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FLUTTER CHAR4CTERISTICS OF S - W T  WINGS 

By Lasrence K. Loftin, Jr. 

SUElMARY 

Arr experimental  study of the f lut ter  characterist ics of swept 
wings is  being made in   the  Langley t rmsonic  blowdown t w n e l .  The 
pu-pose or" this work is t o  determine the  imortznt  effects of sone of' 
the plzn-fo,m va-riables md t o  provide  the  basis  for a m a s  of f l u t t e r  
prediction  at  transonic  speeds. The investigations hsve consisted of 
studies of the effects  of variations  in sueepbrck  angle,  aspect r a t i o ,  
E& t q e r   r a t i o  through a Mach  nu-lrber rm-ge extending f r o m  about 0.8 
t o  1.35. The investigations have shown that although sone 1"urther work 
is no doubt required,  the bait effects  of these  ?la-form  vsri&bLes 

hwe been s h m -  t o  have  an importbnt e f fec t  on f l u t t e r  e;t transonic 
speeds. A method  of analysis has  been  developed which zccounts for  the 
effect  of center-of-gravity  position md which indicates  the importm-t 
aercdynmic  parameters  influeacing  flutter of a c e r t d c   c l a s s  of wings 
a t   t rmsonic  speeds. 

- &re f a i r l y  w e l l  derined.  Variations  in  the  center-of-grmity positioc 

- 

An experimental st- of the  f lut ter   cheracter is t ics  of sweqt 
vlngs i s  being d e  in  the  Iazgley kransonFc blowdown kunnel. The 
purpose of t h i s  work is t o  determine  the  fmportant  effects of  some\ of 
the plan-form variables and t o  provide the  basis for a means of f l u t t e r  
Frediction et  trensonic  sseeds. The investigations have cmsis ted of 
studies of the  effects of var ia t ions  in  sweepback angle,  aspect  ratio, 
and taper   ra t io  through a Yach nmber  range  extending fram about 0.8 
t o  1.35. The variations  in  the  individual plan-fora parmekrs   vere  
chosen with a view toard brecketing the range of' p rac t ica l   in te res t  
and consisted of sveepbeck angles from Oo t o  60°, aspect  ratios from 
2.0 t o  6.0, end taper   ra t ios  frm 1.0 t o  0.2. The effects  of varia- 
tions in certain wing mss parameters have elso been brlefly  studied. 
Some of the   resul ts  of these  investigations have been reported  (refs. 1, 
2, and 3 ) ,  whereas other  nore  recent  data w e  not y e t  generally 
available. The present paper -ill attempt t o  smmarize and correlate 



errrployed  in  the  investigations are fully  described  in  references 2 and 
3 and  will  not  be  discussed  here. 

A sweep  angle of .wing  quarter-chord  line 

A -wing  aerodynamic  aspect  ratio 

h wing  taper  ratio 

M lkch amber 

- VEXF 
v m  

ratio of experimental  to  calculated  flutter  speeds 

VEXP ratio of experimental  to mdified calculated  flutter  speeds 
V m '  

ratio  of  measured  coupled  second  bending  frequency  to' 
first  torsion  frequency 

c r ,  lift-curve slope 

- X 
C 
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Subscripts : 

CG 

ac 

M 

.8 

N 

distance  along  wing  chord  measured  from  leading  edge, 
fraction of chord 

wing  chord  length  normal to quarter-chord  line 

center-of-gravity  position 

aerodynamic-center  position 

Fach Ember 

stream  Each  number of 0.8 

direction  normal  to  quarter-chord  line 
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METHOD OF ANALYSIS 

Before discussing  the treEds shmn by the  resulks  for the various 
wings, e. Tew remarks regarding tine  method of presentation m-d the 
definit ion of f l u t t e r  speed nay be appropriate. Some typical  results 
for  a swept -&ng &re sham  in   f igure 1. A definitiofi of the exact  plao 
form is not  important i n  this case. The h c h  nuznber i s  plotted  along 
the  abscissa and the   ra t io  of the  experimental t o  a calculated, or 
reference,   f lutter speed is on the ordinate. The reference  f lut ter  
speeds were determined from a RayleCgh type of analysis  in which the 
f l u t t e r  mode we.s represented by the  superpositim of the uncoupled 
modes of a  cantilever beam and i n  which the aeroaynamic coefficients 
were two-dimensional, incoqressible  values  taken normal to  the  quarter-  
chord l ine   ( re f .  4). "he necessity of employing such e. nomalizing 
factor  as V m  i n  the  presentatior! of experimental f l u t t e r   r e s u l t s  
seems unavoidable  because of the large mber  of mass, e l m t i c ,  geo- 
metric, aEd aerodyllzsic  variables  irwolved. Thus, by use of a reference 
f l u t t e r  speed, the mass end stifzness  praperties of the models  and the 
air density, a l l  of  which hsve a srofound  effect on the a c t u a l   f l u t t e r  
speed, do not  appear  explicitly i n  the comparison of the various wings 
but  are  implicit   in  the  values of Vm. Curves of - V E P  against 

MBch number, therefore, show the depar-lure of the ac tua l   f l u t t e r  speed 
from a known reference  level  as a function of Y~ch  n-mber . 

v m  

Ir? many of our tests, d i f f i cu l ty  is experienced in   se lec t ing  a 
unique boundary which separates  a  condition of f l u t t e r  frm a condition 
of no f l u t t e r .  The data  points  through which tne  solid  lfne i s  fa i red  
i n  figure I indicate a condition of continuous f l u t t e r .  The cross- 
hetched  aree  regresents e. region of doubt i n  which the  behavior of the 
model i s  characterized by  random oscil lations and intermittent  bursts 
of f l u t t e r .  As can  be  seen, the region of i n t e d t t e n t   f l u t t e r  i s  
primarily  associsted with the supersor-ic  renge,  although this is  not 
always "ne case. 'ke significance of this region of doubt and the 
extent t o  which the bursts of i n t e rn i t t en t   f l u t t e r  nay be dize to 
excitation by t m e l  turbulence i n  a  region of low, but  not  zero,  aero- 
a y l l d c  demping are  open t o  some question. Ih any case,   the  f lutter 
boundaries t o  be presented  in  succeeding  figures correspond t o  the 
colldition of continuous f lu%ter  es i l l u s t r a t ed  by the   so l id   l ine   in  
figure I. 

-RXXJECS -4ND DISCUSSION 

The resu l t s  of the  study of the  effect  of wrying sweep angle  are 

sho-m in   f igure 2 where the  flctter-speed r a t i o  A is  plotted  egginst V F X p  

v m  
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bhch cunber. TDe wings  had En aspect   ra t io  of 4.0, a t spe r   r a t io  of 
0.5, and k-ere about 4 percent  thick  in the streamwise direction. The 
sveep  angles are seen t o  be Oo, 30°, 43O, 52.5O, and 60°. In  the mch 
nunzber renge  belov  about 0.9, the agreenent between exgerimental and 
calcalcted  f la t ter  speeds i s  very good, i n   s p i t e  of the  oversimplified 
representation of the  aerodynmc  forces  in  the  calculations. A s  indi- 
cated in   the  key  of the figme, only tvo nodes were employed in   the  
celcukt ions t o r  the wings of Oo and TO0 sweep. These were the 
uncoupled first torsion ar?d first ber,ding modes of a uniform cantilever 
bem. lh addi t ion  to  these modes, the second wxoupled  bending mode 
wzs  employed in  the  calculations  for the other wings. The necessity 
f o r  employing a third node w a s  found t o  be closely connected with the 
vahe of the r a t i o  of second  bending t o  first torsion freq-aency. The 
frequencies f'ormix~g this r a t i o  were the measured coupled values. Tfie 
th i rd  xode appeared to be necessary i n  order t o  obtain good agreement 
betveen  calculated and eqerimer?tal f l u t t e r  speeds when the r a t i o  of 
second bending t o  first torsion frequency was i n  the vicini ty  of,  or 
below, 1.0. 

For Mach mmbers greater than about 0.9, the value of the f lut ter-  
speed rat50 increases w i t ?  Yach nuxber by an amount  which depends on 
the sweep angle. Very l i t t l e  increase is noted for  the 60° swept -dng, 
with progressively  nore  increase accompanying decreases i n  the sweep 
angle f r o n  60° t o  30°. An inversion i n  this trend is  noted i n  the 
curve f o r  the xnswept wing v5ich falls below the curves f o r  the 30' am? 
4.5O syept wings. 110 ent i re ly  convincing  reason f o r  this behavior i s  
apparent a t  the  present time, alKQough  one poss ib i1 i ty . s -wes ts  i tself .  
Difficillties with s t a t i c  divergence were emerienced w i t h  some of the 
umwept-ving modes. These divergent  tendencies m y  have, i n  some my, 
cbscrred the true  zero-angle-of-ettack  flutter boundary. I n  any case, 
investfgatiozx  are now being &e of wings of about loo sweepback angle 
i n  an effort   to  clari i ly  these  results.  

Some effects  of aspect   ra t io  are shown i n  figme 3 i n  which the 

f lut ter-  speed r s t i o  - is  again  plotted as a function of Elach number. V m  

Some effects  of aspect   ra t io  are shown i n  figme 3 i n  which the 

f lut ter-  speed r s t i o  - is  again  plotted as a function of Elach number. V m  
The data shown are   for  k5O s7;:eptback wings having  aspect  ratios of 2, 
4, and 6. Tne t a se r   r a t io  is  0.6 and the   a i r fo i l s  are 4 gercent  thick. 
The calculated and expe rhen ta l   f l u t t e r  speeds  agree  quite w e l l  a t  
sLzbsonic speeds f o r  the wings having aspect  ratios of 4 and 6 .  The 
calculated  f lut ter  speeds f o r  the wing  of aspect   ra t io  2 me; however, 
consicierably lower than the experimental  values a t  subsonic  Mch numbers. 
The discrepancy betweer- experimental and calculated  f lut ter  speeds i n  
this case i s  perhaps due to   the  inadequacy of the two-dimensional aero- 
dynamic coefficients employed i n  the calcukt ion.  A t  supersonic  speeds, 
a l l  three wings are  characterized by values of' the  f lutter-speed  ratio 
which iccreased w i t h  increasing bkch  number.  The shape of the curves 
is ,  however, sanevhat d i f fe ren t   for  the three wir?gs. 
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Some indication of the  effect  of taper   ra t io  i s  provided i n  
figure 4 i n  which the  f lutter-speed  ratio i s  plotted  agalnst Mkch 
number f o r  45' sweptbeck wings having taper  ratios of 1.0, 0.6, and 
0.2. The aspect   ra t io  was 4.0 fo r  a l l  three wfngs  and the   a i r fo i l s  
vere k gercent  thick. A t  subson-i-c Mach numbers, the agreement between 
cslculaked and experimental f lut ter  speeds is seen t o  be good for   the 
wings with  taper ratios of 0.6 and 1.0. The calculatiorx f o r  the wing 
with a t aper   ra t io  of 0.2, hoxever, give e f l u t t e r  speed which is too 
low- by about 20 percent. TJle f l u t t e r  mode  f o r  these  Mngs was cherac- 
terized by high frequencies, between the still-air coupled  second 
bending md torsion  values, w i t h  large  t ip  deflections.  The first and 
secofid uncoupled bendsng and first uncoupled torsion mode shapes of a 
beam with a taper r a t i o  of 0.2 were employed i n  the calculations. The 
f l u t t e r  m o d e  shepe,  hoiiever, may not have been  adequately  represented. 
Also, the s t i l l - a i r   v ib r s t ion  nodes fo r  the wings having a taper   ra t io  
of 0.2 were highly  cousled,  xhich  raises some question as t o  the apFrox- 
imate nethod employed f o r  deducing the uncoupled torsion  frequency frm 
the coupled values. Cozsequently, the subsani-c leve l  of the 
vEXF curve for  the  plan form w i t h  a taper re=tio of 0.2 is not  too w e l l  

estcblished. Tbe data show, however, that the - curve tends t o  
rise more steeply wit'zl increasing mclz nunber as the taper   ra t io  
decreases. 

- 
V m  

v-m 

The results  presented  in the preceding three figures all shaw an 
increase  in  the  f lutter-speed  ratio - as tile "ach number increases 

in to  the supersoDic  range. The f a c t  that the agreement betveen  calcu- 
la ted and experimental f l u t t e r  speeds  becanes  poorer as the €&ch number 
increases 5s not  surprising  because no acco-unt vas taken i n  the V m  
calculations of the  effects of compressibility on the a e r o d y n d c  chsr- 
ac te r i s t ics .  The changes i n  aeroaynanic characterist ics with Mach 
number  would  seem t o  be pr-rily a function of wing-ljlan-form shape. 
An important  questioz arises, however, as t o  whe-kher the curves of 

against Each Ilumber a re  a function only of  wing plan form or 

VEXP 
v m  

- Vzp 
V m  
whether these  curves may be al tered by varis t ions  in  some of the mass 
en6 elast ic   propert ies  of the wing  which are  hidden in   the V m  calcu- 
lation. Some understanding of the  important Eerodynanic parmeters 
affec-ling  the  flutter speed m y  be obtained Tram the simple l l u t t e r  
formula given by Tceodorsen ar?d Garrick in  reference 5.  This empirical 
formule i s  based on the results of low=speed studies of tvo-dimensional 
Xing f l u t t e r  and i s  applicable t o  cases i n  which the   r a t io  of first 
bending t o  first torsion  frequency is smll. A consideration of only 
%hose elements of the formula wh-ich contain the aer0aynamj-c character- 
i s t i c s  of the wing indicates  the Pollaking importent  proportionality: 
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where the symbols have the following  Eaning: 

V f l u t t e r  speed 

cr ,  lift-curve  slope 

section  center-of-gravlty  position 

(:LC 
section aer-c-center position 

%e assumption i s  cow mde thz-i; the departure of the cu-rves of - VEXP 
VRm 

fron 1.0 as the Ekch  number increases is e firnction only of the well- 
'ro?o:m reamard   sk i f t   in   the   aerodyndc  cext%er end reduction i n  l i f t -  
curve slrpe. Un the basis of this assimption and w i t b  the use of the 
re lat ion (1) , the follmdng expression fo r  the flutter-speed  ratio i s  
obtained: 

( 2) 

The sxbscript .8 refers .to E Mach  nlzrdber  of 0.8 f o r  which the flutter-  
speed r a t i o  % is usually &bout 1.0 and the corresponding  aerodynaaic 

center is near the 25-percent-chord s ta t ion  ass-med in   the  V,, calcu- 
lation. The subscript M r e f e r s   t o  some ~Wc'n nmber  higher  than 0.8. 
Equation (2) clezrly shows that  the  reduction  in  l if t-curve slope and 
rearward movenent of the aerodynamic center k-hich accompany an increase 
i n  Mach nuqber beyond 1.0 should cause an  increase i n  the flutter-speed 

r a t i o  - "X€' Equation (2) a lso shows that the Eagnitude of tile effect  

of  rearward movements i n  the eerodynarmtc center on the flutter-speed 
r a t i o  depends upon the  position of the  section  center of gravity. 

v m  

vRg?- 

In  order t o  obtain sm-e indicatior? of the  correctness of these 
ideas, a short  experimental  ir-vestigation was made of three xings having 
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identical   plan f m s  but  different  section  center-of-gravity  positions. 
The wings had a sweep angle of 45O, an aspect   ra t io  ol" 4.0, a taper 
r a t i o  of 0.6, w d  4-percent-thick e i r foi l  sections. The -dngs bad 
section  center-of-gravfty  positions of 34, 45, and 57 percent chord. 
The resu l t s  of the investigation  are shown in   f igure  5 i n  which the 

f lutter-speed  ratio - is plotted as a function of Yach nmber. 

For any given  supersonic bkch number, the  value of - VEW is seen t o  

increese WLth forward movements of the  center-of-gravlty  position. In 
fact ,   the wing w i t h  the most forward  center-of-gravity  position coizld 
not be f l u t t e r e d   a t   a l l ,  withfn  the  operating limits of the tunnel, 
above a Mach  number  of approxinetely 1.2. No-flutter  points f o r  this 
King =re  indicated by sol id  symbols. The higher VelUes Of - for  

the more for;,qard center-of-graviky  locations me entirely  consistent 
w i t h  equation (2). 

v m  

VREF 

VsXp 
v m  

Eqution (2) suggests  certain  possibflities  for  generalFzing  the 
data of figure 3 t o  include  other center-of-gravf-by positions. The 
valces or" the l if t-curve-slope  ratio and the aerodyr?anic-center positions 
appeming in   re la t ion  (2) are unknown end m u s t  be  found. O n e  possibiliky 
is t o  use  overall wing l if t-curve s l ee s  and aerodynaslic-center gositions 
as determined from s t a t i c  aerodynamic tests of r ig id  wings. Such a pro- 
cedure  does not  yield good results, however, because the deflection of 
the w i ~ g  is not  coosidered. Another goss ib i l i ty  is to regard  again the 
aerodynamic parameters  appearing i n  equatTos (2) es lumped or integrated 
valxes m d  to determine these values vith the use of the  f lukter data of 
figure 5 and equation (2) . This procedure has been folloved herein. 
The ee rMpdc-cen te r   pos i t i on  and the  l if t-curve-slope  ratio  at  any 
given bath nunber axe  assuned t o  be a function only of the p l a ~  f o m  
and, hence, would be the same for the  three 45O swept wings having 
different  center-of-grafl-ty  positions. This as suq t ion  imglies tht 
the f l u t t e r  mode shages f o r  the three whgs  are  not markedly different .  
Equation (2) indicates  that  the difference  in the curves of - at  

supersonic  speeds f o r  the three wings of f igure 5 I s  expressed by the 
difference  in value of the   ra t io  

VEXP 
VREF 
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whereas the lift-curve-slope  ratio 
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has the sane effect  on a l l  three -dings. On the basis of this synthesis 
of the effects  of lift-curve slope and aerodynamic center, the faired 
curves of figare 5 f o r  the tbzee wings were cross-plotted i n  such a way 
as t o  determine the variation of the lumped, or  effective,  values of 
the aerodynamic-center position and lift-curve-slope  ratio with lbch 
n-mber. me result ing aerodynamic-center position is  sham as a 
function of Yach  number normal t o   t h e  quarter-chord l i n e   i n  figure 6. 
The aerodynamic center i s  seen t o  shift from the 0 . 2 5 ~   s t a t i o n   t o  *ne 
0.34~ stat ion as the normal &ch n u i e r   v a r i e s  from 0.55 t o  0.95. These 
values  appear  quite  reasonable. The variation of the Uft-curve-slope 

r a t i o  

sho-vn i n  figure 7. m e   r a t i o  of the lift-curve  slopes a t  stream Mach 
numbers of 0.9 and 1.2, as determined from some unpdblished static 
aercdynamic tests of a r ig id  4 5 O  sweptback espect-ratio-4.0 wing, is 
shovn by the symbol i n  this figare. 

(‘b). 8 
(‘dM 

w i t h  >%ch  number normal t o  the quarter-chord  Une is 

An indication of how well the deduced veriations of  aerodynamic- 
center  posi-lion and lift-curve  ratio  describe  the  results  obtained  for 
the wings w i t h  different  center-of-gravity  positions is  provided i n  

figure 8. In  t h i s  figure, the r a t i o  - VEXP is plotted  against stream 

Mach  number for  the  vings w i t h  different  center-of-gravity  positions. 
The values of V m ’  were determined from equation (2) by l e t t i ng  

VREF’ 

and using  the  values of (E)ac and 
(cLcL.>.8 as given in  f igures 6 

2nd 7. The correlation is  excellent, w i t h  no systematic  trends  evident 
fo r  the wings vith  different  center-of-gravity  positions. 

The variations of aerodynamic-center position and lift-curve-slope 
r a t i o  shum in  f igures  6 and 7, respectively, were determined from 
f l u t t e r  tests of a par t ic-dar  wing plan form. Application of the resul ts  - 



- -Lo an arbi t rary wing ~ l a n  forn i s  not, ic general,  permissible. For 
Vie restricted  case  in which the sweep angle i s  the only  slac-forrn 
parameter  vzried,  hmever, one m i g h t  expect Yne values of aerodynamic- 
center  position and lift-c-mve-slope  ratio for one  sweep angle t o  be 
ro-@ly applica3le  to  other sk-eep angles on the basis of equal Mzch 
nmbers normal t o  the quarter-chord line. m- the  basis of t h i s  rather 
crude  assumption, the aerodyndc-center  posit ion end Uft-curve-slope 
data of f igwes  6 an-d 7, together  with the formule. ( 3 ) ,  have been  used 
i n  an atternst t o  correlate  the swept-wing data of figure 2. The resu l t s  

are ?resented i n  figure 9 in   the   forn  - as a fmct ion  oT Mach 

number norm1  to  the  quarter-chord  line. Also included in   f i gu re  9 are  
the data   for  the 45O swept wings vith  center-of-gravity  positions of 34 
an& 57 percent  chord. The wswept-whg dzta of figure 2 are not 
included. For norm1  Xach nmbers less than 0.7, the correUkion is  
-within the scatter of the data for individual wings. A t  higher  Y~ch 
nunbers, the  correle-lion i s  not quite so god ,   x i th   t he  maximuzr! dis- 

par i ty  between the data noints and t'oe l i ne  - = 1.0 being  about 

1-5 percent. 

VEXP 
V W '  

VEXP 
V m '  

The correlation of figure 9 indicates Yoat, at  least   for   the  c lass  
of wings considered,  the  aerodynmic  center and l if t-curve s l q e  are 
the hpor t an t  aerodyn&mLc characteristics  conkrolling  the  variatior, 

of - 76th  Ihch number.  The f a c t  tln_a% the  correlatior, figure 9 ,  v,, 
was achieved  xithout any consideration of the effect of comsressibility 
or? a e r o d p - d c  l eg  is perhaps e l so  of soxe significance. The r"ormu1la, 
equation ( 3 ) ,  together with the valizes of aerodynamic-center position 
and Lift-curve-slope r a t i o  given i n  figures 6 md 7, respectively, m y  
perhe.gs prove of some use in  esti lnating  the  effect  of var iz t ions  in  
cecter-of-gravity  position on the f l u t t e r  speed of wing plen forms of 
the saxe general  cless as those  consfdered. The generality of the 
method, i n  an &solute  sense, i s  'novever d i f f i c u l t  -Lo access. 

Transonic f lut ter   invest igat ions have been made of swegt k-ings 
hzving different  sweep angles,  aspect  ratios, md taper  ratios.  
Illthough some fur ther  work is no doubt  required,  the  besic  effects of 
hese phn-form  vmiables seem f a i r l y  w e l l  defined.  Vzriations in   t he  
section  center-of-grzvity  position have  been shorn- t o  have an izportant 
e f fec t  on f l u t t e r  at t ransmic  speeds. A method of analysis has been 

L 



developed which accounts for  the  effect  of center-of-grzvity  position 
a d  which indicates  the  importvlt aerodynamic paraaeters  influencing 
flztter of a certain  class of wings at transonic speeds. 
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Figure 3 
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