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~n e'xperimental and asalytical  investigation of the flutter of 
uniform sweptback cantilever wings is reported- The experiments employed 
groups of wlnge sweptback by rotating and by sheazing. The angle of 

Congmxison with experiment indicates that the W s i s  developed in  the 
present  paper is satiefactory f o r  giving the main effects of sweep f o r  
nea3.l.y uniform cantilever W ~ I I ~ B  of moderate length-to-chord ratios. A 
separation of the effects of f i n i t e  span Etnd compressibility in their 

* sweep ranged f r o m  Oo to. 60° and Mach nuoibers extended to approximately 0.9. 

4 

relation t o  
effects are 
i c a l  trends 

sweep has not been made experimentally  but some c o ~ i n e d  
given. A diecurmian  of 80- of the experimental and theoret- 
is given  with the aid of several tables and figures 

The current  trend t o w d  the w e  'of swept wings f o r  high-apeed 
flight has led t o  an q i c a l  investigation and an accompanykg exp1or'- 

a tory program of research in the 4L-foot-di-ter Langley f l u t t e r  tunnel 

f o r  study.of  the  effect of sweep on f lut ter   character is t ics .  
2 

In references 1 and 2 preliminary t e s t s  on the effect of sweep on 
f l u t t e r  are reported. In these experiments, e-le semirigid w l n g s  were 
m u t e d  on a base that could be rotated t o  give the desired sweep angle. 
In the ser ies  of tests  reported in reference 1 the  flutter  condition was 
determined at  l o w  Mach numker on a s i n g l e  wfng f o r  vazious sweepback 

a c e  2 were conducted at different  densities asd a t  Mach numbers up 
t o  0.94 with sweep angles of Oo and 45O 

b angles and for-two  bending-torsion f'requericy ratios.  The tes€s 'of rofer- 

1 
Since  the w h g s  used in references 1 and 2 had a l l  the bending and 

torsion  flexibility  concentrated at the mot, there was a possibillty 
that this method of investigating  f lutter of swept w i n g s  neglected 

I 
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important root effects.  The experimental s W e s  reported  herein were 
conducted t o  give a Kfder variation in p,ertinent  parmeters and employed 
cantilever models. In order to  facil i tate  analysis,   the  canti lever 
models were uniform and untapered. The intent of the experimental program 
was t o  es(a3liah  trends and to  indicate  orders of magnitude of the various 
effects,  rather than to  isolate  precisely the separate  effects. 

The models were mept back i n  t w o  basic manners - shearing and 
rotating. In t h e  case of win@ which w e r e  mept back by shearing the 
cms8  sectians pmallel to  the air stream, the qaa and aspect  ratio 
remained constant. Ih the other manner, a series of rectangular  plan- 
form w i n g s  were  mounted on a special base wZlich could be rotated  to any 
desired angle of sweepback. This  rotatory ba8e was also used t o  examine 
the   cr i t ical  speed of meptforwElrdwfngs. 

Tests were conducted also on special models that  were of the 
'I rotated" t e (sections normal to   the leading edge were the same at all 
meep angles 7 with the  difference that the ba8ef3 were aligned parallel 
t o  the a i r  stream- Two series of such rotated models,having different 
lengths ,were  tested. 

Besides the manner of sweep, the ef fec ts  of several parameters were 
studied. Since the location of the center of gravity,  the  msss-density 
ra t io ,  and the .Mach  number have important effects on the   f lu t te r  
characteristics of unswept win@, these parameters were V-ed fo r  
mept wings. In order to  investigate possible changes in flutter.chasac- 
te r f s t ics  which  might be due t o  different flaw over the t ips ,  Va22i .0~6 
t i p  shapes were teste& in the qourse of the experlmsntal investigation. 

In  an analysis of flutter,   vibrational  chmaaterist ics m e  very 
significant;  accordbgly,  vibration tests were made on each nodel. A 
special  study of the change i n  frequency and mode ahqe wlth angle of 
weep was made for  a E i l q l e  dural beam and i e  reported in  appendix A .  

v ,  

Theoretical analysis of the effect of Bweep on f l u t t e r  exists on ly  
in b r i e f  or prelFminary f o r m .  lk 1942 in Ehgland, W. J- Duncan estimated, 
by certain dimensional  considerations,  the  effect of meep on t he  flUtter 
speed of certain  specialized wing types.. Among other Brit i8h workers are  
R . McKinnon Wood and A .  R . Colletr. In reference 3, a preliminary  analysis 
for the   f lu t te r  of swept wingEl  in  incompressible flow I s  develqped and 
applied to   the experimental results of reference 1. Examfaation of the 
limiting  cam of infinite s p a  discloses  that the aerodpamic assuqptions 
employed i n  reference 3 are not weU-grounded. ( ~ n  e s i s  g iv iw  an 
improved extension of the work of reference 3 is now available as 
reference 4. Reference 4, however, appeared after  the  present analpis 
was completed and i s  therefore not  discussed  further. ) 

rl 

? 
In the  present report a theoretical analysis is developed anew and 

@veri a generaL presentation.  Applicatim of the analysis has been 
limited at this time to  those calculati6ns needed f o r  cnmparism with 
experimental results It I s  hoped that a wider examination of the effect 
of the  parameters,  obtained  andy-tically, W i f i  be &e available  later. 
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b half chord of wing measured perpendicular to e las t ic  &a, 
fee t  
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haH chord perpendiculas t o   e l a s t i c  axis at reference  station, 
feet 

effective  length of wing, measured &long e las t ic  &e, feet 

wing chord measured perpendicular t o   e l a s t i c  axis, inches 

length of wing measured along midchord l h e ,  inches 

angle of swep,  positive f o r  eweepback, degrees 

geometric aspect  ratio ( (2  AI2) 

coordinate  perpendicular t o  elaetic axis In plane of wing, 
fee t  

coordinate along elastic axis, f ee t  

coordinate in direction  perpendicular t o  x 'y ' plane, f ee t  

coordinate of wing surface in z ' direction, feet 

nondirnent3ioml- coodinate along e m t i c  d s  (y '/z ') 
coordinate in wind-stream direction 

bending deflection of e-tic d e ,  positive downward 

t o r s iona l  deflection of e l a s t i c   a x i ~ , . p o s i t i ~ e  with leadlng 
eQe ,w 

local angle of deflection of e las t ic  axis Fn bending 

deflection  function of wing in bending 

deflection  function of a m  in torsion 

tims 

angular frequency of vibratian, radians, per second 
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angular uncoupled bending frequency, radians per 
second 

e .  

angular uncoupled torsional  frequency about elastic  axis, 
radiana per second 

firat bending natural frequency, cyclm per second 

second bending natural f’requencr, cycles per eecond 
I 

uncoupled first tors ion frequency re lat ive t o  elastic axis, 

cycles per second 

aqperfmsntal flutter frequency, cycles per second 

reference flutter frequency, cycle8 per second 

flutter frequency dete-d by analysis of present report, 
cycles per second 

Free-stream velocity, feet per second 

experimental flutter speed, feet per second 

comgonent of air-stream velocity p e q e n d i c w  to elastic  axis, 
feet per second (v cos A) 

expe-td flutter speed taken paral le l  to a i r  stream, miles 
per hour 

I 

reference f l u t t e r  speed, miles per hour 

reference flutter speed b a e d  on E.A. I ,  miles per hour (defined 
in wpe- 3) r 

f l u t t e r  Bpeed determFned by theory of present report;, miles 
per B o w  
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VD theoretical divergence weed, miles per hour I 

k, reduced  frequency emplos~ velocity camponent perpendicular ' 

t o  e las t ic  & e )  
Q, phase difference between wing bendin@; and wing torsion strains, 

degrees ! 

P' density of testing medium at f lu t te r ,  slugs per cubic foot '  

- Q; 

M 

Mcr 

c .G. 
8 

E.A. 

E.A. ' 

a 

m 

*r ra 

'r- . 

EI 

dynamic pressure at flu..er, pounda per aquare foo t  

Mach number at f l u t t e r  

c r i t i c a l  Mach n&er 

distance of .  center of gravity behind leading edge taken perpan- 
diem to   e l a s t i c  axis, percast chord 

distance of e-tic  center .of- w5ng cross section behind leading 
edge taken  perpendicular t o  e m t i c  axis, Tercent chod  

distance of e las t ic  axis of w2n.g behind leading edge taken 
perpendicular t o  elastic  axis,  percent chord 

raass of wing per unit length, slugs per foot 

mss moment of Inertia of wing per unit langth about e las t ic  
axis, s"feet2 per foot 

nondimensional radius of gyration of wFng about e las t ic  axis 

~ (E) 
bending rigidity, pound-inchea2 

I 

I 

I 
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torsional  rigidity, pound-lnches2 

s t ructural  damping coefficient 

EXPEKMCNTAL INKESTIGATION 

Apparatus 

Wind tunnel. - The t e s t s  were conducted in the L+--foot-diameter 

Langley f lut ter   tunnel  which ia of the  closed  throat,  single-return 

varying *om 4 inches of m e r c u r y  to 30 inches  of mercury. In Freon-=, 
the speed  of sound is 324 m i l e s  per- hour and the.  density is 0.0106 slugs 
per cubic foot a t  standard pressure and temperature- The maxirmm choking 
Mach nmker  for  these tests was approximately 0.92. The Reynolds nuniber 
range w a s   f r o m  0.26 x 10 6 to 2.6 x 10 with most of the   t es t s  a t  6 

1 
2 

' type employing ei ther  ai5 or  Freon-12 as a teeting medium at pressures 

Reynolds numbera In the  order of 1 .O x lo6. 

Models. - Ln order to   obtain  s t ructural  parameters  required for  the 
f lu t te r  studiss,  different types of construction.were used for   the  
models. Some znodels were solid spruce,  other8 were soUd balsa, and 
ma,ny were conibinations of balsa  with  various  dural i nse r t s .  Seven series 
of  models were  investigated, for which the  cross  sections and plan forma 
are shown in  figure 1. 

Figure l (a )  ahom the series of models which were swept back by 
shearing  the  cross  sectlone  parallel  to  the air stream. I n  order  to 
obtain  flutter  with tEese low-aspect-ratio models, thin  sections and 
relatively light and weak  wood conetruction mre employed. 

The ser ies  of rectangular-plan-form models shown i n  figure l (b)  were 
swept back by wing a base mount that- could  be rotated  to  give  the 
desired sweep angle. The same base mount was used for   tes t ing models at 
forward sweep angles. It is known that f o r  forward sweep angles diver- 
gence is c r i t i ca l .  In an attempt to.  separate  the divergence and f l u t t e r  
speeds in   the sweepforward testa,  a D - s p a r  cross-sectional  construction 
was used torget  the  elastic axis relatively far forward ( f ig .   l (c ) ) .  

Two series of w i n g s  (figs. l (d )  and l ( e ) )  were swept back with  the 
length-to-chord ra t io  kept  conatant. In these series of models, the 
chord perpendiculm? to   the  leading edge was kept  constant and the bases 
were slimed ,paral le l   to   the air stream. The w a s  of length-to-chord 
r a t io  of 8.5 (fig.  l(d)) 'were  cut down to   ge t   the  w i n g s  of length-to-, 
chord r a t io  of 6.5 ( f ig .   l (e))  

Another ser ies  of models obtained by using th i s  same manner of 
sweep (fig. l ( f ) )  was used fo r  investigat'lng some effects  of-tip shape. 

- *  
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1 

Spanyise s t r ips  o f '  lead were fastened t o  the models  shown in 
figure l ( e )  asd a series of tests were condkcted with these weighted 
models , to determine the  effect of  center-of  -gravity  shift on the f l u t t e r  
speed of swept wings. The  method of varying the  center of gravity is 
shown in figure l(g) In order t o  obtain data at zero sweep asglo it 
wae necessary, because of the  proximity of f l u t t e r  speed t o  wing- 
divergence speed, to use three  different wings. These zero-sweep-angle 
wings, of 8-inch chord and 48-inch length, had an internal weight 
system. 

The models  were  mounted f r o m  the top of the tunnel as cantilever 
beams with rigid  bases  (fig. 2). Wear the mot of each model two sets  
of s t ra in  gages were faetened, one set f o r  recording  principally bending 
deformations aSa the  other set for recording  principally  torsi& 
deflections. 

Determination of m a e l  parametera.- Pertinent geometric and struc- 
tural properties of the model are gFven in   tables  I t o  VII. Some 
parameters of interest  are discussed in the following paragraph. 

4 
AB an indication of the  nearness  to sonic-flow conditione,  the 

. .  c r i t i c a i  Mach  nuniber i8  l is ted.  This Mach  number is determined by the 
M - T s i e n  method for  a wing section normal t o  the leading edge at 
z e k  l i f t .  

The geometric  aspect ra t io  of a wing is here defined as 

The geometrfc aspect r a t i o  % i's used in place .of the csonventional 
aspect  ratio A because the modela ,were only semispas Kings. For 
sheared swept wings, obtained from a given unswept wing ,  the geometric 
aspect  ratio i s  canstant, whereas f o r  the wings of constant length-to- 
chord r a t i o  .the geometric aspect r a t i o  decrease8  as  cos2A. as the 
angle of sweep is increased. 

A parameter  occurring in the method3 of analysis of thie paper is 
the  position of the  e,lastic &eD A t'sectiontt elastic axis  designated 
E.A., wan obtained f o r  wings from oach seriea of. models 88 follows: the 
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KLngs were  clamped at  the mot  normal t o  the leading edge and at a 
chosen spanwise station'were loaded at points lying in the chordwise 
direction. The point f o r  which pure bending deflection occurred,  with 
no twist in the plane normal t o  the leading eQe, was determined. The 
same procedure waa wedToTthoae wlngs which were clamped a t  the root, 
not normal, but at an angle to the leading edge. A different elast ic  
axis  designated the 'iring" elast lc  axis E.A. ' waa thus determined. 

For these uniform, swept wings with fairly large length-to-chord 
ra t ios ,  E.A. ' W&B reasonably straight and remined essentially  parallel 
t o  E. A., although it- found t o  move farther behind E .A. ae the 
angle of sweep, was increased. It is realized that  in general for non- 
-form Wiws, f o r  exaqle, wlngs dth cut  -outs o r  skewed clamp-, a 
certain degree of cross-stiff'ness exists and the conception of an 
elast ic  axis is an over-simplification. More general concept8 such aa 
those  Involving influence coefficients may be required. These more 
s t r i c t  considerations, however, are not required bere since the e h t i c -  
axiR parameter is of fairly secondary importance. 

The wing Ilaass-denaity ra t io  K is the  ratio of the mass of a 
cylinder of testlng medium, of a diameter eq-1 t o  the chord of the wing, 
to  the mass of the m, both taken for unit length along the wing. The 
density of the testing medlum when f l u t t e r   o c c m d  was used in the 
evaluation of IC. 

DetermFnation of the reference f l u t t e r  speed. - It ia convenient--in 
preeenting and cqparirg data of swept and m p t  wkgs t o  eqploy a 
certain reference f l u t t e r  speed. This  reference  f lutter speed will 
eerve t o  reduce variations in f l u t t e r   c ~ c t e r i e t i c s  which mise f r o m  . 
changee In the varioua mdel parameters  such as density and section 
properties  not  perbinent t o  the .investi@ion. It thus aids in system- 
atizlng the b t a  and emphasizing the desired effects of sweep including 
effects of aspect  ratio aad Mach nWer.  

Thie reference f l u t t e r  speed Vi may be obtained in  the f o l l o w f q  
way. Suppose the wing t o  be rotated about the  intersection of the 
elast ic  &e with the  mot   to  a positian of zero sweep. In this  poei- 
tion the reference f l u t t e r  q e e d  is calculated by the method of 
reference 5, which assumes. an idealized, miform, infinite w i q  munted 
on springs  in an inco?gpressible medium. For nonuniform wings, a refer- 
ence section taken at a  representatfve spanwise positicm, or  some 
i n t eg ra td  value, may be used. Since  the wings wed were miform, any 
reference section will serve. The reference  f lutter meed m y  thw be 
oomidered a "section"  reference f l u t t e r  speed and paramsters of a 
eection normal t o  the leading edge ~ t r e  w e d  In ite  calculation. This 
calculation also employs the Wcoupled first bending and torsion 
frequenciee of  the w i n g  ~ (obtabed from the measured frequencies) and the 
meamred demity of tbk-testhg maim at  time of f lu t te r .  ,The calcu- 
lation  yields a correeponding reference f l u t t e r  frequency which is useful 
in coqarlng  the frequency data. For the sake of congleteness a further 
discussion of the reference f lu t t e r  speed i'B given in appendix B. 

c 

I 

P '  



. .  
NAGA RM No. L8H3O 9 

Test  procedure a d  recorda. - S i n c e  f l u t t e r  is often a sudden p d  
destructive phenomenon,- coordinated test procedures were required. 
Dcurlng each tes t ,  the tunnel speed was slowly raised until a speed was 
reached for  which the amglitudes of oscil lation of the mdel in behding 
and torsion  increaied  rapidly  -le  the  frequencies in bending and 
torsion, as observed on the screen of the  recording  oscillograph,  merged’ 
t o  the stme value. A t  this inetant, the. tunnel conaitions were recordea 
asd an oscillograph  record of the model deflectians T C ,  taken. The 
tunnel speed was immediate- reduced in an effor t  t o  prevent  destruction 
of the model. 

From the  tunnel data, t h e   e x p e ” b a 1   f l u t t e r  weed Ve, the 
density of the  testing medium p, and the W h  nmiber &I w e r e  deter- 
mined. No blocking or wake correctiacne t o  the measured tunnel  velocity 
were applied. 

From the oscillogram the eXper3menta.l flutter frequency fe  and 
the phase difference Q, (or the phase difference *lbO) between the 
bend- and torsion  deflectims near the root were read. A reproduction 
-of a typical  oscil lograph  f lutter record, indicating t he   f l u t t e r  t o  be 
a coupling of the w h g  bending aad torsion degrees of  freedom, is shown 
a~ figure 3. Since semispan WfnBB mounted rigidly at  the base were 
used, the   f lu t te r  mode may be considered t o  correspond t o  t he   f l u t t e r  of 
a cowlete wing having a very heavy fyselage at midspan, tht is, to .the 
symmetrical  type. . 

The natural  frequencies of the models in bendhg. and torsion at  
zero air  speed were recorded before and a f t e r  each t e s t  in order t o  

there were no appreciable changes in frbquencies  but  there were 8ome 
reductions in stiffnesses for models which had been ‘trorked” by 
fluttering  violently. Analysis of the decay records of the  natiugl 
frequenciea  indicated that. the w h g  damping coefficients g (refer- 
ence 5 )  were about 0.02 in the f iret  bending mode and 0.03 Fn the torsion 
mode 

aSCerkhl possfble changes in Et l ’LlCtWd.  ChaZaCteriStiCB= sh IWSt C&BeS 

I 

L 

I 

General 

Assumptions - In examining som of the  avaikble papem, it appeared 
that. an analysis could be develqped in which a few more reasonable 
assumrptions might be used. The following assmqtions seem t o  be appli-  
cable for Kings of moderate taper asd not too  low aspect  ratio: 

(a) The usual assumptione employed in linearized  treatment of 
mswept w i n g s  in an idea l   incmress ib le  f l o w .  



(b) Over the main part of the w h g  the elaEltic axis is  straight. 
The w%l@; is sufficiently  stiff  at  the  root EO that  it behaves as if  it 
were c w e d  norrml to  the  elastic ax is .  An effective length 2 '  
needed for integration  reasons may be defined (for example, as  in 
fig. 4) The an& of sweepback is meast&d in the plane- of the w i n g  
from  the  direction normal to  the  air  stream  to  the elmtic axis All 
section  parameters  such as semichord,  locations of elastic axis and 
center of gravity, radius of gyration, and so forth, a m  based on 
sectlona normal to  the  elastic  axie. 

I 

(c) The component of WFnd velocity parallel to  the want to the 
local  elastic  axis in its deformsd position may be neglected. 8 

It may be appropriate  to make a f e w  remarh on these assunqtions. 
hCoIQXWEEibb f l a w  is assumed in order  to  avoid  comglexity of the 
analysis although  certain  modiffcabions due to  Mach Iumiber  effects  caa 
be added as for the unexept case. In the  axmlysie of uywept wings 
having low ratios of bending frequancy  to  torsion  frequency, small 
variations of position of the  elastic axis are not important. It is- 
expected  that t h e  assumption of a straight  elastic asds over  the main e 
part of a swe2t wing is  not  very  critical.  Modifications are necessary ' 

, for wings which dif'fer  radically f r o m  thie  a~slrmlptim. 

I Assmption (c) impli'es that only the component v cos h of the 
mFn stream  velocity  is  effective in creating t h e  circulation  flaw 
pattern.  This  metimption  differs frcrm that made in reference 3, which 
employs the main stream  velocity  iteelf  together  with  sections of the 
wing parallel  to  the main stream. The component. v sin A COB cr . along 
the deformed  position. of the elastic &E is deflected by the bending 
cumature at eve- lengthwise position. Associated with the flow 
deflection? there  is an effective  increase in the bending stiffhess  and 
hence in the bending A-equency. (A Wzng mounted at wo sweep has an 
increasing  natural bending frequency as the  airspeed  increases.) This 
stiffem~q effect;  which  is  neglected  as a coneequence of &88uD@tiO.n  (c), 
is  strccngest at w e  angles of sweep and high airspeeds.  However,  even 
under  such  ccmditiona,  it  appears  that a correction  for  thie  effect ts 
still  quite mall. There i s  a l s o  &z1 associated damping effect. 

8 

- 

Baic considemtiom. - Coneider the configmatian shown is figure 4- 
where  the  vertical  coordinate o f  the WLng surface is denoted by 
z ' = Z(x',y',t) (positive downward). The component of relative wind 
velocity  (positive upward) normal to  the surfwe at every point  is, f o r  
lgmall def  lec tims, 

d 

a2 az 
at ae w(x',y.',t-) = - +.P - 

3 
I 

where 5 is  the  coordinate in the Uind~trearu direction.  With  the w e  
of  the  relation 

0 
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the vertical  velocity at any point is 

Let the King be M e t i n g  through 89 -le e (positive, hading 
eage up) about its e m t i c  axis and bending at an angle Q (positive, 
t i p  bent dam.)  Cansider that a segment dy ' of the wing acts 88 part 

8. of a semtrigid.wln@: which ia pivot- about a bending axis para l le l  t o  
the x-axis at a location yo. Then the poe i t im  of each point of the 
segment m y  be def in&, for Bmau deflections, by 

4 

z = x 'e + (9' -yo)d (2) 

Then the  vertical   velocity becomes 
' a  

The t e rn  (T' - yo)u is actually h (the vertical di lacement of the 
elast ic  axis from its undefomd position) and, thus, 7s '  - yo)& 1s E. 
The local  bending  slope F ah is e q u v a e n t   t o  tan u X Q. ~n general, 

&ZL additional. term aEpear8 in the  vertical   velocity involving the chmge 
of twist; namely, (v sin A )x1 ae For constant twist (semirigid =de) 

this t e rn  i s  zero. For general twist, t h i s ,  term may be readily included 
fn the ana ly~f .6  although It has not been retained in  the mbsequent 
calculations 

as- ' 

- 
In 'reference 6 the c i r c ~ l a t o r y  and nancirculatory  potentias I 

contribute t o  the vertioa3  velocity w, m e  developed. Required here 
also are the potentials  associated w i t h  Q corresponding t o  the l ae t  
t e r m  in the  expression for w, which term is observed t o  be independent 
of the chordvise positih. For exangle, the nmcirculatory potentials 
with  the use of assmytian  (c) take the form: 

t assobiat&  with the various t e r n  of position or motion, 8 , 4 , li, which 

I 

I 
L 

I 
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L 
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1 P = 2(F + i G )  - B + 2(F + iG) - Q W A Vn 
w k& 

L 

+ - h-+ 3 b tan A + 2(F + ID) 
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It is pointed out  that the reduced f r e q k y  parameter kn 
contained in equatione (5) and (6) i a  defiaed 'by 

where  F ( b )  + iG(ka) = C(kd is the function developed by Theodorsen 
in reference 6. 

lb h a a '  already bean etated, the foregoing expreeeions were developed 
and apply fo r  steady sfnueoidal oacilLations, 

a = a 0  1 ht 

The &zllpl.itude, velocity, and acceleration in each degree of freedom ex8 
related as in the h degree of freedom; that ia, 

! 

! 

I 

I 

I 

t 

. .  
h=m 

h = a 2 h  
.. 

! 



Expresaione for force and rnment.- With the we of such relations 
equations (3) and (.6) may be put into the fonn  

8 

J 

In paseing it “be -observed that for the statio- cam, 
equatiom ( 5 )  and ( 6 )  or (9)  and (10) reduce t o  



c 

* 

I 

i 

Since for s m a l l  amplitudes of oscil lation the bending slope and 

bending deflection are related (. x L) there are actually anly~two 

degrees of freedom In equations (9) and (10). These eqmtions become 
as' 

L 

Introduction of mdes . - 
aerodynamic force and Iltoment 

$quatione (U) and (12) give  the total 
on a. se-t of a sweptbck wing oscil-  

I 

lating in a single ham.onic m e r -  Relat iom f or-mechanicai equilibrium 
applicable t o  a wing s e m t  may be s e t  up, but it is preferable  to bring 
in directly  the  three-dfmemional mode considerations. (See for exmgple, 
reference 7. ) This end may be readily accampliehed by the conibined use 
of Rayleigh  type apprOXimatioIm a d  the  classical  methods of hgrange. 
The vibratione at  c r i t i c a l  flutter are aesumed to   consis t  of a cmbi- 
nation of fixed mode shapes, each mode shape representing a' degree of 
freedom, given by a generalized coordinate. The t o t a l  mechanical kinetic 
enera,   the  potential  energy, and the work done by applled fqrcee, aero- 
Qnamic and etructural, ere then obtained bg integration- of the  eection 
characteristics  over the span- The Rayleigh tgpe approximation anters 
in the representation of the potential energy in term of the uncoupled 
natural  frequencies 

- 

As is customasy, the modes a m  introduced  into the problem as 
varghg sinusoidally with time. For the purpose of siqpllcity of asaly- 
sis, one bending degree of freedom and one torsiord. degree of freedom 
m e  carried through in the present developmant. Actually, any nmber 
of degrees of freedommay be added if it i e  so desired, exactly as w i t h  
&z1 unswept wing .  Let the made shapes be repreeented by 

(?n a more general  treatment the mode shapes must be solved for,  but in  
this pmced.De, f h ( r  ') asd fe(S ') are chosen, ord-iu &8 real 
functions of 9 ' .  Complex functions may be used t o  represent  twisted 

t 



ch 

Ca 

ma88 of wing per unit length, slugs per foot 

msss mmnnnt of inerth20f KLng abut its elastic axis per unit 
length, shg- feet per foot 

distance of sectional  oenter of m v i t y  from the elastic &a, 
posi t ive rearward, feet 

'bffective" bending stfffneas of the wteg, corresponding t o  
unit length, pound8 per foot  of-deflectdon per foot  of length 

"effectim" torsioacal stiffness of the wing about the elastic 
&a, oorreepaniting to   un i t  length, foot -pound6 per radian 
of deflection per  foot of 1-h 



I 
I 

If Rayleigh tgpe  approx.lm.tions ere wed the expression f o r  the . 
.i potential energy may be written: 

where 

% =  

I P Z '  

I I  

These re lat ions effectively define the spr- conatants Ch and C,. 

: 

I 

I . .  

! 

r ' The term Qh represent6 all the bending forces not d'erivable from the 
potential-energy  function and consfste of the aerodymnic forces together 
with the  structural damping forces. The virtual work d(6W) done on 
a Mng segment by these  forces a~ the wing moves thm# the virtual 
displacemsnte, 8h asd 68, I s  : 

I 

I 
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where 
C 

gh structural damping coefficient f o r  bend- vibration 

ga structural -in@; coefficient f o r  torsional  vibration 

It 2s observed that in t ~ s  eqpreesion the forces appropriate to sinu- 
so idal  oscilLatione are used. The application of the structural aanSping 
in the aforementioned manner (proportional to deflecti6n and Fn phase 
with velocity)  corresponds -to the marrner Fn which it ie introduced Fn 
reference 5 

For the half-w-ing 

a '  



where bp is the semichord at some reference eection. Perfox.maace of 

t o  the  eqwtion of equilfbrim in the bending degree of freedom: 
i the operatione  indicated in equation (17) and collection of terme lead 

I 

P 2' 1 

I 

where 

By 8 paral le l  developmsnt the equation of equilibrium f o r  the 
torsional degree of freedom mey also be obtainedj 

t 

c 
! 
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F 

J 
J 

where ra (radius of' gyration of wing a'boat the e-LELBtic axis). 

DetermFasntal  equation f o r  flutter. - EQuatians (20) and ( 2 1 )  may be 

rewritten with the m e  of the nondlmensional coordinate, q = e- T h Y  
then are in the form 

2 '  

where 
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. I  

the  coefficients 
flutter  condition  thus  is  given by the vanishing of the determinant of 

= o  

Application  to the case of uniform,  cantilever,  swept wings is 
made in the  next  section. 

Application  to Uniform, Cantilever,  Swept Wings 

The first  step in  the  application of the  theory  is t0 assume or 
develop  the  deflection  functions tabs used. For the  purpose of applying 
the a,nalysis to the wing models emplored in the  experiments  it  appeared 
reMonable to use for the  deflection Functiom, %(q) and Fe (q), the 
uncoupled fimt bend- and  first torsion mode shapes of an ideal  uniform 
cantilever  beam.  Although approximtions  for these mde shapes could be 
used,  the analysis utilized the exact expressions (reference 8). 

The bending mode shape can  be  written 

wkere PI = 0.5969~ for  first-bending. The torsion  mode  shape can be 
mitten 

where = for first  torsian  and C1 and C2 are constants. 2 

The integrals  appearing  in  the  determinant  elements Al,  B1, 9, 
and E1 are: 
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The flutter determinant becomes 

I 

or more conveniently : 

tan A E 2 '  

= o  
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where 

RACA RM No. L8H3O 

The solution of the determinant results in the  flutter  condition. 

l3qperimental Investigation 

RemarkEl on tables I t o  VI1 and fi-s 5 t o  10. - Results of the 
experimental  investigation are  l i s ted  in de ta i l  In tables I t o  V I 1  and 
some signtficant experimental  trends are i l lustrated  in  f igures 5 t-o 10. 
As a basis f o r  presenting and comparing the  test  results the  ratio of 
e x p e m n t a l  tunnel stream conditione t o  the  reference  flutter  conditions 
is employed so that  the data indicate more clearly combined effects of 
aspect  ratio, weep, and Mach nmiber. AB previously mentioned, use of 
the  reference  flutter speed VR serves t o  reduce var ia t ions  in   f lut ter  
characteristics which arise f r o m  changes in other parameters, such as 
density and section  properties, which are not  pertinent to  this investi- 
gation. (See appendix B. ) 

Some effects on f l u t t e r  speed.- A typical-  plot showing the effect 
of compressibility on the   f lu t te r  epeed  of WFngs a t  various angles of 
sweepback is shown in figure 5.  These data & f r o m  tests of the 
rectangular plan-form models (type 30) tht were swept back by use of 
the rotating mount, f o r  which arrangement the reference f lu t t e r  speed , 

does not vary with either Mach  number or sweep -le. Observe---the Large 
increase  in speed r a t i o  at the high sweep angles. 

The data; of references 1 and 2, f r o m  tests of semirigid  rectangular 
mdels having a rotat- ,base, are also  plotted in figure 5. It can be 
seen t h a t  the data from the  rigid base m o d e l a  of this report  are i n  good 
conformity with  the da ta  f r o m  the  semirigid mdels using a similar method 

I 



have higher  velocity ratios than the  longer wings - = 8.5, series IV) . 
This increase may be due partly t o  differences in f l u t t e r  modes . E S  w e l l  
aa ~ber0Qmxni.c effects- 

(: 

Same effect on f l u t t e r  frequency.- 3lgure 7 is a repreeentative 
plot of the  flutter-frequency data given in table II. The P igure shows 
the  variation in f lutter-f 'requhcy  ratio with Mach  nuuiber f o r  d i f fe ren t  
values of sweep angle f o r  the mode l s  rotated baik'on the  special munt 
The ordinate € 8  the r a t io  of the experimental f l u t t e r  frequency to  the 
reference  f lutter freqyency fe/fR. It appeaxs that there is a reduc- 
t i an  in f-tter frequency with increase in Mach mnfber and also an 
increase in f l u t t e r  frequency .with  increme in sweep The data f'rm 
references 1 and 2, when plotted in this manner, show the 8- trends. 
It my be noted that there is conelderably mre sca t te r  in the frequency 
data than tn the speed data (fig. 5) f r o m  the t es t s .  

I .ic 
The results of the tests ,for  rotated '-8 with chordwise lamf- -\ 

nation3 (models bA, B, C, D) are given 3 n  table 11. A t  sweep angles 
up t o  30' the values of the speed r a t io  V~/VR for wings of this 
conatruction were low.(in the neighborhood of 0.9), and t he   f l u t t e r  
'frequency rat ios  f,/fR were high (of the order of 1.4) AS these 
results indicate asd as vimal observation showed, these models f lut tered 
III a mode that apparently involved a considerable amount of the. second 
bending mode. The models I& ions (models ?OA, B, C: D) I 3 
also showed lndicatiane of t d e w  low sweep mgles. c 

However, it was possible f to  parse through the small  speed 
range of6igher m m l u t t e B w t t h o u t   s u f f i s b n t l y  violent oscillations to 
cause failure. At a speed these models with spmwiee lami- 

4 

nations fluttered in resenibldrg a coupling of the torsion 

I 

I 

I 
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, 

and f i rs t  bend-  modes. This lower mode type of flutter  characterized 
the   f lu t te r  of the sheared and canstant  length-to-chord r a t io  models. 

For  those wing models having the sheared  type of balsa  construction 
(models 22 ', 23, 24, and 25) ' the results are more difficult to compare 
w i t h  those of the  other models. This difficulty ar ises chiefly  became 
the  lightness  of-the wood produced relatively  high mass-density r a t i o s  tc 
and partly because of the nonhomogeneity of the mixed wood constructian- 
For  high  values of IC the  flutter-speed-coefficient changes rather 
abruptly even in the m w e p t  case  (reference 5 ) .  The data are neverthe- 
less included in table I. 

Eflect of shift- center-of-gravity  position on the   f lu t te r  speed 
of swept w m s . -  Results of the  investigation of the effects of center- 
of -gravity shift on the   f lu t te r  Bpeed of  swept wings are i l lust rated in  
figure 8. T h i s  figure is a cross  plot of  the  experimental  indicated air '  
speede &B a function of sweep ' a n g l e  for various center-of  -gravity  posi- 

tione.. The ordinate is the  experimental  indicated air speed Ve 

which serves t o  reduoe the  scatter  result ing'fmm  flutter  tests at 
different  densities of testing medium. The data were taken in the Mach 
nmiber range between 0.14 and 0.44, so that congressibility  effects  are 
presumably negligible. Ae Fn the c a m  of m e p t  wings, forward movement 
of the  center of gravity  increases  the  flutter speed. Again, t he   f l u t t e r  
speed increases with increase in  the angle of sweep. 

L z Z 3  

The  modeler teeted a t  zero sweep angle (models 91-1, 91-2, 91-3) were 
of different  construction and larger s i z e  than  the models tested at the 
higher sweep angles. Became of the mmer  of plott ing the results, 
namely as experimental indicated  airspeed  (fig. S ) ,  a cnmparieron of the 
results of testa at- A =  Oo with  the  results of the tester  of wept 
Illodels is not  particularly  siwificant.  The points at zero sweep angle 
a m  includsd, however, t o  show that  the increase  in  f lutter speed due t o  a 
sh i f t  in the  center-of  -gravity  position  for  the swept models is of the 
same order of nagaitude as f o r  the unawept models. It is remarked that, 
f o r  the m p t  modela, the divergence erpeed VD, and the  reference 
f l u t t e r  speed Vx are fairly near each  other. Although in  the  eweri-  
ments the models appeared to f lut ter ,   the  prbximity of the   f lu t te r  speed 
to  the divergence speed.may have Influenced  the  value of the   c r i t i ca l  
speed. 

The  method used t o  vary the center of gravity (see f ig -  l(g)) 
produced two bumlps on the   a i r fo i l  surface. A t  the low Mach number8 of 
these tests, however, the  effect of this roughness on the f lu t t e r  speed, 
is considered  negligible. It may be borne in mi123 in interpreting ' 

figure 8 that the method of varytag the center of gravity changed the 
radius of  gyration ra and the torsional frequency fa. 

8 



The effect of sweepforward on the c r i t i c a l  weed:- An attempt w&8 
naade t o  detelmine the variation in f l u t t e r  speed w i t h  angle of sweep- ’ 

ward a s d .  forward. AEI expected, however, the madel tended t o  diverge at  
- fomaxd sweep angles in m i t e  of the  relatively forward position of the 

elaEltlc axis in this D-spar wing. 

3 forwarti by testing wings ‘ o n  the mount that could. be rotated  both back- 

F-e 9 shows a plot of the ra t io  of c r i t i c a l  speed t o  the   re fe r - .  
ence flutter speed: VR ag-t m e p  asgle A. Mote the differerit . 

curves f o r  the sweptback and fo r  the eweptforward conditione, and the 
s h a q  reduction In c r i t i c a l  speed as the angle of sweepforward. is 
increased. The different curves result from two different phenomena. 
When the wing FT&~ swept back, it fluttered, w h i l e  at form& m e p  angles 
it diverged before the f l u t t e r  speed w a  reached. Srrperimposea on this 
plot  for  the  negative  values of meep a m  the,.results of calculations 
based on an maly-tical  study of divergence (reference 9 ) .  There is 
reasomble agreement between theory and experiment at  forward sweep 
~bnglee. The small difference between .the theoretical and: experimental 
results may perhaps be due t o  - a s  i n a c c m y  in determhimg either t h e  

both., 
.+J elastic  axis of the model o r  the required slope of the l i f t  curve or  

- The divergence’  speed. V, for the wrzlg at zero sweep angle, aa 
calculated by the.  simplified thepqy of reference 5, is a l so  plotted In 
figure 9 -  This calcu.h$ion is based on the as-tian of a two- 
dimensional umwepC, King in  an incompressible m e d i ~ .  The values of the 
uncotrpled torsion frequency and the  density of the test ing medium at 
time o f - f lu t t e r   o r  divergence are employed. Reference 9 shows that 
relatively small sweepback ra ises the divergence  speed sharply. Emever, 
f o r  convenience the .nwr ica1   quant i ty  VD (based on the wlng at zero  
sweep) I s  l i s ted  in table I f o r  all the tes te .  . 

Effect of t i p  .modifications - Tests t o  Investigate some of the over- 
all effects of t i p  shape m e  conducted and some results  are show i n  
figure 10. Two sweep angles and two length-to -chord ra t ios  were used in 
the experiments conducted at two Mach nurdbers. It is s e a  that, of the 
three t i p  shapes medj tipa  perpendicular  to the air stream, 
gerpendicular t o ,  the wing leading e‘we, and paral le l  t o  the a i r  stream, 
the wings w i t h  , tips paral le l  t o  the air stream gave the highest f l u t t e r  
speeds 

c Discussion and Comparison of Analytical 
. .  . .  . 

and Erperimental  Results- .- ~ ”’..- . ’ . 

a - Correlation of analytical and experimental resLzlts has been made f o r  
whgs swept back in the two different manners; thEit ’ i s  ’ (1). sheared back 
with 8, constast-  value of. %, and (2) rotated back. The two”tgpes of 
sheared wlngs ( ser ies - I )  and’ two rotated  (kdels  3 0 B ’ d  3011) have 
been analyzed. 

I 

I 



Results of 0ame solutiane of the f l u t t e r  determinant f o r  a wing 
(model 3OB) on a rotating base at several angles of sweepback m e  shown 
in figures ll and 12. Figblre ll ahaws the  flutter-speed  coefficient as c 

, ' ._ . .. 8. ... : .a function .of the,'.bendin& t o  ..torsion frequencr ratio,  while figure 12 . 

8hms the f l u t t e r  frequency ra t io  8,s a function of the  bending to   tors ion 
frequency r a t io  . 

The flutter-meed  ratios  plotted in figure 15 f o r  the two types of 
aheared wing8 do not Show such good c m f o d t y  at the low €@Lee of 
meep, w h i l e  fo r  mieep angles beyond 45O the ra t ios  are considerably 
nearer t o  1.0. It is  again obsened that  the &eared. vinge have a 
conetant value of A, of 2 .O (aspect  ratio for the whole wing would 
be 4.0). For this mall. value of aspect  ratio the finite-span  correction 
is appreciable a t  zero angle -of sweep ad, .if d e  , would brfng better 
agreement at  that point Analy0i.s of the correctians for finite-epm 
effects m swept wings are not yet available. 

Figurea 13 and 15 also afford a ccanparfson of 'the behavior of wings 
swept Back: i n  two manners : (1) rotated back with conetaat  length-to- 
chord ratio  but decreasing aspect  ratio ( f ig  13), end (2) aheared back 
w i t h  canstant  aspect  ratio and increa ing  length-to-chord rqt io  ( f ig .  15). 
It appears fmar 8 study of these two flgures that  the'length-to-chord 

r a t i o  rather than the aspect ratio may be the relevant 

parameter in determining correctims for f i n i t e  Bwept wings. (Admftt-, 
effects of t i p  shape a d  root condition are also involved and have not 
been precisely  separated .) 

( -8 2, 

Figure 16 which refers   to  the same aheared winge 88 figure 15 show8 
the ratios of experintental to   predicted  f lut ter  fPequencies. The trend 
is f o r  the . ra t io  t o  decrease as the eplgle of sweep increases. It may be 
noted  table 1 that the flutter frequency f R  0bt-d VR 
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G 

, a s d  used as a reference in a previous  section of the report is  not 
significantly  different fran the frequency fA predicted by the present 
analysis. - 

A few remarks can be made on e s t tmtes  of m e r "  trends of the 
f l u t t e r  speed of swept A s  a first caneideration m e  would  con- 
clude that  i f  a rigid in f in i te  yawed wing were  mounted on springe which 
penaitted it t o  m e  vertically aa a unit and t o  rotate about an elast ic  

axis,  the   f lu t te r  speed would be proporttonal to -- A f-te w e d  

wing mounted on similar springs would  be expected t o  have a f l u t t e r  speed 
wng above the curve of - because of finite-span  effects. However, 

for  a f in i t e  sweptbackving clamped at its root, the greater degree of 
ooupllng between bending Eand torsion  adversely  affects t he  f l u t t e r  meed 
so as t o  bring the speed below the curve of 2 fo r  an inf ini te  wing. 
This  statement is .  illustrated in figure 17 which refers t o  a wing 
(model 30B) on a rotating ba8e. The ordfnate i e   t h e   r a t i o  of f l u t t e r  
speed at a given angle of sweep t o  t h e  flritt-er =peed calculated at zero 
angle of ewe- A theoretics curve is  ahown, together with expert- 

1 
COS A 

1 
C 0 8  A ' 

COB A 

for convenience of ccanparlson. The curve for  model 30D, not shown i n  

should prove useful f o r  ma.ktng estimates asld discussing trends  but of 
course are not  Intended t o  rqlace more complete ce3-culatian. 

, figure 17, also followed t h i s  trend quite  closely- The foregoing remsrks 

It is pointed  out thst the ezperiments and calculations ileal in 
general with wings having luw ra t ios  of natural firkt bending t o  first 
torsion  frequenciea A t  high values of the r a t io  of 'bending frequency 
t o  torsion frequency, the posit- of the e las t ic  axLs becomes relatively 
more significant. Additional calculations  to develop the theoretical 
trends  are  desirable 

I 

I 

I 

L 

I 

I 

t 

Ln a discussion and camgarison of the resul ts  of 821 investigatictn 
on the   f lu t te r  of a group of  swept wings, it 9s imporbant t o  distinguiah 
the manner of sweep. Thie  paper deals w i t h  two main groups of unifom, 

it was found cmvenient  to e q l o g  a  certain  reference  flutter speed. The 
following conclusiaae appear t o  apply: 

- swept wings: rotated wings and aheared mngs Ih presenting  the data 

c 
1. CompruYlsan with experiment indicates that the analpis.presented i 

Beem satisfactory  for  nearly unifom cantilever wing8 bf moderate length- I I 

to-chord ratios.  Additianal calculatims are desirable t o  investigate 
varioue  theoretical  trends 
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2.  The coupling between bendfng and torsian  adversely  affects  the 
f l u t t e r  speed. However, the fact that only a part of the forward velocity 
is aerodynamically effective  increaaes  the  flutter speed.  Certain 
approximate relationa can be used to  estimate 130m3 of the trends. 

3 .  Although a precise  separation of the  effect6 of Mach rimer, 
mpect   ra t io ,   t ip  shape, and center-of-gravity  position has n o t  been 
accnmpliahed, the order of  magnitude of some of these combined effects 
has been experimentally determined. Results indicated are : 

(a)  The location of the section  center of gravity is an 
important  parmeter and produces effects  similar t o  those i n  the 
unawept case. 

(b) Appreciable difference8 in  f l u t t e r  p e d  have been found 
t o  be due t o  t i p  shape. 

(c)  It is indicated  that t h e  length-to-chord r a t io  of mept 
wings is a more relevant  finite-span parameter than the  aspect 
ra t io .  

(a)  The experbents   ind ica te   tha t   cqress ib i l i ty   e f fec ts  
a t t r i3utable   to  Mach number are f a i r ly  amall, at  l ea s t  up t o  a Mach . 
number=of about 0 -8. .? 

(e )  The meptforward wings could  not be made t o   f l u t t e r  but 
diverged-before the f l u t t e r  apeed w a s  reached. 

Langley Aeronautical  Laboratory 
National Advisory Canrmittee f o r  Aeronautica 

Langley Field, Va.  
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TEE EFEIECT OF SWEEP ON THE FREQuEmclEs OF A CANT- BEAM 

E m l y  in the  investigation it waa decided t o  nake an exgerimtirital 2 

vibration  study of a simple beam at  various sweep asgles. The uniform, 
plate-like dural 'tieam ehowd in figure 18 waa used ' to make the study 
amenable t o  analysis Length-to-chord rat ios  of 6, 3, and 1.5 were 
tested,  the length 2 . be- defined as the  length along the midchord. . 
A single 60-in~h beam waa used throughout the investigation,  the deeired 
length and sweep angle being obtained by c m i n g  the beam in  the  proper 

position  with a 1- by li by  &-inch dural crossbar- 1 
2 

-i 

Figures 18 and 19 show the varia%i-on in modes and frequencies - i t h  
sweep angle. It is seen that, in most cases, an increase fn meep  mgle 
increases  the  natural vibration frequencies. As exgected, the effect of 
sweep is more pronounced at  the Bmaller values of length-to-chord ra t io .  
The f'undamental mode w& found by ' strl3dng the beam and measuring the 
frequency wlth a self-generating  vibration  pick-q and paper  recorder. 
The second and third modes w e r e  excited by light-weight  electromagnetic 
sha;kers 'clesrped to the bean- These shakers were attached aa close  to  the 
root as possible t o  give a node ei ther  predominantly  spanwise or  chord- 
wise. The  mode with  the spanwise node, designated "second mode, " was- 
primarily  torsional  vibration  while  the  mde  with  the chordwise node, 
designatied "third mode, I' waa primarily a second bending vibration. 

The first two bending frequencies and the   lmes t  tors ion  frequency, 
determFnea analytically for a straight uniform =wept beam, are plotted 
in figure 19 There is good agreement with the  eqerimental results f o r  
the  length-to-chord ratios of 6 and 3, but for a r a t i o  of 1.5 (length 

, .  equal tp 12 inchee asd chord equal t o  8 hches ) there was less favorable 
agreement. This discrepancy may be a t t r ibu ted   to  the fac t  that the beam 
at the short length-to-chord ratio of 1.5 reeenibled mre a plate  than a 
beam and did  not meet the theoretical aasunqtioT1s of et perfectly  r igid 
base and of simple-beam stress distributions. The data is valid for  use 
in comparing the  experimental  frequencies of the beam when swept, with 
the  frequencies at zero sweep  which waa the p&ose  of the  test .  
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D I S C W I O N  OF THE FlXCTER EipEED 

Gene?. - For use i n  comparing data of wept and wswept wings, eb 
'keference f l u t t e r  speed VR is convenient . This reference  f lutter 
8peed i8 the f l u t t e r  epeed determined f r o m  the simplified theoqy of 
reference 5 .  This theory deals with two-dimaneianal -wept w i n g a  in 
incomgreasibb flar and depends upon a m e r  of Xing; paramstere The 
CalcULations. in th i s  report u t i l i ze  parametex% of sections  perpendicular 
to the leading edge, first bending frequency, uncoqpled torsion frequency, 
denaity of testing medium at  time of flutter, and zero damgfng. 
s y o i b o l i c ~ :  

Variation in reference  f lutter weed with sweep -le for sheared 
swept winsfls. - The, reference f l u t t e r  speed is independent of sweep angle 
for  a homogeneous rotated wing and for hmogeneous w h g ~  ewept back by 
keeping the  langth-to -chord r a t i o  constant. However, f o r  a series of 
homogeneous w i n g s  swept back by the method of shearing, there is a 
definfte  variation in reference f l u t t e r  speed with meep angle, because 
sweeping a a by shearkg cames a reduction in chord perpendicular t o  
the #Ing leading edge and an increase in length along the midchord &B 

the angle of sweep is Fncreased. The resulting 'reduction in the m s -  
density-=%io parameter and first bend- frequency tends to r a i s e  the 
reference flutter speed w h i l e  the  reduction In s d c h o r d  tends t o  lower 
the reference f lu t t e r  speed as the angle of sweep i8 increased. The 
final effect upon the reference f l u t t e r  speed depends on the  othes  prop- . 
eritee of the wbg. The purpose of t h b  section is t o  show the  effect 
of these changes on the malplitude of the reference f l u t t e r  speed f o r  a 
series of homogeneous. sheared wings having properties similar t o  those 
of the sheared swept models used in th ie  report- 

Let the a d s c r i p t  o refer to  properties of the wing at  zero sweep 
angle. The f o l k d n g  parameters a m  then  functians of the 8usep angle: 

b = bo COB A 

1 =-  
cos A 
20 

c 
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Since m is proportional  to b, 

Similarly, since I is pmportional t o  b 

Also, because fa is lndepmdent of A, 

An estimate  of the effect OIL the   f lu t te r  speed of these changes €n 
semichord a d  w a s  pasameter w i t h  meep angle may be obtaFned from the 
approxtmte formula given in reference 5. 
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This  approximate.analysis of  the effect on the reference flutter speed 
does not depend won the first bending frequency  but aBsume8 fh/fa t o  
be small. 

In order t o  include the  effect  of chaages in bending-torsion 
frequency ratio, ,a more complete analysis must be carried out. Some 
results of a numerical analysis are presented-in figure 20, based on a 
homgeneous wing with  the foU,owing properties at zero' sweep angle: 
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(k)o = lo 

In t h i s  f igwe the curve, showin@; the  decrease in VR w i t h  A, is 

slightly above the  factor  indicated by the approximate formula. 
Effect of elast ic  axis poaition on reference  f lutter speed.- As 

pointed  out in  the  definition of elastic.axis,  the measured locus of 
elastic  centers E.A. f e l l  behind the "secticm" elast ic  axis E.A. f o r  
the swept mdele  with  bases parallel t o  the air  stream. In  order t m t -  
an idea of the  effect of e h s t i c  axis position on the chosen reference 
f l u t t e r  apeed, computations w e r e  made both of VR an& a second reference, 
f l u t t e r  speed Vx' similar t o  VR except that E.A. ' was used i n  place 
of E.A. The maximum difference between these two.values.of  reference 
f l u t t e r  speed wae of the order o ~ - p e r c e n t .  This  difference occ&d at 
a sweep angle of 600 when E.A. ' was farthest behad  E.A. Thus, f o r  
wings of t h i s  %ne, the  reference  flutter speed i8  not very eenaitive t o  
e l m t i c  axis position. The reference  f lutter frequency fR' w&8 found 
h conjunction  with VRf. The maximum difference between fR a d  fR 
w a ~  less than 10 percent.  Thus,.the convenient 1.168 of the  reference 
f lu t t e r  speed and reference frequency is not  altered by these  elastic- 
axis cansiderations. 

Y 
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Model 15, 25A, 258 14,% 13,23 12, 22' 11A, llA', 11s' 

Sections parallel to the air stream Models 11-15 

(a) Sheared swept models with a constant geometric aspect ratio of 2. Series I. 

Figure 1.- Model plan form and cross-sectional construction. 
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Lengthwise balsa 

Models %A, 

/” Chordwise balsa laminations 

Models 40A, 

L Lengthwise balsa laminations 

(b) Models swept back by use of a rotating mount. Series II. 
Mgure 1.- Continued. 
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Models EQA, B 

(c )  Models in which a rotating mount is used to determine the &kt of  sweepback and sweepforward 
on the crit lcal velocity, Series m. 
’ Figure 1.- Continued. 
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(d) Swept models ha- a length-chord ratio of 8.5. Series IV. 
Figure 1.- Continued. 
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Model 75 74 73 72 
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(e) Swept models having a length-chord ratio of 6.5. Series V. 

FiguYe 1.- Continued. 



Model 85-1 85-2 85-3 84-1 84-2  84-3 

- = 11 t 1 
C 

Balsa 7 m 
- = 7.25 

1 " 1" 
C 

d 

(f) Mode& wed to investigate the effect of tip shape on the flutter velocity. Series VI. 
Figure 1.- Continued. 
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Lengthwise balsa  laminations 

v L" lead fastened with scotch tape - 
G 
W 
w 
0 

91-1,91-2,91-F 0 
92-1,92-2,  92-3 15 
93-1,93.-2,93-3 30 
94-1,94-2,94-3 46 
95-1,95-2,  95-3 60 

*Chord = 8': lead inside balsa w v  
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Figure 2.- Model 12 in the t w e l  test section. 
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Figure 3.- Oscillograph record of model at flutter. " ul 
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Effective root - /c 

x& A- 

Midchord line for 
sections normal to 
the elastic axis 

Section €3-B 

Figure 4.- Nonuniform swept w h g  treated in the present analgsis. 
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Figure 5.- Ratio of experimental to r e f e d e  flutter speed as a function of Mach number for vari3us 
sweep d e s  for series II models (fig. l (b) )  on the rotating moult. 
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Figure 6.- Cross plot of ratio of experimental  to  reference  flutter  velocity 
as a function of sweep angle for various wings. Mach number is 
approximately 0.6 5. 
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Figure 7.- Ratio of experimental to refereme flutter frequency as a function of W h  number far 
various meep angles for series II models (fig. l(b)) on the rotating mount. 
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Figure 8. - Cross plot of flutter speed as a function of sweep angle for several 
center-of-gravity positions. Series VII models (fig. l(g)). Length-chord 
ratio is approximately 6. 
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Figure 9. - * Comparison of sweepforward and sweepback testa on winga tested on a rotatin@; mount. 
Series III models (flg. l(c)). 
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.Model 86A 858 8 X  

Figure 10.- mect of tip shape on the flutter speed of swept wings. Wings of length-chord ratios 
of 7.25 and 11 (fig. l(9). Series VI models. 
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Figure 11. - Theoreticdl  flutter-speed coefficient as a function of .the ratio of 
bending to torsion frequency for the rotated model 308 at two angles of 
sweep  and with a constant mas's-density ratio (i = 37.8). 
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0 0.2 0.4 0 , 6  1.0 

Figure 12.- Ratia 3f theoretical  flutter  frequency to torsional  frequency as a 
function of the ratio of bending to torsion frequency for the rotated  model 
30B at two angles of sweep and with a constant mass -demity ratlo (k = 37.8). 
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Figure 13.- Ratio of experimental to theoretically predicted flutter speed as 
a function of sweep angle for two rotated  models. 
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Figure 14.- Ratio of experimental to theoretically predicted flutter frequency 
as a function of sweep  angle f o r  two rotated models. 

- .  

I 



66 NACA RM ITo. L8mO 

Figure 
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15.- Ratio of experimental to theoretically  predicted  flutter  speed as 
a function of sweep  angle for two types of sheared models. 
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.Figure 16. - Ratio of experimental to theoretically  predicted  flutter  frequency 
as a function of sweep  angle for two types of sheared wings. 
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Flutter- 
speed 
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Figure 17.- Flutter-speed ratio as a function of sweep angle for model 30B 
' at a constant  mass-density ratio (i = 37.8), showing analytical and 

experimental  results. 
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A = 60' 45O ' 20' 15' O0 

- - - Node for  second  mode 
""" Node  for third mode 

Cross  section 
- 1 " 
4 

Figure 18.- Change in nodal  lines. with sweep  and lkngth-chord ratio for the 
vibration of a dural. beam. 
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Figure 19. - Variation of frequencies with  sweep and length-chord 
dural beam. 
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Figure 20.- Variation in reference  flutter speed with sweep for  sheared wings. 
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