 s. ~d.) 

Index to all Reports and Memoranda published in the Annual 
Technical Reports, and separately-- 

April, 195o - R. & M. 260o 2s. 6d. (2s. rod.) 

Author Index to all Reports and Memoranda of the Aeronautical 
Research Council--  

i9os--January , 1954 R. & M. No. 257 ° 15s. (ISS. 8d.) 

Indexes to the Technical Reports of  the Aeronautical Research 
Council--  

December I, I936--June 3o, 1939 
July I, I939--June 3 o, 1945 
July I, I945--June 30, 1946 
July I, I946--December 31, 1946 
January I, I947--June 3 o, 1947 

Published Reports and Memoranda 
Counci l - -  

Between Nos. 2251-2349 
Between Nos. 2351-2449 
Between Nos. 2451-2549 
Between Nos. 2551-2649 
Between Nos. 2651-2749 

R. & M. No. 185o 
• R. & M. No. 195o 

R. & M. No. 2050 
R. & M. No. 215o 
R. & M. No. 2250 

is. 3d. (is.  5d.) 
IX. (is. 2d.) 
is. (is.  2,e.) 
IX. 3d. (is. 5,/.) 
is. 3d. (Is. 5d.) 

of the Aeronautical Research 

R. & M. No. 2350 is. 9 d. (is. IId.)" 
R. & M. No. 2450 us. (2s. 2d.) 
R. & M. No. 255o zs. 6d.(zs.  Iod.) 
R. & M. No. 2650 2s. 6,t. (2s. IOd.) 
R. & M. No. 275 ° 2s. 6d. (2s. Iod.) 

Prices in brackets include postage 

HER MAJESTY'S STATIONERY OFFICE 
York House, Kingsway, London W.C.2; 423 Oxford Street, London W.I ; t3a Castle Street,, Edinburgh z; 
39 King Street, Manchester z ; z Edmund Street, Birmingham 3 ; t°9 St. Mary Street, Cardiff; Tower Lane, Bristol I ; 

80 Chichester Street, Belfast, or through any bookseller. 

S.O. Code No. 23-3o71 

R. & M. No. 30 


