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A b s t r a c t  

I n v e s t i g a t i o n s  i n v o l v i n g  a r t i f i c i a l  exc i ta -  

~ t i a l  a p p l i c a t i o n s  o f  e x c i t a t i o n  i n  f l o w  c o n t r o l ,  
E e .g . ,  i n  enhancing m i x i n g ,  and i n  d e l a y i n g  transi- 

t i o n  and s e p a r a t i o n  a r e  d i scussed .  An account  i s  
g i v e n  on  the  c u r r e n t  a c t i v i t i e s  a t  NASA Lewis 
Research Center  i n  t h i s  r e g a r d .  

t i o n  o f  v a r i o u s  shear f l o w s  a r e  rev iewed.  Poten- 

1 .  I n t r o d u c t i o n  

I n  t h e  l a s t  50 years  or so, a r t i f i c i a l  exc i ta -  
t i o n  has been w i d e l y  used as an e x p e r i m e n t a l  tool  
t o  advance o u r  unders tand ing  o f  shear f l o w  dynam- 
i c s .  The concepts  o f  f low i n s t a b i l i t y  l e a d i n g  t o  
t r a n s i t i o n ,  and o f  t h e  l a r g e  s c a l e  c o h e r e n t  struc- 
t u r e s  i n  t u r b u l e n t  shear flows have prompted numer- 
ous exper imen ts  i n v o l v i n g  e x c i t a t i o n .  T h e  purpose 
o f  the  e x c i t a t i o n  has been t o  i n t r o d u c e  a d is tu rb-  
ance t o  be f o l l o w e d  i n  space or t i m e  f o r  t h e  i n s t a -  
b i  l i t y  s tudy ,  or t o  o r g a n i z e  t h e  c o h e r e n t  s t ruc tu res  
so t h a t  t hey  c o u l d  be "educ ted"  w i t h  r e l a t i v e  ease 

fundamental  T-S wave, has been p u t  t o  use by Corke 
and Mangano' i n  exper iments  s t u d y i n g  t h e  secondary 
i n s t a b i l i t y  i n  a c o n t r o l l e d  manner. A r r a y s  o f  heat -  
i ng  s t r i p s  w i t h  phased s i g n a l s  were used t o  i n t r o -  
duce two o b l i q u e  waves; t h e  phas ing  de termined t h e  
i n c l u d e d  ang le  wh ich  i n  t u r n  c o n t r o l l e d  t h e  span- 
wise wavenumber. 

By f a r  t h e  most e x t e n s i v e  a n a l y s i s  o f  t h e  s ta -  
b i l i t y  o f  a f r e e  shear l a  e r  has been c a r r i e d  o u t  

t i c a l l y  e x c i t e d  shear l a y e r  con f i rmed  M i c h a l k e ' s  
p r e d i c t i o n s  o f  t h e  g rowth  r a t e s  a s s o c i a t e d  w i t h  
d i f f e r e n t  S t r o u h a l  number components. M icha lke lO  
a l s o  ana lyzed t h e  ax i symmet r i c  m i x i n g  l a y e r ,  t a k -  
i n g  i n t o  account  t h e  r a t i o  o f  t h e  j e t  d iamete r  (D)  
t o  t h e  shear l a y e r  momentum t h i c k n e s s  (8) as a 
parameter ,  and found  genera l  agreement w i t h  t h e  
r e s u l t s  o f  Crow and Cham a g n e ' s l l  expe r imen t .  
Becher t  and Pf izenmaier19  i n  a subsequent e x p e r i -  
ment con f i rmed  M i c h a l k e ' s  p r e d i c t i o n  o f  phase 
v e l o c i t i e s  g r e a t e r  t han  t h e  j e t  v e l o c i t y  o c c u r r i n g  
a t  low S t r o u h a l  number and  f o r  l a r g e  D / 8 .  The 
i n s t a b i l i t y  o f  h e l i c a l  mode d i s t u r b a n c e s  i n  axisym- 

by M i c h a l k e . 8  Freymuth 's  3 exper iment  i n  an acous- 

from t h e  ba ikg round  randomnesses o f  a t u r b u l e n t  
f low. Exper ience from these s t u d i e s  has a l s o  l e d  
t o  the  p o s s i b i l i t y  Of U t i l i z i n g  e x c i t a t i o n  to  ach ieve  Ahu ja  e t  a1.13 and S t range  and C r i g h t o n . 1 4 '  Cohen 
c o n t r o l  o f  c e r t a i n  t voes  o f  flow phenomena, e . g . ,  

m e t r i c  j e t s  has been s t u d i e d ,  among o t h e r s  

and Wvqnanski l 5  recent1.v cons ide red  t h e  modal d i  s- 

b y  

boundary l a y e r  t r a n s i t i o n  and s e p a r a t i o n ,  and shear 
l a y e r  m i x i n g .  I n  t h i s  paper we d i scuss  the  general 
scope o f  e x c i t a t i o n  as a tool of f lu idmechan ics  
research ,  w i th  emphasis o n  exper imenta l  s tud ies  and 
on aspec ts  o f  f low c o n t r o l .  A r e v i e w  i s  given 
f i r s t ,  f o l l o w e d  by a d i s c u s s i o n  on c u r r e n t  and 
f u t u r e  e f f o r t s  a t  NASA Lewis i n  t h i s  connect ion.  

2.  Review 

The p r i n c i p a l  a p p l i c a t i o n s  o f  a r t i f i c i a l  e x c i -  
t a t i o n  have been i n  the  s t u d i e s  o f :  ( a )  f low 
i n s t a b i l i t y ,  ( b )  l a r g e  s c a l e  coheren t  s t r u c t u r e s ,  
and ( c )  c o n t r o l  o f  v a r i o u s  flows. These in te r re -  
l a t e d  aspec ts  o f  f l u i d m e c h a n i c a l  r e s e a r c h  are f 
t h e r  c a t e g o r i z e d  i n  Tab le  1 and d i s c u s s e d  below 

2 .1  Flow I n s t a b i l i t y  

S t a b i  1 i t y  a n a l y s i s  based on t h e  sinal 1 ampl 
t ude  p e r t u r b a t i o n  o f  f l o w s  i s  regarded today  as 
Dowerful tool D r o v i d i n q  an unders tand ing  o f  the 
even ts  l e a d i n g ' t o  t r a n i i t i o n .  I n  t h e  beg inn ing  
however, t h e r e  was s k e p t i c i s m  as, " i n  t h e  l a t e  
t h i r t i e s  t h e  p r e v a i l i n g  v iew  was.. . . t h a t  s t a b i l  
t h e o r y  had l i t t l e  o r  no connec t ion  w i t h  boundary 
l a y e r  t r a n s i t i o n , " . l  
Skramstad 'sz  landmark exper iment ,  reveal  i n g  the 
g row ing  two-dimensional  waves p r i o r  t o  t r a n s i t i o n  
i n  a f l a t  p l a t e  boundary l a y e r ,  t h a t  f i r m l y  sup- 
p o r t e d  the  e a r l i e r  a n a l y t i c a l  p r e d i c t i o n s  of 
T o l l m i e n  and S c h l i c h t i n g .  K l e b a n o f f  e t  a L 3  i n  a 
l a t e r  exper iment  observed a d i s t i n c t  secondary 
i n s t a b i l i t y  i n  t h e  growing  " T o l l m i e n - S c h l i c h t i n g "  
waves. 
t h e r  b y  Herbe r t ;5  Kachanov and Levchenko,6 among 
o t h e r s ,  r e p o r t e d  f u r t h e r  e x p e r i m e n t a t i o n  on the 
s u b j e c t .  The b a s i c  concept  i n  C r a i k ' s  ana lys i s ,  
v i z .  t h e  i n t e r a c t i o n  o f  two o b l i q u e  waves with t h e  

I t  was Schubauer a n d  

Th is  was l a t e r  ana lyzed  by  C r a i k , 4  and f u r -  

r- 

- 
a 

t Y  

t r i  b u t i o n s  o f  coheren t  i t r u c t u r e s  b o t h  a n a l y t i -  
c a l l y  and e x p e r i m e n t a l l y ;  t h i s  w i l l  be d i scussed  
i n  some d e t a i l  i n  s e c t i o n  3. 

A r t i f i c i a l  e x c i t a t i o n  has a l s o  been used t o  
s tudy  t h e  i n s t a b i l i t y  o f  many o t h e r  f r e e  f l o w s ,  
e .g .  t h a t  of  s l i t  j e t s , l 6  o f  wakes.17 o f  e l l i p t i c  
~ e t s : ~ 8 , 1 9  and o f  hot j e t s . 2 0  

2 . 2  Large Sca le  Coherent S t r u c t u r e  Study  

The concept  o f  l a r g e - s c a l e  coheren t  s t r u c t u r e s  
i n  t u r b u l e n t  shear f l ows21  has p r o v i d e d  a tremen- 
dous impetus i n  t u r b u l e n c e  research .  The n o t i o n  o f  
o r d e r l i n e s s  i n  these  s t r u c t u r e s ,  r e s p o n s i b l e  fo r  
m o s t  o f  t h e  t r a n s p o r t ,  n o i s e  p r o d u c t i o n ,  e t c . ,  p ro -  
duced t h e  en thus iasm and e x p e c t a t i o n  t h a t  a knowl -  
edge o f  t h e i r  c h a r a c t e r i s t i c s  may l e a d  t o  v i a b l e  
t u r b u l e n c e  models and t h e o r i e s .  Thus, t h e r e  has 
been a number of exper imen ts  conducted  t o  measure 
the  c h a r a c t e r i s t i c s  of  these  s t r u c t u r e s .  A r t i f i -  
c i a l  e x c i t a t i o n  i n  these s t u d i e s  has been used t o  
a somewhat d i f f e r e n t  end. Because o f  t h e  random- 
ness i n  t h e  c h a r a c t e r i s t i c s  o f  success i ve  s t r u c -  
t u r e s  one needs t o  pe r fo rm e l a b o r a t e  c o n d i t i o n a l  
sampl ing  measurements i n  o rde r  t o  " 'educ t "  t h e  aver -  
age p r o p e r t i e s .  A p p r o p r i a t e  e x c i t a t i o n ,  however, 
o r g a n i z e s  the  s t r u c t u r e s  and r a i s e s  them " to  h i g h  
ampl i tude  above t h e  random background" and t h u s  
renders  them e a s i e r  t o  s tudy .  

There a r e  s i t u a t i o n s  where t h e  " p r e f e r r e d  
s t r u c t u r e s "  i n  the  n a t u r a l  flow a r e  made p e r i o d i c  
by a p p r o p r i a t e  e x c i t a t i o n ,  i n  wh ich  case t h e  cond i -  
t i o n a l  sampl ing ,  employed f o r  t h e  e d u c t i o n ,  reduces  
t o  t h e  r e l a t i v e l y  s imp le  and l e s s  ambiguous phase 
ave rag ing .  T h i s  was t h e  bas i c  i d e a  u t i l i z e d  i n  
many exper iments ,  e.g.22-24 C o n t r o l l e d  e x c i t a t i o n  

1 



made i t  p o s s i b l e  t o  study t h e  i n t e r a c t i o n s ,  among 
t h e  c o h e r e n t  s t r u c t u r e s  as we1 1 as between t h e  
coheren t  and the incoherent f i e l d s , 2 2  i n  such 
d e t a i l  as would be  impossible o t h e r w i s e .  Such 
knowledge g a t h e r e d  so f a r  on t h e  coheren t  s t r u c t u r e  
dynamics has y e t  t o  be  inc luded p r o f i t a b l y  i n  any 
t u r b u l e n c e  model. However, c e r t a i n  numer i ca l  
a n a l y ~ e s , ~ 5  t r e a t i n g  the  coheren t  s t r u c t u r e s  as a 
s e t  o f  harmonics of i nstabi 1 i t y  waves, have done 
q u i t e  w e l l  i n  p r e d i c t i n g  the gross f e a t u r e s  o f  t h e  
f l o w .  

2 .3  Flow C o n t r o l  

The t h i r d  ma in  a p p l i c a t i o n  o f  a r t i f i c i a l  e x c i -  
t a t i o n  has been i n  attempts t o  c o n t r o l  or s u i t a b l y  
m o d i f y  v a r i o u s  flows w i t h  t e c h n o l o g i c a l  b e n e f i t s  i n  
mind. The aim h e r e  i s  to  a c h i e v e  d e s i r e d  changes 
i n  the  f l o w s ,  e .g . ,  enhanced m i x i n g  or reduced sep- 
a r a t i o n ,  i n  o r d e r  t o  gain h i g h e r  e f f i c i e n c i e s  i n  
f l u i d m e c h a n i c a l  d e v i c e s .  T h i s  i s  t h e  genera l  focus 
o f  the  a c t i v i t i e s  of  t h e  group a t  NASA Lewis t o  
wh ich  t h e  a u t h o r s  be long.  The approach taken  he re  
can o f t e n  b e  somewhat l e s s  r i g o r o u s ,  sometimes 
i n v o l v i n g  t r i a l  and e r r o r ,  w h i c h  i s  w e l l  j u s t i f i e d  
b y  t h e  c o m p l e x i t i e s  o f  t h e  flows i n v o l v e d .  
eve r ,  success fu l  research  i n  t h i s  a r e a  must draw on  
t h e  exper ience  from t h e  fundamentals,  g o i n g  hand i n  
hand w i t h  t h e  areas  covered i n s e c t i o n s  2 .1  and 
2 . 2 .  

How- 

The r e s e a r c h  a c t i v i t y  i n  f l o w  c o n t r o l  can be 
f u r t h e r  s u b d i v i d e d  i n  ca tegor ies  as shown i n  
Tab le  1 .  We concern ourse lves  o n l y  w i th  methods 
i n v o l v i n g  c o n t r o l  l a b l e ,  ar t i f  i c i a 1  e x c i t a t i o n .  
There a r e  other approaches i n c l u d i n g  many promi s- 
i n g  " p a s s i v e "  methods; an e x c e l l e n t  r e v i e w  o f  
r e s e a r c h  on t u r b u l e n t  boundary l a  e r  d r a g  reduc-  
t i o n  has been g i v e n  by Bushne l l .2g  The p o s s i b i l i -  
t i e s  o f  boundary l a y e r  t r a n s i t i o n  c o n t r o l  have been 
d i scussed  b y  R e ~ h o t k o . ~ '  S t o n e  and Mck inz ie28  d i s -  
cussed t h e  p o t e n t i a l  of a c o u s t i c  e x c i t a t i o n  i n  f low 
c o n t r o l .  

2.3.1 Enhanced mixing. P a s t  exper imen ta l  s tud-  
i e s  i n d i c a t e  t h a t  e x c i t a t i o n  c a n  i n c r e a s e  t u r b u -  
l ence  and enhance m i x i n g  i n  s h e a r  flows r e s u l t i n g  
i n  i n c r e a s e d  spread r a t e s ,  r e d u c t i o n  i n  j e t  plume 
tempera ture ,  e t c .  l1 1 1 3 * 2 9  J e t  plume tempera tu re  
r e d u c t i o n  i s  sought t o  c u t  down on the i n f r a - r e d  
s i g n a t u r e ,  t o  reduce wing s u r f a c e  h e a t i n g  i n  ove r -  
or under - the-w ing  eng ine  c o n f i g u r a t i o n s ,  as we1 1 as 
i n  V e r t i c a l  Takeo f f  and Landing a i r c r a f t  t o  a v o i d  
ground e r o s i o n ,  h o t  gas i n g e s t i o n ,  e t c . 2 8  O the r  
p o t e n t i a l  a p p l i c a t i o n s  are i n  chemica l  p rocess  
i n d u s t r i e s  and i n  t h e  Improvement o f  combust ion  and 
c o n v e c t i v e  hea t  t r a n s f e r  e f f i c i e n c i e s .  C u r r e n t  
r e s e a r c h  on the  e f f e c t  of a c o u s t i c  e x c i t a t i o n  on 
j e t  m i x i n g  i s  f u r t h e r  discussed i n  s e c t i o n  3. 

2.3.2 Tu rbu lence  suppression. C e r t a i n  h i g h  
f r e q u e n c y  e x c i t a t i o n  o f  j e t s  a n d  shear l a y e r s  can 
reduce t u r b u l e n c e  l e v e l s .  A comprehensive documen- 
t a t i o n  of t h e  phenomenon o c c u r r i n g  i n  round and 
s l i t  j e t s ,  a s  w e l l  as single m i x i n g  l a y e r s ,  was 
p r o v i d e d  i n  Ref.  30. I t  t u r n s  o u t  t h a t  e x c i t a t i o n  
a t  f requenc ies  abou t  40  percent  h i g h e r  t h a n  t h e  
n a t u r a l  i n i t i a l  r o l l  up  frequency of t h e  shear 
l a y e r  p roduces  t h e  e f f e c t .  T h e  e f fec t  i s  v e r y  p ro -  
nounced i n  f l o w s  w i th  i n i t i a l l y  l am ina r  or t r a n s i -  
t i o n a l  boundary l a y e r s  but d i m i n i s h e s  as t h e  i n i -  
t i a l  boundary  l a y e r  approaches a f u l l y  t u r b u l e n t  
s t a t e . 3 1  

2.3.3 Boundary l a y e r  t r a n s i t i o n  c o n t r o l .  The 
p o s s i b i l i t y  of d e l a y i n g  t r a n s i t i o n  i n  boundary 
l a y e r s  has been e x p l o r e d  i n  s e v e r a l  exper imen ts .  
T-S waves i n t r o d u c e d  by one v i b r a t i n g  r i b b o n  have 
been s u c c e s s f u l l y  cance l  l e d  by an t i -phased waves 
i n t r o d u c e d  by a second, downstream r ibbon.32-33 
However, c a n c e l l i n g  n a t u r a l  T-S waves, and thus  
s i g n i f i c a n t l y  d e l a y i n g  t h e  t r a n s i t i o n  o t h e r w i s e  
o c c u r r i n g  i n  t h e  n a t u r a l  boundary l a y e r ,  has n o t  
been s u c c e s s f u l l y  demonst ra ted  y e t .  

boundary l a y e r s  o r  " t r a n s i t i o n  f i x i n g "  by a r t i f i -  
c i a l  e x c i t a t i o n  seems q u i t e  f e a s i b l e . 3 4  T h i s  has 
t h e  p o t e n t i a l  a p p l i c a t i o n  i n  s e p a r a t i o n  c o n t r o l  as 
d i scussed  i n  t h e  f o l l o w i n g  subsec t i on .  

t h a t  a l a r g e  p o t e n t i a l  e x i s t s  fo r  per fo rmance 
improvement i n  v a r i o u s  f l u i d  mechan ica l  dev i ces  
th rough c o n t r o l  of s e p a r a t i o n .  "Pass ive"  t r i p p i n g  
dev i ces  a r e  w i d e l y  used t o  f o r c e  t r a n s i t i o n  o f  lam- 
i n a r  boundary l a y e r s  o r  e n e r g i z e  t u r b u l e n t  boundary 
l a y e r s  so t h a t  s e p a r a t i o n  i s  de layed.  T h i s  s i g n i f -  
i c a n t l y  reduces  p r o f i l e  d r a g  (an  o f t e n  c i t e d  a p p l i -  
c a t i o n  i s  t h e  "d imp led  g o l f  b a l l " ) ,  w h i l e  i n c r e a s -  
i n g  the  l i f t  o f  a i r f o i l s .  However, such p a s s i v e  
s e p a r a t i o n  c o n t r o l  u s u a l l y  i n v o l v e s  t r i a l  and 
e r r o r .  The t r i p p i n g  d e v i c e  t h a t  may work i n  one 
f low s i t u a t i o n  may n o t  o n l y  be i n e f f e c t i v e  i n  
another  b u t  a l s o  r e p r e s e n t  a d rag  p e n a l t y  a t  h i g h e r  
Reynolds n ~ m b e r . 3 ~  " A c t i v e "  s e p a r a t i o n  c o n t r o l  
( i . e . ,  w i t h  t h e  a b i l i t y  t o  change parameters  i n  t h e  
c o n t r o l l i n g  d e v i c e  a c c o r d i n g  t o  need),  t h rough  
a r t i f i c i a l  e x c i t a t i o n ,  appears much more p r o m i s i n g  
i n  t h i s  r e g a r d .  I n  t h e  f o l l o w i n g ,  t h e  i t ems  under 
t h i s  subheading i n  Tab le  1 a r e  f u r t h e r  d i scussed .  

F low o v e r  a i r f o i l s / b l a d e s :  The e f f e c t  o f  
a c o u s t i c  e x c i t a t i o n  i n  i m p r o v i n g  l i f t  and d e l a y i n g  
s t a l l  fo r  two-dimensional  a i r f o i l s  has been s tud -  
i e d ,  among o t h e r s ,  by  Ahu ja  and B ~ r r i n ~ ~  and Zaman 
e t  a1.37 I n  t h e  exper imen t  o f  Ref .  36, e x t e n s i v e  
d a t a  were o b t a i n e d  i n  p o s t - s t a l l i n g  c o n d i t i o n s  cov- 
e r i n g  Reynolds numbers up  t o  a m i l l i o n .  
shown t h a t  e x c i t a t i o n  n o t  o n l y  improved t h e  s t a l l  
marg in  b u t  a l s o  reduced t h e  s e v e r i t y  of  s t a l l ,  
i . e . ,  t h e  l i f t  c o e f f i c i e n t  was inc reased  even i n  
t h e  p o s t - s t a l l i n g  ang les  o f  a t t a c k .  I t  was i n f e r -  
r e d  t h a t  t h e  improvement ach ieved w i t h  e x c i t a t i o n  
d i m i n i s h e d  w i th  i n c r e a s i n g  Reynolds number, how- 
eve r ,  t h e  e x c i t a t i o n  f requency  and amp l i t ude  
r e q u i r e d  t o  c o n t r o l  s e p a r a t i o n  on a i r f o i l s  ough t  t o  
inc rease  w i t h  i n c r e a s i n g  Re. The e f f e c t i v e n e s s  o f  
h i g h e r  f r e q u e n c i e s  and l e v e l s  o f  e x c i t a t i o n  a t  h i g h  
Re remains t o  be i n v e s t i g a t e d .  

low Re, t h e  e f f e c t  o f  w ind  t u n n e l  resonance on t h e  
r e s u l t s  has been addressed. I t  was shown t h a t  t un -  
n e l  resonances i n d u c i n g  l a r g e  c ross-s t ream v e l o c i t y  
p e r t u r b a t i o n s ,  r a t h e r  t h a n  ones i n d u c i n g  l a r g e  
p ressu re  p e r t u r b a t i o n s ,  near  t h e  a i r f o i l  were most 
e f f e c t i v e  i n  s e p a r a t i o n  c o n t r o l .  Thus, e x c i t a t i o n  
methods s p e c i f i c a l l y  i n d u c i n g  c ross-s t ream v e l o c i t y  
p e r t u r b a t i o n  appear more p romis ing .  I n  an on-go ing  
exper iment  a t  NASA Lang ley ,  a v i b r a t i n g  w i r e  l o c a t e d  
i n  f r o n t  of t h e  l e a d i n g  edge o f  an a i r f o i l  ( i nduc -  
i n g  the  c ross -s t ream v e l o c i t y  p e r t u r b a t i o n ) ,  a t  l ow  
Re, has produced more pronounced s e p a r a t i o n  c o n t r o l  
( A .  Bar-Sever, p r i v a t e  communicat ion).  

Turbomachinery.  The f l o w s  i n  tu rbomach ine ry  
a r e  ve ry  complex b u t  t h e  per fo rmance l i m i t a t i o n s  

On t h e  o t h e r  hand, enhanc ing  t r a n s i t i o n  i n  

2 .3 .4  S e p a r a t i o n  c o n t r o l .  The a u t h o r s  b e l i e v e  

I t  was 

I n  t h e  exper imen t  o f  Re f .  37, c a r r i e d  o u t  a t  
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a l s o  a r i s e  from flow s e p a r a t i o n  o v e r  t h e  b lades .  
These m a n i f e s t  themselves i n  terms o f  b lade  row 
" s t a l l  marg in "  and a l s o  as more complex phenomena 
such as r o t a t i n g  s t a l l ,  dynamic s t a l l ,  e t c .  I t  i s  
c o n c e i v a b l e  t h a t  a c t i v e  e x c i t a t i o n  o f  t h e  flows 
o v e r  i n d i v i d u a l  b lades  o r  even g l o b a l  e x c i t a t i o n  of  
t h e  f low may improve tu rbomach inery  performance. 
Some o f  t hese  p o s s i b i l i t i e s  have been d iscussed i n  
Ref .  38 wh ich  a l s o  c i t e s  an exper iment  i n  which 
improvement i n  t h e  performance o f  a compressor was 
ach ieved by u s i n g  o n l y  a loudspeaker .  

w i t h  uns teady  f l o w  e f f e c t s  i s  r e f e r r e d  t o  as 
dynamic s t a l l .  The combined t r a n s l a t i n g  and r o t a t -  
i n g  mo t ion  o f  a h e l i c o p t e r  b lade  i s  most commonly 
c i t e d  as an example o f  dynamic s t a l l ;  t h e  e f f e c -  
t i v e  p i t c h  o f  t h e  b lade v a r i e s  d u r i n g  a r e v o l u t i o n  
and thus  may s u b j e c t  t h e  b lade  t o  c y c l i c  s t a l l i n g  
and u n s t a l l i n g .  Dynamic s t a l l  can r e s u l t  i n  unde- 
s i r a b l e  s t r u c t u r a l  v i b r a t i o n s  r e s u l t i n g  i n  " s t a l l  
f l u t t e r "  of p r o p e l l e r s ,  compressor b lades ,  e t c .  
( M c C r o s k e ~ ~ ~  p r o v i d e s  a comprehensive r e v i e w ) .  The 
phenomenon i s  u s u a l l y  s imu la ted  i n  a wind tunne l  by 
p e r i o d i c a l l y  o s c i l l a t i n g  an a i r f o i l  i n  p i t c h . 4 0  
The p h y s i c a l  p rocess  i n  dynamic s t a l l  i n v o l v e s  a 
" v o r t e x - l i k e "  d i s t u r b a n c e  o r i g i n a t i n g  f r o m  the  
l e a d i n g  edge r e g i o n ,  p o s s i b l y  due t o  t h e  b u r s t i n g  
o f  a l e a d i n g  edge bubb le ,  and pass ing  o v e r  the  
upper su r face  o f  t h e  a i r f o i l  d u r i n g  a c y c l e  o f  t he  
u n s t e a d i n e ~ s ~ ~ .  Again,  s i n c e  t h e  phenomenon 
i n v o l v e s  a l e a d i n g  edge bubb le  and s e p a r a t i o n ,  i t  
i s  c o n c e i v a b l e  t h a t  some amount o f  c o n t r o l  could 
be ach ieved  by a r t i f i c i a l  e x c i t a t i o n .  An exper i -  
ment i n v o l v i n g  an o s c i l l a t i n g  a i r f o i l  t o g e t h e r  w i t h  
a c o u s t i c  e x c i t a t i o n  i s  i n  i t s  p r e l i m i n a r y  stages 
a t  NASA Lewis .  

Dynamic e f f e c t s  on s t a l l .  S t a l l i n g  toge the r  

D i f f u s e r  Separa t i on .  Separa t i on  c o n t r o l  i n  
d i f f u s e r s ,  i n l e t s  and nozz les  and t r a n s i t i o n  ducts 
i s  an i m p o r t a n t  a rea  o f  a c t i v e  f low c o n t r o l  
r e s e a r c h .  V i e t s  e t  a1.41 h,ave shown t h e  i n f l u e n c e  
of uns teady  f l o w  p e r t u r b a t i o n s  on t h e  f l o w  rea t -  
tachment o f  separa ted  two-dimensional  d i f f u s e r s .  
They produced v o r t i c i t y  o s c i  1 l a t i o n s  ( w i t h  s p i r a l  
shaped r o t o r s  mounted i n  t h e  w a l l s )  wh ich  f lowed 
i n t o  t h e  s e p a r a t i o n  r e g i o n  o f  t h e  d i f f u s e r .  Reat- 
tachment was demonstrated u s i n g  bo th  f l o w  v i s u a l i -  
z a t i o n  and w a l l  measurements which showed a d i f f u s e r  
performance improvement w i t h  the  r e a t t a c h e d  f l ow .  
A v i t a l  e lement  o f  a c t i v e  d i f f u s e r  s e p a r a t i o n  con- 
t r o l  work i s  t o  f i n d  e x c i t a t i o n  dev i ces  t h a t  have 
s u f f i c i e n t l y  low aerodynamic l osses  t o  p r o v i d e  
p r a c t i c a l  s o l u t i o n s  t o  t h e  problem. S i m p ~ o n ~ ~  pro- 
v i d e s  a r e v i e w  of s e p a r a t i o n  and rea t tachmen t  phe- 
nomena i n  d i f f u s e r s ,  ove r  b l u n t  bod ies  and backward 
f a c i n g  s t e p s ,  e t c .  

2.4 Methods of E x c i t a t i o n :  

I n  boundary l a y e r  s t a b i l i t y  and c o n t r o l  exper- 
iments ,  T-S waves have been t y p i c a l l y  i n t roduced  
by  v i b r a t i n g   ribbon^.^,^,^,^^ 
i n g  s t r i p s ,  i n t r o d u c i n g  p e r i o d i c  hea t  f l u x ,  have 
a l s o  been u s e d . 7 ~ 3 2 ~ 3 4  Hea t ing  s t r i p s ,  however, 
a r e  much more e f f e c t i v e  i n  water  than i n  a i r .  I t  
was shown i n 3 2  t h a t  for a g i v e n  amp l i t ude  o f  tem-  
p e r a t u r e  f l u c t u a t i o n ,  t h e  amp l i t ude  o f  c ross -  
s t ream v e l o c i t y  f l u c t u a t i o n  induced i n  a i r  i s  about 
twen ty  t imes  l e s s  than t h a t  i n  wa te r .  Thus, heat- 
i n g  s t r i p s  do  n o t  seem t o  be p r o m i s i n g  as l a r g e  
a m p l i t u d e  e x c i t a t i o n  d e v i c e  i n  a i r . 4 3  However, fo r  

F lush  mounted heat- 

purposes o f  t r i g g e r r i n g  t r a n s i t i o n  i n  many s i t u a -  
t i o n s  t h e y  seem to  be a d e q ~ a t e . 3 ~  A c o u s t i c  e x c i t a -  
t i o n  has a l s o  been used t o  i n t r o d u c e  T-S waves, 
e.g.44 The " r e c e p t i v i t y "  of t h e  boundary l a y e r  t o  
such e x c i t a t i o n  has been ana lyzed by G o l d s t e i n ,  
e .g .45  

been used v e r y  e x t e n s i v e l y .  A c o u s t i c  d r i v e r s  
p laced  ups t ream i n  the  plenum chamber have been 
used t o  e x c i t e  j e t s ,  usua l1  u t i l i z i n g  t h e  s e t t l i n g  
chamber c a v i t y  r e s o n a n c e ~ . ~ ~ ~ ~ ~ ~ 2 9 . 3 ~  The e x c i t a -  
t i o n  i s  i n  t h e  form o f  a p e r i o d i c  f l u c t u a t i o n  o f  
t h e  f l o w  wh ich  i s  u n i f o r m  a t  t h e  e x i t  p l a n e .  
Be s i des t h i s " i n t e  r na 1 " e xc i t a t  i on,  "ex t e r na 1 " 
e x c i t a t i o n  o f  o n l y  t h e  annu la r  shear l a y e r  nea r  
the  j e t  e x i t  has a l s o  been employed by c i r cumfe ren -  
t i a l  a r r a y s  o f  d r i v e r ~ . ~ 5 * ~ 0 , ~ ~  
a r r a y  o f  a c o u s t i c  d r i v e r s  was a l s o  used t o  e x c i t e  
h e l i c a l  mode i n s t a b i l i t i e s  i n  round  j e t s . l 3 - 1 5  
O the r  methods o f  e x c i t a t i o n  i n  b o t h  f r e e  and w a l l  
bounded f l o w s  i n c l u d e  v i b r a t i n g  w i res ,47  f l a p s , 2 4  
sparks,48 corona d i  scharge,26 e t c .  

I n  f r e e  shear f l o w s ,  a c o u s t i c  e x c i t a t i o n  has 

A c i r c u m f e r e n t i a l  

3. Ef for ts  a t  NASA Lewis 

The NASA Lewis e f f o r t  on  " c o n t r o l  o f  shear 
f l o w s  by a r t i f i c i a l  e x c i t a t i o n , "  t h e  d e s c r i p t i o n  o f  
wh ich  i s  t h e  main  emphasis o f  t h i s  paper ,  i s  ca r -  
r i e d  o u t  i n  t h e  I n t e r n a l  F l u i d  Mechanics D i v i s i o n .  
The work i s  an o u t g r o w t h  o f  t h e  j e t  n o i s e  research  
program. The e f f o r t  i s  c a r r i e d  on  by seven 
researchers ,  s i x  p e r f o r m i n g  m a i n l y  exper imen ta l  
work and one p e r f o r m i n g  numer ica l  exper imen ts .  A 
s i g n i f i c a n t  c o n t r a c t  and g r a n t  program has been i n  
p l a c e  t o  supplement t h e  in-house program. Each 
e f f o r t  w i l l  be b r i e f l y  summarized below. The main 
emphasis o f  t h e  program i s  f l o w  c o n t r o l  b u t  t h e  
e f f o r t s  on fundamental  unders tand ing  o f  t h e  phys- 
i c s ,  r e q u i r e d  t o  s u c c e s s f u l l y  c o n t r o l  t h e  f low, 
shou ld  p r o v i d e  many s i d e  b e n e f i t s  i n  b e t t e r  under-  
s t a n d i n g  uns teady  aerodynamics and t u r b u l e n c e .  

3.1 In-house 

The s e v e r a l  e lements  o f  t h e  in-house program 
a r e  summarized below. 

3.1.1 I n i t i a l  t u r b u l e n c e  e f f e c t  on t h e  e x c i t a -  
b i l i t y  o f  a j e t .  N a t u r a l  j e t  e v o l u t i o n  was found  to  
remain  u n a f f e c t e d  fo r  d i f f e r e n t  i n i t i a l  t u r b u l e n c e  
l e v e l s  v a r i e d  ( u s i n g  g r i d s )  ove r  t h e  range 0.15 t o  
5 p e r c e n t .  Tonal e x c i t a t i o n ,  w i t h  v e l o c i t y  p e r t u r -  
b a t i o n  a m p l i t u d e  o f  as l i t t l e  as 0 .25  p e r c e n t  o f  t h e  
j e t  v e l o c i t y ,  measurab ly  a l t e r e d  a l l  j e t s ;  however, 
for a f i x e d  amp l i t ude  o f  e x c i t a t i o n ,  t h e  e x c i t a b i l -  
i t y  d i m i n i s h e d  s y s t e m a t i c a l l y  w i t h  i n c r e a s i n g  i n i -  
t i a l  t u r b u l e n c e .  J e t s  w i t h  i n i t i a l l y  l a m i n a r  
boundary l a y e r s  decayed f a s t e r  n a t u r a l l y ;  conse- 
q u e n t l y ,  t h e y  were l e s s  s u s c e p t i b l e  t o  t o n a l  e x c i -  
t a t i o n .  F u r t h e r  d e t a i l s  a r e  d i scussed  i n  Re f .  29. 

3.1.2 E x c i t a t i o n  o f  s w i r l i n g  j e t s .  The e f f e c t  
of a c o u s t i c  e x c i t a t i o n  on an ax i symmet r i c ,  c o l d  j e t  
w i t h  and w i t h o u t  s w i r l  has been s t u d i e d  exper imen- 
t a l l y . 4 9  
was i m p a r t e d  to  t h e  j e t  " i n t e r n a l l y "  by a c o u s t i c  
d r i v e r s  p l a c e d  ups t ream i n  t h e  plenum chamber. 
Compara t ive  v e l o c i t y  f l u c t u a t i o n  measurements were 
per fo rmed on t h e  j e t  a x i s ,  u s i n g  a ho t -w i re ,  fo r  a 
case w i t h  a s w i r l  number o f  0.35 and a case w i t h -  
o u t  s w i r l  b u t  w i th  the  same i n i t i a l ,  a x i a l  mass 
f l u x .  I t  has been found  t h a t  t h e  s w i r l i n g  j e t  i s  
e x c i t a b l e ;  however, t h e  i n s t a b i l i t y  wave grows 

Plane wave, s i n g l e  f requency  e x c i t a t i o n  
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about  50 p e r c e n t  l e s s  i n  peak rms amp l i t ude ,  and 
s a t u r a t e s  f a r t h e r  upstream compared t o  t h e  c o r r e -  
sponding waves i n  t h e  j e t  w i t h o u t  s w i r l .  Measure- 
ments made 2 .5  d iamete rs  downstream o f  t h e  n o z z l e  
e x i t  w i t h  v a r y i n g  f requency  b u t  f i x e d  amp1 i tude o f  
t h e  e x c i t a t i o n ,  show t h a t  i n  b o t h  cases t h e  i n s t a -  
b i l i t y  wave r e c e i v e s  maximum a m p l i f i c a t i o n  a t  a 
S t rouha l  number o f  about 0.4, t he  l a t t e r  b e i n g  
based on t h e  mass averaged a x i a l  v e l o c i t y  and t h e  
j e t  d iamete r .  

3.1.3 Exper iments  on a i r f o i l s .  The e f f e c t  o f  
aco i r s t i c  e x c i t a t i o n  i n  removing l a m i n a r  s e p a r a t i o n ,  
a t  sma l l  ang les  o f  a t t a c k  and a t  low R e ,  has been 
s t u d i e d  e x p e r i m e n t a l l y .  Exper iments were conducted  
t o  determine t h e  f requency  dependence o f  t h i s  p roc-  
ess;  p r e l i m i n a r y  r e s u l t s  f r o m  f o u r  d i f f e r e n t  a i r -  
f o i l s  show t h a t  e x c i t a t i o n  a t  abou t  fv/Uo2 = 
i s  most e f f e c t i v e ;  he re ,  f i s  t h e  e x c i t a t i o n  f r e -  
quency, v t h e  k i n e m a t i c  v i s c o s i t y  and Uo t h e  
f ree -s t ream v e l o c i t y .  D e t a i l e d  h o t - w i r e  surveys  
i n d i c a t e  t h a t  t h e  e x c i t a t i o n  e f f e c t  t akes  p l a c e  i n  
t h e  separa ted  shear l a y e r  and n o t  i n  t h e  ups t ream 
boundary l a y e r .  

t h e  wake o f  an a i r f o i l ,  f i rs t  r e p o r t e d  i n  R e f .  37 
and seeming ly  a s s o c i a t e d  with s t a l l  f l u t t e r ,  i s  
under i n v e s t i g a t i o n .  The uns teady  o s c i l l a t i o n  
occu rs  n a t u r a l l y  i n  t h e  wake o f  a r i g i d l y  h e l d  a i r -  
f o i l  a t  a f requency  about an o r d e r  o f  magnitude 
lower  than  t h e  usua l  " b l u f f  body shedd ing"  f r e -  
quency. I t  appears a k i n  t o  low f requency  uns tead i -  
ness i n  t r a n s i t o r y  s t a l l  i n  d i f f u s e r s . 4 *  The 
o s c i l l a t i o n  o r i g i n a t e s  from near  t h e  l e a d i n g  edge 
and i s  f e l t  s t r o n g l y  on the upper  s u r f a c e  of t h e  
a i r f o i l .  I t  e x e r t s  s t rong  uns teady  f o r c e s  on the  
a i r f o i l ;  i f  t h e  a i r f o i l  i s  loosened from t h e  r i g i d  
mount i t  s t a r t s  f l u t t e r i n g .  The phenomenon has 
been found  t o  o c c u r  i n  f lows w i t h  r e l a t i v e l y  h i g h  
t u r b u l e n c e  i n t e n s i t y  b u t  no t  i n  c l e a n e r  f l o w s .  I t  
i s  a l s o  found  t o  be c o n t r o l l a b l e  by  h i g h  f requency  
a c o u s t i c  e x c i t a t i o n .  D e t a i l e d  e x p e r i m e n t a t i o n  i s  
under way, and some r e s u l t s  w i l l  be d i scussed  i n  
t h e  o r a l  p r e s e n t a t i o n .  

An u n u s u a l l y  low f requency  uns teady  f l o w  i n  

3.1.4 H igh  amp l i t ude  e x c i t a t i o n  d e v i c e .  Exc i -  
t a t i o n  dev i ces  may be c l a s s i f i e d  i n t o  two ca tego-  
r i e s :  t hose  used f o r  research  purposes  and those 
wh ich  can be used t o  e x c i t e  and c o n t r o l  a f low o f  
p r a c t i c a l  i n t e r e s t .  I n  the f i r s t  ca tegory ,  o r d i -  
n a r y  a c o u s t i c  d r i v e r s ,  o s c i l l a t i n g  f l a p s ,  e t c .  
m igh t  p rove  s u f f i c i e n t  f o r  most purposes e s p e c i a l l y  
i n  low Mach number flows. However, as Mach number 
i s  i nc reased  and background n o i s e  and t u r b u l e n c e  
l e v e l  i n c r e a s e ,  t h e r e  i s  a s t r u g g l e  t o  a t t a i n  s u f -  
f i c i e n t  e x c i t a t i o n  ampl i tude t o  i n f l u e n c e  t h e  
flow. Ahu ja  e t  a l Z o  have gone t o  e i g h t  e x t e r n a l l y  
mounted d r i v e r s  l o c a t e d  r i g h t  a t  t h e  n o z z l e  e x i t .  
They a r e  a b l e  t o  a t t a i n  a sound p r e s s u r e  l e v e l  a t  
t h e  n o z z l e  e x i t  c e n t e r l i n e  o f  147 dB o v e r  a reason- 
a b l e  f requency  range.  The e x t e r n a l  d r i v e r  a r range-  
ment i s  a l s o  advantageous i n  t h a t  a r b i t r a r y  modes 
can be d r i v e n  i n  t h e  shear l a y e r  whereas w i t h  t h e  
" i n t e r n a l  e x c i t a t i o n "  o n l y  ax i symmet r i c  modes, i n  
t h e  u s e f u l  f r e q u e n c y  range, can be d r i v e n  due to  
a c o u s t i c  c u t - o f f  i n  t h e  nozz le .  I n  o r d e r  t o  
i n c r e a s e  t h e  e x c i t a t i o n  c a p a b i l i t y ,  in-house t e s t s  
have been conducted  us ing  an e lec t ro -pneumat i c  
d r i v e r  w i t h  t h e  removal  o f  t h e  s teady  f l o w  d r i v i n g  
t h e  d e v i c e .  The s teady  f l o w  (up  t o  0.55 lbm lsec  
pe r  d r i v e r )  i s  uqdes i rab le  s i n c e  i t  would d i s t u r b  
t h e  f low under s t u d y .  The d e v i c e  s u c c e s s f u l l y  

removed t h e  s teady  flow b u t  a l l o w e d  t h e  o s c i l l a t -  
i n g  waves t o  pass .  The r e s u l t s  w i l l  be r e p o r t e d  
i n  t h e  f u t u r e .  

I n  t h e  second c a t e g o r y  o f  dev i ces  t o  e x c i t e  
p r a c t i c a l  f l ows ,  c e r t a i n  p r o p e r t i e s  a r e  d e s i r a b l e .  
The dev i ce  shou ld  p r e f e r a b l y  have a m in ima l  power 
requ i remen t ,  n o  moving p a r t s ,  and shou ld  be compact 
and a d j u s t a b l e  i n  f requency  and a m p l i t u d e  o v e r  rea -  
sonable ranges .  Pneumatic or f l u i d i c  o s c i l l a t o r s  
a r e  a c l a s s  o f  dev i ces  t h a t  may s a t i s f y  these 
requ i remen ts .  The s imp le  s lo t  r e s o n a t o r  i s  an 
example i n  t h i s  c l a s s  wh ich  has been s t u d i e d  ex ten -  
s i ~ e l y . 5 ~ - ~ ~  An example o f  t h e  use o f  t h e  s l o t  
r e s o n a t o r  wou ld  be to l o c a t e  i t  j u s t  i n s i d e  t h e  
nozz le  l i p  o f  a j e t  t o  produce l a r g e  v o r t i c a l  f l u c -  
t u a t i o n s .  The d e s i g n  o f  such a d e v i c e  must cons id -  
e r  seve ra l  f a c t o r s .  F i r s t ,  t h e  s e p a r a t i n g  shear  
l a y e r  a t  t h e  ups t ream edge o f  t h e  s lo t  has i t s  own 
i n s t a b i l i t y  f requency  range .  T h i s  must be p r o p e r l y  
matched t o  t h e  c a v i t y  d imens ions  t o  produce h i g h  
amp l i t ude  response i n  t h e  c a v i t y .  Second ly ,  t h e  
e n t i r e  d e v i c e  must t h e n  be matched to  t h e  j e t  "p re -  
f e r r e d  f r e q u e n c i e s "  s c a l i n g  on  t h e  shear l a y e r  
t h i c k n e s s  and t h e  j e t  d i a m e t e r .  F i n a l l y ,  t h e  s l o t  
e x c i t a t i o n  c o u l d  be s t i m u l a t e d  by  some " t i c k l e r "  
dev i ce  t o  ach ieve  some c o n t r o l  on t h e  f r e q u e n c y  and 
amp l i t ude  as w e l l  as mode shape. In-house e x p e r i -  
ments on such a d e v i c e  a r e  c u r r e n t l y  b e i n g  con- 
duc ted  
V i e t s s j  and t h e  w h i s t l e r  n o z z l e  s t u d i e d  by Hasan 
and HussainS4 a r e  o t h e r  exmples o f  f l u i d i c  o s c i l l a -  
t o r s  used t o  e x c i t e  shear l a y e r s .  

The f l i p - f l o p  j e t  n o z z l e  s t u d i e d  by 

3.1.5 Shear l a y e r  l i n e a r  s t a b i l i t y  c a l c u l a -  
tions. C a l c u l a t i o n s  o f  t h e  g rowth  o f  d i s t u r b a n c e s  
~~ 

i n  t h e  j e t  shear l a y e r  u s i n  
Micha lkeS5 have been made.59*57 Measured v e l o c i t y  
p r o f i l e s  o f  co-annu lar  f lows, h a v i n g  a h o t  p r i m a r y  
j e t ,  have been used. The f l o w s  r e p r e s e n t  r e a l i s -  
ti,c t u rbo fan  eng ine  exhaust  c o n d i t i o n s  and t h e  
p r o f i l e s  a r e  o b t a i n e d  from a c t u a l  two-stream exper -  
iments .  The c a l c u l a t i o n s  have p r o v i d e d  u s e f u l  r e l -  
a t i v e  i n s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  
c o n d i t i o n s  and c o n f i g u r a t i o n s .  The f requency  range 
o f  i n s t a b i l i t y  i s  observed t o  broaden when t h e  
o u t e r  j e t  i s  added t o  t h e  p r i m a r y  j e t .  For b o t h  
t h e  ax i symmet r i c  and f i r s t  c i r c u m f e r e n t i a l  mode, a 
h i g h e r  secondary ( o u t e r )  t o  p r i m a r y  v e l o c i t y  r a t i o  
(0 .68  as opposed to  0 .3 )  g r e a t l y  i nc reases  t h e  mode 
i n s t a b i l i t y  w h i l e  h e a t i n g  t h e  secondary j e t  reduces  
t h e  i n s t a b i l i t y .  

3.1.6 D i f f u s e r  s e p a r a t i o n  c o n t r o l .  C o n t r o l l i n g  
s e p a r a t i o n  i n  p r o p u l s i o n  system i n l e t s ,  d i f f u s e r s  
and t r a n s i t i o n  d u c t s  i s  v e r y  i m p o r t a n t .  A c t i v e  
c o n t r o l  o f  these  f l o w s  u s i n g  e x c i t a t i o n  w i l l  be a 
major  p a r t  o f  t h e  NASA Lewis research  program. A 
f i rst  s t e p  i n  t h i s  d i r e c t i o n  i n v o l v e d  t h e  s t u d y  of 
s e p a r a t i o n  c o n t r o l  o f  t h e  f low o v e r  a two- 
d imens iona l  d i f f u s e r  ramp l o c a t e d  on t h e  floor of 
t h e  NASA Lewis  20- by  30 - in .  Wind Tunne l .  The ramp 
had a f a i r l y  r a p i d  r i s e  ( consequen t l y ,  flow a rea  
c o n t r a c t i o n )  f o l l o w e d  by a 20" downstream d i f f u -  
s i o n .  When t h e  boundary l a y e r  was l a m i n a r ,  t h e  
f l o w  separa ted  a t  t h e  b e g i n n i n g  of t h e  d i f f u s i n g  
s e c t i o n .  A sma l l  o s c i l l a t i n g  a i r f o i l  was l o c a t e d  
on t h e  sur face  a t  t h e  s e p a r a t i o n  p o i n t .  A sma l l  
magnitude o s c i l l a t i o n  o f  t h i s  a i r f o i l  caused com- 
p l e t e  rea t tachmen t  o f  t h e  f low w i t h  p r e s s u r e  
recove ry  o c c u r r i n g  a l l  a l o n g  t h e  downstream ramp. 
However, when t h e  tunne! v e ? o c i t y  was i n c r e a s e d  
and t h e  boundary l a y e r  became t u r b u l e n t ,  t h e  ramp 
flow d i d  n o t  c o m p l e t e l y  separa te .  The ramp has 

t h e  t h e o r y  of 
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been redes igned  t o  p r o v i d e  a z e r o  p ressu re  g rad i -  
e n t  a t  t h e  a n t i c i p a t e d  s e p a r a t i o n  p o i n t .  
n a r y  measurements w i t h  t h i s  new geometry show the  
f low t o  be separa ted  for  t u r b u l e n t  flow and separa- 
t i o n  c o n t r o l  exper iments  w i l l  b e g i n  soon. Another 
exper iment  on  t r a n s i t o r y  s t a l l  i n  c o n i c a l  d i f f u s e r s  
i s  b e i n g  p lanned .  Tes ts  shou ld  b e g i n  i n  December, 
1987. 

P r e l i m i -  

dua l  
been 

3.1.7 E x c i t a t i o n  o f  f low o v e r  a sphere and 
c y l i n d e r s .  E f f e c t s  o f  a c o u s t i c  e x c i t a t i o n  have 
e x p e r i m e n t a l l y  s t u d i e d  on a sphere wake and on 

t h e  flow around a p a i r  o f  c i r c u l a r  c y l i n d e r s  h e l d  
normal t o  t h e  f ree -s t ream.  Upon e x c i t a t i o n  a t  
a p p r o p r i a t e  f r e q u e n c i e s ,  t h e  reve rsed  f l o w  reg ion  
beh ind  a sphere was shor tened,  caus ing  an inc rease 
i n  t h e  f o r m  drag .58  T h i s  c o n t r a s t s  t h e  behav io r  o f  
s t r e a m l i n e d  bod ies  where e x c i t a t i o n  has been 
observed t o  reduce d rag .  The f low between two c i r -  
c u l a r  c y l i n d e r s  " f l i p - f l o p s "  when t h e y  a r e  spaced 
a p a r t  by  l e s s  than  one d iamete r .  T h i s  f l i p p i n g  o f  
t h e  flow occu rs  because t h e  wakes a r e  asymmetr ic.  
W i th  a c o u s t i c  e x c i t a t i o n  t h e  wakes can be made sym- 
m e t r i c  and t h e  f l i p p i n g  can be p reven ted .  This 
removes l a r g e  uns teady  l oads  on t h e  c y l i n d e r s .  

3.2 Gran ts  and C o n t r a c t s  

The f o l l o w i n g  i s  a summary o f  r e s e a r c h  a c t i v i -  
t i e s  and some key  r e s u l t s  o b t a i n e d  so f a r  under t h e  
c u r r e n t  g r a n t  and c o n t r a c t  program. Names o f  p r i n -  
c i p a l  i n v e s t i g a t o r s  a r e  i n d i c a t e d .  

3 .2 .1  Lockheed-Georgia Co. The research  group 
l e d  by D r .  K .K.  Ahu ja  has per fo rmed i m p o r t a n t  
r e s e a r c h  on b o t h  t h e  unders tand ing  and p r a c t i c a l  
use o f  e x c i t a t i o n  i n  enhanc ing  t h e  m i x i n g  o f  j e t  
flows. Hot  j e t s ,  b o t h  subson ic  and superson ic  
have been t h e  s u b j e c t  o f  e x t e n s i v e  study,13,59:60 
and a l a r g e  body o f  e x c i t a t i o n  d a t a  has been 
produced.  I f  e x c i t a t i o n  i s  t o  be o f  p r a c t i c a l  use 
i t  i s  o b v i o u s  t h a t  i t  must be e f f e c t i v e  for  hot,  
h i g h  subson ic  and superson ic  j e t s .  D i s t u r b i n g  
t r e n d s  were observed i n  t h e  h o t  j e t  m i x i n g  data.6 '  
A l though  t h e  m i x i n g  due t o  e x c i t a t i o n  o f  a low 
speed ( M  = 0 .3 )  j e t  was i nc reased  a t  e l e v a t e d  tem- 
p e r a t u r e ,  t h e  r e v e r s e  t r e n d  was observed fo r  h igh  
speed j e t s  (M = 0.8).  Above about  680 K no  e f f e c t  
o f  e x c i t a t i o n  was observed.  Th is  anomaly between 
h o t  and c o l d  j e t  m i x i n g  enhancement has r e c e n t l y  
been r e s o l v e d  and i s  t h e  s u b j e c t  o f  a p r e s e n t a t i o n  
i n  t h i s  conference.62  Hea t ing  t h e  j e t  decreased 
t h e  Reynolds number caus ing  t h e  j e t  i n i t i a l  bound- 
a r y  l a y e r  s t a t e  t o  become lam ina r  or t r a n s i t i o n a l .  
Th i s  a p p a r e n t l y  caused r a p i d  m i x i n g  due t o  n a t u r a l  
i n s t a b i l i t i e s .  A s  a r e s u l t ,  a d d i t i o n a l  s i n g l e  f r e -  
quency e x c i t a t i o n  produced no  f u r t h e r  improvement. 
That  t h e  l a c k  o f  " e x c i t a b i l i t y "  o f  t h e  h o t  j e t  was 
due t o  an I n i t i a l  c o n d i t i o n  e f f e c t  was demonstrated 
c o n v i n c i n g l y  by t r i p p i n g  t h e  i n i t i a l  boundary l a y e r .  
The t r i p p e d  h o t  j e t  behaved s i m i l a r  t o  t h e  co ld  
j e t ,  and was found t o  be e q u a l l y  e x c i t a b l e .  The 
i n i t i a l  c o n d i t i o n  e f f e c t  may have a l s o  been respon- 
s i b l e  fo r  an e a r l i e r  o b s e r v a t i o n  by J ~ b e l i n , ~ ~  who 
had r e p o r t e d  a s t r o n g  subharmonic i n  the  noise 
s p e c t r a  o f  an e x c i t e d  h o t  j e t .  A f u l l y  laminar  i n i -  
t i a l  boundary l a y e r  s t a t e ,  l i k e l y  i n  h i s  j e t  a t  t h e  

A t h e o r e t i c a l  model has been deve loped a t  
Lockheed by Tam and M o r r i s 6 4  wh ich  c a l c u l a t e s  t h e  
v e l o c i t y  decay due t o  t h e  m i x i n g  process  i n  t h e  
j e t .  The t h e o r y  was in tended  for  use o v e r  a range 
o f  tempera tures  and v e l o c i t i e s  b o t h  w i t h  and w i t h -  
o u t  a c o u s t i c  e x c i t a t i o n .  The p r e d i c t i o n s  agreed 
w i th  c o l d  j e t  r e s u l t s  b u t  n o t  w i t h  hot j e t  r e s u l t s .  
T h i s  i s  p o s s i b l y  due t o  the  i n i t i a l  c o n d i t i o n  
e f f e c t ,  as d i scussed  above, wh ich  i s  n o t  accounted  
for  i n  t h e  t h e o r y .  (D r .  K.K. Ahu ja ) .  

3.2.2 Brown U n i v e r s i t y .  The t h e o r e t i c a l  s t u d y  
o f  m u l t i p l e  wave i n t e r a c t i o n s  i n  a s p a t i a l l y  deve l -  
o p i n g  shear l a y e r  i s  be ing  conducted .  The t h e o r y  
uses the  f u l l  s e t  o f  c o n s e r v a t i o n  e q u a t i o n s .  The 
equa t ions  a r e  averaged such t h a t  t h e  mean flow, t h e  
coherent  components and t h e  f i n e  g r a i n e d  t u r b u l e n c e  
a r e  d i s p l a y e d .  The coheren t  m o t i o n  i s  s p l i t  between 
odd and even modes thus  p r o v i d i n g  a f o u r  e lement  
decompos i t ion  o f  t h e  t o t a l  flow. The mean flow i s  
assumed t o  have a h y p e r b o l i c  t a n g e n t  t ype  p r o f i l e .  
The coherent  s t r u c t u r e  components a r e  assumed t o  
have t h e  t r a n s v e r s e  shape p r e d i c t e d  by  t h e  e igen-  
f u c t i o n s  o f  t h e  l i n e a r  t h e o r y  wh ich  r e c e n t l y  has 
been shown t o  be q u i t e  adequate by Pe te rsen  and 
S a m ~ e t . ~ ~  The shear l a y e r  t h i c k n e s s ,  wh ich  charac- 
t e r i z e s  t h e  mean mot ion ,  and t h e  coheren t  d i s t u r b -  
ance amp l i t udes  must be j o i n t l y  de te rm ined  as a 
f u n c t i o n  o f  t h e  d i s t a n c e  from t h e  o r i g i n  o f  t h e  
shear l a y e r .  A two-component t h e o r y  has been 
r e p o r t e d  by N i k i t o p o u l o s  and L iu .66  T h i s  t h e o r y  
a l l o w s  t h e  a n a l y s i s  o f  t h e  i n t e r a c t i o n  o f  a funda- 
mental  d i s t u r b a n c e  f requency ,  t h e  subharmonic, and 
t h e  mean flow. The r e s u l t s  show t h e  phase between 
t h e  two d i s t u r b a n c e s  can be i m p o r t a n t  i n  de te rm in -  
i n g  t h e  development o f  t h e  shear  l a y e r .  The 
t h e o r y  a l s o  shows t h e  m i x i n g  " s a t u r a t i o n "  wh ich  
occu rs  as t h e  fundamental  and t h e n  t h e  subharmonic 
d i s t u r b a n c e s  mature  and decay. The t h e o r y  i s  shown 
t o  y i e l d  r e s u l t s  which c l o s e l y  du l i c a t e  t h e  exper -  
imen ta l  r e s u l t s  o f  Ho and Huang.ZQ (Professor 
J.T.C. L i u ) .  
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3.2.3 U n i v e r s i t y  o f  Dayton. The m i x i n g  p rocess  
n t h e  shear l a y e r  o f  t h e  ax i symmet r i c  j e t  i s  b e i n g  

, t u d i e d  u s i n g  t h e  f u l l  t ime-dependent Nav ie r -S tokes  
equa t ions  wh ich  a r e  n u m e r i c a l l y  s o l v e d  u s i n g  Mac- 
Cormack's e x p l i c i t  f i n i t e  d i f f e r e n c e  a l g o r i t h m .  
Subscale t u r b u l e n c e  models a r e  n o t  used I n  t h e  c a l -  
c u l a t i o n s  t o  d a t e .  E x t e r n a l  e x c i t a t i o n  can be ap- 
p l i e d  th rough  p ressu re  or tempera tu re  p e r t u r b a -  
t i o n s  a t  t h e  ups t ream boundary o f  t h e  j e t  p i p e  
wh ich  s imu la tes  an upstream a c o u s t i c  d r i v e r .  E x c i -  
t a t i o n  has a l s o  been a p p l i e d  th rough  p r e s s u r e  or 
tempera ture  f l u c t u a t i o n s  on t h e  p i p e  w a l l  j u s t  
i n s i d e  t h e  n o z z l e  l i p  wh ich  s i m u l a t e s  w a l l  mounted 
a c o u s t i c  d r i v e r s  or h e a t i n g  s t r i p s .  S c o t t 6 7  has 
compared h i s  c a l c u l a t e d  l a r g e  s c a l e  coheren t  s t r u c -  
t u r e s  t o  those observed e x p e r i m e n t a l l y  by  Lep icov-  
sky e t  a l . 6 1  
coheren t  s t r u c t u r e s  i n c l u d i n g  p a i r i n g  a c t i v i t y  as 
i n f l u e n c e d  by  t h e  e x c i t a t i o n  i s  q u i t e  w e l l  
d e s c r i b e d  by t h e  computa t ion .  However, much h i g h e r  
e x c i t a t i o n  l e v e l s  a r e  r e q u i r e d  i n  t h e  c a l c u l a t i o n s  
(160 dB) than  i n  t h e  exper imen t  (144 dB) fo r  compa- 
r a b l e  s t r u c t u r e s .  Th is  d i f f e r e n c e  i s  b e i n g  i nves -  
t i g a t e d  and m i g h t  be as s imp le  as a d i f f e r e n c e  i n  
measurement l o c a t i o n .  Some i n t e r e s t i n g  p o i n t s  

Exper imenta l  o b s e r v a t i o n s  o f  t h e  

e l e v a t e d  tempera ture ,  c o u l d  e x p l a i n  t h i s  observa 
t i o n . 2 2 ~ ~ ~  A subharmonic s p i k e  r e s u l t s  from p e r i o d i c  no ted  i n  t h e  c a l c u l a t e d  r e s u l t s  a r e :  
p a i r i n  wh ich  i n  t u r n  r e q u i r e s  a l am ina r  boundary s t r u c t u r e s  a r e  q u a l i t a t i v e l y  c o r r e c t l y  p r e d i c t e d  
l aye r .Pz  The i n i t i a l  c o n d i t i o n  e f f e c t  on j e t  e x c i t -  w i t h  t h e  p roper  phase speed; p a i r i n g  i s  observed 
a b i l i t y ,  a t  lower Mach numbers fo r  c o l d  j e t s ,  has as i n  t h e  exper imen ts ;  h e a t  s t r i p  e x c i t a t i o n  j u s t  
been s t u d i e d  in-house a t  NASA Lewis and w i l l  be i n s i d e  t h e  j e t  l i p  i s  e x t r e m e l y  e f f e c t i v e ;  and t h e  
r e p o r t e d  i n  t h i s  conference.29 h i g h  speed hot j e t  i s  somewhat more e x c i t a b l e  t h a n  

t h e  coheren t  
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t h e  comparable c o l d  j e t . 6 8  Note t h e  c o n t r a s t  o f  
t h e  l a s t  two p o i n t s  w i t h  t h e  r e s u l t s  o f  Re fs .  43 
and 20. 
T h i s  numer ica l  program should p r o v i d e  a u s e f u l  tool 
f o r  f u t u r e  enhanced mix ing  a n a l y s i s ,  p a r t i c u l a r l y  
when th ree-d imens iona l  computa t ion  capabi  1 i t y  i s  
added. ( P r o f e s s o r  J.N. Scott). 

These a r e  be ing  i n v e s t i g a t e d  f u r t h e r .  

3.2.4 M ich igan  Sta te  U n i v e r s i t y .  Exper iments  
a r e  conducted on t h e  behav io r  of  a s i n g l e  stream, 
p lane  m i x i n g  l a y e r .  The m i x i n g  l a y e r  i s  o f  80 cm 
span which can be s tud ied  i n  t h e  300 cm l o n g  t e s t  
s e c t i o n .  C o n t r o l l e d  e x c i t a t i o n  can be a p p l i e d  by 
a f u l l  span p i s t o n  l oca ted  2 .84  cm ups t ream o f  t h e  
s e p a r a t i o n  p o i n t .  Reynolds number, based on t h e  
i n i t i a l  momentum th ickness  No), as h i g h  as 5500 
was o b t a i n a b l e .  
t h e  e x i s t e n c e  o f  a cons tan t  low f requency  compo- 
n e n t ,  termed t h e  ub iqu i tous  f r e  uency, t h roughou t  
t h e  e n t i r e  e n t r a i n m e n t  domain.6g T h i s  cor responded 
to  a S t rouha l  number, fuO(o)/Uo = 0.0018. I t  i s  
i n f e r r e d  t h a t  t h e  fo rma t ion  o f  t h e  f i r s t  l a r g e  s c a l e  
coheren t  mo t ion  a t  x/0(0) = 400,70 o r  a t  260 cm i n  
t h e  MSU f a c i l i t y ,  i s  the source of t h e  u b i q u i t o u s  
f requency .  E x c i t a t i o n ,  w i t h  t h e  c o n d i t i o n s :  
A = AoCoswt where A, = 3.6 mm or Ao/e(o) = 0.55 
and w/2n = 15 Hz = f F  o r  f@(O) /Uo = 0.0075 l e d  
to: ( 1 )  a widened shear l a y e r  i n  terms o f  t h e  mean 
v e l o c i t y  p r o f i l e  b u t  ( 2 )  w i t h  no  apparent  i n c r e a s e  
i n  the  mass f l u x  th rough t h e  t e s t  s e c t i o n  and ( 3 )  a 
reduced u b i q u i t o u s  f requency  o f  f,B(o)/Uo = 0.0014. 
F u r t h e r  exper iments  a r e  be ing  conducted  (Professor 
J .F .  Foss). 

An i n t e r e s t i n g  o b s e r v a t i o n  was 

3.2.5 U n i v e r s i t y  of Houston. The e f f e c t  o f  
e x c i t a t i o n  on  t h e  e v o l u t i o n  o f  e l l i p t i c  j e t s  i s  
s t u d i e d  e x p e r i m e n t a l l y .  The e f f e c t  has been found 
to  be most pronounced a t  a S t r o u h a l  number, based 
on t h e  e q u i v a l e n t  diameter,  o f  about  0 .4 .  Such 
e x c i t a t i o n  r e s u l t s  i n  s i g n i f i c a n t l y  enhanced 
m ix ing ;71  t h e  j e t  c ross -sec t i ona l  a rea  measured a t  
about  
compared t o  t h e  unexc i ted  j e t  case. A 4 : l  e l l i p t i c a l  
j e t  has been found t o  be more s u s c e p t i b l e  t o  t h e  
e x c i t a t i o n  t h a n  a 2 : l  j e t .  E x c i t a t i o n  a t  S t  = 0.85 
has been found t o  induce " j e t  column mode" o f  p a i r -  
i n g ,  s i m i l a r l y  as i n  an ax isymmet r ic  j e t .  I n  t h i s  
case, however, t h e  p a i r i n g  process  i s  more comp l i ca ted  
and i n v o l v e s  p a r t i a l  amalgamation o f  t h e  non- 
ax i symmet r i c  coherent  s t r u c t u r e s .  F a r - f i e l d  n o i s e  
measurements have a l s o  been c a r r i e d  o u t  i n  t h e  
e l l i p t i c a l  j e t s .  I t  i s  argued t h a t  p a i r i n g  o f  t h e  
coheren t  s t r u c t u r e s  should n o t  be t h e  p r i n c i p a l  
n o i s e  source  i n  j e t s .  (P ro fesso r  A.K.M.F.  Hussa in ) .  

subharmonic resonance, i n  p lane  and ax i symmet r i c  
m i x i n g  l a y e r s ,  i s  b e i n g  c a r r i e d  o u t  t a k i n g  i n t o  
account  t h e  e f f e c t s  of compressi b i  1 i t y  and tempera- 
t u r e .  Key r e s u l t s  ob ta ined so f a r  show t h a t  
i n c r e a s i n g  e i t h e r  t h e  Mach number o r  t h e  tempera- 
t u r e  reduces t h e  g rowth  r a t e  o f  t h e  subharmonic.  
"Weakly n o n l i n e a r "  c a l c u l a t i o n s  for  t h e  s t a b i  1 i t y  
of  f r e e  shear l a y e r s  i s  also be ing  c a r r i e d  o u t .  
The c a l c u l a t i o n  follows the temporal  e v o l u t i o n  o f  
a wave packe t .  I t  has been shown t h a t  t h e  wave 
packe t  must be impar ted  near the  m i d d l e  o f  t h e  
shear l a y e r  i n  o r d e r  for  i t  t o  r e c e i v e  maximum 
a m p l i f i c a t i o n .  The magnitude o f  t h e  " f i r s t  Landau 
c o n s t a n t , "  wh ich  p rov ides  an i n d i c a t i o n  o f  t h e  
degree of t h e  n o n l i n e a r i t y ,  has a l s o  been c a l c u -  
l a t e d  s y s t e m a t i c a l l y  B S  a f n n c t i o !  o f  wave number 
and tempera tu re .  
wavenumber components near t h e  n e u t r a l  p o i n t  a r e  

X/De = 5 i nc reases  by  as much as 190 p e r c e n t  

3.2.6 U n i v e r s i t y  of A r i zona .  The a n a l y s i s  o f  

An i n t e r e s t i n g  r e s u l t  i s  t h a t  t h e  
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found t o  su f fe r  more n o n l i n e a r i t y  t h a n  t h e  ones 
r e c e i  v i ng t h e  maxi mum amp1 i f  i c a t  i o n  .72 
T.F. Ba lsa ) .  

( P r o f e s s o r  

Numer ica l  a n a l y s i s  and exper imen ts  were c a r -  
r i e d  o u t  on t h e  ax i symmet r i c  j e t  " p r e f e r r e d  mode," 
which i s  d e f i n e d . a s  t h e  f requency  component o f  
e x t e r n a l  f o r c i n g  r e c e i v i n g  maximum a m p l i f i c a t i o n  
by t h e  j e t .  C o n t r a r y  t o  e a r l i e r  suggest ions  t h a t  
t h e  " p r e f e r r e d  mode" i s  t h e  r e s u l t  o f  g l o b a l  i n s t a -  
b i l i t y  o f  t h e  e n t i r e  j e t  column or t h a t  i t  i s  an 
a b s o l u t e  i n s t a b i l i t y ,  i t  i s  demonst ra ted  t h a t  t h e  
p r e f e r r e d  mode i s  a c t u a l l y  a l o c a l ,  i n f l e c t i o n a l  
i n s t a b i l i t y  o f  t h e  ax i symmet r i c  m i x i n g  l a y e r . 6 5  

The modal d i s t r i b u t i o n  o f  t h e  coheren t  s t r u c -  
t u r e s  e v o l v i n g  near  t h e  n o z z l e  o f  a c i r c u l a r  j e t  
were cons ide red  b o t h  a n a l y t i c a l l y  and exper imen- 
t a l l y .  I t  has been shown t h a t  t h e  c r o s s - s e c t i o n a l  
shape o f  a j e t  can be d i s t o r t e d  th rough  t h e  reso -  
nan t  i n t e r a c t i o n  o f  two s p i n n i n g  modes w i t h  t h e  
same e x c i t a t i o n  f requency  b u t  w i t h  d i f f e r e n t  c i r -  
c u m f e r e n t i a l  mode numbers. I n t e r a c t i o n s  between 
modes m = 0 and m = 1 and between modes m = 0 and 
m = 2 have been cons ide red ,  and i t  i s  demonst ra ted  
t h a t ,  even on  a t i m e  average b a s i s ,  t h e  c i r c u l a r  
c r o s s - s e c t i o n  o f  t h e  j e t  undergoes d i s t o r t i o n  t o  
o v a l  o r  o t h e r  shapes. Also i n v e s t i g a t e d  i s  t h e  
subharmonic resonance. The resonan t  i n t e r a c t i o n  
o f  a fundamenta l  and a subharmonic o f  g i v e n  mode 
numbers y i e l d i n g  a subharmonic o f  a d i f f e r e n t  mode 
number, p r e d i c t e d  a n a l y t i c a l l y ,  i s  con f i rmed  exper -  
imen ta l  l y .  l 5  
I. Wygnanski) .  

t a l  r e s e a r c h  i n  a superson ic  shear l a y e r  i s  b e i n g  
c a r r i e d  o u t .  The s tudy  i s  t o  i n c l u d e  mean and 
uns teady  flow measurements i n  a superson ic  shear 
l a y e r  emanat ing  from a backward f a c i n g  s t e p .  
Two-component LDV measurements, S c h l i e r e n  photogra-  
phy as w e l l  as a m o d i f i e d  S c h l i e r e n  measurement fo r  
p r e f e r r e d  f r e q u e n c i e s  a r e  t o  be per fo rmed.  
p r e l i m i n a r y  measurements have been c a r r i e d  o u t  i n  
an e x i s t i n g  smal l  s c a l e  superson ic  w ind  t u n n e l ,  
p r i m a r i l y  add ress ing  t h e  v a l i d i t y  of t h e  measure- 
ment techn iques .  C o n s t r u c t i o n  o f  a l a r g e r  super-  
son ic  w ind  t u n n e l ,  where t h e  f i n a l  exper iments  a r e  
t o  be done, i s  under way. ( P r o f e s s o r  M. Samimy). 

4. Research P lans  a t  NASA Lewis 

( P r o f e s s o r s  R.A. Pe te rsen  and 

3 .2 .7  O h i o  S t a t e  U n i v e r s i t y .  B a s i c  experimen- 

Some 

F u t u r e  r e s e a r c h  i n  t h e  a rea  o f  a c t i v e  c o n t r o l  
o f  f low shou ld  be d i v i d e d  i n t o  t h e  c a t e g o r i e s  o f  
l o n g  t e r m  and s h o r t  t e r m  e f f o r t s .  The l o n g  t e r m  
p l a n  must i n c l u d e  e f f o r t s  wh ich  r e v e a l  t h e  phys i cs  
o f  t h e  uns teady  flow processes  such t h a t  t h e  r o l e  
o f  t h e  c o n t r o l  s i g n a l  i s  t h o r o u g h l y  unders tood.  
Bas ic  work c e r t a i n l y  seems to  be needed. Chapman 
and Tobak73 i n  c o n t r a s t i n g  t h e  o l d e r  s t a t i s t i c a l  to  
t h e  newer " s t r u c t u r a l "  approach t o  t u r b u l e n t  f low 
research  have s t a t e d ,  " i n  p l a c e  of a t h e o r y  w i t h o u t  
s t r u c t u r e ,  t h e  r e s u l t  t o  d a t e  has been s t r u c t u r e  
w i t h o u t  t h e o r y " .  Flow c o n t r o l ,  wh ich  l a r g e l y  stems 
from t h e  concept  t h a t  t h e  coheren t  s t r u c t u r e  con- 
t r o l s  t h e  f low and t h i s  s t r u c t u r e  can be c o n t r o l l e d ,  
d i r e c t l y  s u f f e r s  from t h e  l a c k  o f  unders tand ing  o f  
t h e  mechanisms i n v o l v e d .  Research e f f o r t  must con- 
c e n t r a t e  on t h e  l o n g e r  te rm goa l  o f  p r o v i d i n g  mod- 
e l s  and t h e o r i e s  fo r  t h e  uns teady ,  t u r b u l e n t  f l o w  
phenomena wh ich  we w ish  t o  c o n t r o l .  One a p p l i c a -  
t i o n  wh ich  a t  p r e s e n t  must be cons ide red  as long 
te rm i s  t h e  m a n i p u l a t i o n  and c o n t r o l  of t h e  
e x t r e m e l y  complex f l o w s  i n  t h e  t i p  r e g i o n  o f  t u r b o -  

. 
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mach inery .  Fu tu re  advances i n  e f f i c i e n c y  and s t a l l  
marg in  depend upon c o n t r o l l i n g  t h i s  uns teady  flow. 
Perhaps, t i p  t r e a t m e n t  has a l r e a d y  p r o v i d e d  r e a l i s -  
t i c  c o n t r o l  p r e s e n t l y  a c h i e v a b l e  i n  t h i s  f low. Bu t  
one must s t r i v e  for  f u r t h e r  improvement.  Armed 
w i t h  a c l e a r e r  unders tand ing  o f  t h e  flows and w i t h  
t h e  i n c l u s i o n  o f  mic rocomputers  and mic rosensors ,  
t h e  goa l  o f  o b t a i n i n g  s i g n i f i c a n t l y  improved e f f i -  
c i e n c y  w i t h  a c t i v e  f l o w  c o n t r o l ,  say w i t h i n  a dec- 
ade, may be r e a l i s t i c .  

7 .  Corke, T .C.  and Mangano, R . A . ,  " T r a n s i t i o n  o f  
a Boundary Layer :  C o n t r o l l e d  Fundamental- 
Subharmonic I n t e r a c t i o n s , "  Proceed ings  of t h e  
I U T A M  Symposium on Turbu lence Management and 
R e l a m i n a r i z a t i o n ,  Banga lore ,  I n d i a ,  
Sp r inge r -Ver lag .  1987. 

8.  M icha lke ,  A . ,  "On S p a t i a l l y  Growina D i s t u r -  
bances i n  an I n v i s c i d  Shea; Layer,; Jou rna l  o f  
F l u i d  Mechanics,  Vo l .  23, P t .  3, Nov. 1965, 
O D .  521-544. . .  

Computer exper iments  i n v o l v i n g  t h e  t i m e  
dependent equa t ions  p e r f o r m i n g  d i r e c t  numerical  9.  Freymuth, P . ,  "On T r a n s i t i o n  i n  a Separa ted  
s i m u l a t i o n  w i l l  be a g r e a t  a i d  i n  advanc ing  t h e  Laminated Boundary Layer , "  Jou rna l  o f  F l u i d  
knowledge o f  uns teady  f lows.74,75 P r o p e r l y  con- 

f low i n f o r m a t i o n  which would be i m p o s s i b l e  t o  
o b t a i n  any o t h e r  way. These must be c o n t i n u o u s l y  10. M icha lke ,  A . ,  " I n s t a b i l i t y  o f  a Compress ib le  
v a l i d a t e d  by  exper imen ta l  measurements as t h e  C i r c u l a r  Free  J e t  w i t h  C o n s i d e r a t i o n  o f  t h e  
r e s e a r c h  p rog resses .  The knowledge ga ined  from I n f l u e n c e  of  t h e  J e t  Boundary Layer Th ickness , "  

w i l l  be o f  g r e a t  use i n  d e v e l o p i n g  improved tu rbu-  
l e n c e  models upon wh ich  t h e  p rog ress  of more con- 1 1 .  Crow, S.C.  and Champagne, F . H . ,  " O r d e r l y  S t r u c -  
v e n t i o n a l  compu ta t i ona l  f l u i d  mechanics depends. t u r e  i n  J e t  Turbu lence, "  Jou rna l  o f  F l u i d  

Mechanics,  Vo l .  48, P t .  3 ,  Aug. 16, 1971, 

t r o l  can be made which w i l l  h e l p  t o  m a i n t a i n  momen- 
tum i n  t h e  research  a rea .  An i m p o r t a n t  aspect of  12. Becher t ,  D. and P f i zenma ie r ,  E . ,  "On Wave l ike  
success i n  these  p r a c t i c a l  a p p l i c a t i o n s  w i l l  be t h e  P e r t u r b a t i o n s  i n  a Free  J e t  T r a v e l l i n g  F a s t e r  
development o f  usab le  e x c i t a t i o n  dev i ces .  
t e rm advances can occu r  th rough  t h e  use o f  the b e s t  F l u i d  Mechanics,  Vol. 72, P t .  2, Nov. 25, 
a v a i l a b l e  c u r r e n t  knowledge and some p a t i e n t  cu t -  1975, pp. 341-351. 
a n d - t r y  techn iques .  We hope t o  ach ieve  t h e  f i rs t  
round o f  p rog ress  i n  p r a c t i c a l  c o n t r o l  o f  i n l e t  and 13. Ahu ja ,  K.K., Lep icovsky ,  J . ,  Tam, C.K.W., 
d i f f u s e r  f l o w s ,  f l o w s  o v e r  a i r f o i l s ,  and s i g n i f i -  Morris, P .J .  and B u r r i n ,  R . H . ,  "Tone-exc i ted  
c a n t l y  improved j e t  m i x i n g  i n  t h e  near f u t u r e .  J e t  -- Theory and Exper iment , "  NASA CR-3538, 

1982. 

Mechanics,  Vol. 25, P t .  4, Aug. 1966, 
s t r u c t e d  computer s o l u t i o n s  can p r o v i d e  d e t a i l e d  pp. 683-704. 

t h e  fundamental  program i n  uns teady  aerodynamics NASA TM-75190, 1977. 

I n  t h e  s h o r t  term, many advances i n  f low con- pp. 547-591. 

The s h o r t  t han  t h e  Mean Flow i n  t h e  J e t , "  Jou rna l  o f  
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