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

I t  is known t h a t  p r o p e r  m a n i p u l a t i o n  of a t u r b u l e n t  b o u n d a r y  

l a y e r  w i t h  a t h i n  s t a t i o n a r y  p l a t e  s p a n n i n g  t h e  f l o w  can  c a u s e  a 

r e d u c t i o n  i n  t h e  s k i n  f r i c t i o n  d r a g  downstr-earn of t h e  m a n i p u l a -  

t i o n  p o i n t .  T h e s e  d e v i c e s  h a v e  several names s u c h  as "BLFIDEStt, 

( b o u n d a r y  l a y e r  a l t e r a t  icln d e v i c e s  1 or  "LEBU' s", ( l a r g e  e d d y  

b r e a k - u p  d e v i c e s  1 .  Use of t h i s  t y p e  of d e v i c e  w a s  d e v e l o p e d  by 

Y a j n i k  a n d  R c h a r y a  (1977) ; C u r k e ,  G u e z e n n e c  R N a g i b  (1373) ; 

H e f n e r  , Weins te in  & B u s h n e l l  (197'31, a n d  o t h e r s .  Work by t h e s e  

i n v e s t i g a t o r s  h a s  p r o d u c e d  a rslarked e v o l  u t  icwi i n  t h e  perfcwrl iance 

a n d  u n d e r s t a n d i n g  o f  ce r t a in  cctnf i g u r a t  ions.  

T h i s  t e c h n o l o g y  is, however ,  not  w e l l  d e v e l o p e d .  T h i s  is 

clear when one l o o k s  a t  t h e  r e p e a t a b i l i t y  of t h e  v a r i o u s  

e x p e r i m e n t s  by  Hefner ,  R n d e r s  a n d  B u s h n e l l  (1383). f h d e r s  (1385) 

h a s  p o i n t e d  a u t  t h a t  c h a n g e s  i n  t h e  rnicr-ugel~lriiets-y o f  t h e  d e v i c e  

may c a u s e  s i g n i f i c a n t  c h a n g e s  i n  t h e  r e s u l t s .  M i l d l y  s t r c rk . ing  

t h e  LEBU b l a d e  w i t h  f ine s a n d p a p e r  c a n  s i g n i f i c a n t l y  a l t e r  t h e  

d a t a  b u t  r e d u c t  i o n s  i n  d r a g  c o n s i s t e n t l y  o c c u r .  

S e v e r a l  mechanisr t is  h a v e  b e e n  s u g g e s t e d  by C o r k e ,  N a g i b  arid 

Guezennec (1382.) by w h i c h  m a n i p u l a t o r  p l a t e s  are a b l e  t o  remove 

t h e  l a r g e  e d d y  s t r u c t u r e  from t h e  b o u n d a r y  l aye r  arid r e d u c e  t h e  

s k i n  f r i c t i o n  d r a g .  These s u g g e s t e d  m e c h a n i s m s  i n c l u d e  

a t t enua t ion  of t h e  normal v e l o c i t y  comporm-it of t h e  l a r g e  scale 

s t r u c t u r e  by t h e  m a n i p u l a t o r s  a n d  t h e  r e d i s t r i b u t i o n  of t h e  

t u r b u l e n t  k i n e t i c  e n e r g y  by t h e  b l a d e  wake. 

Qn t2 the r  p o s s i b l e  scenario b a s e d  upcwi t h e  w o r k .  o f  Liss and 

U s o l ' t s e v  (13731, a s s u r n e s  t h a t  t h e  m a n i p u l a t u r  b l a d e  a c t s  as ar1 

a i r - f o i  1 irl  '3 g u s t y  errvir-cIrlr~ient. Us l a r -ce  eddies i n  t h t z  h ~ t . . i n c , ~ r - y  



l a y e r  i m p i n g e  on t h e  manipulator  b l a d e ,  t h e  b l a d e  e x p e r i e n c e s  a 

s m a l l  f l u c t u a t i o n  i n  t h e  e f f e c t i v e  a n g l e  of a t t a c k .  T h e  r e s u l -  

t i n q  c h a n g e  i n  c i r c u l a t i o n  would p r o d u c e  v o r t e x  s h e d d i n g  a t  t h e  

m a n i p u l a t o r  t r a i l i n g  e d g e .  T h i s  v o r t e x  c o u l d  t h e n  p a r t i a l l y  can- 

cel t h e  v o r t i c i t y  a s s c c i a t e d  w i t h  t h e  i n c i d e n t  t u r b u l e n t  eddy .  

Wi th  a r e d u c t i o n  i n  t h e  l a r g e  e d d y  content ,  t h e  momenturn t ransfer  

from t h e  mean f l o w  t o  t h e  wall would  b e  r e d u c e d  l e a d i n g  t c l  a 

r e d u c t  i o n  i n  t h e  momentum t h i c k n e s s  a n d  a s s r - l c i a t e d  w a l l  d r a g .  I f  

t h i s  p r o p o s e d  mechanism is c c t r r e c t  i t  would b e  p o s s i b l e  to in-  

f l u e n c e  t h e  p r o c e s s  by d i r e c t i n g  a n  a c o u s t i c  wave t s w a r d  t h e  

LEBU. I f  t h e  a c o u s t i c  p u l s e  is p h a s e  l o c k e d  t o  t h e  i n c i d e n t  f l o w ,  

t h e  c a n c e l i n g  v o r t e x  s h e d  from t h e  m a n i p u l a t o r  p l a t e  c o u l d  b e  

m o d i f i e d  by t h e  acoustic p r e s s u r e  t o  e n h a n c e  t h e  l a r g e  e d d y  

c a n c e l l a t i o n  p r o c e s s .  

I n  a recent p a p e r  b y  P a p a t h a n a s i o u  & N a g e l  (1386) a new 

phenumenon a s s u c i a t e d  w i t h  d r a g  r e d u c t  i o n  u s i n g  b l a d e s  w a s  

r e p o r t e d .  T h a t  p a p e r  g i v e s  e v i d e n c e  t h a t  t h e  p r o p e r  acoust ic 

s i g n a l  d i r e c t e d  from t h e  wind t u n n e l  f l oo r  to t h e  LEBU t r a i l i n g  

e d g e  can i n d e e d  b e  u s e d  t o  e n h a n c e  t h e  d r a g  r e d u c t i o n  o b t a i n e d  

w i t h  t h e  b o u n d a r y  l a y e r  a l t e r a t ion  d e v i c e .  T h e  a c a u s t  ic  s i g n a l  

is g e n e r a t e d  f r o m  a h o t - f i l m  p r o b e  p o s i t i o n e d  u p s t r e a m  of t h e  

LEBU i n  line w i t h  t h e  l o c a t i o n  uf t h e  a c o u s t i c  i n p u t .  T h e  

a c c l u s t i c  s i g n a l  occurs  i n  r e s p o n s e  ti3 o n l y  l a r g e  e d d i e s  i n  t h e  

t u r b u l e n t  bcturtdat-y l a y e r .  The  s i g n a l  is time d e l a y e d  by  a n  

arnuunt e q u a l  t o  t h e  e d d y  c o n v e c t  i o n  time b e t w e e n  t h e  h o t - f  i l m  

p r o b e  a n d  t h e  LEBU t r a i l i n g  edge.  The a d d i t i o n a l  a c o u s t i c  p u l s e  

a p p l i e d  t c l  t h e  LEBU b l a d e  a p p a r e n t l y  rncldif ies t h e  v o r t e x  s h e d d i n g  



from t h e  b l a d e  a n d  i nc reases  t h e  l a r g e  e d d y  cancellation. T h i s  

work  is d e s c r i b e d  i n  t h e  f i n a l  r e p o r t  f o r  NRSq g r a n t  NRG-1-424, 

( N a g e l ,  1386) a n d  i n  a p a p e r  by P a p a t h a n a s i o u  R N a g e l  (1386). 

T h e  g o a l  of t h i s  work  is to v e r i f y  t h e  b e h a v i o r  o f  t h e  f l o w  

when s u b J e c t e d  t o  t h i s  p h a s e  l o c k e d  acoustic e x c i t a t i o n  a n d  t o  

o p t  i m i z e  t h e  i m p o r t a n t  p a r a m e t e r s  i n  t h e  e x c i t a t i o n  p r o c e s s .  

R e s u l t s  i n d i c a t e  t h a t  o p t i m i z a t i o n  o f  t h e  p r o c e s s  is p o s s i b l e  a n d  

t h a t  d r a g  r e d u c t  i o n  c a n  p e r s i s t  d o w n s t r e a m  a n d  s l o w l y  s p r e a d  i n  

t h e  s p a n w i s e  d i r e c t i o n .  

2. E x p e r i m e n t a l  Q p p a r a t u s  & Basic Phenomenon 

T h e  e x p e r i m e n t  is h o u s e d  i n  t h e  NCSU Low S p e e d  B o u n d a r y  

L a y e r  Wind T u n n e l  d e s c r i b e d  by N a g e l  R R l a v e r d i  (1385). T h e  test  

s e c t i o n  is n o m i n a l l y  1.8m x 0.4m x 7.@m l u n g  w i t h  a n  a d j u s t a b l e  

c e i l i n g  set f o r  zero p r e s s u r e  g r a d i e n t  f l o w .  R s c h e m a t i c  of t h e  

test s e c t i o n  is shown i n  f i g u r e  1. T h e  b o u n d a r y  l a y e r  s c o o p  a t  

t h e  b e g i n n i n g  of t h e  tes t  s e c t i o n ,  x = @.am, c o m p l e t e l y  r e rnnves  

t h e  b o u n d a r y  l a y e r  wh ich  fornis on t h e  contract i o n  f loor .  The 

test section b o u n d a r y  l a y e r  t h e n  s ta r t s  at  x = 0.8~1 a n d  g r o w s  i n  

a manner w h i c h  a g r e e s  w i t h  s t a n d a r d  p r e d i c t i o n s  s u c h  a s  t h o s e  

a v a i l a b l e  i n  t h e  t e x t  by C e b e c c i  a n d  Bradshaw (1’377). Q s a n d  

p a p e r  b o u n d a r y  l a y e r  t r i p  is i n s t a l l e d  across t h e  s p a n  of t h e  

tes t  sect ion b e t w e e n  x = 4cm and x = 25cm. T h e  t r i p  e s t a b l  i s h e s  

a f u l l y  d e v e l o p e d  t u r b u l e n t  b o u n d a r y  l a y e r  a t  t h e  LEBU w i t h  a 

c u r n p l e t e  r a n g e  o f  l e n g t h  s c a l e s .  Wi th  t h e  t r i p  i n s t a l l e d ,  t h e  

r e s u l t i n g  t u r b u l e r i t  b o u n d a r y  l a y e r  a l so  gt-ows i n  a c c o r d a n c e  w i t h  

s t a n d a r d  t u r b u l e n t  boundary  l a y e r  p r e d i c t  i o n s  a s  shown by  

P a p a t h a n a s i o u  R N a g e l  (1986). 



T h e  l a r g e  e d d y  b reak -up  d e v i c e  c o n s i s t s  of a s i n g l e  b l a d e ,  

w i t h  a c h o r d  e q u a l  t o  n i n e  t e n t h s  of t h e  local boundary l a y e r  

t h i c k n e s s  (3.6 c m ) .  T h e  d e v i c e  w a s  c a r e f u l l y  f a b r i c a t e d  f r o m  

s t a i n l e s s  steel s h i r n s t o c k  0.0203cm (0.888 i n c h e s )  t h i c k  and 

rnctunted across t h e  s p a n  of t h e  test section a t  E.8m f r o m  t h e  test 

s u r f a c e  l e a d i n g  e d g e .  T h e  b l a d e  e x t e n d s  t h r o u g h  t h e  w a l l s  of t h e  

test section a t  a h e i q h t  a b o v e  t h e  wind  t u n n e l  f l o o r  e q u a l  t o  88 

p e r c e n t  of t h e  local b o u n d a r y  l a y e r  t h i c k n e s s .  T h e  b o u n d a r y  l a y e r  

t h i c k n e s s ,  b, is d e t e r m i n e d  a5 t h e  l cca t i cm w h e r e  u / U e  = 0.935. 

T h e  d e v i c e  w a s  s e c u r e d  o u t s i d e  t h e  w i n d  t u n n e l  on a n  i n d e p e n d e r t t  

s t a n d  t h a t  a l lows  ddjustrflent of t h e  b l a d e  h e i g h t ,  a n g l e  of a t t a c k  

and b l a d e  t e n s i o n .  I n d e p e n d e n t  a d j u s t r n e n t  of b o t h  e n d s  of t h e  

b l a d e  is p o s s i b l e .  T h i s  is t h e  same b a s i c  c o n f i g u r a t  ionn 

d e s c r i b e d  i n  t h e  f i na l  r e p o r t  fclr g r a n t  NQG-1-424, ( N a g e l ,  1986). 

T h e  e x p e r i m e n t a l  a r r a n y e m e n t  t o  d C O u S t i C a l l y  e x c i t e  t h e  

t 

m a n i p u l a t o r  b l a d e  u t i l i z e s  a h o t - f i l m  p r o b e  m o u n t e d  2.5 5 
u p s t r e a m  of t h e  b l a d e  t r a i l i n g  e d g e  a t  a h e i g h t  a b o v e  t h e  tes t  

surface a p p r o x i m a t e l y  e q u a l  t o  t h e  h e i g h t  of t h e  b l a d e .  T h i s  is 

t h e  s a m e  l oca t ion  u s e d  i n  t h e  earlier work. 

T h e  s i g n a l  f r o m  t h e  e d d y  detector p r o b e  is p r o c e s s e d  i n  such 

a way so o n l y  t h a t  p a r t  of t h e  s i g n a l  c o r r e s p o n d i n g  t o  l a r g e  

e d d i e s  c a u s e s  an i n p u t  t u  t h e  a c o u s t i c  d r i v e r .  T h e  r e s u l t i n g  

a c o u s t i c  i n p u t  t s  t h e  b l a d e  is a s i g n a l  w i t h  a p p r o x i m a t e  

c h a r a c t e r  a,nd d u r a t  i u n  e q u a l  t o  t h e  anemometer' s resppcinse t o  t h e  

l a r g e  i n c i d e n t  e d d i e s .  

bas ic  e v i d e n c e  of t h e  d r a g  redi- ic t iCm d u e  to  t h e  accti-tstic 

e x c i t a t i o n  is shown i n  f i g u r e  -2-where  t h e  momentum t h i c k n e s s e s - - - - .  -. . -  

f o p  t h e  p l a l r t  t e s t  surface are cornpared t o  thCl5;e c lb ta i r ied  with 



t h e  b l a d e  

d e t e c t  or  

o n l y  a n d  w i t h  t h e  a c o u s t i c a l l y  e x c i t e d  b l a d e .  T h e  e d d y  

p r o b e  w a s  i n s t a l l e d  f o r  a l l  t h r e e  cases, b u t  w a s  no t  
. *  

ac t ive  fo r  m e a s u r e m e n t s  o b t a i n e d  fo r  t h e  p l a i n  case o r  t h e  case 

T h e  d a t a  w e r e  u s i n g  t h e  b l a d e  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 .  

o b t a i n e d  a l o n g  t h e  test surface center1 ine d o w n s t r e a m  of t h e  

p o i n t  of a c o u s t  ic  e x c i t a t i o n .  The  momentum t h i c k . n e s s  a t  a n y  

p o i n t  x r e p r e s e n t s  a l l  t h e  monientum loss  b e t w e e n  t h e  test surface 

l e a d i n g  e d g e  and t h e  p a r t i c u l a r  measurement p o i n t .  Since t h e  

p r e s s u r e  g r a d i e n t  is ze ro ,  t h e  s l o p e s  of t h e  c u r v e s  i n  f i g u r e  2 

r e p r e s e n t  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  a l o n g  t h e  surface. The  

r e d u c e d  s l o p e  a n d  s k i n  f r i c t i o n  coefficient t h a t  occur for  t h e  

b l a d e  w i t h  a n d  w i t h o u t  acous t ic  e x c i t a t i o n  is clear. F u r t h e r  

more, s i n c e  t h e  v a l u e  af momentum t h i c k n e s s  f o r  t h e  a c o u s t i c a l l y  

e x c i t e d  b l a d e  f a l l s  be low t h a t  of t h e  p l a i n  case when x is 

g r e a t e r  t h a n  3.6r1-1, one may c o n c l u d e  n e t  d r a g  r e d u c t i o n  o c c u r s  fo r  

t h i s  r e g i o n .  O n e  s h o u l d  also n o t e  t h a t  d a t a  f a r  t h e  p l a i n  con- 

f i g u r a t i o n  ( w i t h o u t  t h e  LEBU) are u n a f f e c t e d  when a c o u s t i c  

e x c i t a t i o n  is a p p l i e d  t o  t h e  f l o w  a n d  t h e  b l a d e  is removed.  The  

r e s u l t s  of F i g u r e  2 may s e r v e  a s  a n  e x a m p l e  of t y p i c a l  r e s u l t s  

w i t h  w h i c h  t o  c o m p a r e  t h e  r e s u l t s  of o p t i m i z a t i o n .  

3. O p t i m i z a t i o n  o f  Process 

When acous t i c  e x c i t a t i o n  is a p p l i e d  t o  t h e  l a r g e  e d d y  b r e a k -  

up b l a d e ,  t h e r e  is a r e d u c t i o n  i n  t h e  p e a k  c r o s s - c o r r e l a t i o n  

f u n c t i o n  m e a s u r e d  b e t w e e n  t h e  u p s t r e a m  e d d y  d e t e c t o r  p r o b e  a n d  a 

s e c o n d  h & - f i  l m  p r o b e  p o s i t  i u n e d  d o w n s t r e a m  cif t h e  b l a d e  a t  t h e  

_ _  - same h e i g h t  a b o v e  - t h e _ t e s t  s . u r f a c e .  _Fls e x p e c t e d  t h e  cro~is-corre- 

lat ictn cuefficlent goes t o  zero as t h e  dcfwnstrearn p r o b e  locat ictn 



is moved 

u p s  t re am 

u p s t  ream 

more t h a n  10 8 downst ream.  O n e  s h o u l d  n o t e  t h a t  the 

p r o b e  is t h e  f i x e d  e d d y  d e t e c t o r  p r o b e  l o c a t e d  2.5 6 
of t h e  LEBU t r a i l i n g  e d g e .  W i t h i n  o n e  o r  t w o  b o u n d a r y  

l a y e r  t h i c k n e s s e s  dclwnstream of t h e  b l a d e  t r a i l i n g  e d g e  t h e  p e a k  

cross-correlat ion coef f ic ien t  ( CCF 1 is r e d u c e d  from a b o u t  20% 

t o  nea r  zero by t h e  a d d i t i o n  of t h e  p r o p e r  p h a s e d  l o c k e d  a c o u s t i c  

s i g n a l .  T h i s  s i n g l e  measurement of t h e  r e d u c t  ion i n  t h e  c o h e r e n t  

l a r g e  e d d y  s t r u c t u r e  p r o v i d e s  a q u i c k  method t o  o p t i m i z e  t h e  

a c o u s t i c  s i g n a l .  I f  cane d e f i n e s  R c  a5 t h e  r a t i o  of t h e  p e a k  CCF 

w i t h  a c o u s t i c  e x c i t a t i o n  t o  t h e  p e a k  CCF w i t h o u t  e x c i t a t i o n ,  

t h e n  one can a s s u m e  t h a t  t h e  l a r g e  e d d i e s  i m p i n g i n g  on t h e  b l a d e  

are more e f f e c t i v e l y  c a n c e l e d  when R c  is less t h a n  1.0 a n d  a 

m i n i m u m .  

The  t h r e e  o p t  iniized parameters i n c l u d e  t h e  reference 

v o l t a g e ,  t h e  time d e l a y  a n d  t h e  a m p l i t u d e  o f  t h e  acous t i c  i n p u t .  

T h e s e  t h r e e  q u a n t i t i e s  are i l l u s t r a t e d  i n  f i g u r e  3. The  reference 

v o l t a g e  l e v e l  d e t e r m i n e s  which  e x c u r s i o n s  of t h e  anenionieter 

r e s p o n s e  are r - e c o g n i z e d  a s  l a r g e  e d d i e s .  S i n c e  t h e  e d d y  d e t e c t o r  

p r o b e  is p o s i t i o n e d  near  t h e  intermittent r e g i o n  of t h e  b o u n d a r y  

l a y e r ,  l a r g e  r e d u c t i o n s  i n  t h e  v e l o c i t y  are assumed  t o  c o r r e s p o n d  

t o  l a r g e  e d d y  p a s s i n g .  The reference v o l t a g e  t h u s  sets a 

t h r e s h o l d  wh ich  t r i g g e r s  t h e  p r o c e s s o r  r e s p o n s e  r e s u l t i n g  i n  a n  

acous t i c  i n p u t  t o  t h e  b l a d e .  T h e  d e l a y  time b e t w e e n  e d d y  d e t e c -  

t i o n  a n d  t h e  p r o c e s s o r  o u t p u t ,  a n d  t h e  a m p l i t u d e  of t h e  r - e s u l t -  

i n g  a c o u s t  ic  s i g n a l  are b o t h  a d j u s t a b l e  w i t h  t h e  p r o c e s s o r .  

F i g u r e  4 s h o w s  t h e  existence of  a d i s t i n c t  mininiurfl i n  R c  a s  

t h e - r e f e r e n c e  vo l t age ,  V r ,  is v a r i e d .  Low v a l u e s  of  V r  t r i g g e r  __ ._ - - 



t h e  a c o u s t i c  i n p u t  f o r  o n l y  t h e  l a r g e s t  - e d d i e s ,  w h e r e a s  h i g h  

v a l u e s  of V r  c a u s e  an a c o u s t i c  r e s p o n 5 e  fo r  m o s t  of t h e  

anemometer s i g n a l .  T h e s e  d a t a  w e r e  o b t a i n e d  w i t h  a time d e l a y  of 

a p p r o x i m a t e l y  18 m i l l i s e c o n d s  c o r r e s p o n d i n g  t o  t h e  a p p r o x i m a t e  

e d d y  c c q q v e c t i o n  t i m e  b e t w e e n  t h e  e d d y  d e t e c t o r  p r o b e  a n d  t h e  LEBU 

t r a i l i n g  e d g e .  The  acoustic a m p l i t u d e  u s e d  w a s  181 dB. F o r  

reference v o l t a g e s  s i g n i f i c a n t l y  a b o v e  t h e  opt imum value,  t h e  

a c o u s t i c  i n p u t  i n c r e a s e s ;  t h e  p e a k  cross-correlat i o n  funct ion. 

When V r  is b e l o w  t h e  o p t i m u m ,  t h e  p e a k  CCF is st i l l  s l i g h t l y  

r e d u c e d .  T h e  e d d y  c a n c e l l a t i o n  p r o c e s s  t h u s  seems most e f f e c t i v e  

when a d j u s t e d  t o  r e s p o n d  t o  o n l y  t h e  l a r g e  scale t u r b u l e n c e .  

Q c o u s t i c  i n p u t  i n  r e s p o n s e  t o  a M o r e  c o m p l e t e  r a n g e  of e d d y  

l e n g t h  scales may b e  i m p r o p e r l y  c o u p l e d  t o  t h e  b l a d e  b e c a u s e  t h e  

b l a d e  chord is of t h e  o r d e r  o f  t h e  l e n g t h  scale a s s ~ z ~ c i a t e d  w i t h  

t h e  l a r g e  e d d i e s .  

T h e  t u r b u l e n c e  i n t e n s i t y  m e a s u r e d  from t h e  e d d y  d e t e c t o r  

p r o b e  w a s  a p p r o x i m a t e l y  2%. T h i s  d e t e c t o r  p r o b e  is i n  t h e  outer 

b o u n d a r y  l a y e r  i n  a r e g i o n  o f  h i g h  i n t e r m i t t a n c y .  F i g u r e  4 s h o w s  

t h e  reference v o l t a g e  n o r m a l i z e d  by t h e  DC v o l t a g e ,  Vo, from t h e  

e d d y  d e t e c t o r  p r o b e .  Thus ,  ( l - V r / V o )  is a p p r o x i m a t e l y  t h e  

p r o p o r t  ion of t u r b u l e n t  f l u c t u a t  i c m s  t h a t  t r i g g e r  acoustic 

p u l s e s .  T h e  opt imum p e r f o r m a n c e  of t h e  e x c i t a t i o n  o c c u r e d  when 

( l - V r / V o )  w a 5  set a p p r o x i m a t e l y  112% l a r g e r  t h a n  t h e  t u r b u l e n c e  

i n t e n s i t y .  F o r  t h e  case shown i n  f i g u r e  4 ,  t r i g g e r i n g  on w i l y  t h e  

l a r g e s t  2.7% of t h e  v e l o c i t y  e x c u r s i o n s  p r o d u c e d  t h e  o p t  imum 

result s. 

Q5 t h e  reference v o l t a g e  is v a r i e d  from l o w  v a l u e s  t o  h i g h e r  



increases. T h e  ave rage  p u l s e  f r e q u e n c y  is e a s i l y  d e t e r m i n e d  by 

c o u n t i n g  t h e  p u l s e s  over a l o n g  t i m e  i n t e r v a l .  F i g u r e  4 also 

s h o w s  t h e  a v e r a g e  number  o f  a c o u s t i c  p u l s e s  from t h e  p r o c e s s o r  a s  

a f u r l c t i o n  of reference v o l t a g e .  C c r r r s i n  a n d  K i s t l e r  (1955) 

s u g g e s t  t h a t  t h e  l a r g e  e d d y  p a s s i n g  f r e q u e n c y  may b e  a p p r o x i m a t e -  

l y  p r e d i c t e d  by U e / ( 2 . 5  6) .  F o r  t h e  test case e x a m i n e d  h e r e ,  

t h i s  f r e q u e n c y  c o r r e s p o n d s  t o  a p p r o x i r i i a t e l y  1 lld Hz. I t  is 

e n c o u r a g i n g  to note t h a t  t h e  o p t  irnurn v a l u e  of t h e  reference 

v o l t a g e  o c c u r s  when t h e  prclcerjsor r e s p o n d s  a t  t h e  a p p r o x i m a t e  

l a r g e  eddy p a s s i n g  f r e q u e n c y .  D a t a  o b t a i n e d  from ca the r  c o n f i g u r -  

a t  ions are c o n s i s t e n t  w i t h  t h e s e  r e s u l t s .  

T h e  time d e l a y  fo r  t h e  p r o c e s s o r  w a s  a l so  o p t i m i z e d .  F i g u r e  

5 s h o w s  t h e  niinimum p e a k  c r o s s - c o r r e l a t i o n  r a t i o  o c c u r s  a t  a 

d e l a y  time c o r r e s p c m d i n g  to a p p r c ~ x i m a t e l y  9.5 msec. T h i s  is t h e  

l a r g e  e d d y  c o n v e c t  i o n  time b e t w e e n  t h e  e d d y  d e t e c t c w  probe a n d  

t h e  b l a d e  t r a i l i n g  e d g e  a s  s u g g e s t e d  by Kclvasznay, K i b e n s  and 

B l a c k w e l d e r  (1978). T h e s e  r e s u l t s  a l s o  s u p p o r t  t h e  n o t i o n  of 

r n o d i f i e d  l a r g e  e d d y  c a n c e l l a t i o n  by  t h e  a c o u 5 t i c  e x c i t a t i o n .  The  

refer-ence v o l t a g e  for t h e s e  d a t a  w a s  near  optimurn a n d  t h e  RMS 

a c c t u s t  ic  l e v e l  f o r  s o u n d  be tween 0 a n d  ZEN38 Hz. r e m a i n e d  a t  

a p p r o x i m a t e l y  101 dB. 

T h e  e o u n d  p r e s s u r e  l e v e l  of t h e  a c o u s t i c  i n p u t  a t  t h e  LEBU 

t r a i  1 i n g  e d g e  is not e a s i l y  measured .  D i f f i c u l t i e s  c c c u r  b e c a u s e  

of t h e  e x i s t e n c e  of t h e  niean f l o w ,  t h e  wake o f  t h e  LEBU a n d  t h e  

t u r b u l e n c e  i n  t h e  b o u n d a r y  l a y e r .  The  acoust ic amp1 i t u d e  can, 

h o w e v e r ,  b e  rfieasidred o u t s i d e  t h e  test sectilm i n  a zero f l o w  

e n v i r o n m e r t t .  T h e  d a t a  9f  f i g u r e  6 h a v e  t h e r e f o r e  b e e n  g a t h e r e d  



by m e a s u r i n g  t h e  cross-correlat ion f u n c t i o n s  i n  t h e  normal m a n n e r  

w i t h  v a r i o u s  e x c i t a t i o n  a m p l i t u d e s .  F o r  t h e  s a m e  power  s e t t i n g s ,  

t h e  ORSPL at  t h e  blade h e i g h t  a b o v e  t h e  orifice w a s  t h e n  m e a s u r e d  

o u t s i d e  t h e  t u n n e l .  T h e  test s e c t i o n  f loor  w a s  m o d e l e d  w i t h  a 

s q u a r e  f l a t  s u r f a c e  (8 .6~1 x 0.6~1) f a b r i c a t e d  w i t h  t h e  same s i z e  

i n p u t  p o r t  i n  t h e  c e n t e r .  The p r e r e c o r d e d  h o t  f i l m  o u t p u t  s i g n a l  

w a s  u s e d  t o  t r i g g e r  t h e  p u l s e  mechanism.  I n  t h i s  manner t h e  

acoustic s i g n a l  u s e d  t u  p r o d u c e  C h a n g e s  i n  t h e  CCF c o u l d  b e  

r e p r o d u c e d .  The  ORSPL w a s  measu red  w i t h  a c o n d e n s e r  m i c r o p h o n e  a t  

t h e  b l a d e  h e i g h t  w i t h  g r a z i n g  i n c i d e n c e .  

T h e  5ound  p r e s s u r e  l e v e l  r e q u i r e d  t o  i n f l u e n c e  t h e  wake of 

t h e  f l a t  p l a t e  c a n  b e  e s t i m a t e d .  M e l n i k  a n d  Chow (137’3) s u g g e s t  a 

t e c h n i q u e  t o  p r e d i c t  t h e  p e r t u r b a t i o n  p r e s s u r e  a t  t h e  t r a i l i n g  

edge of a f l a t  p l a t e  i n  a n  i n v i s c i d  f l o w .  F u r  t h e  test f l o w  a n d  

f l a t  p l a t e  b l a d e  u s e d  h e r e ,  t h e  p r e d i c t e d  f l u c t u a t i n g  p r e s s u r e  is 

9’3.3 dB. T h i s  v a l u e  s h o u l d  s e r v e  as a c r u d e  a p p r o x i m a t i o n  f o r  

t h e  acoustic a m p l i t u d e  r e q u i r e d  t o  i n f l u e n c e  t h e  b a s i c  f l o w  a t  

t h e  b l a d e  t r a i l i n g  edge .  

T h e  r e s u l t s  of t h e  o p t i m i z a t i o n  show t h a t  b e n e f i c i a l  e f fects  

of t h e  a c o u s t i c  i n p u t  a r e  p o s s i b l e  f o r  a r a n g e  o f  a m p l i t u d e s .  

T h e  r i i i n i r t i u m  CCF o c c u r e d  Just b e f o r e  t h e  a c c i u s t  ic d r i v e r  e n t e r e d  

a r e g i m e  of n o n - l i n e a r  r e s p o n s e .  R t  t h e  h i g h e r  v a l u e s  of ORSPL 

t h e  acoust ic n e a r  f i e l d  may a l so  i n f l u e n c e  t h e  cross-correlat i o n  

b e t w e e n  t h e  h o t - f  i l m  p r o b e s .  The  measurements rsugqes t  an  o p t  imi. im 

a c u u s t  ic  amp1 i t u d e  e x i s t s  near a s o u n d  p r e s s u r e  l e v e l  of a b o u t  

11212 dB. T h i s  a m p l i t u d e  is E‘ dE above t h e  l e v e l  p r e d i c t e d  ts 

i n f l u e n c e  t h e  f l o w .  T h i s  is a s u b s t a n t i a l  i n c r e a s e  i n  a c o u s t i c  

~t-essi-tt-e di.le t h e  )elati.tr-e o f  t h e  l o g a r - l t h m i c  scale f~:~t- decibels. 



T h e  d a t a  shown i n  f i g u r e s  4, 5 and 6 s u p p o r t  t h e  c o n c e p t  of 

e n h a n c e d  e d d y  c a n c e l l a t i o n  w i t h  an  a c o u s t i c  i n p u t  w h i c h  is p h a s e  

l o c k e d  t u  t h e  i n c i d e n t  l a r g e  e d d i e s .  T h e  o p t  imum r e f e r e n c e  

v o l t a g e  l e v e l ,  (or r e s p o n s e  t h r e s h o l d  l e v e l ) ,  t h e  time d e l a y  a n d  

t h e  r e q u i r e d  a m p l i t u d e  a l l  s u p p o r t  t h e  c u n c e p t  of a c o u s t i c  wave - 

l a r g e  e d d y  i n t e r a c t i o n  a t  t h e  b l a d e  t r a i l i n g  e d g e .  T h e  result of 

t h i s  interact icin is a r e d u c t i o n  of t h e  p e a k  c r u s s - c o r r e l a t i o n  

f u n c t i o n  across  t h e  b l a d e  and a r e d u c t i o n  of t h e  s k i n  fr iction 

d r a g  d o w n s t r e a m  a s  derl ionstr-ated i n  f i g u r e  2. 

The  o p t  i r n i z a t i o n  s h o w s  t h e  most s e n s i t i v e  a d j u s t m e n t  is 

a s s c c i a t e d  w i t h  t h e  r e f e r e n c e  v o l t a g e  V r .  R d e v i a t i o n  o f  o n l y  1% 

i n  V r  f r o m  t h e  opt imum value is s u f f i c i e n t  t o  s i g n i f i c a n t l y  

r e d u c e  t h e  e f f e c t i v e n e s s  o f  t h e  e x c i t a t i o n .  T h i s  s e n s i t i v i t y  i n  

V r  rnay b e  t h e  p r i n c i p l e  d i f f i c u l t y  i n  a c h i e v i n g  ' 'gcmd" d r a g  

r e d u c t  i o n  w i t h  t h i s  t e c h n i q u e .  

T h e  d i s t r i b u t i o n  of mumenturn t h i c k n e s s  a l o n g  t h e  wind  t u n n e l  

c e n t e r l i n e  f o r  t h e  o p t i m i z e d  case is compared  i n  f i g u r e  7 w i t h  

t h e  u n e x c i t e d  LEEU a n d  t h e  p l a i n  f l o w  cases. N e a r  t h e  b l a d e  t h e  

o p t i m i z e d  e x c i t a t i o n  d o e s  not p r o d u c e  i n i t i a l  increases i n  

mornenturn t h i c k n e s s  as s i g n i f i c a n t  a s  t h o s e  f o r  t h e  u n o p t i m i z e d  

case o f  f i g u r e  2. T h e  g e n e r a l  t r e n d  of t h e  d a t a  is t h e  s a m e ,  b u t  

net d r a g  r e d u c t  i o n  is a c h i e v e d  niuch ear l ier .  T h e  rnonienturn t h i c k -  

n e s s  w i t h  o p t i m i z e d  e x c i t a t i o n  f a l l s  be low t h e  p l a i n  f l a w  d a t a  

nea r  x = 2.9 m r a t h e r  t h a n  x = 3.6 rli as is f i g u r e  2. D r a g  r e d u c -  

t i o n  is c l e a r l y  i m p r o v e d  a n d  t h e  u p t i r n i z a t l u n  b a s e d  upon  t h e  p e a k  

cross-correlat i o n  f u n c t i o n  is e f f e c t i v e .  

.!. 



, 

4. S p a n w i s e  S p r e a d i n g  of the Phenomena  

F i g u r e s  2 a n d  7 show e n h a n c e d  d r a g  r e d u c t i o n  c a u s e d  by  

a c o u s t i c  e x c i t a t i o n  e x t e n d s  a s i g n i f i c a n t  d i s t a n c e  downs t r eam.  

One m i g h t  e x p e c t  m i x i n g  of t h e  s u r r o u n d i n g  t u r b u l e n c e  i n  t h e  

bclundary l a y e r  t o  q u i c k l y  d i l u t e  t h i s  phenomenon. D a t a  c o l l e c t e d  

across t h e  s p a n  of t h e  surface (cross-stream) i n d i c a t e ,  h o w e v e r ,  

t h a t  t h e  d r a g  r e d u c t  ion phenornenon s p r e a d s  s l o w l y  i n  t h e  

t r a n s v e r s e  d i rect ion. 

L i m i t e d  c r o s s - c o r r e l a t i o n  d a t a  show t h a t  r e d u c t  iorrs i n  t h e  

cross-carrel a t  i 6 r I  f u n c t  i o n  n e a r  t h e  LEBU a 1 so s p r e a d  spartw i se a s  

t h e  m e a s u r e m e n t s  are e x t e n d e d  dclwnstream. Work is c o n t  ir tciing to 

v e r i f y  a n d  c a r e f u l l y  document  t h e  s p r e a d i n g  phenomena. R s e c o n d  

p o i n t  of a c c t u s t  ic e x c i t a t i o n  w i l l  b e  installed t u  e x a m i n e  t h e  

r e s u l t s  of t w o  i n t e r s e c t i n g  r e g i o n s  of e n h a n c e d  d r a g  r e d u c t  ion. FI 

secctnd s i g n a l  p r o c e s s o r  h a s  been b u i  I t  a n d  is r e a d y  for  u s e .  

5. C o n c l u s i o n s  

P r o p e r  a c o u s t i c  e x c i t a t i o n  of a 5 i n g l e  l a r g e - e d d y  b r e a k - u p  

d e v i c e  c a n  increase t h e  r e s u l t i n g  d r a g  r e d u c t i o n  a n d ,  a f t e r  

a p p r o x i m a t e l y  40 t o  50 6 downs t r eam,  p r o v i d e  n e t  d r a g  r e d u c t i o n .  

P r e c i s e  o p t i m i z a t i o n  of t h e  i n p u t  t i m e  d e l a y ,  ariipl i t u d e  a n d  

r e s p c m s e  t h r e s h o l d  is d i f f i c u l t  b u t  p o s s i b l e  t o  a c h i e v e .  D r a g  

r e d u c t i o n  is i m p r o v e d  w i t h  o p t i m i z e d  c o n d i t i o n s .  The  p o s s i b i l i t y  

of o p t  i n i i zed  p r o c e s s i n g  s t r o n g l y  s u g g e s t s  a mechanism w h i c h  

i n v o l v e s  i n t e r a c t i o n  o f  t h e  a c o u s t i c  w a v e s  a n d  l a r g e  e d d i e s  a t  

t h e  t r - a i l i n g  e d g e  of t h e  l a r g e  e d d y  b r e a k - u p  d e v i c e .  Rlthcaugh 

t h e  niechanism for s p r e a d i n g  o f  t h i s  phenclniencwl is unkrmwn, i t  is 

__ .~ ~ . . . a p p a r e n t  t h a t  t h e  d r a g  r e d u c t  i o n  effect d o e s  t e n d  t o  s p r e a d  

S P a r r w  i 5e as t h e  f 1 IZIW ccinvects d c l w r l s t r - e a r l i .  



The phenomenon 15 not u n i q u e  to a p a r t i c u l a r  b l a d e  c o n f i g u -  

r a t i o n  o r  f l o w  v e l o c i t y ,  a l t h o u g h  a l l  data h a v e  been o b t a i n e d  a t  

r e l a t i v e l y  l o w  Reynolds  numbers. T h e  g e n e r a l  r e p e a t a b i  1 i t y  of t h e  

r e s u l t s  f o r  small c o n f i g u r a t i o n  c h a n g e s  s e r v e s  a s  ve r i f i ca t ion  of 

the phenor~ienon.  
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