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A b s t r a c t  

The t r a n s o n i c  f l u t t e r  d i p  phenomena on  t h i n  
a i r f o i l s ,  which a re  employed for p r o p f a n  b l a d e s ,  
i s  l n v e s t l g a t e d  u s i n g  an i n t e g r a t e d  E u l e r /  
Nav ie r -S tokes  code and a two degrees o f  f reedom 
t y p i c a l  s e c t i o n  s t r u c t u r a l  model.  As a p a r t  o f  

m t h e  code v a l i d a t i o n ,  t h e  f l u t t e r  c h a r a c t e r l s t i c s  5 o f  the  NACA 64A010 a i r f o i l  a r e  a l s o  i n v e s t i g a t e d .  
I I n  a d d i t i o n ,  t h e  e f f e c t s  o f  a r t i f i c i a l  d i s s i p a t i o n  

models,  r o t a t i o n a l  f l o w ,  I n i t i a l  c o n d i t i o n s ,  mean 
ang le  o f  a t t a c k ,  v i s c o s i t y ,  a i r f o i l  t h i c k n e s s ,  and 
shape on f l u t t e r  a r e  i n v e s t i g a t e d .  

The p resen t  r e s u l t s  o b t a i n e d  w i t h  a E u l e r  
code for the  NACA 64A010 a i r f o i l  a r e  i n  reasonab le  
agreement w i t h  pub1 i shed r e s u l t s  o b t a i n e d  by u s i n g  
t r a n s o n i c  smal l  d i s t u r b a n c e  and E u l e r  codes. The 
two a r t i f i c i a l  d i s s i p a t l o n  models,  one based on t h e  
l o c a l  p ressu re  g r a d i e n t  s c a l e d  by a common f a c t o r  
and the  o t h e r  based on t h e  l o c a l  p ressu re  g r a d l e n t  
sca led  by a s p e c t r a l  r a d i u s ,  p r e d i c t e d  t h e  same 
f l u t t e r  speeds except  i n  t h e  r e c o v e r y  r e g i o n  for  
the  case s t u d i e d .  

t i o n s ,  mean ang le  o f  a t t a c k ,  and v i s c o s i t y  for  t h e  
Reyno ld ' s  number s t u d i e d  seem to  be n e g l i g i b l e  or 
smal l  on t h e  minima o f  t h e  f l u t t e r  d i p .  However, 
t hey  have s i g n i f i c a n t  e f f e c t  on t h e  f l u t t e r  bound- 
a r y  away from t h e  d i p .  

The f l u t t e r  d i p  s h i f t s  towards h i g h e r  Mach 
number as t h e  t h i c k n e s s  decreases for symmet r ica l  
a i r f o i l s ,  o t h e r  parameters  b e i n g  t h e  same. T h i s  i s  
i n  d i r e c t  r e l a t i o n  t o  t h e  l o c a t i o n  and s t r e n g t h  o f  
t h e  shock. The f l u t t e r  boundary for a t h i n  cam- 
be red  a i r f o i l  ( p r o p f a n  a i r f o i l )  showed t h a t  t h e  
e f f e c t  o f  camber i s  n u l l i f i e d  by  t h e  e f f e c t  due t o  
r e d u c t i o n  i n  t h i c k n e s s  and showed a r e l a t i v e l y  low 
t r a n s o n i c  d i p .  

The f l u t t e r  boundary o f  a s i m u l a t e d  SR5 prop-  
fan  t y p i c a l  s e c t i o n  model showed a v e r y  low t r a n -  
son ic  f l u t t e r  d i p .  However, f u r t h e r  s t u d i e s  w i t h  
v a r y i n g  mean ang les  o f  a t t a c k  and mass r a t i o  a r e  
r e q u i r e d  to b e t t e r  unders tand t h e  t r a n s o n i c  f l u t t e r  
d i p  phenomena o f  h i g h l y  swept p rop fans .  

W 

The e f f e c t s  o f  r o t a t l o n a l  f low, I n i t i a l  cond l -  
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NOMENCLATURE 

d i s t a n c e  o f  e l a s t i c  a x i s  from t h e  
o r i g i n  

speed of sound 

semi cho rd  

damping C o e f f i c i e n t  i n  p l u n g i n g  

p ressu re  c o e f f i c l e n t  

damping c o e f f i c i e n t  i n  p i t c h i n g  

cho rd  

l i f t  c o e f f i c i e n t  

moment c o e f f  i c i en t about  e 1 as t i c ax i s 

t o t a l  energy  of t h e  f l u i d  p e r  u n i t  
volume 

p l u n g i n g  (bend ing )  d i sp lacemen t ,  p o s i -  
t l  v e  downward 

p o l a r  mass m m e n t  o f  i n e r t i a  

Jacob ian  o f  t r a n s f o r m a t i o n  

p l u n g i n g  s p r i n g  c o n s t a n t  

p i t c h i n g  s p r i n g  c o n s t a n t  

Mach number 

mass p e r  u n i t  l e n g t h  

g e n e r a l i z e d  f o r c e  i n  p l u n g i n g  

g e n e r a l i z e d  f o r c e  i n  p i t c h i n g  

Reyno ld ' s  number based on cho rd  

r a d i u s  o f  g y r a t i o n  about  e l a s t i c  a x i s  

r a d i u s  o f  g y r a t i o n  about  c e n t e r  o f  
g r a v i t y  

s t a t i c  unbalance, mbx, S 
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Superscripts 

time 

nondimensional time, t am/c 

Cartesian veloclties normalized by the 
speed of sound 

resultant velocity 

flutter velocity 

distance measured from leading edge t o  
traillng edge, normallzed by chord 

Cartesian coordinate system 

distance between elastic axis and cen- 
ter of gravity 

pitching (torsion) displacement, posi- 
tive nose up 

angle of attack, deg 

normal direction of transformed coordi- 
nate system 

mass ratio 

crltical damping coefficient in 
plunging 

critical damping coefficient in 
pitching 

chordwise direction of transformed 
coordinate system 

air density 

uncoupled plunging frequency, 

uncoupled pitching frequency, 

I ( ) .  d( )/dt 

I ( ) '  d( 1 df 

n-1 ,n,n+l time levels 

Introduction 

The requirements of  high aerodynamic effi- I 
ciency and low noise in the operating range of 
transonic flow has resulted in thin (2 t o  4 percent 
thick). highly swept and twisted blades for prop- 
fans. These blades operate at moderate t o  large 
mean angles o f  attack. In wind tunnel tests of a 
ten-bladed, highly swept SR5 propfan model , l  con- 
ducted at NASA Lewis Research Center, the blades 
have fluttered at transonic tip Mach numbers at sea 
level conditions. The aeroelastic characterlstics 
o f  this model were investigated in Refs. 1 t o 3 by 
using a two-dimensional linear subsonlc unsteady 
cascade aerodynamic theory with a correction for 
blade sweep. The correlation between theory and 
experiment varied from poor to good, depending on 
the test parameters. To further understand the 
physlcs of the flutter phenomena and to validate 
the recently developed linear cascade aeroelastic 
models for three-dimensional subsonic flow condi- 

tions, correlative studies were continued in 
Refs. 3 t o  6 which showed good agreement between 
theory and experiment. However, because of the 
limltations of the employed linear subsonic 
unsteady cascade aerodynamlc models, the investi- 
gations in Refs. 1 t o  6 were unable t o  throw any 
light o n  the effect o f  nonlinear transonic flow 
o n  flutter characteristics of swept, thin blades 
in general, and of the SR5 propfan mode1 in 
parti cul ar . 

help address the nonlinear effects on the flutter 
of a propfan in the transonic flow regime by using 
a step-by-step approach. In the first step, the 
investigation is restricted t o  an isolated airfoil 
with two degrees of freedom. The fsolated airfoil 
section is selected as the section at 75 percent 
span of a thin swept propfan blade. The unsteady 
aerodynamic loads on the isolated airfoil are cal- 
culated by uslng a two-dimensional EulerINavier- 
Stokes solver. This aerodynamic model 1s selected 
since adequate three-dimensional, unsteady, cas- 
cade, transonic aerodynamic models for rotating 
propfan blades are not available. Even though the 
propfan blades are i n  a cascade, which has a desta- 
bilizing effect on flutter characteristics, the 
cascade effects are neglected in this investiga- 
tion; since the major goal of this paper is t o  
understand the physics behind the flutter dip phe- 
nomena of thin, swept isolated airfoils. A s  a 
byproduct o f  the code validation calculations, the 
effects of blade shape. thickness, mean angle of 
attack, initial conditions, rotational flow, and 
viscosity o n  the transonic flutter characteristics 
of a thick airfoil are also investigated. 

sis i s  the simultaneous integration of structure- 
fluid dynamics equations. The loads determined 
from solving the fluid dynamic equations are used 
as input t o  the structural dynamic equations. The 
resultant deflections are then used as input t o  the 
fluid dynamic equations t o  determine the loads 
again. If the amplitude of the deflections grow in 
time, then flutter is said t o  have occurred. In 
all methods of flutter analyses, the difference 
lies mainly in the prediction of aerodynamic loads. 

Early published research o n  the effects of 
transonic flow on propfan blade, or propfan airfoil 
flutter Characteristics is nonexistent. However, 
considerable r e ~ e a r c h 7 - 2 ~  is being conducted o n  
flutter characteristics o f  airfoils and aircraft 
wings in transonic flow. Published r e ~ u l t s 2 0 - 2 ~  
show that there is a considerable amount of reduc- 
tion in flutter speed in the transonic flow regime 
for highly swept blades when compared t o  the flut- 
ter speed predicted by ltnear theories. 
reduction has been called transonic flutter dip. 
This transonic flutter dip has been investigated 
by usln tran onic small disturbance (TSD) 
theory;q0.20s 21 modi f i ed s tr i p anal ys i s method ;22 
the Euler equations;23 and the Navier-Stokes equa- 
t i 0 n s . 2 ~  Many of these methods, along with flutter 
results, are reviewed in Ref. 25. 

The present investigation was initiated to 

The approach being used for the flutter analy- 

This 

The small disturbance theory and full poten- 
tial flow theories fail t o  take into account the 
rotationality of the flow, which could be signifi- 
cant for regions where curved shocks exist. Fur- 
thermore, potential flow theory may give multiple 
steady-state solutions at a given flight condition 
if the free stream Mach number is sufficiently 
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h i g h .  
been p r e d i c t e d  u s l n g  these methods, t h e  q u e s t i o n  
has always been asked, how s t r o n g  a r e  t h e  e f f e c t s  
o f  r o t a t i o n a l  f l o w ,  shock l o c a t i o n ,  and shock 
s t r e n g t h  on  t h e  p r e d i c t l o n  of f l u t t e r  boundar ies?  
These e f f e c t s  can o n l y  be s t u d i e d  by u s i n g  e i t h e r  
t h e  E u l e r  equa t ions  o r  t h e  Nav le r -S tokes  equa t ions .  

Even though t h e  f l u t t e r  boundar ies  have 

F l u t t e r  c a l c u l a t i o n s  u s i n g  E u l e r  equa t ions  
were p resen ted  i n  Ref .  2 3 .  The s t u d y  showed s i g -  
n i f i c a n t  d i f f e r e n c e s  i n  t h e  f l u t t e r  boundar ies ,  
compared w i t h  those o b t a i n e d  u s i n g  TSD t h e o r i e s ,  
when t h e  s teady  shocks a r e  s t r o n g  and a t  or near  
the  t r a i l i n g  edge. Reference 16 p resen ted  s teady  
and uns teady  p ressu re  c a l c u l a t i o n s  u s i n g  E u l e r  
equa t lons .  and conc luded t h a t  " t h e  i n t e r a c t i o n  of  
shock w i t h  t h e  boundary l a y e r  i s  s t r o n g  enough t o  
a l t e r  t h e  a i r f o i l  p ressu re  d i s t r i b u t i o n  substan- 
t i a l l y . "  The i n t e r a c t i o n  o f  a shock and boundary 
l a y e r  may l e a d  t o  boundary l a y e r  s e p a r a t i o n  r e s u l t -  
i n g  i n  a f l o w  c o n d i t i o n  wh ich  i s  t o t a l l y  beyond t h e  
c a p a b i l i t y  o f  E u l e r  equa t lons .  A l s o ,  t h e  E u l e r  
e q u a t i o n s  do  n o t  show t h e  e f f e c t  o f  v i s c o s i t y  on 
t h e  f l u t t e r  boundary.  T h i s  means t h a t  for most 
a c c u r a t e  p r e d i c t i o n  o f  t h e  aerodynamic l oads  and 
the  f l u t t e r  boundary, s o l u t i o n  o f  t h e  Nav ie r -S tokes  
equa t ions  i s  needed. I t  shou ld  a l s o  be n o t e d  here  
t h a t  t h e  c a l c u l a t i o n s  done so f a r  i n  t h e  p u b l i s h e d  
l i t e r a t u r e  have been w i th  6 t o  12 p e r c e n t  t h i c k  
a l r f o i l s .  W l th  the  advent  o f  p rop fans ,  c o n s i s t i n g  
o f  2 t o  4 p e r c e n t  t h i c k  a i r f o i l s ,  an i n v e s t i g a t i o n  
i s  r e q u i r e d  for t h i n n e r  a i r f o i l s .  

I n  t h e  p resen t  paper ,  t h e  Eu le r /Nav ie r -S tokes  
f l o w  s o l v e r ,  wh ich  i s  d e s c r i b e d  i n  Re f .  26, and 
coup led  to a b i n a r y  s t r u c t u r a l  dynamic model i n  
Re f .  24, w i l l  be a p p l i e d  f irst to  s t u d y  t h e  e f f e c t s  
o f  r o t a t l o n d l  f l o w ,  i n i t i a l  c o n d i t i o n s ,  mean ang le  
o f  a t t a c k ,  v i s c o s i t y ,  b lade  shape, and t h l c k n e s s  
on the  t r a n s o n i c  f l u t t e r  c h a r a c t e r i s t i c s  o f  a 
swept NACA 64A010 a i r f o i l  w i t h  t h e  s t r u c t u r a l  
parameters  g i v e n  i n  Ref .  20.  Next ,  t h e  coup led  
b i n a r y  s t r u c t u r a l  dynamic model f low s o l v e r  w i l l  
be a p p l i e d  to a t h i n ,  swept SR5 p r o p f a n  b lade  
s e c t i o n  t o  s tudy  i t s  t r a n s o n i c  f l u t t e r  c h a r a c t e r i s -  
t i c s .  I t  i s  t o  be ment ioned he re  t h a t  t h e  a r t i f i -  
c i a l  d l s s i p a t i o n  model used i n  Re f .  24 was based on 
the  l o c a l  p ressu re  g r a d i e n t  s c a l e d  by a c n s t a n t  
f a c t o r .  Recen t l y ,  e f f o r t s  are b e i n g  madeY7 to  
i n c o r p o r a t e  a second d i s s i p a t i o n  model i n  t h l s  
code. T h i s  model i s  based on t h e  l o c a l  p r e s s u r e  
g r a d l e n t  s c a l e d  by a s p e c t r a l  r a d i u s .  P r e l i m i n a r y  
r e s u l t s  o b t a i n e d  u s l n g  t h i s  model w i l l  a l s o  be p re -  
sented  for comparison. 

Aeroe l  a s t i  c Model 

A t y p i c a l  s e c t i o n  model o f  a b lade ,  as shown 
i n  F i g .  l ( a ) .  i s  used for  t h e  f l u t t e r  s tudy .  The 
t y p i c a l  s e c t i o n  has two degrees o f  f reedom, p lung-  
i n g  ( h )  and p i t c h l n g  (a), p o s i t i v e  as shown. The 
gove rn ing  equa t ions  for  t h i s  model a r e  

mi; t 56 t Chh t Khh = Qh 

Sh  + Iaa t Caa + Kaa = Q, 
( 1 )  

where m i s  t h e  mass, S 1s s t a t i c  unba lance,  
ch,ca a r e  s t r u c t u r a l  damping parameters ,  Kh and 
K a r e  t h e  p l u n g i n g  and p i t c h i n g  s p r i n g  c o n s t a n t s ,  
Q: and Q, a r e  t h e  g e n e r a l i z e d  f o r c e s ,  and ( ) '  i s  

d (  ) / d t .  D e f i n i n g  
2 

I h/2b ,  xa = Slmb, fa = I,/ 

2 2  mb I Wh Kh/m, U2 = C a l l a ,  ch = 2Shohm. and a 
C, = ZSawaIa, where b i s  t h e  semi-chord,  1, i s  
t he  mass moment o f  i n e r t i a  about  t h e  e l a s t i c  a x i s ,  
q, and oa a r e  t h e  uncoup led  p l u n g i n g  and p i t c h -  
i n g  f r e q u e n c i e s ,  Sh and Sa a r e  t h e  c r i t i c a l  
damping f a c t o r s  i n  bend ing  and t o r s i o n ,  Eq. ( l), 
can be w r i t t e n  as 

h + [;]a + [2chwh] i  + [4]h = Qh 2mb 

(2) 

~h + H' b; + l a a $ j i  + rd' a =  ~a 
4mb' 

The g e n e r a l i z e d  f o r c e s ,  Qh and 0, a r e  
r e l a t e d  t o  t h e  l i f t  and moment c o e f f i c i e n t s ,  
o b t a i n e d  from t h e  aerodynamic code as f o l l o w s :  

( 3 )  
1 2  2 Q, = 7 pV (2b )  C, 

where c 1  i s  t h e  l i f t  c o e f f i c i e n t ,  and Cm i s  t h e  
moment c o e f f i c i e n t  about  t h e  a x i s  o f  r o t a t i o n  
( e l a s t l c  a x i s ) ,  V i s  t h e  r e s u l t a n t  v e l o c i t y  and p 
i s  t h e  a i r  d e n s i t y .  D e f i n i n g ,  t = ta,/(Zb), and 
V'P V/(bw ) ,  where 
s u b s t i t u t y n g  Eq. (3) i n t o  Eq. (2), t h e  f i n a l  aeroe- 
l a s t i c  equa t ions  can be w r i t t e n  as 

a, 1s t h e  speed o f  sound and 

where ( ) '  = d (  ) /dT ,  M V/a,, and p i s  
m/np b2.  For s i m p l i c i t y ,  t h e  b a r  on h and t 
w i l l  be dropped for t h e  r e s t  o f  t h e  paper .  

An i m p l i c i t  t i m e  march ing  techn ique  I s  used t o  
s o l v e  Eq. ( 4 )  i n  t ime .  L e t  n be t h e  t ime  l e v e l  
where t h e  s o l u t i o n  i s  known and n + l  i s  t h e  t i m e  
l e v e l  where h and a a r e  sought .  Then t h e  f i r s t  
and second d e r l v a t l v e s  o f  h ( w i t h  s i m i l a r  expres-  
s lons  for  a) a r e  w r i t t e n  as 

where A t  I s  t h e  t i m e  s t e p  i n  t h e  march ing  proce-  
du re .  
d e r i v a t i v e s  for  h , h , a , a i n t o  Eq. ( 4 )  leads  
t o  a system o f  s imu l taneous equa t ions  for h and 
a a t  each t i m e  s t e p .  

The l i f t  and moment c o e f f i c i e n t s  ( c l ,  Cm) i n  

S u b s t i t u t l o :  o f , , t he fe  f l f n i  t e  d i f f e r e n c e  

Eq. (41 ,  a r e  c a l c u l a t e d  by  i n t e g r a t i n g  t h e  p ressu re  
d i s t r i b u t i o n  o v e r  t h e  a i r f o i l  s u r f a c e  a t  each t i m e  
s tep .  The p r e s s u r e  i s  o b t a i n e d  by s o l v i n g  t h e  
uns teady ,  two-d imens iona l ,  Reynolds- averaged, com- 
p r e s s i b l e  E u l e r  or Nav ier -S tokes  equa t ions  on a 
b o d y - f i t t e d  c o o r d i n a t e  system i n  s t r o n g  conserva- 
t i o n  form u s i n g  an a l t e r n a t e  d i r e c t i o n  i m p l i c i t  
(ADI)  p rocedure .  The f o r m u l a t i o n  has been 
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desc r ibed  i n  Ref. 26, and o n l y  a b r i e f  o u t l i n e  i s  
g i v e n  h e r e .  A l l  t h e  c a l c u l a t i o n s  a r e  per fo rmed i n  
a b o d y - f i t t e d  c o o r d i n a t e  system (6. I-,. T) which  i s  
mapped to  t h e  C a r t e s i a n  c o o r d i n a t e s  ( x .  y. t ) .  
F i g .  I ( b ) .  a c c o r d i n g  to  t h e  f o l l o w i n g  one-to-one 
r e l a t i o n s h i p :  

E - E ( K , Y , t )  

rl - I l (X ,Y. t )  (6) 

r - t  

The Jacob ian  o f  t h e  t r a n s f o r m a t i o n  J i s  
g i v e n  by 

and t h e  m e t r i c s  o f  t h e  t r a n s f o r m a t i o n  a r e  g i v e n  by 
the  r e l a t i o n s h i p :  

Once a g r i d  has been c o n s t r u c t e d  t h e  m e t r i c s  
of t h e  t r a n s f o r m a t i o n  can be e v a l u a t e d  n u m e r i c a l l y .  
S tandard  c e n t r a l  d i f f e r e n c e s  were used t o  compute 
the  q u a n t i t i e s  such as 
q u a n t i t i e s  i n  t u r n  were used i n  Eqs. (7) and (8) t o  
compute S x ,  ty, e t c .  A t  t he  boundar ies ,  t h ree -  
p o i n t  one-s ided d i f f e r e n c e s  were used t o  compute 
t h e  m e t r i c s .  

x,,, y,, e t c . ,  and these 

I n  t h e  ( t ,  0. T) c o o r d i n a t e  system, the  two- 
d imens iona l  uns teady  Nav ie r -S tokes  equa t ions  may be 
wri t t e n  as 

( 9 )  

where 

(10 )  1 
= J- ( p ,  pu, pv ,  e )  

and p i s  t he  f l u i d  d e n s i t y :  u and v a r e  t h e  
C a r t e s i a n  components o f  f l u i d  v e l o c i t y ;  e i s  t h e  
t o t a l  energy-o f  Jhe - f l u id  p g r  u n i t  volume. 
q u a n t i t l e s  F ,  G .  R,  and S a r e  g i v e n  by 

The 

(E,F + S,G + E,q) 
J P. 

The terms F and R a r e  t h e  f l u x  and v i s -  
cous s t r e s s  terms a l o n g  t h e  x - d i r e c t i o n  and G 
and S a r e  l i k e w i s e  t h e  f l u x  and v i scous  terms 
a long  the  y - d i r e c t i o n  and a r e  g i v e n  as f o l l o w s :  

F = (pu, pu2 t p. puv, u ( e  + p ) )  

G = (pv ,  puv, pv2  + p, v (e  + p ) )  
(12 )  

4 

The q u a n t i t i e s  R4 and 54 r e p r e s e n t  t h e  d i s s i p a -  
t i on  o f  energy  due to  work done by t h e  f l u i d  i n  t h e  
x -  and y - d i r e c t i o n s  r e s p e c t i v e l y .  The v i s c o u s  
s t r e s s e s  T ~ ~ ,  rxy. and T a r e  r e l a t e d  t o  t h e  
v e l o c i t y  g r a d i e n t s  through’r tokes h y p o t h e s i s .  

S ince  t h e  gove rn ing  equa t ions ,  Eq. ( 9 ) .  a r e  
coup led  and h i g h l y  n o n l i n e a r ,  a s t a b l e  and e f f i -  
c i e n t  s o l u t i o n  procedure  i s  r e q u i r e d .  
p r e s e n t  work, t h e  Beam-Warming a l g o r i t h m ,  as 
implemented by  Steger .29  was f o l l o w e d  w i t h  m o d i f i -  
c a t i o n s  n o t e d  by  Sankar and Tang.26 
terms a r e  e v a l u a t e d  e x p l i c i t l y  t o  reduce t h e  number 
o f  o p e r a t i o n s  needed to  s o l v e  t h e  gove rn ing  equa- 
t i o n s .  A b r i e f  d e s c r i p t i o n  o f  t h e  s o l u t i o n  scheme 
i s  g i v e n  he re .  

The g o v e r n i n g  equa t ions  a r e  w r i t t e n  a t  a com- 
p u t a t i o n a l  node ( i , j) i n  t h e  f o l l o w i n g  f i n i t e  d i f -  
f e r e n c e  form: 
.zn+l 

In2Qhe 

The v i scous  

where 

The OD r t o r s  6 and bIl a r e  t a  
t r a l  d i f f e i e n c e  o p e r a i o r s .  For  example, 
6 r F  i i  I s  t h e  s tandard  two o o i n t  c e n t r a l  

da rd  cen- 
t h e  te rm 
d i f f e r e n c e  

f6rm;ya g i v e n  by ( F i + i , J  - F i -1 ,4 ) /2 .  D i j  i s  an 
a r t i f i c i a l  d i s s i p a t i o n  erm and s dfscussed i n  t h e  
n e x t  s e c t i o n .  

The h i g h l y  n o n l i n e a r  terms F and G a t  t h e  
t ime  l e v e l  ( n t l )  were expanded by  a Tay lo r  s e r i e s  
about  a p r e v i o u s  t i m e  l e v e l  n as 

where a r i a ;  and aEia6 a r e  4 by 4 ma t r i ces -wh ich  
a r e  t h e  Jacobians-of  t h e  f l u x  terms ? and G 
w i t h  r e s p e c t  t o  q. 

I n  o r d e r  t o  a l l o w  l a r g e  va lues  of t h e  e x p l i c i t  
d i s s i p a t i o n  c o e f f i c i e n t  c E  to  be used w i t h o u t  
i n s t a b i l i t y ,  and t o  a l l o w  t h e  v i scous  terms t o  be 
t r e a t e d  e x p l i c l t l y ,  t h e  f o l l o w i n g  i m p l i c i t  d i s s i p a -  
t i o n  terms were added to  t h e  l e f t  s i d e  o f  t h e  d i f -  
fe rence Eq. (13 ) .  

The c o e f f i c i e n t  c I  was taken t o  be two to  
t h r e e  t imes  t h e  e x p l i c i t  d i s s i p a t i o n  c o e f f i c i e n t  
c E .  A range o f  eE  va lues  between 2 and 5 were 
used i n  t h e  c a l c u l a t i o n s .  

h igh - f requency  e r r o r s  i n  t h e  s o l u t i o n  a t  eve ry  t ime  
s tep ,  and t o  a v o i d  odd-even decoup l i ng  o f  t h e  
numer ica l  s o l u t i o n s .  Two models o f  i n t r o d u c i n g  
a r t i f i c i a l  d i s s i p a t i o n  a r e  a v a i l a b l e  i n  t h e  p resen t  
code. I n  model I,26 t h e  d i s s i p a t i o n  t e r m  i s  writ- 
t e n ,  i n  c o n s e r v a t i v e  form, as a comb ina t ion  o f  sec- 
ond and f o u r t h  o r d e r  d i s s i p a t i v e  terms. T h i s  model 

The d i s s i p a t i v e  term, D i j ,  i s  added t o  remove 
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i s  based on the  l o c a l  p ressu re  g r a d i e n t  s c a l e d  by 
a c o n s t a n t  f a c t o r .  A sensor based on t h e  second 
d e r i v a t i v e  o f  p ressu re ,  t u r n s  t h e  second o r d e r  d i s -  
s i p a t l o n  t e r m  i n  t h e  v i c i n i t y  o f  shocks and sup- 
p resses  the  f o u r t h  o r d e r  d i s s i p a t i o n  te rms.  T h i s  
sens lng  i s  f o l l o w e d  o n l y  i n  t h e  streamwise d i r e c -  
t i o n .  A more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  model,  
and bench mark c a l c u l a t i o n s  a r e  p resen ted  i n  
R e f .  26.  Th is  model, as p o i n t e d  o u t  I n  Ref .  30,  
adds p o s i t i v e  d i s s i p a t i o n  i n  c e r t a i n  r e g i o n s  and 
n e g a t i v e  d i s s i p a t i o n  i n  o t h e r  r e g i o n s  depending 
on the  flow f i e l d  g r a d i e n t s  i n  t h a t  r e g i o n ,  wh ich  
may degrade t h e  s o l u t i o n  accuracy  i n  some flow 
prob lems.  

sca led  w i t h  t h e  s p e c t r a l  r a d i u s  o f  t h e  f l u x  v e c t o r .  
The f o u r t h  o r d e r  d i f f e r e n c e  te rm i s  m o d i f i e d  i n  a 
way t h a t  i t  produces p o s i t i v e  d l s s i p a t i v e  te rms.  
T h i s  model i s  s i m i l a r  t o  t h e  one p resen ted  i n  
Refs .  31 and 32 and i s  b e i n  c u r r e n t l y  implemented 
i n  the  p r e s e n t  code by  NU.^^ Some p r e l i m i n a r y  t e s t  
r e s u l t s  w i l l  be g i v e n  i n  the  p r e s e n t  paper .  

Equa t lon  (13)  may be w r i t t e n  a f t e r  t he  add i -  
t i o n  o f  the  a r t i f i c i a l  i m p l i c i t  d i s s i p a t i o n  erms 
g i v e n  by Eq. ( 1 5 ) .  i n  t h e  f o l l o w i n g  o p e r a t o r  form 

I n  model I I , z 7  t h e  l o c a l  p r e s s u r e  g r a d i e n t  i s  

where 

J1' 
(16)  

(17)  

The l e f t  hand s i d e  o p e r a t o r  o f  Eq. (16)  was 
a p p r o x i m a t e l y  f a c t o r e d  i n t o  two smal l  o p e r a t o r s ,  
l e a d i n g  t o  t h e  f o l l o w i n g  f i n a l  form: 

a 

Equa t lon  18 may be so l ved  th rough  t h e  l n v e r -  
s l o n  of two b l o c k  t r i d l a g o n a l  m a t r i x  equa t ions ,  one 
co r respond ing  t o  t h e  < - d i r e c t i o n ,  and t h e  o t h e r  
co r respond ing  t o  t h e  q - d i r e c t i o n .  I n  o r d e r  t o  
keep t h e  f low s o l v e r  s imp le ,  t h e  boundary cond i -  
t l o n s  on a l l  t h e  boundar ies  were e x p l i c i t l y  updated  
a f t e r  t h e  i n t e r i o r  p o i n t s  had been updated  u s i n g  
Eq. ( 1 8 ) .  

The Baldwin-Lomax33 eddy v i s c o s i t y  model i s  
used to  model t h e  t u r b u l e n t  momentum and energy  
t r a n s f e r .  T h i s  i s  a two l a y e r  a l g e b r a i c  t u r b u l e n c e  
model w i t h  two a l g e b r a l c  equa t ions  i n  each l a y e r .  

A l g e b r a i c  g r i d  g e n e r a t i o n  r o u t i n e s  were 
i n c l u d e d  by Sankar and Tang26 to  make t h e  code more 
p o r t a b l e .  Bo th  0- and C-g r ids  can be genera ted .  
However, any g r i d  can be o v e r w r i t t e n  for t h e  a l g  
b r a i c  g r i d ,  for  example, by a numer ica l  g r i d . 3 4 ~ 5 i  

The boundary c o n d l t l o n s  were t r e a t e d  e x p l i -  
c i t l y  as follows: a t  t h e  s o l i d  su r face ,  t h e  no  

5 

s l i p  boundary c o n d i t i o n s  were e n f o r c e d  by s e t t i n g  
the  v e l o c i t y  o f  the  f l u i d  t o  t h a t  o f  t he  s o l i d  su r -  
f a c e  a t  eve ry  t i m e  s t e p .  A t  t h e  s o l i d  sur face ,  t he  
normal d e r i v a t i v e  o f  t h e  tempera tu re  and p ressu re  
were a l s o  s e t  t o  z e r o .  The use o f  t he  C - g r i d  sys- 
tem i n t r o d u c e s  a c u t  between t h e  a i r f o i l  t r a i l i n g  
edge and the  downstream boundary .  A long t h i s  c u t ,  
t h e  f low p r o p e r t i e s  were averaged f r o m  above and 
below. The b o d y - f i t t e d  g r i d s  employed i n  t h i s  work 
were such t h a t  t h e  f a r  f i e l d  boundar ies  were a t  
l e a s t  s i x  cho rd  l e n g t h s  away. The f low p r o p e r t i e s  
a t  t h e  f a r  f i e l d  boundar ies  were assumed t o  be 
u n d i s t u r b e d .  

The Nav ie r -S tokes  s o l v e r  d e s c r i b e d  here  may 
a l s o  be used t o  model i n v i s c i d  r o t a t i o n a l  f l o w s .  
Th is  r e q u i r e s  t h a t  t h e  v i s c o u s  terms i n  t h e  Nav ie r -  
Stokes equa t ions  be suppressed, and t h a t  t h e  z e r o  
t a n g e n t i a l  v e l o c i t y  boundary c o n d i t i o n  a t  t he  s o l i d  
s u r f a c e  be r e p l a c e d  by  a nonzero  v a l u e ,  o b t a i n e d  by 
e x t r a p o l a t i n g  t h e  t a n g e n t i a l  component o f  the  f l u i d  
v e l o c i t y  from t h e  i n t e r i o r .  

The code i s  expec ted  t o  p r e d i c t  t h e  f l o w  f i e l d  
for a r b i t r a r y  a i r f o i l s  for  moderate ang les  of 
a t t a c k ,  a Mach number range from 0.1 t o  1 . 2 ,  and a 
Reynolds number range from 100 t o  l o 7 .  
has been used t o  p r e d i c t  t h e  dynamic s t a l l  charac-  
t e r i s t i c s  for t h e  NACA 0012 a i r f o i l  ,26 t r a n s o n i c  
f l o w  s o l u t i o n s , 3 6  and s t a l l  f l u t t e r  c h a r a c t e r i s t i c s  
f o r  t h e  NACA 0012 a i r f o i l . 2 4  

R e s u l t s  and D i s c u s s i o n  

o b t a i n e d  w i t h  t h e  a e r o e l a s t i c  model d e s c r i b e d  ea r -  
l i e r .  F i r s t ,  t h e  code i s  v a l i d a t e d  w i t h  p u b l i s h e d  
r e s u l t s .  Nex t ,  t h e  e f f e c t s  o f  r o t a t i o n a l  f low, 
i n i t i a l  c o n d i t i o n s ,  mean ang le  of a t t a c k ,  and 
shape and t h i c k n e s s  on t r a n s o n i c  f l u t t e r  a r e  i nves -  
t i g a t e d .  
done f o r  t h e  SR5 p r o p f a n  b l a d e  t y p i c a l  s e c t i o n  
model. 

Th i s  code 

T h i s  s e c t i o n  p resen ts  t h e  numer i ca l  r e s u l t s  

Then t r a n s o n i c  f l u t t e r  c a l c u l a t i o n s  a r e  

Code V a l i d a t i o n  

References  24, 26. and 36 p resen ted  s e l e c t e d  
v a l i d a t i o n  cases w i t h  t h e  p r e s e n t  E u l e r / N a v i e r -  
Stokes flow s o l v e r .  These cases rep resen ted  d i f -  
f e r e n t  a i r f o i l s  a t  d i f f e r e n t  f low c o n d i t i o n s .  I n  
those r e f e r e n c e s ,  t h e  d i s s i p a t l o n  model I, which  
was d e s c r i b e d  e a r l i e r  was used. As a p a r t  o f  t h e  
v a l i d a t i o n  s t u d y  o f  t h e  d i s s i p a t i o n  model 11, 
d e s c r i b e d  e a r l i e r ,  t h e  p ressu re  d i s t r i b u t i o n  for  
RAE2822 a i r f o i l  i s  r e c a l c u l a t e d .  The r e s u l t s  a r e  
compared w i t h  those o b t a i n e d  i n  Re f .  36 w i t h  d i s s i -  
p a t i o n  model I and t h e  exper imen ta l  d a t a  p resen ted  
t h e r e i n .  F i g u r e  2 shows t h e  s teady  p ressu re  d i s -  
t r i b u t i o n  ( p r e s s u r e  c o e f f i c i e n t ,  -Cp, versus  non- 
d imens iona l  d i s t a n c e  a l o n g  t h e  cho rd ,  
x - 0 . 5 * ( x / b  t l), see t h e  c o o r d i n a t e  system i n  
F i g .  l ( a ) )  for t h e  RAE 2822 a i r f o i l  a t  Mach 
number, M = 0 .73 ,  ang le  o f  a t t a c k ,  aa  = 2.79O; and 
Reyno ld ' s  number, Re .I 6 . 5  m i l l i o n .  The numer i ca l  
r e s u l t s  w i t h  b o t h  d i s s i p a t i o n  models and t h e  exper-  
imen ta l  d a t a  show v e r y  good comparison. These com- 
p a r i s o n s  h e l p  t o  g i v e  con f idence  i n  t h e  code and i n  
t h e  a t t e m p t  a t  f l u t t e r  c a l c u l a t i o n s  w i t h  t h e  d i s s i -  
p a t i o n  model 11. 

code fo r  p r e d i c t i n g  t h e  t r a n s o n i c  f l u t t e r  d i p ,  t h e  
f l u t t e r  boundary o f  t h e  NACA 64A010 a i r f o i l  i s  
o b t a l n e d .  The c a l c u l a t i o n s  a r e  c a r r i e d  o u t  u s i n g  

I n  o r d e r  t o  e s t a b l i s h  t h e  c a p a b i l i t y  o f  t h e  



t h e  E u l e r  v e r s i o n  of  t h e  code w i t h  b o t h  d i s s i p a t i o n  
models.  A 157 by 40 a l g e b r a i c  C - g r i d  shown i n  
F l g .  3 i s  used i n  t h e  c a l c u l a t i o n s .  The s t r u c t u r a l  
parameters  a r e  those used i n  Ref .  20  and a r e  g i v e n  
as case A i n  Table 1 .  I n  Ref.  20, t h e  w lng  geomet- 
r i c  sweep i s  modeled b y  p o s i t i o n i n g  t h e  e l a s t i c  
a x i s  ahead of t h e  l e a d i n g  edge (ah  = -2.0,  see 
F i g .  I t a ) ) .  

To o b t a i n  t h e  f l u t t e r  boundary,  a s t e a d y - s t a t e  
f low f i e l d  s o l u t i o n  i s  f i r s t  o b t a i n e d  for 0' mean 
ang le  of a t t a c k .  The s o l u t i o n  o f  t h e  a e r o e l a s t i c  
e q u a t i o n s  (Eq. ( 4 ) )  i s  t hen  s t a r t e d  a t  an assumed 
nond lmens iona l  f l u t t e r  speed, V*(=V/(boa),  by p re -  
s c r i b i v g  t h e  i n i t i a l  c o n d i t i o n s ,  h(O), a(O), h (0). 
and a (0). I f  the  amp l l t ude  o f  o s c i l l a t i o n  o f  t h e  
r e s u l t i n g  t r a n s i e n t  s o l u t i o n  i n c r e a s e s  (decreases) .  
t h e  v a l u e  of V *  i s  reduced ( i n c r e a s e d )  and t h e  
t r a n s i e n t  s o l u t i o n  i s  a g a i n  c a l c u l a t e d .  The c r i t i -  
c a l  f l u t t e r  speed ( V * F )  i s  o b t a i n e d  by  l i n e a r l y  
i n t e r p o l a t i n g  t h e  l o g a r i t h m i c  decrement o f  t h e  
a m p l i t u d e  of o s c i l l a t i o n s  for two d i f f e r e n t  b u t  
c l o s e  va lues  o f  V* (one g i v i n g  o s c i l l a t i o n s  w i t h  
i n c r e a s t n g  a m p l i t u d e  and t h e  o t h e r  g i v l n g  o s c i l l a -  
t i o n s  w i t h  dec reas ing  a m p l i t u d e ) .  
boundary i s  p resen ted  as a v a r i a t i o n  o f  t h e  f l u t -  
t e r  speed index  ( V * F /  q) ve rsus  Mach number ( M ) .  

f o i l  a r e  compared w l t h  p u b l i s h e d  r e s u l t s 1 0 $ 1 1 - 2 1 . 2 3  
i n  F i g .  4. Refs .  10, 11, and 21 used t r a n s o n i c  
sma l l  d i s t u r b a n c e  (TSD) t h e o r y  and Re f .  23 used 
E u l e r  e q u a t i o n s  i n  t h e  c a l c u l a t i o n s .  I n  t h i s  com- 
p a r l s o n ,  d i f f e r e n c e s  due t o  g r i d s ,  numer i ca l  
schemes, a r t i f i c i a l  v i s c o s i t y ,  e t c . .  employed i n  
t h e  p u b l i s h e d  r e s u l t s  a r e  n o t  cons ide red  b u t  o n l y  
t h e  f l u t t e r  boundar ies  a r e  compared. I n  t h e  
p r e s e n t  c a l c u l a t i o n s ,  t h e  l n i t i p l  cond i t ion ; ,  
a ( 0 )  - 0 . 1 O .  w i t h  z e r o  h(O), h (0). and a (0) 
a r e  u d The omparison shows t h a t  a l l  of t h e  
codes fg* i1 *21 .25  q u a l i t a t l v e l y  p r e d i c t  t h e  t r a n -  
s o n i c  d i p .  

For Mach numbers between 0 . 7  and 0 .82 ,  t h e  
f l u t t e r  speeds p r e d i c t e d  by  t h e  p r e s e n t  E u l e r  code 
a r e  l e s s  t han  t h e  co r respond ing  va lues  from 
Refs .  IO. 1 1 ,  21. and 23. For  Mach numbers between 
0.82 and 0.87 t h e  f l u t t e r  speeds p r e d i c t e d  by  a l l  
t h e  codes a r e  i n  good agreement.  These d i f f e r e n c e s  
can be e x p l a i n e d  p a r t l y  by i n s p e c t i o n  o f  t h e  p res -  
sure  d i s t r i b u t l o n  o v e r  t h e  a i r f o l l .  For  a Mach 
number o f  0 . 8 ,  t h e  p r e s s u r e  d i s t r i b u t i o n  ( C p ) ,  
showed a shock appear lng  near  t h e  m id  cho rd .  This 
shock t r a v e l s  towards t h e  t r a i l i n g  edge and 
inc reases  i n  s t r e n g t h  as t h e  Mach number i n c r e a s e s .  
The TSD t h e o r i e s  a r e  n o t  a b l e  t o  model t h e  e f f e c t  
o f  r o t a t i o n d l  f l o w  downstream o f  t h e  shock wh ich  
c o u l d  be s i g n i f l c a n t  i n  some cases. S ince  t h e  
shock i s  a lmost  near the  mid  chord ,  t he  f low i s  
r o t a t i o n a l  ove r  a reasonab ly  l a r g e  s u r f a c e .  T h i s  
e f f e c t  on a Cons ide rab ly  l a r g e  s u r f a c e  1s t o t a l l y  
n e g l e c t e d  by t h e  TSO codes wh ich  c o u l d  r e s u l t  i n  a 
h i g h e r  f l u t t e r  boundary.  Thus t h e  d i f f e r e n c e  
between t h e  f l u t t e r  speeds c a l c u l a t e d  by u s i n g  t h e  
E u l e r  code and TSD codes i n  t h i s  r e g i o n  may be 
a t t r i b u t e d  to r o t a t i o n a l  flow and e n t r o p y  e f f e c t s  
beh ind  shock. However f o r  Mach numbers between 
0 . 8 5  and 0 .88 .  t he  shock i s  a lmos t  near t h e  t r a i l -  
i n g  edge r e d u c l n g  t h e  s u r f a c e  o v e r  wh ich  t h e  f low 
i s  r o t a t i o n a l .  Then the  c a l c u l a t i o n s  w i t h  E u l e r  
code shows same accuracy  as of TSD codes. This 
cou ld  e x p l a i n  t h e  v e r y  good comparison by a l l  t h e  
codes between M = 0 .85  and 0.88. 

The f l u t t e r  

The r e s u l t s  o b t a i n e d  for  t h e  NACA 64A010 a i r -  

However, t h e  t r a n s o n i c  r e c o v e r y  p o r t i o n  of t h e  
f l u t t e r  boundary p r e d i c t e d  by t h e  E u l e r  codes d i f f -  
e r s  from those p r e d i c t e d  by  codes based on TSD 
t h e o r y .  The r e c o v e r y  p r e d i c t e d  by E u l e r  codes 
occu rs  a t  a h i g h e r  Mach number compared t o  t h e  one 
p r e d i c t e d  by  TSD codes. A l so ,  t h e  E u l e r  code o f  
Ref.  23 p r e d i c t s  t h e  r e c o v e r y  to  be a t  a h i g h e r  
Mach number compared t o  t h e  p r e s e n t  E u l e r  code. 
Beyond M = 0 .88 ,  t h e  shock s t r e n g t h  i s  s u f f i c i -  
e n t l y  h i g h  enough to  induce  s e p a r a t i o n .  
and TSD codes f a i l  t o  model separa ted  f low beh ind  
shocks and p r e d i c t  q u a l i t a t i v e l y  t h e  same f l u t t e r  
boundary beyond M = 0.88. 

Also, t h e r e  a r e  s i g n i f i c a n t  q u a l i t a t i v e  d i f f -  
erences i n  t h e  r e c o v e r y  r e g i o n  o f  t h e  f l u t t e r  
boundary o b t a i n e d  by  t h e  two d i s s i p a t i o n  models 
a v a i l a b l e  i n  t h e  p r e s e n t  E u l e r  code. The d i s s i p a -  
t i on  model I p r e d i c t s  a f l u t t e r  boundary wh ich  
f o l d s  o v e r  t o  p r o v i d e  upper boundar ies .  For a Mach 
number o f  0.9, t h r e e  boundar ies  a r e  observed.  T h i s  
compares q u a l i t a t i v e l y  w i t h  t h e  boundar ies  o b t a i n e d  
i n  Refs 10. 1 1 ,  and 23. Whereas no  such f o l d i n g  
o v e r  o f  t h e  boundary i s  observed when d i s s i p a t i o n  
model I 1  i s  used. Between Mach numbers o f  0 .88  and 
0.9 t h e  f l u t t e r  boundary jumps c o n s i d e r a b l y ,  and i s  
a lmos t  t h e  same as t h e  t h i r d  boundary o b t a i n e d  w i t h  
d i s s i p a t i o n  model 1. This has a l s o  been observed 
by I s o g a i . 2 1  
e x p l a i n e d  by  o b s e r v i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  
o b t a i n e d  w i t h  t h e  two d i s s i p a t i o n  models. The 
p ressu re  d i s t r l b u t l o n s  o b t a i n e d  a t  M = 0 . 9  w i t h  
t h e  two d i s s i p a t i o n  models a r e  shown I n  F i g .  5 .  
Both  models show c o n s i d e r a b l e  d i f f e r e n c e s  w i t h  
r e g a r d  t o  t h e  shock l o c a t i o n  and shock s t r e n g t h .  
The d i s s i p a t i o n  model I 1  p r e d l c t s  t h e  shock t o  be 
c l o s e r  to  t h e  t r a i l i n g  edge t h a n  t h a t  p r e d i c t e d  by 
d i s s i p a t i o n  model I .  T h i s  may be t h e  reason for 
t h e  d i f f e r e n c e  observed i n  t h e  r e c o v e r y  r e g i o n  w i t h  
these  models.  

f i g u r e  6 shows a t y p i c a l  t r a n s i e n t  response 
s o l u t i o n .  F i g u r e  6(a)  shows t h e  t r a n s i e n t  response 
for  a p o i n t  below t h e  f l u t t e r  speed and F i g .  6(b) 
shows t h e  response for a p o i n t  above t h e  f l u t t e r  
speed. I n  b o t h  t h e  responses, t h e  amp l i t ude  o f  h 
I s  l a r g e r  than  t h a t  o f  a. I n d i c a t i n g  p o s s i b l e  
bendfng  mode i n s t a b i l i t y .  

The above comparisons for  t h e  NACA 64A010 h e l p  
to  g l v e  conf idence i n  t h e  code fo r  i n v e s t i g a t i o n  o f  
t h e  f l u t t e r  d l p  phenomena for  o t h e r  a i r f o i l s .  I t  
a l s o  shows t h e  impor tance of t h e  accu ra te  p r e d i c -  
t i o n  o f  t he  shock s t r e n g t h  and p o s i t i o n .  

The code i s  now a p p l i e d  t o  s tudy  t h e  e f f e c t s  

The E u l e r  

Aga in ,  t h i s  d i f f e r e n c e  can be 

o f  t he  f o l l o w i n g :  ( 1 )  i n i t i a l  c o n d i t i o n s ,  
( 2 )  mean ang le  o f  a t t a c k ,  ( 3 )  v i s c o s i t y ,  and 
( 4 )  t h i c k n e s s  and shape. D i s s i p a t i o n  model I i s  
used i n  a l l  t h e  c a l c u l a t i o n s .  

E f fec t  o f  i n i t i a l  c o n d i t i o n s .  To s tudy  t h e  
e f f e c t  o f  i n i t i a l  c o n d i t i o n s ,  t h e  i n i t i a l  cond i t , ion  
on a(0) i s  i nc reased  from 011. t o  4 O .  The f l u t t e r  
boundary f o r  4O, t o g e t h e r  w i t h  t h a t  fo r  0 . l o ,  i s  
shown i n  f i g .  7 .  For  a Mach number o f  0 .8  t h e  
f l u t t e r  speed for 4 O  decreases by approx ima te l y  
30 p e r c e n t .  Th is  has a l s o  been observed i n  
Ref .  23. However, for Mach numbers o f  0.85 and 
0.88 t h e r e  does n o t  seem t o  be any s i g n i f i c a n t  
change i n  f l u t t e r  speeds ( l e s s  than  10 p e r c e n t ) .  
T h i s  aga in  seems to  be due t o  t h e  p o s i t i o n  o f  t h e  
shock. S ince  t h e  shock i s  nea r  t h e  t r a i l i n g  edge 
o f  t h e  a i r f o i l ,  t h e  e f f e c t  of r o t a t i o n  does n o t  
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seem to  be of much s l g n l f i c a n c e .  The r e s u l t s  show 
t h a t  t he  I n i t i a l  c o n d i t i o n s  coup led  w i t h  t r a n s o n l c  
flow n o n l i n e a r i t i e s  have s i g n i f i c a n t  e f f e c t s  on  t h e  
f l u t t e r  c h a r a c t e r l s t i c s  i n  t h e  t r a n s o n l c  Mach 
number range,  b u t  n e g l i g i b l e  e f f e c t  on t h e  mlnima 
o f  t h e  t r a n s o n i c  d i p .  

E f f e c t  o f  mean ang le  o f  a t t a c k .  The e f f e c t  of 
mean ana le  o f  a t t a c k  was s t u d i e d  by s t a r t l n g  t h e  
s o l u t i o n  o f  the  a e r o e l a s t i c  equa t ions  (Eq. ( 4 ) )  a t  
d i f f e r e n t  s teady  f low f i e l d  c o n d l t l o n s .  
p r e s e n t  s t u d y ,  t h e  s teady  f low f i e l d  i s  c a l c u l a t e d  
a t  two degrees o f  ang le  o f  a t t a c k ,  i n s t e a d  o f  O o ,  
f o r  Mach numbers 0.75, 0.8, 0.85, and 0.88. The 
i n i t i a l  c o n d i t i o n ,  a ( O ) ,  i s  aga in  0.1O. These 
r e s u l t s  a r e  a l s o  i n c l u d e d  i n  F i g .  7. The t r a n s o n i c  
d i p  moves t o  l e f t  s i n c e  t h e  shock occu rs  a t  lower  
Mach numbers. For  Mach number equal  t o  0.8, t h e  
r e d u c t i o n  i n  f l u t t e r  speed index  i s  a lmos t  50 per -  
c e n t .  Th i s  was a l s o  observed by Edwards, e t  a l e l o  
However, t h e  s h i f t i n g  o f  t h e  f l u t t e r  boundary does 
n o t  seem t o  be as much as observed i n  Ref. 10. 
Aga in ,  t h e  e f f e c t  o f  t h e  mean ang le  1s n e g l i g i b l e  
a t  t h e  mlnima o f  t h e  d i p .  

E f f e c t  o f  v l s c o s i t y .  The f l u t t e r  boundary c a l -  
c u l a t i o n s  t o  s tudy  t h e  e f f e c t  o f  v i s c o s i t y  a r e  v e r y  
expens ive .  The r e q u i r e d  compu ta t i ona l  t i m e  i s  
a lmos t  an o r d e r  o f  magnltude h i g h e r  t h a n  t h a t  for  
t h e  E u l e r  case. Hence t h e  e f f e c t  was s t u d l e d  o n l y  
for  a Reyno ld ' s  number o f  12 m i l l i o n .  
r e s u l t s  a r e  a l s o  shown i n  F i g .  7 .  For t h i s  case 
a g a l n  t h e  f l u t t e r  boundary near  t h e  d i p  s h i f t s  
down by l e s s  than  5 p e r c e n t .  
a t t r i b u t e d  t o  change i n  g r i d  spac ing  near  t h e  a i r -  
f o i l  s i n c e  a v e r y  f i n e  g r i d  i s  r e q u i r e d  near  t h e  
a i r f o i l  for  t h e  v i scous  case. The o n l y  s i g n i f i c a n t  
d i f f e r e n c e  was t h a t  even w i t h  t h e  d i s s i p a t i o n  
model I ,  t h e r e  was no upper boundary observed.  
The e f f e c t  o f  v l s c o s i t y  seems n e g l i g i b l e  for t h e  
Reyno ld ' s  number s t u d i e d  here .  
a lower  Reyno ld ' s  number a r e  i n  p rog ress .  

I n  t h e  

These 

T h i s  s h i f t  c o u l d  be 

However, s t u d i e s  a t  

E f f e c t  o f  shape and t h i c k n e s s .  The e f f e c t  o f  
ShaDe and t h i c k n e s s  on t h e  f l u t t e r  boundary i s  
s t u d i e d  n e x t .  Four NACA 16 -se r ies  a i r f o i l s  w i t h  
the  same s t r u c t u r a l  dynamic parameters as those 
used for t h e  NACA 64A010 a l r f o l l  a r e  cons ide red  for 
t h e  s tudy  (see Tab le  1 ,  case A ) .  T h i s  s e r i e s  of 
a l r f o l l s  i s  s e l e c t e d  because these a i r f o i l s  a r e  
used on c u r r e n t  p r o p f a n  des igns .  For  example, t h e  
SRS p r o p f a n  has 16 -se r ies  a i r f o l l  s e c t i o n s  on t h e  
o u t e r  4 5  p e r c e n t  o f  the  span. The a i r f o i l  s e c t i o n s  
v a r y  i n  t h i c k n e s s  and camber. The s e c t i o n  s e l e c t e d  
f o r  t h e  p r e s e n t  a n a l y s i s  i s  2.6 p e r c e n t  t h i c k  and 
has a d e s i g n  l i f t  c o e f f i c i e n t  o f  0.13. There fore ,  
for  t h e  s t u d y  o f  shape and t h i c k n e s s ,  t h e  a l r f o l l s  
s e l e c t e d  a r e  16-010, 16-004, 16- (1 .3 ) (04) ,  and 
1 6 - ( 1 . 3 ) ( 2 . 6 ) .  Here the  f i rst  two d i g i t s  s p e c i f y  
t h e  s e r i e s ,  t h e  n e x t  d l g l t  I n d i c a t e s  t h e  amount of 
camber expressed i n  terms o f  t h e  des ign  l l f t  coe f -  
f i c i e n t  i n  t e n t h s ,  and t h e  l a s t  two d i g i t s  s p e c i f y  
the  t h l c k n e s s  t o  chord  r a t i o  i n  p e r c e n t  chord .  The 
f i rs t  t h r e e  a i r f o i l s  a re  i n c l u d e d  for  a step-by- 
s tep  v e r i f i c a t i o n  o f  the  code and t o  a p p l i c a t i o n s  
f o r  t h i n  a i r f o i l s .  Aga in ,  an a l g e b r a i c  C-g r id  o f  
157 by 40 i s  used. 

The f l u t t e r  boundar ies  for t h e  s e l e c t e d  a i r -  
f o i l s  a r e  compared i n  F i g .  8. Comparison o f  t h e  
r e s u l t s  for  t h e  NACA 16-010 and t h e  NACA 16-004 
a i r f o i l s  show t h a t  t h e  t r a n s o n i c  d i p  s h i f t s  t o  t h e  
r i g h t  for t h e  l a t t e r  a l r f o i l .  T h i s  1s due t o  a 
decrease i n  t h i c k n e s s  wh ich  de lays  t h e  f o r m a t i o n  

o f  t h e  shock t o  h i g h e r  Mach numbers. 
s m a l l e r  t h i c k n e s s ,  t h e  shock s t r e n g t h  i s  a l s o  smal l  
r e l a t i v e  t o  t h a t  o f  NACA 16-010. Th is  r e s u l t s  i n  
a s m a l l e r  jump i n  t h e  f l u t t e r  boundary i n  t h e  
r e c o v e r y  r e g l o n .  For t h e  same Mach number, t h e  
NACA 16-004 a i r f o i l  has a shock appear ing  beh ind  
t h a t  o f  t h e  NACA 16-010 a i r f o i l  wh ich  r e s u l t s  i n  a 
s m a l l e r  r e g i o n  o f  r o t a t i o n a l  f low f o r  t h e  NACA 
16-004 a i r f o i l .  The combined e f f e c t  o f  t h e  shock 
l o c a t i o n  and shock s t r e n g t h ,  and r o t a t i o n a l  f low 
i s  t o  lower  t h e  boundary for  t h e  NACA 16-010 as 
compared t o  t h a t  o f  t h e  NACA 16-004 for t h e  same 
Mach number. The f l u t t e r  boundar ies  c a l c u l a t e d  up 
t o  M = 0.9 f o r  t h e  NACA 64A010 and the  NACA 
16-010 a i r f o i l s  d i d  n o t  show any d i f f e r e n c e ,  i n d i -  
c a t i n g  t h i c k n e s s  has more e f f e c t  on t h e  f l u t t e r  
boundary than t h e  shape. 

The f l u t t e r  boundary o b t a i n e d  for t h e  NACA 
16- (1 .3 ) (04)  i s  a l s o  shown i n  F i g .  8. The p ressu re  
d l s t r i b u t l o n  cu rves ,  n o t  shown he re ,  f o r  t h i s  a i r -  
f o i l  showed a shock a t  a Mach number equal  t o  0.85, 
which  r e s u l t e d  I n  a d r o p  i n  t h e  f l u t t e r  speed index  
compared t o  t h a t  f o r  t h e  NACA 16-004 a i r f o i l .  The 
shock i s  a t  t h e  t r a i l i n g  edge beyond M = 0.88, and 
t h e  f l u t t e r  speed index  s t a r t s  i n c r e a s i n g  aga in .  
The s i m i l a r i t y  o f  t h e  f l u t t e r  boundary cu rve  w i t h  
t h a t  o f  t h e  NACA 16-004 a i r f o i l  1s c o n s i s t e n t  w i t h  
t h e  o b s e r v a t i o n  t h a t  t h e  camber e f f e c t  i s  equ iva-  
l e n t  t o  t h e  e f f e c t  o f  I n i t i a l  ang le  o f  a t t a c k  for 
t h e  NACA 16-(1.3)(04) a i r f o i l .  

I n  F l g .  8. t h e  f l u t t e r  boundary o b t a i n e d  fo r  
t h e  NACA 16- (1 .3 ) (2 .6 )  a i r f o i l  ( t h e  p r o p f a n  a i r -  
f o i l )  i s  a l s o  shown. A d i p  i n  t h e  f l u t t e r  boundary 
can be seen near  M = 0.925. There a f t e r  t h e  f l u t -  
t e r  speed index  s t a r t s  i n c r e a s i n g .  I t  i s  i n t e r e s t -  
i n g  t o  n o t e  t h a t  t h e  f l u t t e r  boundary between Mach 
numbers 0.85 and 0.95 i s  a lmos t  s i m l l a r  t o  t h a t  
o b t a i n e d  f o r  t h e  NACA 16-004 a l r f o i l .  Th i s  i s  due 
t o  t h e  f a c t  t h a t  t h e  r e d u c t i o n  i n  t h e  f l u t t e r  speed 
index  due t o  camber, l i k e  t h a t  f o r  t h e  NACA 
16- (1 .3 ) (04)  a i r f o i l ,  i s  compensated by a decrease 
i n  t h i c k n e s s .  Between Mach numbers 0.75 and 0.85, 
t h e  f l u t t e r  boundar ies  for t h e  NACA 16-004 and t h e  
NACA 16- (1 .3 ) (2 .6 )  a i r f o i l s  show t h e  e f f e c t  due t o  
t h i c k n e s s ,  as was observed for  t h e  NACA 16-010 and 
t h e  NACA 16-004 a i r f o i l s .  A t y p i c a l  response f o r  
t h e  NACA 16-004 I s  shown i n  F i g .  9. F l g u r e  9 ( a )  
shows t h e  t r a n s i e n t  response for  a p o i n t  below t h e  
f l u t t e r  speed, and F i g .  9 ( b )  shows t h e  response for  
a p o i n t  above t h e  f l u t t e r  speed. 
t h e  amp l i t ude  o f  h i s  l a r g e r  t h a n  t h a t  o f  a ,  
i n d i c a t l n g  p o s s i b l e  bend ing  mode i n s t a b l l i t y .  

a i r f o i l s  shows t h a t  ( 1 )  for symmetr ic a i r f o i l s ,  t h e  
t r a n s o n i c  d i p  m v e s  towards h i g h e r  Mach numbers as 
t h l c k n e s s  t o  cho rd  r a t i o  decreases, ( 2 )  for  t h e  
t h i n  cambered a l r f o i l  s t u d i e d  he re ,  t h e  camber 
e f f e c t s  a r e  n u l l i f i e d  by  t h e  e f f e c t s  due t o  reduc-  
t i o n  i n  t h l c k n e s s ,  and t h e  f l u t t e r  boundary i s  
s i m i l a r  t o  a t h i c k  symmetr ic a i r f o l l  o f  t h e  same 
s e r i e s ,  and ( 3 )  t h e  f l u t t e r  c h a r a c t e r i s t i c s  
s t r o n g l y  depend on t h e  shock l o c a t i o n  and shock 
s t r e n g t h .  

was a p p l i e d  t o  i n v e s t i g a t e  t h e  f l u t t e r  c h a r a c t e r i s -  
t i c s  o f  a s i m u l a t e d  SR5 p r o p f a n  b lade .  

Because o f  

I n  b o t h  responses ,  

The comparison o f  t h e  r e s u l t s  from t h e  f o u r  

A f t e r  e s t a b l i s h i n g  con f idence  i n  t h e  code, i t  

7 



Conc lus ions  F l u t t e r  C h a r a c t e r i s t i c s  of a 
S i m u l a t e d  SRS Propfan  B lade 

A t y p i c a l  s e c t i o n  model i s  c o n s t r u c t e d  wh lch  
s i m u l a t e s  t h e  s t r u c t u r a l  p r o p e r t i e s .  mode shapes, 
and coup led  f requenc ies  o f  t h e  SR p r o p f a n .  L i n e a r  

l a t i n g  t h e  t y p i c a l  s e c t i o n  model. The r o t a t i o n  
a x i s  ( e l a s t i c  a x i s )  and t h e  uncoup led  bend ing  and 
t o r s i o n a l  f requenc ies  a r e  chosen such t h a t  t h e  mode 
shapes and coup led  f r e q u e n c i e s  a r e  c l o s e  t o  those  
c a l c u l a t e d  for a SRS p r o p f a n  b l a d e  u s i n g  NASTRAN 
a n a l y s l s .  The s e l e c t e d  p r o p e r t i e s  a r e  shown i n  
Tab le  I ,  case B. I t  shou ld  be n o t e d  he re  t h a t  
t h e  f requency  r a t i o  i s  a lmos t  equa l  t o  one as i n  
case A .  s t u d i e d  e a r l i e r ,  and t h e  mass r a t i o  i s  
a p p r o x i m a t e l y  t w i c e  t h a t  o f  case A. For  t h e  s t r u c -  
t u r a l  p r o p e r t i e s  s e l e c t e d ,  t h e  c a l c u l a t e d  f l u t t e r  
Mach number and ' f l u t t e r  reduced f requency  a r e  0.875 
and 0.17. The co r respond ing  e x p e r i m e n t a l 1  va lues  
a r e  0.88 and 0.17 r e s p e c t i v e l y .  

The f l u t t e r  boundary o b t a l n e d  u s i n g  t h e  
p r e s e n t  E u l e r  code w i t h  d i s s i p a t i o n  model I I s  
shown i n  F i g .  IO. The f l u t t e r  boundary o b t a i n e d  
w i t h  l i n e a r  i s o l a t e d  b lade  t h e o r y  i s  a l s o  shown i n  
F i g .  IO a l o n g  w i t h  t h e  v e l o c i t y  i ndex  cu rve  
(V/(bo, p )  versus  M) fo r  t h i s  t y p i c a l  b l a d e .  
The p r e s e n t  E u l e r  code g i v e s  a f l u t t e r  Mach number 
of 0.845. Th is  va lue  i s  abou t  4.5 p e r c e n t  l e s s  
than  t h a t  o b t a i n e d  from SR5 p r o p f a n  exper lmen t .  
The p r e d i c t i o n  o f  lower  f l u t t e r  Mach number by t h e  
p r e s e n t  E u l e r  code may be due t o  t h e  f o l l o w i n g  rea-  
sons: ( 1 )  t he  l i m i t a t i o n  o f  t h e  t y p i c a l  s t r u c t u r a l  
dynamic model employed t o  s i m u l a t e  t h e  SR5 p r o p f a n  
and ( 2 )  no s t r u c t u r a l  damping i s  i n c l u d e d  i n  t h e  
p r e s e n t  a n a l y s i s .  

d rops  as t h e  Mach number i n c r e a s e s  up  to  M = 0 .9 ,  
t h e r e a f t e r ,  i t  s t a r t s  r e c o v e r i n g .  showing a v e r y  
low t r a n s o n i c  f l u t t e r  d i p  for  SR5 p r o p f a n  b lade .  
The E u l e r  code p r e d i c t s  a lmos t  t h e  same f l u t t e r  
boundary as t h e  l i n e a r  i s o l a t e d  b lade  t h e o r y .  How- 
e v e r ,  a much more pronounced t r a n s o n i c  d i p  i s  
expec ted  when t h e  f o l l o w i n g  aspec ts  a r e  cons lde red .  
The above c a l c u l a t i o n s  a r e  made a t  z e r o  mean ang le  
o f  a t t a c k .  I n  a r e a l  s i t u a t i o n .  t h e  prop fan  1 s  a t  
a mean a n g l e  o f  a t t a c k  wh ich  may cause t r a n s o n l c  
f l u t t e r  d i p .  The mass r a t i o  used i s  115, wh ich  i s  
h i g h e r  t h a n  for t h e  p r e s e n t  compos i te  p rop fans  hav- 
i n g  t h e  mass r a t i o  o f  t h e  o r d e r  o f  33 t o  60. T h i s  
low mass r a t i o  may cause t r a n s o n l c  f l u t t e r  d i p  
wh ich  needs f u r t h e r  I n v e s t i g a t i o n .  
e f f e c t s  wh ich  a r e  found  t o  have d e s t a b i l i z i n g  
e f f e c t  on f l u t t e r  i n  subson ic  flow, may a l s o  e f f e c t  
t h e  t r a n s o n i c  d i p .  

The f o l l o w i n g  p o i n t s  suppor t  t h e  above p o i n t s  
when the  f l u t t e r  boundary o b t a i n e d  for  t h e  NACA 
1 6 - ( 1 . 3 ) ( 2 . 6 )  a i r f o i l  i n  F i g s .  8 and 10 a r e  com- 
pared.  I n  F i g .  8 ,  a r e l a t i v e l y  l a r g e  d i p  i s  seen 
for  the  same a i r f o i l  s e c t i o n .  Here t h e  mass r a t i o  
i s  60. wh ich  i s  about  48 p e r c e n t  l e s s  than t h a t  
used for SRS p r o p f a n  b lade  t y p i c a l  s e c t i o n  i n  
F i g .  10. Also, the  e l a s t i c  a x l s  p o s i t i o n  i s  one 
semichord l e n g t h  i n  f r o n t  o f  t h e  l e a d i n g  edge com- 
pared t o  t h a t  used for SR5 prop fan  b lade  t y p i c a l  
s e c t i o n .  S ince  he re  o n l y  an a t t e m p t  i s  made t o  
s i m u l a t e  a SR5 p rop fan ,  these s t r u c t u r a l  p r o p e r t i e s  
need to be improved for c o r r e c t  p r e d i c t i o n  o f  f l u t -  
t e r  boundary and c o r r e l a t i o n  w i t h  exper imen t  i n  
t r a n s o n i c  f l o w  f o r  t h i n  h i g h l y  swept p rop fans .  

subson ic  i s o l a t e d  a i r f o i l  t h e o r y  35 i s  used i n  simu- 

F i g u r e  IO shows t h a t  t h e  f l u t t e r  speed index  

The cascade 

An Eu le r lNav ie r -S tokes  flow s o l v e r  i s  used t o  
o b t a i n  t h e  f l u t t e r  boundar ies  for a t y p i c a l  s e c t i o n  
s t r u c t u r a l  model w i t h  seve ra l  a i r f o i l  s e c t i o n s .  
The a p p l i c a t i o n  o f  t h e  code for  p r e d i c t i n g  t r a n -  
son ic  f l u t t e r  c h a r a c t e r i s t i c s  o f  t h i c k  and t h i n  
a i r f o i l s  i s  demonst ra ted .  Based on t h i s  s tudy ,  t h e  
f o l l o w i n g  c o n c l u s i o n s  a r e  drawn. 

1 .  The r o t a t i o n a l  flow e f f e c t s  beh ind  t h e  
shock have a s t r o n g  e f f e c t  on t h e  t r a n s o n i c  f l u t t e r  
speed depend ing  on t h e  chordwise  l o c a t i o n  of t h e  
shock. The n e g l e c t  o f  r o t a t i o n a l  f low e f f e c t s  
r e s u l t s  i n  p r e d i c t i n g  a h i g h e r  f l u t t e r  speed. 

2 .  The two d i s s i p a t i o n  models employed, one 
based on  t h e  l o c a l  p r e s s u r e  g r a d i e n t  sca led  by  a 
c o n s t a n t  f a c t o r  and t h e  o t h e r  based on t h e  l o c a l  
p ressu re  g r a d i e n t  s c a l e d  b y  s p e c t r a l  r a d i u s ,  p re -  
d l c t e d  t h e  same f l u t t e r  boundary up t o  t h e  t r a n -  
s o n i c  d i p  fo r  a t h i c k  a i r f o i l .  However, i n  t h e  
r e c o v e r y  r e g i o n ,  t h e  boundar ies  p r e d i c t e d  by  these 
models a r e  d i f f e r e n t .  

ang le  o f  a t t a c k ,  and v i s c o s i t y  for t h e  Reyno ld ' s  
number s t u d i e d  on  t h e  minima o f  t h e  t r a n s o n i c  d i p  
seems n e g l i g i b l e .  However, t h e y  have a s i g n i f i -  
c a n t  e f f e c t  away from t h e  d i p .  

l o c a t i o n  and s t r e n g t h  o f  t h e  shock, t h e r e  by  
a f f e c t i n g  t h e  f l u t t e r  boundary.  
s h i f t s  t o  h i g h e r  Mach numbers for  symmetr ic a i r -  
f o i l s  w i t h  dec reas ing  a i r f o i l  t h i c k n e s s  t o  cho rd  
r a t i o .  
cambered a i r f o i l s  s t u d i e d  he re ,  showed a r e l a t i v e l y  
low t r a n s o n i c  d i p  compared to  a symmetr ic t h i c k  
a i r f o i  1 .  

5 .  The p r e d i c t e d  f l u t t e r  Mach number for  a 
s i m u l a t e d  SR5 p r o p f a n  b lade  i s  about  4.5 p e r c e n t  
l e s s  t h a n  t h a t  o b t a i n e d  by  exper imen t .  
f e r e n c e  i s  a t t r i b u t e d  t o  t h e  s i m p l i f i e d  a e r o e l a s t i c  
model used i n  t h e  p r e s e n t  a n a l y s i s .  The f l u t t e r  
boundary showed a v e r y  low t r a n s o n l c  d i p .  F u r t h e r  
s t u d i e s  a r e  needed t o  i n v e s t i g a t e  t h e  e f f e c t s  of 
mean ang le  o f  a t t a c k ,  mass r a t i o ,  and e l a s t i c  a x i s  
p o s i t l o n  on  t h e  t r a n s o n i c  f l u t t e r  of h i g h l y  swept 
compos i te  p rop fans .  
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FIGURE 3. - PORTION OF AN ALGEBRAIC C-GRID SYSTEM AROUND 
NACA 64A010 AIRFOIL. 
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