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NATIONAL ADVISORY COMMITTEE FOR AE3ONAUTIcs 

RESEARCH MEMORANDUM 

EXPEKDENTAL F'LVBXR RESULTS FOR CANTllYEVER-WING MODELS 

AT MACH NUMBERS UP TO 3 .O 

By W .  J. Tuovila and John Locke  McCarty 

SUMMARY 

Experimental f l u t t e r   t e s t s  have been made a t  Mach'numbers up t o  3.0 
using  cantilever-wing models with 0' t o  60° sweepback and 45' and 60° 
delta-wing models. The effects  of high Mach  number and center-of-gravity 
location on the  f lutter  trends  are  indicated.  For w i n g s  with  the  center- 
of-gravity  location ahead of the midchord and with small sweep angles, 
the  stiffness  requirements t o  prevent f l u t t e r   a t  a given  altitude  are 
determined essentially  at  transonic  speeds. For  wings with  rearward 
center-of-gravity  locations and high sweep angles,  the  stiffness  require- 
ments continue t o  increase  with  increase i n  Mach number. Shifting  the 
center-of-gravity  location  forward  reduces  the  stiffness  requirements  to 
prevent f lut ter ,   par t icular ly   for  wings of low  sweep angle. 

INTRODUCTION 

One  of the  questions that ari'ses when a i rc raf t   a re  being  designed 
for  high Mach  number f l i gh t  i s  whether or not  there i s  s t i l l  a serious 
f l u t t e r  problem after  the  transonic range has been traversed. The trends 
as a function of  Mach  number have been fairly  well  defined  for  various 
configurations a t  transonic and low supersonic  speeds. These data have 
been made available from free-fl ight rocket-model and wind-tunnel t e s t s  
as  indicated  in  references 1 t o  3. 

The available  flutter  data  at  the  higher  supersonic Mach numbers are 
very  limited,  especially  for wing plan forms of current  interest. Sys- 
tematic  wind-tunnel t e s t s  of two-dimensional wings a t  Mach numbers of 1.5 
and 1.72 are  reported i n  references 6 and 7, respectively, and comparisons 
with  two-dimensional  theory are  given.  Flutter  data i n  f r e e   f l i g h t   a t  
Mach numbers up t o  approximately 2.1 have come mainly from isolated 
rocket-model tes t s ,  such as those  described i n  references 8, 9, and 10, 
and per ta in   to  60° delta-wing  plan  forms. 

I The present  paper  extends  the  range of trend  studies on cantilever- 
swept-wing and delta-wing  plan forms up t o  a Mach  number of 3.0. Part of 
these  tes ts  were made with the simple  untapered models of reference 5 and 
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thus  represent an extension of that work to  higher Mach numbers. In  
addition, some data are  presented on the  effect  of center-of-gravity 
location and taper on f l u t t e r  a t  supersonic  speeds. 

SYMBOLS 

A aspect   ra t io  

a speed of sound 

b wing semichord measured p a r a l l e l   t o  airstream 

C chord 

f frequency 

ff 

fU assumed torsional frequency 

f l u t t e r  frequency 

2 semi span 

M Mach number 

9 dynamic pressure  referred t o  speed of sound 

t thickness of wing 

V free-stream  velocity 

A sweepback angle 

A t aper   ra t io  

c1 mass-density  parameter 

PO reference  value of p 

P density of air 

43 w i n g  tors ional   c i rcular  frequency 
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I TEST APPARATUS AND MODIZLS 

The f lu t te r   s tud ies  were made in   the  Langley supersonic f l u t t e r  
apparatus.  This  tunnel i s  an  intermittent  flow blowdown tunnel which ! 

~ absolute  using  dried  air. The testing  technique  used i s  described in  
reference 11. 

I operates a t  stagnation  pressures up t o  about 80 pounds per  square  inch 

1 
I 

I The wing models that were tes ted  are   i l lustrated  in   f igure 1. The 
untapered swept-wing models were cut from sheet  metal and had the  leading 
and t r a i l i ng  edge beveled 1/4 inch t o  form a hexagonal  section  shape. 
The chords of a l l  these models were 2 inches measured perpendicular t o  
the  leading edge, and the  thicknesses were a l l  0.0410inch. The 45' 
and 600 delta-wing models were cut from 0.034-inch sheet magnesium  and 
the  leading  edges were beveled 1/8 inch. The tapered-wing models were 

r a t io  ( A )  of 0.2 was 5 inches and for   the models with  taper  ratio of 0.4 
was 4.25 inches. The sweepback, aspect  ratio,  thickness  ratio measured 

figure . 

I made from wood and  magnesium. The r o o t  chord for   the models with  taper 

I 
I 
~ paral le l  t o  the  airstream, and taper   ra t io  of the models are  given in   the 

METHOD OF PmSENTING RESULTS 

Some wing parameters and also  the  tes t   condi t ions  a t   f lut ter   are  
presented in   table  I. The f i r s t   t h ree  coupled  frequencies and the   f lu t te r  
frequencies  are  listed  along  with  the wing weights and a i r   dens i t i e s   a t  

I 

I f l u t t e r .  The assumed torsional frequency i s  designated as fa. 

i The resul ts  of these  tests  are  presented  in  the form of a st iffness- 

a l t i tude parameter (The symbol p i s  the  ra t io  of the mass of 

the wing to   the  mass of a cylinder of a i r  of a diameter  equal to   the  wing 
chord. The values of p are  based on the semichord b measured perpendi- 

I 
wings the mass of a i r  is based on a cone with  base  parallel   to  the  air-  
stream and diameter  equal to  the  root chord; for  the  tapered models the 
mass of a i r  i s  based on a truncated cone with  base  perpendicular t o   t he  
midchord l ine  and base  diameter  equal t o   t he  wing chord where the mid- 
chord l ine  intersects  the  root.)   Part  of t h i s  parameter  represents the 
wing tors ional   s t i f fness   and.par t   refers   to   the  a l t i tude,  hence, the name 
stiffness-altitude  parameter. The b% part  may be  thought of as  repre- 
senting  the wing torsional  st iffness,  and the speed of sound a and the 
mass-density  parameter p depend on the  alt i tude.  The stiffness-alt i tude 

I cular  to  the  leading edge for   the untapered swept models; for   the  del ta  
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parameter i s  effectively  the to r s iona l  stiffness  divided by q referred 
t o  speed of sound. It depends only upon the  physical  properties of the 
wing - in .par t icular ,   the  tors iona l  s t i f fness  - and upon the atmosphere 
i n  which it operates. Its value  increases as the  torsional  st iffness 
increases and as  the  altitude  increases. 

RESULTS AND DISCUSSION 

Untapered Swept  Models 

Figure 2 presents  the  results of the  tests  with  the untapered swept 
wings. The al t i tude-st i f fness  parameter is plotted  against   test  Mach 
number and the  results  are  referred t o  a nominal value of v . =  50 i n  
order t o  eliminate  the  effect of differences  in p caused  by- f l u t t e r  
t e s t ing   a t  varying  densities. The f l u t t e r  Curves are  the boundary  between 
t h e   f l u t t e r  region, which i s  below the  curves, and the  no-flutter  region 
above the  curves. when the  st iffness-alt i tude parameter f o r  a particular 
wing l i e s  above i t s  f l u t t e r  curve,  the wing i s  free of f l u t t e r  and thus 
the  stiffness-altitude  parameter  may-serve  as a f lu t te r   c r i te r ion .  For 
example, the dashed l ine  represents a value of st iffness-alt i tude param- 
e t e r  which is  sufficient t o  prevent f l u t t e r   a t   a l l  Mach numbers  up t o  3.0 
f.or  the 15' swept model. It i s  of interest  t o  note  the two different 
types of f l u t t e r  curves. The curves f o r  the 15' and 30' swept models 
r i s e  t o  a maximum value a t  a Mach  number of 1 .2  and then drop  off as  the 
Mach  number increases  further, whereas the  curves f o r  the 45' and 60' 
models continue t o  r ise   as   the Mach  number increases. Lf the 15' and 30' 
swept models were designed t o  be f ree  of f l u t t e r   a t  Mach  number 1.2, they 
would also be f ree   o f , f lu t te r   a t   the   h igher  Mach numbers a t   l e a s t  up 
to 3.0. The  30° model would be near  the  f lutter  border,  however, a t   t he  
higher Mach numbers. Lf the 45O and 60° swept models are.  free of f l u t t e r  
up t o  a particular Mach  number, any increase  in Mach  number requires an 
increase  in  st iffness o r  an increase in   a l t i tude .  Subsonic potnts have 
been  included t o  complete the   f l u t t e r  curves  through  the  transonic  range. 
The curves  are  dashed  because  the  interpolations  through  the  transonic 
range are based on previous  flutter  experience  rather  than on experiments 
of the  present  tests. 

c 

It should  be  noted that these  results  refer t o  the  particular  series - 
of wings tested, and it is expected that the  curves w i l l  vary  as  addi- 
t i o n a l  factors such as  the  center-of-gravity  location,  bending-to-torsion 
frequency ratio,   aspect  ratio,  and  sweepback are changed. For these 
models the  center of gravity i s  located at 50 percent  chord,  the f r e -  
quency ratios  are  near 0.2, and the  aspect  ratios  vary from 5.35 t o  1.39 
as  indicated. 
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Delta Models 
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Figure 3 shows f l u t t e r  curves f o r  the simple 45O and 60° delta-wing 
models. The f i r s t   t h r e e  coupled natural  frequencies along with  the  range 
of flutter  frequencies  are  indicated  for  each model. The assumed tor -  
sional  frequency i s  indicated by fa. On the  basis of the  interpolation, 
once the 43' delta-wing model passed a Mach  number of 1.0 safely, it 
could go t o  almost 2.0 before any increase in   s t i f fness   or   a l t i tude would 
be  needed. The 60° delta-wing model,  however, needs  considerable  increase 
in   s t i f fness   o r   a l t i tude   to   f ly   a t   increased  Mach numbers. 

Tapered Models 

Figure 4 shows the  effect  of  Mach  number  on the  stiffness  require- 
ments for   the  ser ies  of tapered wings with  center of gravity  located  at  
46 percent  chord and the  mass-density r a t io  having a nominal value of 50. 
The 45' swept model with a taper   ra t io  of 0.4 has a f l u t t e r  curve which 
reaches a peak, according to  the  interpolation,  near a Mach  number  of 1.0, 
and, if  the  transonic range i s  passed  safely,  the model i s   f r e e  of f l u t t e r  
up t o  a Mach  number  of 2.0. If the 60' model with a taper   t a t io  of 0.2 
i s  f ree  of f l u t t e r   a t  a Mach number  of about 1.2,  it i s  also  f ree  of 
f l u t t e r  up t o  Mach  number 2.0, but it i s  not f a r  from the   f l u t t e r  bound- 
ary. The 60' model with a taper   ra t io  of 0.4 requires  increased  stiff- 
ness for  increased Mach numbers. Two of these models were also  tested 
a t  Mach  number 3.0, but no f l u t t e r  was encountered  probably  because of 
the low densities  available. For the 45' model, the  lowest  no-flutter 
point was a t  0.29, and, for   the 60°  model with a taper   ra t io  of 0.2, it 
was 0.34. 

Effect of Center-of-Gravity  Location 

One  of the  important  flutter  parameters i s  the  center-of-gravity 
location and figure 5 shows the  effect  of this location on the  stiffness- 
a l t i tude parameter for   the  simple swept-wing models a t  a Mach  number 
of 2.0. Here, the  st iffness-alt i tude parameter i s  plotted  against  the 
center-of-gravity  location. These resul ts  have been referred  to  po = 30. 
Moving the  center of gravity  forward from 50 t o  44 percent  chord  gives 
a pronounced reduction in   the   s t i f fness  needed t o  prevent f lu t t e r .  A s  
the sweepback i s  increased, this effect  i s  reduced. A t  l 5 O  sweepback 
t h i s  decrease i s  about 30 percent whereas a t  60' sweepback it i s  only 
about 10 percent. The influence of center-of-gravity  location i s  i l l u s -  
t ra ted  in   f igure 6 fo r  a tapered unswept model. This model was flown 
normally  with  the  center o f  gravity at 46 percent chord and it was then 
reversed and flown backward with  the  center of gravity a t  54 percent 
chord. The changes i n   a i r f o i l  shapes and  sweep that  occurred  should  not 
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have had any appreciable  additional  effect on the   f l u t t e r  over  the  center- 
of gravity  effect. A t  a Mach  number of 2.0, there i s  a  considerable  reduc- 
t ion  in   the  s t f f fness-al t i tude parameter as the  center of gravity i s  
shifted from 54 t o  46 percent  chord. A t  a Mach  number of 1.3, the  reduc- 
t ion i s  less .  These curves  a lso  i l lustrate   that   the  wing with  a  center- ' 

of -gravity  location  at 46 percent chord i s  f ree  of f l u t t e r   a t   l e a s t  up t o  
a Mach  number  of 2.0 i f  it i s  f ree  of f lut ter   in   the  t ransonic   range.  
With a  54-percent-chord  center-of-gravity  location, however, any increase 
i n  Mach  number requires an increase  in  st iffness or al t i tude.  T h i s  e f fec t  
of center-of-gravity  location has been  noted in  reference 12. 

SOME REMARKS ON COMPARISON WITH T€RORY 

Flutter  analyses of wings i n  the  subsonic and low supersonic  range, 
based on two-dimensional air-force  coefficients and a normal-flow con- 
cept usually r e s u l t s   i n   f l u t t e r  speeds  which are lower than  the measured 
ones.  This  previous  experience was confirmed  by  a  few calculations of 
the  present tests a t  M = 1 . 3  i n  which values lower than  experiment were 
also  obtained. The f a c t  that the  theory is, ib general,  conservative, 
has made it useful  for  the subsonic and l o w  supersonic  range of f l i g h t  
speeds. 

The limited  experience t o  date  in  the  higher  supersonic  range has 
indicated that the two-dimensional theory i s  no longer  conservative and 
that it should  be  used  with  caution.  Flutter  calculations in  references 6 
and 7 show that a t  Mach numbers of 1.5 and 1.72 the  calculations  give 
higher  values of flutter-speed  coefficients  than  are measured. This type 
of resul t  was also  obtained f o r  a  limited number of cases  treated  in  the 
present  studies  at  Mach numbers of .2.0 and 3.0. 

CONCLUDING REMARKS 

The resul ts  of these  experimental  studies  indicate that, f o r  wings 
with  center-of-gravity  location ahead of the midchord and with mnall 
sweep angles,   the  st iffness  requirements  to  prevent  f lutter  at   a  given 
alt i tude  are determined e s s e n t i a l l y   a t   t r h s o n i c  speeds. For wings with 
rearward center-of-gravity  location and high sweep angles,  the  stiffness 
requirements  continue t o  increase  with  increase  in Mach number. A fo r -  
ward shift of the  center-of-gravity  location has the '   effect  of reducing 
the  stiffness  requirements t o  prevent  f lutter,   particularly  for wings 
of low sweep angle. 

Langley  Aeronautical  Laboratory, 
National  Advisory Committee for  Aeronautics, 

Langley Field, Va., April 21, 1955. 
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(a) Untapered  swept-wiog models 

[U models were 0.041 inch thick and had 2-inch chords measured perpendicular to leading ed.g.3 
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TAEaE I. - FLulTER PARAMETERS - Continued 

(a) Delta-* m ~ d e l ~  
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FLUTTER MODELS TESTED UP TO M =3.0 
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