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1 . I N T R O D U C T I O N  

1.1. STATEMENT OF THE PROBLEM 

- .  - - -T-he f low-  o f  f l u i d  a b o u k a  s o l i d - b o d y  c a n  be s e p a r a t e d  

i n t o  two r e g i m e s :  a t h i n  l a y e r  of f l u i d  a d j a c e n t  t o  t h e  body 

s u r f a c e  where f r i c t i o n  i s  t h e  dominan t  phenomenon,and t h e  

r e g i o n  o u t s i d e  t h e  t h i n  l a y e r  where t h e  f l u i d  c a n  be t r e a t e d  

a s  i n v i s c i d .  The t h i n  l a y e r  a d j a c e n t  t o  t h e  body s u r f a c e  i s  

c a l l e d  t h e  v e l o c i t y  boundary  l a y e r .  The t h i c k n e s s  o f  t h e  

boundary  l a y e r  ,6 3 - -  i n c r e a s e s  a l o n g  t h e  body i n  a downstream 

- -_ -  - -  - -  d i r e c t i o n . -  I n s i d e  the boundary  l a y e r  - t h e  f l o w  i s  r e t a r d e d  

b e c a u s e  of  f r i c t i o n  w i t h  t h e  s o l i d  s u r f a c e  a n d  i t  forms a 

v e l o c i t y  p r o f i l e  t h a t  v a r i e s  s m o o t h l y  f rom z e r o  a t  t h e  w a l l  

- t o - t h e  u n d i s t u r b e d  f ree  sTream v e l o c i t y  Vi. The r e d u c t i o n  o f  

s k i n  f r i c t i o n  d r a g  be tween a s o l i d  s u r f a c e  and  a moving f l u i d  

c a n  g r e a t l y  improve  t h e  p e r f o r m a n c e  o f  many v e h i c l e s  o r  f l u i d  

mach ine ry .  

Boundary l a y e r  deve lopmen t  o v e r  a f l a t  p l a t e  can be 

s e p a r a t e d  i n t o  t h r e e  r e g i o n s .  A l a m i n a r  r e g i o n  s t a r t s  from 

t h e  f l a t  p l a t e  l e a d i n g  e d g e  and  f o r m s  a B l a s s i u s  v e l o c i t y  

p r o f i l e  where t h e  v e l o c i t y  f l u c t u a t i o n s  a r e  n e g l i g i b l e .  

F u r t h e r  downstream t h e  f l o w  u n d e r g o e s  t r a n s i t i o n  t o  t u r b u l e n t  

f l o w  [I] where  t h e  v e l o c i t y  i n s i d e  t h e  boundary  l a y e r  

e x h i b i t s  i r r e g u l a r  v e l o c i t y  f l u c t u a t i o n s .  The v a l u e  o f  t h e  

R e y n o l d s  number,Re,,  c a n  p r o v i d e  a n  e s t i m a t e  o f  t h e  l a m i n a r ,  

t r a n s i t i o n  and  t u r b u l e n t  r e g i o n s .  T h e  s k i n  f r i c t i o n  
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c o e f f i c i e n t  f o r  t h e  l a m i n a r  r e g i o n  o f  a boundary  l a y e r  i s  

smaller t h a n  t h a t  f o r  t h e  t u r b u l e n t  r e g i o n .  The most  p o p u l a r  

a p p r o a c h  i n  wall f r i c t i o n  d r a g  r e d u c t i o n  t h e r e f o r e  h a s  been 

_ _  _ _ _ _ _  - to. _ a t t e m p t  t o -  delay- --the t r a n s i t i o n - f r m -  l a m i n a r  t o  t u r b u l e n t  

f l o w  [ 2 ]  and  m a i n t a i n  t h e  l a m i n a r  s k i n  f r i c t i o n  c o e f f i c i e n t  

f o r  a s  l o n g  a s  p o s s i b l e .  Most p r a c t i c a l  f l o w s  a r e ,  however ,  

t u r b u l e n t  and  a t  l a r g e  Reyno lds  numbers  a l l  f l o w s  w i l l  

e v e n t u a l l y  unde rgo  t r a n s i t i o n  t o  t u r b u l e n c e .  The main o b j e c t  

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

~ - - - - I - - d r a g  of a t u r b u l e n t  boundary  l a y e r  by a l t e r i n g  i t s  s t r u c t u r e  

r31. 

V i s u a l  i n v e s t i g a t i o n  o f  t u r b u l e n t  boundary  l a y e r s  have 

shown them t o  c o n t a i n  a t  l e a s t  t h r e e  d i s t i n c t  t y p e s  o f  e d d y  

- - -  s t r u c t u r e  ( f i g u r e  1 ) : 

i .  L a r g e  e d d i e s  which  domina te  t h e  o u t e r  r e g i o n  o f  t h e  

b o u n d a r y  l a y e r  and  have  a n  a v e r a g e  l e n g t h  o f  

a p p r o x i m a t e l y  1.65[4] 

ii. T y p i c a l  e d d i e s  h a v i n g  a t y p i c a l  l e n g t h  o f  200 wal l  

u n i t s , y +  , are  e n c o u n t e r e d  t h r o u g h o u t  t h e  t u r b u l e n t  

b o u n d a r y  l a y e r  [ 5 ] .  

iii. Well o r g a n i z e d  m o t i o n s  i n  t h e  l a m i n a r  s u b l a y e r  c a n  

form low s p e e d  s t r e a k s  [ 6 ] .  

The l a r g e  s c a l e  e d d i e s  have  a n  a v e r a g e  a x i a l  l e n g t h  

o f  a b o u t  1.68 [ 4 ]  and  c a u s e  a peak  v e l o c i t y  f l u c t u a t i o n  o f  

t h e  o r d e r  of 0.2U0 where U, i s  t h e  e x t e r n a l  v e l o c i t y .  The 

l a r g e  sca le  s t r u c t u r e s  a r e  c o n v e c t e d  downstream w i t h  an 
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a v e r a g e  v e l o c i t y  UC=0.93U, [ ? I ,  and  a p p e a r  s e m i - p e r i o d i c a l l y  

181 w i t h  a n  a v e r a g e  f r e q u e n c y  o f  a p p e a r a n c e  f=- U O  
2.56 

These  large sca le  s t r u c t u r e s  have a l i m i t e d  l i f e  s p a n .  They 

d e c a y  - a f t e r  t r ave l - ing -  a - d i s t a n c e  03- a b o u t  1 0 8 a n d  l o s e  t h e i r  

c o h e r e n c e  a f t e r  a b o u t  4&[9]. Large  e d d i e s  a r e  a s s o c i a t e d  

w i t h  t h e  p r o d u c t i o n  of  t u r b u l e n t  e n e r g y  and t h e  p r o d u c t i o n  o f  

~- __ - __ . - - . - - 

_ _  Reyno lds  s t ress  - p u t v t , a l t h o u g h  t h e  e x a c t  mechanism l i n k i n g  

them t o  t h e  s u b l a y e r  s k i n  f r i c t i o n  p r o d u c i n g  phenomena i s  

s t i l l  u n c l e a r  [4,6,9]. The r e a s o n  for t h i s  i s  t h e  lack  o f  

comprehens ive  e x p e r i m e n t a l  d a t a  i n  - t h e  l a m i n a r  s u b l a y e r .  

l a y e r  

s t r u c t u r e  c o u l d  lead  t o  r e d u c e d  s k i n  f r i c t i o n  a s  d e s c r i b e d  i n  

t h e  f o l l o w i n g  s e c t i o n s .  

- 
- C o n s e q u e n t l y ,  - - m a n i p u l a t i o n  - -of t h e  t u r b u l e n t  boundary  . - - __ - - 

1.2. HISTORICAL REVIEW 

E a r l y  boundary  l a y e r  m a n i p u l a t i o n  [ I O ]  was pe r fo rmed  by 

positioning mesh screens of height approximately equal to 8 
i n s i d e  t h e  boundary  l a y e r .  T h i s  r e s u l t e d  i n  t h e  d e s t r u c t i o n  

of t h e  l a rge  e d d i e s  and a s k i n  f r i c t i o n  d r a g  r e d u c t i o n  o f  50 

p e r c e n t  e x t e n d i n g  a d i s t a n c e  o f  1006 t o  1506 downstream o f  

t h e  mesh s c r e e n s .  The d rag  o f  t h e  d e v i c e  i t s e l f  was 

e x c e s s i v e .  P u r s u i n g  t h e  same g o a l  o f  e l i m i n a t i n g  t h e  l a r g e  

e d d i e s ,  H e f n e r  e t  a 1  [I13 mounted h o r i z o n t a l  and  v e r t i c a l  

p l a t e s  o f  v a r i o u s  s h a p e s  and  s i zes  i n s i d e  t h e  boundary  l a y e r .  

These  p l a t e s  o r  e l e m e n t s  i n t e r a c t e d  w i t h  and  m o d i f i e d  t h e  

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



r e d u c t i o n  o f  t h e  wa l l  s k i n  f r i c t i o n  was a t t r i b u t e d  p a r t i a l l y  

5 

t o  t h e  a l t e r a t i o n  o f  t h e  o u t e r  t u r b u l e n c e  scale.  An a v 2 r a g i  

of  24 p e r c e n t  d r a g  r e d u c t i o n  f o r  a d i s t a n c e  o f  45 d e v i c e  

- _ _  ----:--~heights_- was measure-d b u t - n o  -net :drag r e d u c t i o n  was o b s s r v e d .  

A s t u d y  u t i l i z i n g  f o u r  p a r a l l e l  p l a t e  m a n i p u l a t o r s  ernbzddsd 

i n s i d e  t h e  boundary  l a y e r  was per formed by  Corke e t  a1  [ 1 2 ] .  

T h i s  s e t h o d  was e f f i c t i v e  i n  removing t h e  l a r g s  s c a l e  

s t r u c t u r e s  and a 39 p e r c e n t  s k i n  f r i c t i o n  d r a g  r e d u c t i o n  was 

documented a t  a d i s t a n c e  o f  downstream. Flow 

v i s u a l i z a t i o n  r e c o r d e d  t h e  b r e a k i n g  u p  o f  t h e  l a r g e  e d d i e s  by 

- - t h z  p a r a l - l e 1  p l a t e s  which T e s u l t i d  in * t h i n n e r  m a n i p u l a t a d  

boundary  l aye r .  The streamwisi t g r b u l s n c e  i n t e n s i t y  c l o s i  t o  

t h e  w a l l  o f  t h e  m s n i p u l a t e d  boundary  l a y e r  was found t o  be 

r e d u c e d .  No n i t  d r a g  r e d u c t i o n  was measured .  I n  ord2r  t o  

improvs  upon t h e  n e t  drag, r e d u c t i o n  Corks e t  a1 [ 13 ]  mounted 

a p a i r  o f  t a n d e n  f l a t  p l a t e s  w i t h i n  t h e  boundary  l a y e r .  They 

measured a 20 p e r c a n t  n e t  drag r e d u c t i o n  at same locations. 

The l o c a l  s k i n  f r i c t i o n  d r a g  c o e f f i c i e n t  d i d  n o t  r e l a x  t a  

t h a t  o f  t h e  u n d i s t u r b e d  f l o w  u n t i l  a d i s t a n c s  o f  698. 

a l s o  i d e n t i f i e d  t h e  p o s s i b l e  mechan i sns  l e s d i n g  t o  s u c h  

r e s u l t s  as  t h e  s u p p r P s s i o n  o f  t h e  normal  v s l o c i t y  conp9nen t  

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

r s d i s t r i b u t i o n  o f  t h e  t u r b u l e n t  k i n s t i c  e n e r g y  by t h e  b l a d e  

wake. B e r t e l r u d  e t  a1  [14 ]  u s e d  t h i n  t r s n s v e r s e  r i b b o n s  i n  

tandem f o r  v a r i o u s  flow c o n f i g u r a t i o n s .  A 40 p e r c e n t  skin 

f r i c t i o n  d r a g  r e d u c t i o n  was measured a n d  t h i s  phznoienon 

- -  ~ - 

- -  

Thsy 



p e r s i s t e d  f o r  a b o u t  80 downstream o f  t h e  m a n i p u l a t o r .  The 

n e t  d r a g  r e d u c t i o n  was m o d e r a t e .  

These e x p e r i m e n t s  a d o p t e d  similar b o u n d a r y  l a y e r  

m a n i p u l a t i n g  -sche-mes,---but - t h e  s p e c i f i c  d i m e n s i o n s  o f  c h o r d  

l e n g t h ,  h e i g h t  and  tandem s p a c i n g  v a r i e d  c o n s i d e r a b l y .  I n  a 

r e v i e w  p a p e r  Hefner  e t  a1 [I51 p r e s e n t e d  t h e  p a r a m e t e r s  f o r  

- __ - - - 

- -  - . I -  en optimum p l a t e  . m a n i p u l a t i o n  o f  a t u r b u l e n t  boundary  l a y e r .  

They s t a t e d  t h a t  t h e  f l a t  e l e m e n t s  s h o u l d  be t h i n  and  mounted 

a s  t e n s i o n  members. They estimated t h a t  t h e  e l e m e n t  c h o r d  

l e n g t h  s h o u l d  be a p p r o x i m a t e l y  e q u a l  t o  t h e  boundary  l a y e r  

t h i c k n e s s , S ,  and  t h e  o u t e r  e l e m e n t  s h o u l d  n o t  exceed a 

h e i g h t  o f  0 . 8 6 a b o v e  t h e  w a l l  s u r f a c e .  I t  was a l s o  n o t e d  t h a t  

t h e  .number o f  h o r i z o n t a l  e l e m e n t s  s h o u l d  n o t  exceed two and  

t h a t  t h e  p l a t e s  o p e r a t e  most e f f e c t i v e l y  i n  t h e  r a n g e  o f  

momentum t h i c k n e s s  Reyno lds  number f rom 3,000 t o  6,000. I n  

r e c e n t  i n v e s t i g a t i o n s  [16] ,  10 t o  30 p e r c e n t  n e t  d r a g  

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

i n  tandem u n d e r  z e r o ,  m i l d l y  a d v e r s e  and  f a v o r a b l e  p r e s s u r e  

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

w i t h i n  50 boundary  l a y e r  t h i c k n e s s e s  f rom t h e  m a n i p u l a t o r .  

A i r f o i l  shaped  [ I71 l a r g e  e d d y  b reak -up  d e v i c e s  (LEBLJ ' s )  

were t e s t e d  i n  a r a n g e  o f  momentum t h i c k n e s s  R e y n o l d s  numbers  

a t  t h e  m a n i p u l a t o r  n e a r  '7,400. The r e s u l t s  i n d i c a t e d  t h a t  

o n l y  s y m m e t r i c  a i r f o i l s  i n  t a n d e m  were e f f e c t i v e  i n  

m a n i p u l a t i n g  t h e  t u r b u l e n c e  boundary  l a y e r  and  a 7 p e r c e n t  

n e t  d r a g  r e d u c t i o n  was r e c o r d e d .  F i n a l l y  i t  s h o u l d  be 
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ment ioned  t h a t  t h e  r e p e a t a b i l i t y  o f  n e t  d r a g  r e d u c t i o n  

e x p e r i m e n t s  was n o t  found s a t i s f a c t o r y  [ I s ]  and t h e  

mic rogeomet ry  o f  t h e  p l a t e  m a n i p u l a t o r s  i s  c r i t i c a l  w i t h  

- - respec t -  t o  t h e i r  e f f e c t i v e n e s s  [18]. __  _---- 

1.3. OBJECTIVE OF STUDY 

_. --Large e d d y  break up d e v i c e s  (LEBUJs) c o n s t i t u t e  a new, 

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

boundary  l a y e r .  The d e s t r u c t i o n  o f  t h e  l a rge  scale e d d i e s  and 

t h e  a s s o c i a t e d  r e d u c t i o n  i n  momentum t r a n s f e r  t o  t h e  wal l  c a n  

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

mechanisms,  based upon t h e  work o f  L i s s  and U s o l ' t s e v  

[13,19,20l9 l e a d i n g  t o  l a r g e  e d d y  e l i m i n a t i o n  i s  

s c h e m a t i c a l l y  r e p r e s e n t e d  i n  f i g u r e  2. L a r g e  e d d i e s  

( d i s c r e t e  v o r t i c e s )  i m p i n g i n g  upon a LEBU p l a t e  g e n e r a t e  

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

a t t a c k  v a r i a t i o n .  Because  o f  t h e  u n s t e a d y  c i r c u l a t i o n  around 

t h e  d e v i c e ,  v o r t i c e s  a r e  s h e d  from i t s  t r a i l i n g  edge. The  

oncoming l a rge  e d d i e s  i n  t h e  boundary  l aye r  i n t e r a c t  w i t h  t h e  

s h e d  v o r t i c i t y  and a re  p a r t i a l l y  c a n c e l e d .  The f o c u s  o f  t h i s  

d i s s e r t a t i o n  i s  t o  enhance  t h e  LEBU e f f e c t i v e n e s s  by e x c i t i n g  

i t s  t r a i l i n g  edge  w i t h  a c o u s t i c  waves phase  l o c k e d  t o  t h e  

l a rge  scale  s t r u c t u r e  and t h u s  i n f l u e n c e  t h e  momentum 

t r a n s f e r  t o  t h e  wa l l .  

An i n i t i a l  es t imate  o f  t h e  r e q u i r e d  sound p r e s s u r e  l e v e l  

f o r  a n  e f f e c t i v e  a c o u s t i c  p u l s e  was o b t a i n e d  by c o n s i d e r i n g  
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t h e  magn i tude  of t h e  p r e s s u r e  p e r t u r b a t i o n s  a t  t h e  n e a r  wake 

o f  a t h i n  p l a t e  i n  i n v i s c i d  f l o w .  A sound wave of 

a p p r o x i a a t e l y  100 dB (Appendix 1 )  p r e s s u r e  l e v e l ,  a r r i v i n g  

.- - - a-t -the LE-BU-traiZing edge- t o g e t h e r - w i t h  t h e  l a r g e  e d d i e s  was 

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

boundary  l a y e r .  

- __ - - - - 

D e t a i l e d  s k i n  f r i c t i o n  measurements  were o b t a i n e d  i n  t h e  

f low r e g i o n  downstream of a LEBU e x c i t e d  w i t h  a c o u s t i c  waves. 

The d a t a  are  compared w i t h  s k i n  f r i c t i o n  measurements  o f  a 

s i m p l y  m a n i p u l a t e d  f l o w ,  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  and w i t h  

a p l a i n  f l o w  c o n f i g u r a t i o n .  The p r o p e r t i e s  and  t h e  s ca l e s  of 

mot ion  i n  t h e  f l o w  regime downstream o f  t h e  a c o u s t i c a l l y  

e x c i t e d  LEBU a re  s t u d i e d .  A p a r a m e t r i c  s t u d y  based upon t h e  

- c h a r a c t e r i s t i c s  of t h e  a c o u s t i c  i n p u t  was p u r s u e d  i n  a d d i t i o n  

t o  c a r e f u l  mapping of t h e  d r a g  r e d u c t i o n  phenomenon w i t h i n  

t h e  a c o u s t i c a l l y  m a n i p u l a t e d  boundary  l a y e r .  T h i s  s t u d y  of 

boundary layer manipulation has lead to improved skin 

f r i c t i o n  drag  r e d u c t i o n  and f u r t h e r  u n d e r s t a n d i n g  o f  t h e  

t u r b u l e n t  boundary  l a y e r s .  

.. - 
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2. EXPERIMENTAL PROCEDURE 

2.1. BASIC EXPERIMENTAL APPARATUS 

_ _ _  -- - --The e x p e r i m e n t a l  = s t u d y - w a s x o n d u c t e d  i n  t h e  r e c e n t l y  

c o n s t r u c t e d  NCSU Boundary Laye r  Wind Tunnel  [ 2 1 ] .  A g e n e r a l  

view of  t h e  wind t u n n e l  i s  shown i n  f i g u r e  3 .  T h i s  f a c i l i t y  

f e a t u r e s :  a l o n g  t e s t  s e c t i o n  ( -7.0 m )  t o  a c h i e v e  h i g h  

Reyno lds  numbers  w i t h  low s p e e d s ,  a v e l o c i t y  r a n g e  o f  4 t o  

33 m / s  and e x t r e m e l y  u n i f o r m  mean f l o w  w i t h  t u r b u l e n c e  

i n t e n s i t i e s  o f  l e s s  t h a n - 0 . 2 5  p e r c e n t ;  A s i n g l e  LEBU p l a t e  

._ - ._ L -_. - -  - - -  z--:=---as 1 c a r e f u l l y  f a b r i c a t e d  f rom - s t a i n l e s s  s t e e l  s h i n s t o c k  and  

mounted a t  a d i s t a n c e  o f  2.0 m f rom t h e  l e a d i n g  edge  o f  t h e  

t e s t  s e c t i o n ,  i n  t h e  boundary  l a y e r  ( f i g u r e  4 ) .  A mount ing  

- -- - s y s  tem f o r  t h e  LEBU-was d e s i g n e d  a n d - b u i l t .  The mount h a s  

a c c u r a t e  c o n t r o l  o v e r  t h e  L E B U ' s  h e i g h t  above  t h e  t e s t  

s u r f a c e ,  t h e  L E B U ' s  a n g l e  o f  a t t a c k  and  t e n s i o n .  The LEBU 

e x t e n d s  t h r o u g h  o p e n i n g s  i n  t h e  wind t u n n e l  s i d e  wal ls  a c r o s s  

t h e  f u l l  s p a n  of t h e  t e s t  s e c t i o n .  Each s i d e  o f  t h e  LEBU 

mount is i n d e p e n d e n t l y  a d j u s t a b l e  t o  a s s u r e  p r e c i s e  a l i g n m e n t  

and e l i m i n a t e  p o s s i b l e  v i b r a t i o n s  o f  t h e  s t r e t c h e d  p l a t e .  

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

LEBU t r a i l i n g  edge  i s  shown i n  f i g u r e  5. A h o t  f i l m  p robe  i s  

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

s i g n a l  f rom t h e  s e n s o r  i s  o b t a i n e d  from a n  anemometer a n d  f e d  

i n t o  a s p e c i a l l y  d e s i g n e d  p r o c e s s o r  whose e l e c t r o n i c  d i a g r a m  

i s  drawn i n  Appendix 3 .  The p r o c e s s o r  r e s p o n d s  o n l y  t o  l a r g e  
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e x c u r s i o n s  o f  t h e  h o t  f i l m  s i g n a l .  The t h r e s h o l d  v o l t a g e  

l e v e l , V ,  , t o  which  t h e  p r o c e s s o r  r e s p o n d s  i s  a d j u s t a b l e .  T h i s  

a d j u s t m e n t  a l l o w s  s e l e c t i o n  of a lower  l i m i t  o f  l a r g e  s c a l e  

T e d d i e s  --t~--- which  the -  p r o c e s s o r  - w i l l  - P e s p o n d .  E d d i e s  w i t h  

v e l o c i t y  f l u c t u a t i o n s  above  t h i s  t h r e s h o l d  l e v e l  ( r e f e r e n c e  

v o l t a g e )  are  i g n o r e d  w h i l e  e d d i e s  w i t h  a s s o c i a t e d  v e l o c i t y  

e x c u r s i o n s  be low t h e  t h r e s h o l d  l e v e l  p roduce  a r e s p o n s e  from 

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

d u r a t i o n  s i m i l a r  t o  t h e  anemomete r ' s  l a r g e  f l u c t u a t i o n s  a s  

shown on t h e  d u a l  t race  o s c i l l o s c o p e  d i s p l a y  o f  f i g u r e  6. The  

r e s p o n s e  of - t h e  p r o c e s s o r  must  a l s o  be- time d e l a y e d  and  

a m p l i f i e d .  The time d e l a y , t ,  is  s e t  e q u a l  t o  t h e  l a r g e  eddy  

c o n v e c t i o n  time [ 7 ]  between t h e  u p s t r e a m  h o t  f i l m  s e n s o r  and 

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

t h e n  a m p l i f i e d  t o  p roduce  a n  a c o u s t i c  i n p u t  c a p a b l e  o f  

i n f l u e n c i n g  t h e  LEBU wake. 

__ _ _  --- - 

- _  

The p r o c e s s o r  response  i s  then used to d r i v e  a c o u s t i c  

waves from a l o c a t i o n  on t h e  f l o o r  o f  t h e  wind t u n n e l  be low 

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

t h e r e f o r e  be made t o  a r r i v e  a t  t h e  LEBU t r a i l i n g  edge  

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

v o r t i c i t y  s h e d  f rom t h e  LEBU, which  a p p a r e n t l y  i n f l u e n c e s  t h e  

e d d y  c a n c e l l a t i o n ,  c a n  be m o d i f i e d .  The p r e s s u r e  p u l s e  d e v i c e  

c o n s i s t s  o f  a n  8 i n c h  woofer  s p e a k e r  which  i s  sea l  mounted on 

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

housed  i n  a l i n e d  box t o  r e s t r a i n  n o i s e  s i g n a l s  f rom e n t e r i n g  
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F i z u r ?  5 .  Ilia? d e l s y e d  p r o c s s s o r  r?sponse t o  F n s i d i n t  
f l ow.  



t h e  t e s t  s u r f a c e  by s ? u r i o u s  p a t h s .  

2.2. OPERATINS CONDITIONS 

Z - T h s - w i n d  t u n n e l - - i s  a d j u s t e d  t o - p r o d u c e  a zero p r o s s u r e  

g r a d i e n t  f l o w  a l o n g  i t s  l e n g t h .  Th? v a r i a t i o n  o f  t h e  f r s z  

s t r e a m  t u r b u l e n c e  i n t e n s i t y  i n  t h s  t e s t  s e c t i o n  is  show.rl i n  

f i g u r e  7 . - F o r  t h z  o p e r a t i n g  v s l o c i t y  r ang2  3 0.25 p e r c s n t  

t u r b u l e n c e  i n t e n s i t y  was measured .  The boundary  l a y e r  i s  

f o r c a d  t u r b u l e n t  by  a c o a r s e  s a n d p a p e r  t r i p  mounted 3 C'II 

downstraam of t h i  t e s t  s u r f a c e  l e a d i n g  edge .  The l e n g t h  o f  

- - - - - the - -boundary  l a y e r  t r i p  -is 21 7=m w h i c h  q u i c k l y  e s t a b l i s h i 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  boundary  l a y e r  w i t h  a c o n p l e t i  

r ang?  o f  l e n g t h  s ca l e s  as can ba s22n f r am t h e  p h o t o s r a p h  i n  

. - - - - - - - - - - - - - - ___ - -__ 

_ _  

" O  was s2t '-7' f i g u r e  1. The wind t u n n e l  -un i t ' -Reynolds  number 

a t  0 . 7 ~ 1 0  m .  The c o r r e s p o n d i n g  t y p i c a l  mssn f l o w  v e l o c i t y  w 3 s  

s p p r o x i n s t e l y  11 .O m / s  and t h e  R e y n o l d ' s  numbir based upon 

t h e  momentum t h i c k n e s s , @  , a t  the LEBU l o c a t i o n  was a b o u t  

3,100. The boundary  l a y e r  t h i c k n e s s , 6 ,  a t  LEBU l o c a t i o n  was 

e s t i m a t e d  a s  4.1 cm. T h i s  was d e t e r m i n e d  u s i n g  t h e  d e f i n i t i o n  

o f  t h e  boundary  l e y e r  t h i c k n e s s  as t h e  h e i s h t  a t  w h i c h  

-= .995 ,  where u i s  t h e  l o c a l  v e l o c i t y  and  Uo i s  t h z  

v e l o c i t y  of  t h e  e x t e r n a l  f l ow.  The LEBU c h o r d  l e n s t h  was 

=0.90&, i t s  h e i g h t  above  t h e  t e s t  s u r f a c e  was ' 0 . 8 0 8 a n d  i t s  

t h i c k n e s s  was 0.0058 a c c o r d i n g  t o  t h e  recommendat ions  o f  

r e f e r e n c e  [ 151. 

6 -1 

- 
U - 
uo 

T h i s  LEBU c o n f i g u r a t i o n  i s  sn improvsd v e r s i o n  o f  
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s e v e r a l  m a n i p u l a t o r s  t h a t  were t e s t ed .  I t  i s  d e s c r i b e d  i n  

d e t a i l  b e c a u s e  a major  p o r t i o n  o f  t h i s  s t u d y  was s p e n t  upon 

it. T h i s  p l a t e  c o n f i g u r a t i o n  was t h e  f i f t h  tes ted (LEBU #5)  

- a n d - u a s  t h e  -mos t  s u c c e s s f u l .  The - c o n f i g u r a t i o n s  p r e v i o u s l y  

t e s t ed  a l s o  u s e d  a wind t u n n e l  u n i t  Reyno lds  number of 0 . 7 ~  

10 m ” ,  were l o c a t e d  a t  a d i s t a n c e  o f  2.0 m f rom t h e  t e s t  

s e c t i o n  l e a d i n g  edge  a n d - a r e  d e s c r i b e d  i n  s e c t i o n  3.6. 

- _. - - - - - 

6 

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

a t  t h e  midspan  of t h e  t e s t  s u r f a c e  a t  a h e i g h t  o f  0.853 and 

a t  a d i s t a n c e ,  s, o f  2 . 4 5 6 u p s t r e a m  t h e  LEBU t r a i l i n g  edge  as  

showrr- - i n - f i g u r e  5. T h i s  p r o b e ,  u sed  t o  d e t e c t  t h e  i n c i d e n t  

l a r g e  e d d i e s ,  was p o s i t i o n e d  a s  c l o s e  a s  p o s s i b l e  t o  t h e  LEBU 

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

a f t e r  a d i s t a n c e  o f  a b o u t  4 6 [ 4 ] .  The l o c a t i o n  o f  t h e  l a r g e  

e d d y  d e t e c t o r  p r o b e  must b e ,  however ,  f a r  enough u p s t r e a m  i n  

o r d e r  t o  p r e v e n t  a f e e d  back  f rom t h e  a c o u s t i c  p u l s e s .  The 

axis o f  t h e  probe was i n c l i n e d  a t  45 d e g r e e s  w i t h  r e s p e c t  t o  

t h e  t es t  s e c t i o n  v e r t i c a l  p l a n e  o f  symmetry ( f i g u r e  4 )  i n  

o r d e r  t o  a v o i d  p robe  i n t e r f e r e n c e  w i t h  t h e  downstream flow 

- - -  - _-- __ 

s 
f i e l d .  The p r o c e s s o r  d e l a y  time was s e t  a t  t= ; a  0.93 Uo 

t y p i c a l  v a l u e  o f  t was 10 msec. 

The p r e s s u r e  p u l s e  mechanism was mounted u n d e r  t h e  t e s t  

s u r f a c e  a t  midspan be low t h e  LEBU d e v i c e  t r a i l i n g  e d g e .  The 

a c o u s t i c  i n p u t  was d i r e c t e d  t o  t h e  LEBU t r a i l i n g  e d g e  t h r o u g h  

a c i r c u l a r  o p e n i n g  (3/8 i n c h  d i a m e t e r )  c o v e r e d  w i t h  f i n e  

s c r e e n  f l u s h  mounted t o  t h e  t e s t  s u r f a c e .  



A f i r s t  a p p r o x i m a t i o n  o f  t h e  r e q u i r e d  sound p r e s s u r e  

l e v e l  o f  t h e  a c o u s t i c  waves was o b t a i n e d  by c o n s i d e r i n g  t h e  

boundary  l a y e r  p r e s s u r e  p e r t u r b a t i o n s  n e a r  t h e  t r a i l i n g  edge  

- . -. - - -  .. - - -----:of a - f l a t  p l a t e  . - A c c o r d i n g - t o - d e t a i l e d  c a l c u l a t i o n s  (Appendix 

1 )  a t y p i c a l  v a l u e  of a b o u t  100 dec ibe l  ( d B )  p r e s s u r e  

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

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

t r a i l i n g  e d g e  when it e n c o u n t e r s  a n  oncoming a v e r a g e  l a r g e  

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

l o c a t i o n  f o r  a f l a t  p l a t e  i n  i n v i s c i d  f ree  s t r e a m  f l o w .  I t  

-was- assumed t h a t  sound p r e s s u r e  l e v e l s  o f  t h i s  magni tude  

would be n e c e s s a r y  t o  have some e f f e c t  upon t h e  t r a i l i n g  edge  

f low.  A power a m p l i f i e r  was u t i l i z e d  t o  d e l i v e r  t h e  r e q u i r e d  

power t o  t h e  p u l s e  mechanism. 

I . - ._ - - -- - 

The  p r e s s u r e  p u l s e  mechanism was bench  t e s t ed  w i t h  t h e  
wind t u n n e l  o p e r a t i n g  a t  a u n i t  Reynolds  number o f  0.7xlO 6 m -1 

u s i n g  the output of the upstream h o t  f i l m  probe. The speaker 

mechanism was mounted o u t s i d e  o f  t h e  wind t u n n e l  u n d e r  a 

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

t h a t  i n  t h e  wind t u n n e l  t e s t  s e c t i o n .  The  time a v e r a g e d  Root  

Mean S q u a r e  (RMS) power s p e c t r a  o f  t h e  a c o u s t i c  o u t p u t  a t  t h e  

L E B U ' s  h e i g h t  was measured i n  a h a r d  wall  room u n d e r  z e r o  

f l o w  c o n d i t i o n s .  F i g u r e  8 shows t h e  RMS broadband s p e c t r a  

f rom 0 Hertz t o  2,000 Hertz o f  t h e  a c o u s t i c  p u l s e  e m a n a t i n g  

f rom t h e  f l o o r  p r e s s u r e  p o r t .  The  a c o u s t i c  power i s  

c o n c e n t r a t e d  o v e r  a n a r r o w  r e g i o n  from 60 H e r t z  t o  200 H e r t z  
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a p p r o x i n a t e l y  a t  a l e v e l  o f  109 d e c i b z l s .  Ths sound p r 5 s s u r e  

l e v e l  a t  t h e  LEBU's h e i z h t  i n t e g r a t e d  from 0 H e r t z  t o  2,033 

H e r t z  was 95.4 d e c i b i l s .  The l a r g e  eddy  p a s s i n g  f r e q u e n c y  was 

- --zxp_lc-te3. to--be-approx-imately-lZQ-Hertz, hencz t h e  b u l k  o f  t h z  . 

a m u s t i c  power o c c u r r z d  a t  t h e  e x p e c t e d  f r z q u e n c i e s .  The 

r e m a i n i n g  p a r t  o f  t h e  s p e c t r a  c o n s i s t s  o f  t h e  h s r r n m i c s  o f  

t h e  a c o u s t i c  p u l s e s ,  t h e  background n o i s e ,  l1%round d i p "  

phznornenon and  t h e  h a r r n m i c s  o f  t h e  wind t u n n e l  f a n  b l a d ?  

p a s s i n g  t o n e .  A 1 / 2  i n c h  B r u e l  and Kjaer c o n d e n s 2 r  

microphone  was u t i l i z e d  for t h i s e  n e a s u r e m e n t s .  

2.3. DETERMINATI3N OF THE SKIN F R I C T I O N  COEFFICIENT,c, 

Measurements  of t h e  boundary  layer  p r o f i l e  downstream o f  

t h e  m a n i p u l a t o r  p l a t e  were o b t a i n e d  - u s i n g  a small boundary  

l a y e r  P i t o t  p robe  w i t h  an o u t s i d e  d i a rne te r  of 0.5rnin. A 

r a m o t e l y  c o n t r o l l e d  t r a v e r s i n g  mechanisn  was u s e d  t o  a s s i s t  

w i t h  t h 2  p r e c i s i o n  p robe  p o s i t i o n i n g .  The t r a v e r s i n g  d e v i c e  

p r o v i d s s  p robe  movernent o v e r  t h a  Y-2 p l a n e  i n  t h e  wind t u n n i l  

t p s t  s e c t i o n  ( f i g u r e  4 )  w i t h  a p o s i t i o n i n s  a c c u r a c y  o f  2 3 . 1  

ma. The p r e s s u r e s  f rom t h s  boundary  l a y e r  p robe  were measured 

w i t h  a V a l i d y n e  d i f f e r z n t i a l  p r i s s u r e  t r a n s d u c e r .  The s t a t i c  

p r e s s u r e  was o b t a i n e d  from s t a t i c  t a p s  i n  t h e  t e s t  s u r f a c e .  

Approx ima te ly  200 s a n p l e s  were o b t a i n e d  and a v e r a g e d  a t  e a c h  

p o i n t  and t h e  v e l o c i t y  p r o f i l e  was d e t e r m i n i d  by  40 s u c h  

p o i n t s  d i s t r i b u t e d  o v i c  t h e  t h i c k n a s s  o f  t h s  boundary  l a y e r .  

A D i g i t a l  15 b i t  r e s o l u t i o n  d a t a  a c q u i t i o n  sys tem i n  



2 2  

c o n j u n c t i o n  w i t h  a D i g i t a l  Computir  wire u t i l i z e d  i n  o r d 2 r  t o  

p r o c e s s  t h e  measured da t a  and monitDr t h o  wind t u n n e l ' s  

o p e r a t i o n .  V a r i a t i o n s  i n  mean v e l o c i t y  o f  more t h a n  1 p e r c e n t  

and - mean- flow t e m p i r a t u r e  of ..more t h a n  , 2  p e r c s n t  

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

e x a c t  c o n d i t i o n s  c o u l d  be r e s e t .  

T h i  mornenturn t h i c k n 2 s s , 8  , i s  c a l c u l a t e d  from i t s  

d e f i n i t i o n  ( l i s t  of symbols )  by n u m e r i c a l l y  i n t e g r a t i n g  t h 2  

v e l o c i t y  p r o f i l e  ov2r t h e  boundary  l a y e r  t h i c k n z s s .  For z e r o  

- - p r a s s u r e  - g r a d i e n t  two-dimens iona l  f l o w  t h e  V O ~  ;(arman ._ . - 

._ i -  3Iosen tum-In tcg ra l :  - E q u a t i o n  r e d u c e s  t o :  

2 dx 
Cf=X 

where,  cf i s  t h e  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  and x i s  t h 2  

a x i a l  l e n g t h .  Ths  inomentum th i ckne - s s ,B ,  i s  d e t e r m i n e d  a s  -. - 

desc r ibsd  above  for a p l u r a l i t y  o f  p o s i t i o n s  downst r ia in  o f  

t h i  LEBU. Ths v a l u i s  c a n  b2 l e a s t  s q u a r s  f i t t e d  t o  3 powsr 

c u r v e  of t h i  form: 

e = a x b  ( 2 . 2 )  

Hence,  t h 2  s k i n  f r i c t i o n  c o e f f i c i e n t  c a n  be e s t i m a t e d  by : 

c f  =2abxb-' (2 .3 )  

An a l t z r n a t i v e  c a l c u l a t i o n  o f  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  

c a n  bi o b t a i n e d  by a p p l y i n s  a c e n t r a l  f i n i t e  d i f f e r e n c e  

scheme upon e q u a t i o n  2.1 

The p r e v i o u s l y  d e s c r i b t d  i n d i r o c t  method of m a a s u r i n z  

c f ,  a l t h o u s h  time consuming,  h a s  c e r t a i n  s d v a n t a g 3 s  cornpar23 

t o  o t h e r  msthods  of w s l l  s h e a r  s trsss measurement  [ ? ? I .  Skin 
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f r i c t i o n  g a u g ~ s  have  p r o b l e m s  w i t h  t h e  n e s s s c a r y  g a p s  and 

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

P r e s t o n  t u b a s ,  S t a n t o n  g a u g e s  and  s u b l a y e r  f e n c e s  caus=L f l o w  

o b s t r u c t i o n ,  and  measurements  a r e  h e a v i l y  d e p e n d e n t  _ u p o n  

g e o m e t r y  and  p o s i t i o n i n g .  T h i  method used  i n  t h i s  s t u d y  was 

- - t h e -  m o s t - e c o n o m i c a l l y  sound and  t h e  most d i r s c t l y  r s l a t e d  t o  

p r o v s n  t h e o r y .  

2.4. VERIFICATION OF THE BASIC FLOW CONFISURATION 

The -momentum - t h i c k n s s s , @ ,  o f  t h e  t u r b u l e n t  boundary  

. _  - ~ - -  - . . _ _ l a y e r .  . i s  o f  p r i m a r y  i n t e r e s - t  . i n - the  - p r i s e n t  i n v e s t i g s t i o n  

b e c a u s s  i t  i s  u s e d  f o r  d e t e r m i n i n s  t h s  s k i n  f r i c t i o n  

c o e f f i c i e n t .  F i g u r s  9 shows n e a s u r e d  and  t h e o r z t i c a l l y  

- p r e d i c t e d  -va lu?s  of 8 f o r _ _ t h t  - - p l a i n  f l o w  case v e r s u s  

downst ream d i s t a n c e  x .  The s o l i d  l i n e  r e p r e s e n t s  v a l u o s  o f  

momentum t h i c k n e s s  p r e d i c t e d  by Head's n e t h o d  [ 231. T h i  

e x p z r i m e n t a l  v s l u i s  o f  8 were o b t a i n e d  by a v e r a g i n g  3 v a l u s s  

ac ross  t h ?  s p s n  of t h 2  t e s t  s u r f a c e .  Hsad's method was 

a p p l i e d  f o r  zero  p r e s s u r e  g r a d i e n t  f l o w  and  i n i t i a l i z e d  w i t h  

a momentum t h i c k n a s s  p r s d i c t e d  e m p i r i c a l l y  a t  t h 2  e n d  o f  t h e  

s a n d p a p i r  t r i p  (Appendix  2 . 1 ) .  The i n i t i a l  s h a p e  p a r a m e t e r ,  

H=1.375, was s e l e c t e d  as  t h e  a v e r a g e d  measured  v a l u ? .  The 

s h a p e  p a r a m e t e r  H for a boundary  l a y e r  i s  d e f i n e d  a s  t h e  

r a t i o  o f  d i s p l a c e m e n t  t o  momentum t h i c k n e s s .  Yeasu red  v a l u z s  

o f  H a t  d i f f e r e n t  ax is1  l o c a t i o n s  a r z  l i s t e d  i n  t a b l e  1 a l o n g  

w i t h  t h e  a v e r a g e .  The i n i t i a l  o r  s t a r t i n g  v a l u 3 s  i n  Hiad's 
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Tabla 1 -. Neasured shspe paramet r ,  H ,  versus  ax i s1  
d i s t ance ,x  (&=0.7xlOg v m'' ) .  

x b l  H 

2.00 I .379 

2.25 1.332 

2.50 1.495 

2-75 1.375 

3.00 1.361 

3 - 2 5  1.363 

3.50 I .356 

3-75 1.343 

4.03 I .355 

4.25 1.358 

4.53 1.357 

* avecag2 H=1.375 
- 
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method a re  r e l a t i v e l y  u n i m p o r t a n t  e x c e p t  f o r  t h e  f i r s t  few 

p o i n t s  o f  t h e  c a l c u l a t i o n .  Agreement be tween t h e  p r e d i c t e d  

and  measured  v a l u e s  of  a p p e a r e d  s a t i s f a c t o r y  w i t h  a 

-maximum-deviatTon of -3-percerrt;-I'k momentum t h i c k n e s s  , e  , - - - - - 

a t  9 s p a n w i s e  l o c a t i o n s  a c r o s s  t h e  t e s t  s e c t i o n  c e n t e r l i n e  a t  

2.0 m and  3.5 m f rom t h e  t e s t  s u r f a c e  l e a d i n g  e d g e  i s  shown 

orc f i g u r e  -10. The maximum d e v i a t i o n  f rom t h e  mean was 4 p e r -  

c e n t .  

The l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  f o r  a p l a i n  f l o w  

c o n f i g u r a t i o n  was d e t e r m i n e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  

s u g g e s t e d  by  Bradshaw [24] .  T h i s  method e x p l a i n e d  i n  Appendix 

2.4 d e t e r m i n e s  cf f rom a measured  boundary  l a y e r  v e l o c i t y  

p r o f i l e .  These  measured  r e s u l t s  a r e  compared w i t h  t h e  a x i a l  

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

o f  Ludwieg and  T i l l m a n n  [ I ] ,  

( 2 . 4 )  
-0.268 -0.678 H 

C =0.246Ree 10 

In f i g u r e  9. The shape parameter H and momentum t h i c k n e s s  R e  

i n  t h e  above  e q u a t i o n  were p r e d i c t e d  w i t h  H e a d ' s  method.  A 

maximum d e v i a t i o n  o f  2 p e r c e n t  was o b s e r v e d  be tween t h e  c+ 

p r e d i c t e d  by Ludwieg a n d  T i l l m a n n ' s  f o r m u l a  and  t h e  q 

d e t e r m i n e d  by  B r a d s h a w l s  method.  A l though  B r a d s h a w l s  method 

p r e d i c t e d  c+ v e r y  well f o r  t h e  p l a i n  f l o w ,  i t  was n o t  used  i n  

o t h e r  f l o w  c o n f i g u r a t i o n s  b e c a u s e  i t  is based upon t h e  

p r e v i o u s  knowledge o f  t h e  l o g a r i t h m i c  law ; t h e  form of  t h e  

l o g a r i t h m i c  law f o r  a LEBU m a n i p u l a t e d  boundary  l a y e r  h a s  n o t  

been  e s t a b l i s h e d  y e t .  
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The measured v e l o c i t y  p r o f i l e  f o r  t h s  p l a i n  f l a w  

c o n f i g u r a t i o n  was compared t o  a t h e o r e t i c a l l y  p r i d i c t e d  

p r o f i l e  u s i n g  a m o d i f i e d  Coles '  boundary  l a y e r  (Appendix  

._ _ _  _ _  - :2.2). The - v e l o c i t y  p r o f i l e  was c a l c u l a t 2 d  f o r  sn a x i a l  

l o c a t i o n  2.5 m f rom t h e  t p s t  s e c t i o n  l e a d i n g  e d s i .  The f r e e  

s t r e a s  v s l o c i t y  was s e t  a t  11.35 m/s t o  s a t i s f y  t h 2  u n i t  

Reyno lds  numb5r r e q u i r i m s n t  o f  0 . 7 ~ 1 3  ;n and t h e  r z s u l t i n s  

t h e o r e t i c a l  and  e x p z r i m e n t a l  p r o f i l e s  a r e  shown i n  f i g u r e  11. 

The maximum d e v i a t i o n  between p r e d i c t e d  and measured v e l o c i t y  

v a l u s s  was 2 p e r c e n t .  

6 -1 

- 

- 
- - -  -~ -- Measurements  o f - t h e - f l u c t u a t i n g  - a x i a l  v e l o c i t y  component 

were o b t a i n i d  a c r o s s  t h s  t u r b u l e n t  bounds ry  l a y e r  a t  an a x i a l  

l x a t i o n  o f  2.0 rn w i t h  a h o t  f i l m  p robe .  These  d a t a  a r i  

- - - - p l o t t e d  i n  f i g u r e  12 and compared w i t h  c l a s s i c s 1  m s a s u r e n e n t s  

o f  Klebanof f  [ l ] .  The t r e n d  o f  t h e  d a t a  a g r e e s  f a i r l y  well 

a l t h o u g h  t h e  magni tude  o f  t h s  measured da t a  is lower  t h a n  

K l e b s n o f f '  s c l a s s i c  measurements .  Such  d e v i a t i o n s  s h o u l d  b? 

e x p z c t e d  s i n c e  K l e b a n o f f ' s  d a t s  a r a  f o r  a Reyno lds  number o f  

l o 7  whereas t h e  measurements  o f  f i g u r e  12  were o b t a i n s d  w i t h  

a Reyno lds  number o f  1 . 4 ~ 1 0 ~ .  A method t o  s c a l e  t h e  measured 

d a t a  t o  c o r r e c t  f o r  t h e  d i f f s r e n c e  i n  Reyno lds  n u m b i r s  was 

n o t  a v a i l a b l e .  

The boundary  layer  v e l o c i t y  p r o f i l e  f o r  a LEBU 

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

wake v e l o c i t y  d i s t r i b u t i o n  fr3m a t h i n  p l a t ?  upon a p l a i n  

f l o w  p r o f i l ? .  The d e t a i l e d  c a l c u l a t i o n  p r a c s d u r e  i s  d e s z r i b i d  
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- i n  Appendix 2 .3  and t h e  p r e d i c t e d  and  measured  p r o f i l e s  a r e  

shown i n  f i g u r e  13. T h e i r  a g r e e m e n t  was found  s a t i s f a c t o r y  and 

a 4 p e r c e n t  maximum d i f f e r e n c e  was measured .  

The s t r u c t u r e  of t h e  t u r b u l e n t  boundary  l a y e r  was 

i n v e s t i g a t e d  by u s i n g  f l o w  v i s u a l i z a t i o n  w i t h  t h e  Smoke-Wire 

method of  R a s p e t  and  Moore [ 2 5 ] .  The smoke was p roduced  by 

_. - - v a p o r i z i n g  - o i l  f rom a f ine  s t a i n l e s s  s t e e l  wire by i m p u l s i v e  

r e s i s t i v e  h e a t i n g .  T h e  smoke wire was mounted v e r t i c a l l y  i n  

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

L a r g e  scale  e d d i e s  s h a p i n g  t h e  boundary  l a y e r  i n t e r m i t a n c y  

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

o b s e r v e d  i n  f i g u r e  1. 

The mean f ree  s t r e a m  v e l o c i t y  was u n i f o r m  i n  t h e  

s p a n w i s e  d i r e c t i o n  w i t h i n  0.2 p e r c e n t  [ 2 1 ]  a n d  momentum 

t h i c k n e s s  a c r o s s  t h e  t e s t  s e c t i o n  s p a n  v a r i e d  w i t h i n  4 p e r -  

c e n t  o f  t h e  mean v a l u e .  These  s m a l l  d e v i a t i o n s  combined w i t h  

t h e  s a t i s f a c t o r y  a g r e e m e n t  found  be tween p r e d i c t e d  and  

measured  f l o w  c h a r a c t e r i s t i c s  a l l o w  t h e  a s s u m p t i o n  of a two 

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

e d d y  b reak -up  d e v i c e  removed. When t h e  LEBU i s  i n s t a l l e d  t h e  

b a s i c  v e l o c i t y  p r o f i l e  downstream o f  t h e  d e v i c e  i s  a l s o  a s  

e x p e c t e d .  The wake o f  t h e  p l a t e  a p p e a r s  normal  and  t h e  s l i g h t  

i n c r e a s e  i n  t h e  v e l o c i t y  p r o f i l e ,  a t  a p p r o x i m a t e l y  y=1 .0  cm 

i n  f i g u r e  13, may be a t t r i b u t e d  t o  t h e  v i s c o u s  d r a g  r e d u c t i o n  

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

i n  momentum t h i c k n e s s .  



32 

0 
a, 
m 
\ 

E 
o E  

0 
t a 

c 

0 a o  

a 



3 3  

3 .  RESULTS AND D I S C U S S I O N  

The e x p e r i m e n t s  w i t h  a c o u s t i c  e x c i t a t i o n  o f  t h e  LEBU 

were pe r fo rmed  i n  o r d e r  t o :  

i. De te rmine  i f  p r o p e r  a c o u s t i c  e x c i t a t i o n  c a n  enhance  

t h e  e f f e c t i v e n e s s  o f  a boundary  l a y e r  p l a t e  

m a n i p u l a t o r .  

-- ii.-- I n v e s t i g a t e  - - t h e  - p r o p e r t i e s  -of t h e  r e s u l t i n g  f l o w  - - _- - - - - - 

f i e l d  downstream o f .  t h e  LEBU. 

iii. S e a r c h  f o r  t h e  optimum o p e r a t i n g  p a r a m e t e r s  o f  t h e  

e x p e r i m e n t .  

i v .  Examine t h e  e f f e c t i v e n e s s  o f  t h e  a c o u s t i c  e x c i t a t i o n  

w i t h  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s .  

3.1. BASIC RESULTS 

3.1.1. SKIN FRICTION DRAG REDUCTION 

The e f f e c t  of t h e  a c o u s t i c  p u l s e  upon t h e  p l a i n  f l o w  

was f i r s t  examined and t h e  momentum t h i c k n e s s  g rowth  f o r  t h e  

u n e x c i t e d  and  t h e  e x c i t e d  p l a i n  f l o w s  i s  compared on f i g u r e  

14. The a c o u s t i c  i n p u t  c a u s e d  no s i g n i f i c a n t  a l t e r a t i o n s  i n  

t h e  f l o w  and  t h e  a v e r a g e  v a l u e  o f  0 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  c o n f i g u r a t i o n  was found  t o  be h i g h e r  t h a n  t h e  

u n e x c i t e d  c o n f i g u r a t i o n  by o n l y  0.5 p e r c e n t .  T h i s  s l i g h t  

i n c r e a s e  i n o i s  due  t o  a n  e x p e c t e d  small i n c r e a s e  i n  mixing  

n e a r  t h e  a c o u s t i c  s o u r c e .  F i g u r e  14 shows t h a t  t h e  a c o u s t i c  

i n p u t  h a s  no s i g n i f i c a n t  e f f e c t  on t h e  f l o w  when t h e  LEBU i s  
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n o t  i n s t a l l e d .  

When t h e  t h i n  p l a t e  was i n s t a l l e d  t u r b u l e n t  bounclsry 

l a y e r  v e l o c i t y  p r o f i l e s  were o b t a i n e d  a t  midspsn  l o c a t i o n s  

downstream o f  t h s  LEBU m a n i p u l a t o r .  The mornentum t h i c k n e s s , Q ,  

was c a l c u l a t e d  a s  d o s c r i b i d  i n  s e c t i o n  2.3 and p l o t t e d  v e r s u s  

downstream d i s t a n c i , ~ ,  f rom t h 2  t e s t  s u r f a c e  l e a d i n g  e d s i .  

F i g u r s  15 shows t h z  a x i a l  v a r i a t i o n  o f  f o r  t h s  f o l l o w i n g  

con f i g u r  a t i o n  s : 

~~ - _ -  

i. P l a i n  f l o w  w i t h  t h e  u p s t r e a m  sensor  i n s t a l l s d  
_ _  - 

. -  . ii. The -LEBU c o n f i g u r a t i o n  w i t h  t h e  u p s t r e a m  ssns3r 

- - i n s t a - l l e d  b u t  n o t  o p e r a t i n g .  _I - -- - - - - - - - -_ -- 

iii. The LEBU c o n f i g u r a t i o n  a c o u s t i c s l l y  e x c i t t d .  

The  monetltua t h i c k n e s s  o f  t h e  m a n i p u l a t e d  f l o w  i s  

- g r e a t e r  t h a n  t h ?  p l a i n  f l o w  case n e a r  t h e  LEBU b e c 3 u s I  o f  - -  

momentum l o s s  impos id  by t h e  embedded t h i n  p l a t s .  T h s  

mornentum t h i c k n e s s  n e a r  t h e  LEBU t r a i l i n g  e d s e  ( 4 boundary  

l a y e r  t h i c k n e s s e s  downstream) i s  w i t h i n  5 p e r c e n t  o f  t h e  

sun of  t h e  mornentun t h i c k n e s s  o f  t h e  p l a i n  f l o w  cas2 and t h z  

momentum t h i c k n e s s e s  o f  t h e  l a a i n a r  boundary  l a y e r s  t h a t  

d e v e l o p  on t h e  uppe r  and l ower  s u r f a c e s  o f  t h e  p l a t e .  

The a c o u s t i c a l l y  e x c i t e d  case p r o d u c e s  a n  e v e n  g r i a t e r  

momentum l o s s  a t  t h i s  l o c a t i o n .  I f  t h e  a c o u s t i c  i n p u t  was 

m e r e l y  t r i p p i n g  t h e  l a m i n a r  boundary  l a y e r ,  one migh t  hope t o  

r e p e a t  t h e  above  s u p e r p o s i t i o n  u s i n g  a c a l c u l a t i o n  f o r  

t u r b u l e n t  boundary  l a y e r s  on t h s  LEBU p l a t 3 .  T h t  measured 

i n c r s a s ?  i n  8 w i t h  t h e  a c o u s t i c  i n p u t  i s ,  how?v?r ,  
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a p p r o x i m a t e l y  t e n  times t h e  e x p o c t e d  i n c r e a s e  t h a t  c 3 u l d  b s  

a t t r i b u t e d  t o  t u r b u l e n t  boundary  layers .  These r e s u l t s  

s u g g e s t  t h a t  a n  a d d i t i o n a l  mschanis-n may bo a c t i v i  d u r i n g  t h i  

- - __ . __ . . a c o u s t i c  - e x c i t a t i o n ;  a mechsnisa-which  a l t e r s  t h e  t r a i l i n s  

e d s o  f l o w  from t h e  b l a d e  i n  a mannar o t h e r  t h a n  m e r e l y  

t r i p p i n g  a l a q i n a r  l a y e r  t o  a t u r b u l e n t  boundary  l s y e r .  

F u r t h e r  downstream a t  x=2.6 m ( 1 5 8  f rom t h e  LEBU) t h i  

momentum t h i c k n e s s  of t h e  a c o u s t i c s l l y  e x c i t e d  c o n f i g u r a t i o n  

r e l a x e s  t o  t h a t  o f  t h e  u n e x c i t e d  LEBU b u t  grows a t  a s l o w e r  

- _  - - - ra te .  -The same t r e n d  i s  n o t e d  a t  x=3.8 rn where t h e  m o m n t u q  

z k h i c k n s s s = o f = t h e  z a c o u s k i c s l  l y , e x c i t a d . - f  low becomes l e s s  t h a n  

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

roduced  s k i n  f r i c t i o n  c o e f f i c i e n t  a n d  n e t  d r a g  r e d u c t i o n .  

- -  _I --- - -  
-I- 

---Ths-::-approximate _. : v a r i a t i o n  o f  t h o  s k i n  f r i c t i o n  - - - - - -_ - - - - - 
- -. - - - . - - - 

c o e f f i c i e n t , c f  w i t h  t h e  a x i a l  d i s t a n c e  from t h e  t e s t  s u r f a c e  

l e a d i n g  edgg is shown i n  f i g u r e  16. A l l  m e s s u r e n 2 n t s  were 

o b t a i n i d  a t  t h e  t e s t  s u r f a c e  mid s p s n .  T h i s  l o c a t i o n  was 

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

The n u m e r i c a l  v a l u e s  o f  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  w2r2 

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

2.3. A l l  l e a s t  s q u a r e  c u r v e  f i t s  had a c o r r e l a t i o n  

c o g f f i c i e n t  above  0.99. T h s  LEBU c o n f i g u r a t i o n  and t h i  

a c o u s t i c a l l y  exc i t cd  f l o w  were c a m p s r i d  t o  t h e  p l a i n  f l o w  

( h o t  f i l m  s e n s o r  i n s t a l l e d ) .  Accord ing  t o  t h e  nunnericsl  

v s l u e s  o f  t h e  s k i n  f r i c t i o n  c o z f f i c i e n t ,  a c o u s t i c  e x c i t a t i D n  

c a n  e n h a n c e  t h z  L E B U ' s  e f f e c t  by r e d u c i n g  cf  batwzen 
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a p p r o x i m a t e l y  7 and 13 p e r c e n t  w i t h  r e s p e c t  t o  t h e  u n s x c i t s d  

LEBU c o n f i g u r a t i o n .  Compsrison w i t h  t h e  p l s i n  f l o w  sh3ws a 

r e d u c t i o n  of  t he  wa l l  shsar  s t r e s s  b z t v z e n  9 and 15 p e r c e n t .  

-- 3 . 1 . 2 . Z 3 K I N - F R I C T I O N  DRAG REDUCTION MEZHANISY - - - - - - 

S p a c e - t i n e  c r o s s '  c o r r s l a t i o n  f u n c t i o n s  (CZF) wers 

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

t h e  LEBU p l a t e  as a f i x e d  r s f e r e n c e  l o c a t i o n  and a n o t h e r  

proba  a t  v a r i o u s  d o w n s t r e a n  l o c s t i o n s  as i n d i c a t e d  i n  f i z u r e  

17. A d u a l  c h a n n e l  anemometer was u t i l i z s d  and t h s  h o t  f i l m  

---I- - -- p w h a  s i g n a l s -  >.were prac-zssed=.=xith 1 x- NICOLET 550B . FFF 

a n a l y z e r .  F i g u r e  13 shows peak v s l u i s  of t h e  s p a c e - t i m e  c r o s s  

c o r r s l a t i o n  f u n c t i o n s  v e r s u s  p r o b i  s e p a r s t i o n  d i s t a n c e  9 6 ,  a t  

- - - - - - - --  v a r i a u s  boundary  -1syer  -heij3ht,c.-zF3r away f rom t h e  LEBU, i n  

t h e  downst ream d i r a c t i o n ,  t h e  r e s i d u a l  a c o u s t i c  f a r  f i e l d  

p r o d u c e s  h i g h e r  c r o s s  c a r r e l a t i o n  p e a k s  when t h i  a c a u s t i c  

e x c i t a t i o n  i s  a p p l i e d .  When t h e  moving probe i s  l o c a t s d  n e a r  

t h e  LEBU's l e a d i n g  edgi t h 2  e x c i t s t i o n  c a u s e s  s i g n i f i c a n t  

i n c r e a s e s  i n  t h i  c r o s s  c o r r e l a t i o n  f u n c t i o n s  b e c a u s z  t h e  

p r o b s s  a r e  s x p o s e d  t o  b o t h ,  t h e  l a r g e  s ca l e  e d d i i s  and t h s  

a c o u s t i c  f i e l d .  A t  t h e  t r s i l i n g  edge  o f  t h e  p l a t e  in t h e  

o u t e r  r e g i o n  o f  t h e  boundary  l a y e r  t h e  f l o w  w i t h o u t  

e x c i t a t i o n  m a i n t a i n s  a maximum C C F  a p p r o x i n s t e l y  e q u a l  t o  

t h a t  o f  t h e  l e a d i n g  edge .  The wakz o f  t h e  LEBU i n  t h i s  c a s ?  

i s  c l e a r l y  c o r r e l a t e d  t o  t h e  i n c i d e n t  f low.  When ac3us t i c  

e x c i t s t i o n  i s  3 p p l i E d  t h s  downstresm f l o w  i s  c o r r z l a t e d  t q  
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t h e  u p s t r e a m  p o i n t  s i g i f i c a n t l y  l e s s .  The r e d u c t i o n  i s  T o r i  

o b v i o u s  a t  t h e  o u t e r  r e g i o n  o f  t h e  boundary  l a y e r  ( -==0.95 ) 

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

- - .- __ . e x c i t s t i o n  e n h a n c e s  t h e  d e s t r u c t i o n  o f  t h e  l a r g o  e d d i o s  w h i c h  

a re  s e n s e d  a t  t h e  u p s t r e a m  l o c a t i o n .  I t  is  a s s u w d  t h a t  t h e  

i m p i n g i n g  sound -wave  a t  t h e  LEBU t r a i l i n g  eds? s h 2 d s  3 

Y 

6 

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

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

A t  downst ream l o c a t i o n s  d e e p e r  i n s i d e  t h e  boundary  1 3 y e r  

(-&=3.80, -=0.60 th2 r e d u c t i o n  of t h e  CCF, when a c o u s t i c s  

- - -==-arE a p p l i e d ,  i s  -moderate. b e c a u s e  -1ac.ge. e d d i i s  a p p e a r  m a i n l y  i n  

t h e  o u t e r  p a r t  o f  t h e  boundary  l a y e r .  T h i  r e d u c t i o n  o f  t h 2  

CCF when t h e  moving p r o b t  i s  a t  t h e  LEBU's h e i z h t  s i g n i f i s s  

--- _ _  . . - - t h a t .  - the a c o u s t i c  p u l s e s - a s s i s t -  t h e  m a n i p u l a t o r  i n  c a n c e l i n g  

l a r g e  e d d i e s .  A l l  time d e l a y  v a l u e s  a s s o c i a t e d  w i t h  t h e  cr3ss 

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

c o n v e c t i o n  times and n o t  t o  t h e  a c o u s t i c  wave p r o p a g a t i o n  

time. 

8: _ _  - -  

- -  - - - . - . - - . 

I 
- - - - - - - - 

The t u r b u l e n c e  i n t e n s i t y  o f  t h e  low f r e q u e n c y  p a r t  o f  

t h e  t u r b u l e n c e  s p e c t r u m  was e x a n i n e d  downstream o f  t h e  p l s t e  

m a n i p u l a t o r .  A h o t  f i l m  p robe  was p o s i t i o n e d  s l i g h t y  above  

(1.5 m m )  t h e  LEBU's h e i g h t  and  t h e  t u r b u l e n c e  s p e c t r u m  from 0 

t o  2,000 Hz was measured .  F i g u r e  19 compsres  t h e  v a r i a t i o n  o f  

t h e  r o o t  mean s q u a r e  (RMS) of t h e  f l u c t u s t i n s  a x i a l  v ? l o c i t y  

component u '  f o r  t h e  a c o u s t i c 2 l l y  e x c i t 3 d  f low t o  t h s  

u n e x c i t e d  LEBU c o n f i g u r a t i o n  a t  v a r i o u s  downstream l o c a t i o n s .  
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The t u r b u l e n c e  l e v e l  o v e r  2 KHz is c o n s i d e r a b l y  r e d u c e d  when 

a c o u s t i c s  a r e  a p p l i e d  and t h e  e f f ec t  p e r s i s t s  f o r  a d i s t a n c e  

o f  88 downst ream of  t h e  LEBU. When t h e  low f r e q u e n c y  (0  t o  

- - -  - -2OO---Hz) T a r t  --o-f t h e  ' s igna l  i-s examined t h e  l e v e l  o f  t h e  

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

f r e q u e n c i e s  a p p r o x i m a t e l y  c o r r e s p o n d s  t o  t h e  l s rge  eddy  

- - - - - - . . . p a s s i n g  f r e q u e n c y  which is estimated t o  o c c u r  n e a r  110 Hertz 

and  d o m i n a t e  t h e  low f r e q u e n c y  spec t rum.  The r e l a t i v e l y  

h i g h e r  f r e q u e n c y  (200 t o  2,000 Hz) p a r t  o f  t h e  t u r b u l e n c e  

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

T h i s  i n d i c a t e s  t h a t  o n l y  t h e  l a rge  w a v e l e n g t h  m o t i o n s  of t h e  

t u r b u l e n t  boundary  l a y e r  a r e  a f f e c t e d  when t h e  f l o w  i s  

a c o u s t i c a l l y  e x c i t e d .  The measurements  o f  t h e  RMS v e l o c i t y  

f l u c t u a t i o n ,  a s  f o r  t h e  p r e v i o u s  CCF d a t a ,  were l i m i t e d  t o  a 

d i s t a n c e  of a b o u t  108 downstream t h e  LEBU. 

To b e t t e r  u n d e r s t a n d  t h e  i n f l u e n c e  o f  t h e  a c o u s t i c  

.~ - _ _ .  

_ .  

e x c i t a t i o n  on t h e  flow m a n i p u l a t o r ,  a p u l s e d  smoke w i r e  w a s  

u s e d  t o  o b t a i n  f l o w  v i s u a l i z a t i o n  p h o t o g r a p h s .  The smoke wire 

was mounted downstream o f  t h e  m a n i p u l a t o r  a t  t h e  midspan o f  

t h e  t u n n e l .  The f i n e  wires r a n  v e r t i c a l l y  f rom t h e  wind 

t u n n e l  f l o o r  t h r o u g h  t h e  boundary  l a y e r .  F i g u r e  20 shows 

t y p i c a l  r e s u l t s  f o r  t h e  t h r e e  cases of c o n c e r n .  T h e  l a r g e  

e d d y  b reak -up  d e v i c e  reduces t h e  l a rge  sca l e  s t r u c t u r e  i n  t h e  

boundary  l a y e r  and  a c o u s t i c  e x c i t a t i o n  o f  t h e  d e v i c e  causes 

f u r t h e r  r e d u c t i o n  i n  c o h e r e n t  mo t ion .  The r e s u l t s  were 

o b t a i n e d  a t  a p p r o x i m a t e l y  356 downstream o f  t h e  m a n i p u l a t o r .  



....... .- 

- 

A 
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The sound waves a t  t h e  LEBU t r a i l i n g  e d g s  a p p s r i n t l y  s h s d  

v o r t i c i t y  which  h e l p s  c a n c e l  t h e  oncoming l a r g e  e d d i e s .  

Ths p o s s i b i l i t y  o f  v e r t i c s l  o s c i l l a t i o n  of t h s  t h i n  

r i b b o n  when l l h i t "  by a c o u s t i c  wavzs was e x a n i n 2 d .  The g o s l  

o f  t h i s  s t u d y  i s  t o  c o n t r o l  t h 2  l s r g e  eddy break-up  p r o c e s s  

w i t h o u t  moving t h 2  LEBU. Motion _ o f  _ the  d e v i c a  c o u l d  s e n e r a t s  

- more d i s t u r b a n c e s  and a l t s r  t h s  boundary  l a y e r  on thi d e v i c e ,  

. _  I - t h u s  . - a l t s r i n g  - t h e  -momentum t h i c k n e s s  downs t r i sm.  A s rna l l  

accelerometer was mounted on t h e  LEBU above t h e  a c D u s t i c  w s v s  

p o r t .  Vi r t ics l  d i s p l a c e m e n t  m e s s u r s a e n t s  were o b t a i n s d  w i t h  

no  flow; t h e  p r e s s u r e  p u l s i  d e v i c i  -was o x c i t a d  w i t h  a 

p r e v i o u s l y  r e c o r d e d  anemometer s i g n s 1  from t h e  t u r b u l e n t  

boundary  l a y e r .  T h i  m e s s m a d  v 2 r t i c s 1  d i s p l a c e a e n t  whir. 

a c o u s t i c s  wer? a p p l i e d  c o u l d  n o t  be d i s t i n g u i s h s d  from t h e  

background e l e c t r o n i c  n o i s e .  The r e d u c e d  c o r r s l a t i o n  of t h e  

f l o w  a c r o s s  t h e  LEBU and r e d u c t i o n  o f  RMS v e l o c i t y  

f l u c t u a t i o n s  w i t h  a c o u s t i c s ,  c a n  be o n l y  a t t r i b u t e d  t o  t h e  

i n t e r a c t i o n  of t h 2  a c o u s t i c  i n p u t  and t h e  f i x e d  LEBU, n o t  t h i  

mo t ion  o f  t h e  m a n i p u l a t o r  d e v i c e .  T h i s  is e v i d e n t  b e c a u s e  t h s  

a c o u s t i c  p u l s s s  had no e f f e c t  upon t h 2  t h a  p l a i n  f low;  a l s ~  

t h e y  c a u s e  no v e r t i c a l  mot ion  o f  t h e  p l a t e  a t  z e r o  f l o w  

c o n d i t i o n s .  

Accord ing  t o  t hese  r e s u l t s  a n  a c o u s t i c  p u l s ?  o f  t h e  

p r o p e r  sound p r e s s u r e  l e v e l  and  phase  l o c k e d  t o  t h e  c o n v e c t e d  

l a rge  sca ls  s t r u c t u r e s  c a n  e n h s n c e  t h o  e f f a c t i v s n e s s  of B 

p l a t e  m a n i p u l a t o r .  La rge  sca le  2 d d i e s  c o n t r i b u t e  
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s p p r o x i m s t z l y  50 p e r c e n t  o f  t h e  t u r b u l e n t  e n e r g y  and 33 p e r -  

c e n t  o f  t h e  Reyno lds  s t r z s s  whin t h s  o u t e r  p a r t  o f  t h 2  

boundary  layer  i s  c o n s i d e r e d  [ 9 ]  . T u r b u l e n t  l l b u r s t i n g l l  i n  t h e  

s u b l a y e r  a c c o u n t s  f o r  most o f  t h s  t u r b u l e n c e  and Reyno lds  

s t r e s s  c lo se  t o  t h e  wall  [26,27]. If t h e  p a s s s g e  o f  t h e  l a r s a  

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

t h e  s u b l a y e r ,  t h e n  t h e i r  enhanczd  d e s t r u c t i o n  can l e s d  t o  

f u r t h e r  r s d u c t i o n  of  s k i n  f r i c t i o n  d r a g  downstream o f  t h s  

LEBU. Energy  e x c h a n g i  between t k  mean f l o w  and  t u r b u l e n c e  i s  

g o v e r n e d  by t h a  - d y n a m i c s  of- t h e  l a r g e  e d d i e s  [ 25 ]  w h i c h  

- - -______ ---extra&- kinskic. eLar3-y fr.m &-.mean flow. The b reak -up  o f  

t h e  e n s r s y  cascade from t h e  v e r y  l a r g i  e d d i e s  t o  t h e  s n a l l  

e n e r g y  d i s s i p s t i n g  s t r u c t u r e s  c a n  l e s d  t o  r e d u c e d  monentun 

_ _  _ _ _  t r a n s f e r - - t o -  ths w a l l - 2 n d  r e d u c e d  s k i n  f r i c t i o n  d r s g .  

3.2. SPREAaING EFFECT 

I t  is c lea r  from f i g u r e  15 t h a t  i n c r e a s e d  dras  r e d u c t i o n  

d u i  t o  a c o u s t i c  e x c i t a t i o n  p e r s i s t s  downstream f o r  9 

c o n s i d e r a b l e  d i s t a n c e .  Measurenen t s  of  0 a c r o s s  t h e  span  o f  

t h e  t e s t  s e c t i o n  i n d i c a t e d  t h a t  t h e  b e n e f i c i a l  e f f e c t s  o f  

e x c i t a t i o n  s p r e a d  s l o w l y  i n  t h 2  spanwise  d i r e c t i o n  a s  t h e  

f l o w  c o n v e c t e d  d o w n s t r e a n .  

3.2.1. SPAN’UIISE MAPPING DOWNSTREAM OF THE LEBU 

The s p r e s d i n g  of t h e  a c o u s t i c  e x c i t a t i o n  e f f z c t  

downst ream of  t h ?  LEBU wss mappid i n d i r s c t l y .  I t  h a s  b i o n  
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o b s i r v e d  ( s e c t i o n  3.1.2)  t h a t  t h i  o u t p u t  s i g n a l s  o f  two h o t  

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

a re  l e s s  c o r r e l a t z d  when a c o u s t i c  e x c i t a t i o n  i s  a p p l i e d .  The 

c r o s s  C ~ r r e l a t ~ o n - f u n c t i o n - ~ e e F ~  between t h e  u p s t r e a m  f i x i d  

sensar  and a n o t h z r  p a s i t i o n e d  a t  v a r i o u s  s p a n w i s i  l o c a t i o n s  
c c F(LA) 
c c q q  downstrzam of t h s  b l s d e  was maasured.  T h i  r a t i o  rc=  

was c a l c u l a t e d ;  LA s i S n i f i 2 s  t h e  a c o u s t i c a l l y  e x c i t i d  LERU 

c o n f i g r a t i o n  and L s i g n i f i e s  t h e  LEBU c o n f i g u r a t i o n  w i t h o u t  

e x c i t a t i o n .  F i g u r e  21 shows a schematic t o p  v iew of t h e  t e s t  

s u r f a c e  d o w n s t r e a n  o f  t h e  LEBU w i t h  e x p a n d i d  z c o o r d i n a t e s .  

Ths s o l i d  symbols  i n d i c a t e  p o i n t s  on t h i  t e s t  s u r f a c e  where 

t h e  r a t i o  rc is  s n a l l o r  t h a n  u n i t y  b e c a u s e  t h i  a c o u s t i c  waves 

e n h s n c s  t h e  l a r g s  eddy  d z s t r u c t i o n .  Ths open synnbols i n d i c s t ?  

p o i n t s  where t h e  r a t i o  rc i s  g r e a t e r  t h a n  u n i t y  bocause  t h e  

a c o u s t i c  p u l s i s  mak? t h e  p r a b i  s i g n a l s  more c o r r e l a t e d .  T h i s 2  

m e a s u r s a s n t s  c o u l d  n o t  be e x t a n d e d  f u r t h e r  downstream b i c a u s e  

ths l a rge  eddies  have a l i s i t e d  l i f e  spsn and decay a f t e r  

t r a v e l i n :  a d i s t a n c g  o f  a p p r o x i n a t e l y  108. A s l i g h t  

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

o f  a b a u t  2 d e g r s e s  c a n  be sezn i n  f i g u r e  21. T h i s  s p r s a d i n g  

i s  v e r i f i e d  by spanwise  m e a s u r e a e n t s  o f  momentum t h i c k n e s s .  
l9(L A) 

0 =@(L) F i g u r e  22 shows t h e  v a r i a t i o n  o f  t h e  r a t i o  r 

w i t h  t h e  s p a n w i s e   distance,^, from t h e  t e s t  s u r f a c e  

c e n t e r l i n e  f o r  v a r i o u s  a x i a l  l o c a t i o n s .  The v a r i a t i o n  o f  

momentum t h i c k n ? s s , @ ,  ( s e c t i o n  3.1.1)  measured  a t  t h e  t e s t  

s u r f a c e  c e n t e r l i n e  n e e d s  t o  be r s c o n s i d e r s d .  A c c a r d i n g  t o  
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these da t a  t h e  r a t i o  rQ is  g r e a t e r  t h a n  u n i t y  a t  ax i s1  

l o c a t i o n s  c l o s e  t o  t h e  LEBU t r a i l i n g  edge .  F u r t h e r  downstream 

a t  a d i s t a n c s  of 6 8 t o  88 f rom t h e  LEBU t r a i l i n g  edge  t h s  

__ __ - _ _ _  - - - r a . t i D r r -  becomes s n a l l ? r  - than  uni-ty,--Ema-ining a s  s u c h  f o r  t h 2  e 
r o s t  o f  t h e  t e s t  s e c t i o n .  R e t u r n i n g  t o  f i g u r e  22 ,  a t  x=2.15 

m ,  t h e  s p a n w i s i  m e a s u r e n e n t s  of 8 i n d i c a t a  a nar'r:,w region 

whire r,is g r e a t e r  t h a n  u n i t y .  F u r t h e r  dawnst ream,  a t  a x i 3 1  

d i s t a n c e s  o f  228 and 478 f rom t h e  p l a t e  m a n i p u l a t o r ,  t h e  

r a t i o  t-3 was found t o  be s m a l l 2 r  t h a n  u n i t y  o v e r  a brciader 

e x t e n t  i n  t h e  z d i r i c t i o n .  These  d a t a  show a t e n d e n c y  fo r  t h e  

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

o f  a b o u t  2 d e g r e e s .  The e x p t r i i n t n t  was l i m i t e d  t o  a d i s t a n c i  

o f  50 bounds ry  l a y e r  t h i c k n z s s e s  from t h e  LEBU b z c a u s e  most 

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

t u r b u l e n t  boundary  l a y e r  r s l axes  t o  t h e  u n d i s t u r b e d  f l o w  

a f t e r  5a t o  1308. F u r t h s r m o r e ,  t h e  l e n g t h  o f  t h e  t e s t  s e c t i o n  

d i d  not a l l o w  good measurements beyond t h i s  point. T h i  smll 

v a l u z  o f  t h e  s p r e a d i n g  a n g l e  i s  a t t r i b u t e d  t o  t h e  mix ing  

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

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

s p r e 3 d i n g  o f  t h e  r e d u c t i o n  i n  t h e  sp3ce-t i ;nZ c r o s s  

c o r r e l a t i o n  n e a r  t h e  LEBU. 

- .- - - - - - - - - - 

The t u r b u l e n c e  l n t e n s i t y , T ,  of t h e  a x i a l  f l o w  

v e l o c i t y  component ,  w i t h  and w i t h o u t  e x c i t a t i o n  was measursd 

t h r o u g h o u t  t h e  boundary  l a y e r  a t  t h r e e  a x i a l  l o c a t i o n s .  

F i g u r e  23 shows t h e  v a r i a t i o n  o f  t h s  p s r a m e t e r  I'T =- T(L A) , 
T(L) 
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v i r s u s  t h e  boundary  l a y e r  h e i g h t  $- a t  a whcre T=- 

spsnwis?  l o c a t i o n  2cn o f f  t h e  t e s t  s u r f a c e  c e n t e r l i n e ,  2=+2.0 

cm. 

k2 
u" 

- - -  - - A t  -_ x=Z.OS-m,- _ o u t s i d e  o f -  t h z  n a r r a w  Itwedge" of  a c o u s t i c  

i n f l u e n c e ,  t h s  a v e r a g z  v a l u ?  o f  t h e  p a r s m a t e r  rT i s  1.909. 

A c o u s t i c  waves in t h i s  case make t h e  e x c i t z d  f l o w  mors 

p e r t u r b i d .  A t  x=2.33 m ,  whore t h i s  p o i n t  i s  s t a r t i n g  t o  be 

a f f s c t e d  by t h 2  a c m s t i c  i n f l u e n c a ,  t h e  a v e r a g i  r a t i o  i s  

1.001. W2ll i n s i d e  t h 2  cone  o f  a c o u s t i c  i n f l u e n c e ,  a t  a n  

a x i a l  d i s t a n c e  o f  4 7 8  f rom t h e  LEBU, t h e  a v e r a g l  v a l u ?  o f  

- .-. __  - .---- . - l-c sth2. parameter -rT. i s s z a l l s r 7 t h a n  unity;: I t  s h o u l d  be n o t i c e d  

. t h a t  t h e  t u r b u l e n c e  i n t e n s i t y  l e v e l  i n c l u d e s  311 f r e q u e n c i e s ,  

n o t  j u s t  t h e  lower f r a q u e n c y  range w h i c h  i s  p r i m a r i l y  

i n f l u e n c e d  by t h s -  a c o u s t i c -  i n p u t .  Thz d i f f o r e n c a s  i n  

t u r b u l e n c e  i n t e n s i t y  a r e  s a a l l  whsn a c o u s t i c s  is a p p l i i d  

l e a d i n g  t o  a random o s c i l l a t i o n  of  rT a r o u n d  u n i t y .  The 

r e d u c t i o n  of  t u r b u l e n c e  i n t e n s i t y  seens t o  e x i s t  howevzr ,  

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

3.2.2. EXPLANATION OF THE SPREADING EFFECT 

A r e c e n t l y  p roposed  model o f  t u r b u l e n t  boundary  l aye r  

c o h s r e n t  mo t ion  [ 2 9 ]  was examined and a q u a l i t a t i v e  

e x p l a n a t i o n  o f  t h s  s p r e a d i n g  a c o u s t i c  i n f l u e n c e  w 3 s  b a s e d  

upon i t .  Accord ing  t o  t h i s  model ,  l a r g e  sca le  m o t i o n s  a r e  

i n i t i a t e d  by t h e  i n s t a b i l i t y  of t h 2  main flow and r o t a t e  i n  

t h s  d i r i c t i o n  of  t h e  mean f l o w  s h e a r .  T h i  s u b l s y e r  b u r s t i n g  
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e v e n t s  a r z  c a u s e d  by t h e  i n t e r a c t i o n  of t h e  s e n i - p e r i o d i c  

l a r g i  s ca l e  m o t i o n s  w i t h  t h e  wall .  Thz b u r s t  i s  bound by a 

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

--and---thi  - r e s u l t i n g  e j e c - t i o n  and  - s w i g ?  3re f l o w s  i n d u c e d  by 

t h z s e  v o r t i c e s .  A schematic r s p r e s z n t a t i o n  o f  t h ?  s u g g 2 s t 2 d  

model i s  shown on f i s u r e  243. 

- -  Using  r s f a r e n c e  [33]  a p p l i e d  t o  t h s  p a r t i c u l a r  

e x p e r i a e n t a l  s e t - u p ,  an . a p p r o x i m a t e  s k s t c h  o f  t h i  r e s u l t i n g  

f l o w  f i e l d  fr3m a s i n g l e  p r a s s u r e  p u l s i  c a n  be made 3s sh3wn 

i n  f i g u r e  24b. T h i s  s c h e m a t i c  i s  3 s i d e  v'iew o f  t h e  f law 
. -  

-.a . _e__ - - _  - -  I AI.--- _' = Sieldz?tndqsed-=by a n  a_cou_st& --pulsG -Cmp-ingins upon t h z  LEBU 3 s  

s x n  f r D m  a downstream l o c a t i o n .  The a c o u s t i c  p u l s e  i s  

s p r e a d  t h r o u g h  t h s  a i r  w i t h  t h s  v o r t e x  ring moving awsy  

f m m  t h e  a c o u s t i c  i n p u t  p o r t .  T h i  r e s u l t i n g  jst  f l o w  has  a 

s p s n w i s i  v e l o c i t y  component w' which i s  als:, auzmentsd  by t h ?  

s t a g n a t i o n  of  t h e  p u l s a t i n g  a i r  upon t h ?  LEBU. The moving 

media c a u s z s  a d i v s r g i n g  motion o f  t h e  g e n e r a t e d  v o r t i c e s  

t h r o u g h  t h i  downstream boundary  l a y e r .  

A t o p  vigw o f  t h e  f l o w  a c r o s s  t h e  f l s t  p l a t e  m a n i p u l a t o r  

i s  shown on f i g u r e  25. Upstream o f  t h e  LEBU t h z  l a r g ?  s c a l e  

s t r u c t u r e s  a p p i a r  a c c o r d i n g  t o  t h i  model a t  a r andon  r3t2 and 

s p a c i n g .  Only  t h i  e d d i e s  t h a t  a re  c o n v e c t e d  on t h t  c e n t e r l i n i  

are  de tec ted  and  c a n c e l e d  w i t h  a c o u s t i c  waves. These  a c o u s t i c  

waves p a r t i a l l y  s t a g n a t e  upon t h e  f ls t  p l a t e  and i n d u c e  a 

v o r t e x  " s t r e e t "  w h i c h  i s  s p r o a d  i n t o  t h o  boundary  layor 

downst ream.  These  v a r t i c z s  i n t e r a c t  o u t  of p h s s e  w i t h  soms o f  



55 

u o  
__3 - -  a .  

c7:7\ - a ’ - p A I R E D  V O R T I C E S  

B U R S T  

Y b.  

W A L L  

, 

A C O U S T I C  P O R T  : /  
I 

I ,/ / 

F i g u r ?  24. Model of ( a )  c 3 h i r e n t  s t r u c t u r e s  a n d  (b) 
acDustic puis? flow f i e l d .  



56 

i, +go 

00 

\ 

\ 

L A R G E  ED DIES^; 
- -- - - P A S S I N G  D O W N S ' T R E A M  / 

& E D  V O R T I C E S  
I 

r 
P 

t? 
\ 

_ _  

P ', 
rt 

00 - ' *  

\ 

4 
- - - - _  

\ 
I P R E S'S b&,P u L s E '- 0 

L E B U  

F i g r e  25. Top view of s u g p s t e d  a c a u s t i c  s p r e a d i n g  
mechanism. 



57 

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

p r o b e  b u t  were p a r t i s l l y  c a n c e l e d  b y  t h 2  n s n i p u l a t o r .  T h i s  

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

- _ _ _ _  - - b e c a u s e  t h e  spanw- i s?  v e l o c i r t y  c a m p n n 2 n t  w'  o f  t h 2  i n d u c e d  

s e c o n d s r y  f l o w  is a s s u a e d  fa r  s a a l l e r  t h s n  t h e  a x i a l  v z l o c i t y  

c o n p o n e n t  u. Somo o f  these v o r t i c e s  e v e n t u a l l y  d e c a y  becausi  

o f  s t r o n g  m i x i n s  i n  t h e  t u r b u l e n t  b o u n d a r y  l a y e r .  I t  s h o u l d  

be n o t e d  t h a t  t h e  a n g l e  o f  a c o u s t i c  i n f l u e n c e  was r e d u c e d  a t  

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

e x p l a n a t i o n  of  how t h e -  s p a n w i s e  s p r e s d i n g  of t h e  phznomenon 

msy o c c u r .  

An s l t e r n a t i v a  e x p l a n s t i o n  c a n  b i  p r o v i d e d  b a s e d  upon  

t h e  a s s u m p t i o n  t h a t  t h e  l a r g e  e d d i e s  a n d  t h o  s u b l a y 3 r  

- _ .  . -  phenomena -of  V u r s t f t  a n d '  11sweep71 a r9  c l o s e l y  ' i n t e r r z l a t e d  a n d  

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

c o u n t e r a c t e d  b y  l a r g e  s c a l a  motion i n  o r d e r  t o  p r o s e r v e  

c o n t i n u i t y  a t  a p o i n t  o f  t h e  f l o w  f i e l d .  Also ,  t h s  c o n v e c t e d  

l a r p  e d d i e s ,  b e i n g  l i m i t e d  s p a n w i s s ,  t r i g g e r  b u r s t i n g  e v e n t s  

a t  o t h e r  n e a r b y  l o c s t i o n s  in t h e  z d i r e s t i o n .  T h e s ?  i v i n t s  

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

C o n s e q u e n t l y ,  t h e  b r e a k - u p  o f  l a r s o  e d d i e s  w i l l  s p r e s d  

s p a n w i s i  i n t e r r u p t i n s  t h e  c h a i n  of  e v e n t s  t h 3 t  m i g h t  l i n k  t h ?  

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

f l u i d .  
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3 . 3 .  O P T I M I Z A T I O N  OF T H E  E X I S T I N G  C O N F I G U R A T I O N  

S i n c e  a c o u s t i c  e x c i t a t i o n  r e d u c e s  t h e  c o r r e l a t i 3 n  

b e t w s e n  two p o i n t s  a c r o s s  t h e  LEBU, t h i s  was u t i l i z e d  t o  

o p t i m i z e  t h e  v a r i o u s  p a r a m e t e r s  which c o n t r o l  t h e  f u n c t i o n  o f  

- -  t h e  ana log ,  t i m n e  d e l a y  p r o c e s s o r .  Thsse p s r a a e t e r s  a re  t h i  

v o l t a g e  r e f e r e n c e , V , ,  t h e  time d e l a y , t ,  and t h e  p r s s s u r s  

l e v e l - o f  t h e  a c o u s t i c  p u l s s .  

The downst ream h o t  f i l m  s e n s o r  was p o s i t i o n e d  3t  a 

d i s t a n c e  o f  7cm ( 1 . 7 6 )  f rom t h e  LEBU t r a i l i n g  e d g s ,  and  a t  a 

- -  -_-_ h e i g h t  o f  3 . 4  cm above  t h e  w a l l  on t h e  c e n t e r l i n e  o f  t h e  t e s t  

s u r f a c e .  Ths u p s t r e a m  h o t  f i l m  sens3r was p o s i t i o n e d  a t  t h s  

u s u a l  d i s t a n c e  of  2 . 5 8  from t h e  LEBU t r a i l i n g  e d g a .  T h i  

- - _  - r a t i o  rc=m)is p l o t t e d  v e r s u s  t h e  r s l a t i v e  p r o c e s s a r  
V r  
Va 

r i f e r e n c e  v o l t a g e ,  - where Vr i s  t h 2  s z t  r e f e r e n c e  

vo l t ag , ?  and  Va i s  t h e  u p s t r e a m  anemoae tz r  v o l t a g e  o u t p u t .  

T h i  v a l u z s  of r, ( opsn  synbols) d i s p l a y e d  in f i g u r e  25 

i n d i c a t e  a minimum a t  - v r  -9.970. The t u r b u l e n c e  i n t e n s i t y  

l e v e l  a t  t h e  u p s t r e a m  s e n s o r ' s  h e i g h t  was 2 t o  3 p e r  c e n t .  

Ths optirnu-n r a n g e  o f  t h e  r e f e r e n c e  volt3iqe i s  v e r y  n a r r o w  ( I O  

m i l l i v o l t s )  and  i t  was r e p a a t e d l y  n o t i c e d  d u r i n g  t h 2  

e x p z r i m e n t s  t h a t  V r s h o u l d  be s e t  j u s t  below t h l  AC RNS l e v e l  

o f  t h e  d e t e c t o r  p robe  o u t p u t ,  Va. 

va 

The c l o s e d  symbols  o f  f i g u r e  26 r e p r i s a n t  t h e  a v z r a s z d  

numb9r o f  p r o c e s s o r  p u l s 2 s  p e r  second  f o r  d i f f e r e n t  v a l u 2 s  

o f  t h e  r a t i o -  Vr . Th2 a v e r a g e  p r o c e s s o r  r e s p o n s 2  f r s q u e n c y  

was d z t 2 r m i n s d  by c o u n t i n g  t h s  number o f  o u t p u t  p u l s e s  f r a a  
Va 
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- -- - t h e  p r o c e s s o r  o v e r  an i n t e r v s l  o f  203 sec. For t h s  l o c a l  

boundary  layer  t h i c k n a s s  o f  a b o u t  4 c m  and f ree  s t r zz in  

v e l o c i t y  o f  a b o u t  10.9 m/szc, a v a l u e  o f  a p p r o x i i n s t s l y  Ilm3 

H e r t z  i s  p r e d i c t e d  [3] f o r  t h e  l a rge  eddy  p s s s i n g  f r e q u s n c y .  

T h i s  f r e q u o n c y  i s  v e r y  c l o s e  t o  t h a t  m2asured whzn V, i s  s e t  

t o  i t s  optimuin v a l u e .  Thus  o p t i m i z s t i o n  o f  Vr i s  a g a i n  

a s s o c i s t s d  w i t h  t h e  l a rge  s c a l e  s t r u c t u r e  i n  t h 3  b o u n d s r y  

l a y e r .  

The a c o u s t i c  s x c i t s t i 3 n  remained  e f f e c t i v i  whin t h i  

- r z f e r e i c a  v o l t a g i  was _set-he-low t h i  o p t i a u n  v s l u i .  In t h i s  

cas2 o n l y  v e r y  l a r g e  e d d i z s  w2re r z c o g n i z s d  and t h e  n u n b s r  o f  

a c o u s t i c  p u l s e s  p e r  second wss reduc5d .  Whtn t h s  r e l s t i v - ?  

was s e t  a t  0.91 - t h s - p r o c a s s o r  was u n s b l e  t o  

t r i g g e r  t h e  p u l s e  mechanisn .  On t n o  o t h i r  hsnd, t h e  a c o u s t i c  

e x c i t a t i o n  becomes l e s s  e f f i c t i v e  when t h e  r e f e r e n c e  v o l  t332 

i s  i n c r e a s z d  above  t h 2  op t imun  r a n g e .  In t h i s  case t h z  

a c o u s t i c  e x c i t a t i o n  i s  t r i g g e r e d  by a d d i t i o n a l  sanall2c 

e d d i e s .  The number o f  a c o u s t i c  p u l s a s  per  second  was 

i n c r s a s e d  t o  a l m o s t  d o u b l e  t h 2  p r i d i c t e d  numbir of l s r g a  

e d d i e s  per s z c o n d .  I n c r e a s e d  c o r r e l a t i o n  messursd  be tween t h s  

two p o i n t s  acr3ss  t h e  LEBU i s  t h e n  c a u s i d  by a c D u s t i c  wavzs.  

The o p t i m u a  v a l u 2  o f  t h e  r e f e r e n c e  v o l t a g e , V , ,  d e p e n d s  upon 

t h e  anemometer v o l t a s e  o u t p u t ,  V,, w h i c h  v a r i e s  w i t h  t h i  

t u n n e l  f r e e  stream v e l o c i t y .  C o n t i ? u o u s  m g n i t 3 r i n g  a n d  

p e r i o d i c  a d j u s t m e n t  W ~ S  n e c o s s a r y  t o  c o a p a n s a t e  f o r  

temp2rsture  v a r i s t i o n s  o f  ths f low.  

I 

Vr 
Va 

v o l t a g e  - 
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The p r o c e s s o r  t i m e - d e l a y ,  t ,  r e q u i r e d  t o  a l l o w  f o r  9 

d e t e c t e d  l a rge  e d d y  t o  be c o n v e c t e d  t o  t h e  LEBU t r a i l i n g  edge  

was a l s o  o p t i m i z e d  b a s e d  upon t h e  r e d u c t i o n  of  p i a k  

c o r r e l a t i o n  a c r o s s  t h e  LEBU when a c o u s t i c s  i s  a p p l i z d .  Oq 

C C F ( ~ * )  i s  p l o t t e d  v e r s u s  t h a  rc =- 
f i g u r e  27 t h e  r a t i o  

- p r a c e s s o r  t i m s  d e l a y  t. The downstream p r o b i  rernainsd a t  t h a  

- san le - - -pos i t i on  and  the  r e f e r e n c a  v o l t a s ?  was s e t  t o  t h e  - - ___ - - 

optimum v a l u e .  Accord ing  t o  t h e  d a t a ,  a ninimuin v a l u 2  o f  t h e  

r a t i o  r c c a n  b2 d i s t i n g u i s h e d  c o r r e s p o n d i n g  t o  a t i n e  d e l s y  o f  

10 mscc. F o r  t h e  p s r t i c u l a r - - t u n n = l  . - v e l o c i t y  s e t t i n g  o f  13.5 

w 3 s  found t o  be 10 I I I S ~ C .  T h i s  m/ssc, t h e  time d e l a y ,  t=- 

r e i n f o r c e s  t h e  c o n c e p t  o f  a s s i s t i n s  t h z  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  w i t h  an a c o u s t i c  p u l s i  which  a r r i v a s  

s i m u l t s n e m s l y  a t  t h e  t r a i l i n g  edge  o f  t h e  p l a t e  m a n i p u l a t o r .  

F i n a l l y ,  t h e  time a v e r a g e d  sound p r e s s u r e  l e v e l  o f  t h e  

a c o u s t i c  w8ves i m p i n g i n g  upon t h e  t h i n  p l a t e  was o p t i m i z z d  

using t h 2  same phinoanenon o f  minimized CCF 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 .  Miasurernents  o f  t h e  time a v e r a z i d  

p r e s s u r e  l e v e l  o f  t h e  a c o u s t i c  wave were o b t a i n e d  a t  

l l s i n u l a t e d l l  e x p e r i m s n t a l  c o n d i t i o n s .  T h s  a c o u s t i c  p u l s ?  

mechan i sn  was mounted upon a wooden b a f f l e  p l a t e  t h a t  hsd a n  

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

S 

0.93 U, ' 

p r e s s u r e  p u l s z  mechan i sn  was t r i g g 2 r e d  by  a p r s r e c o r d e d  

o u t p u t  s i g n a l  f rom t h e  u p s t r s a m  ssnsgr a t  r i a l  flow 

c o n d i t i o n s .  Sound p r e s s u r e  l e v e l  measuremsnts  wers o b t a i n s r l  

a t  t h s  LEBUls h e i g h t  above  t h e  p r 2 s s u r e  p o r t  i n  a h a r d  wsll 
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room w i t h  no  f l o w .  The microphone  was p o s i t i o n e d  a t  g r a z i n g  

i n c i d e n c e  a n d  t h e  r e f e r e n c e  v o l t a g e , V r  , and  time d e l a y , t ,  

were s e t  a t  t h e i r  optimum v a l u e .  I n  t h i s  manner t h e  sound 

p r e s s u r e  l e v e l  a t  t h e  LEBU was d e t e r m i n e d  f o r  v a r i o u s  power 

a m p l i f i e r  s e t t i n g s .  Measurements  o f  t h e  CCF were t h e n  t a k e n  

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

was p o s i t i o n e d  a t  midspan of t h e - t e s t  s e c t i o n  a t  a d i s t a n c e  

o f  1.78 f rom t h e  LEBU t r a i l i n g  edge  and  a t  a h e i g h t  o f  0.828 

f rom t h e  wa l l .  CCF measurements  were o b t a i n e d  compar ing  t h e  

- --- --.---LEBU - a n d  t h e  a c o u s t i c a l l y  e x c i t e d  f l o w  c o n f i g u r a t i o n s  f o r  

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

r a t i o  rc=  a) ccF(L) v e r s u s  t h e  measured  n a r r o w  band SPL a t  t h o  

L E B U ' s  h e i g h t  i s  p l o t t e d  on f i g u r e  28. Once more a minimum 

v a l u e  c a n  be o b s e r v e d ,  which  i n d i c a t e s  t h a t  a n  a c o u s t i c  p u l s e  

w i t h  a SPL of a b o u t  102 d e c i b e l s  i s  most  e f f e c t i v e  f o r  

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

The c r o s s  c o r r e l a t i o n  a c r o s s  t h e  LEBU rema ined  r e d u c e d  

f o r  a r a n g e  of  2 dB a r o u n d  t h e  optimum v a l u e  b u t  for v a l u e s  

o f  t h e  sound  p r e s s u r e  l e v e l  above  105 dB t h e  a c o u s t i c  wave 

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

o f  t h e  sound p r e s s u r e  l eve l  r e q u i r e d  f o r  optimum l a r g e  e d d y  

m a n i p u l a t i o n  i s  o f  t h e  same o r d e r  of magn i tude  a s  t h e  

p r e d i c t e d  and  p r e v i o u s l y  a p p l i e d  p r e s s u r e  p u l s e  o f  100 dB. I n  

t h e  b e g i n n i n g  o f  t h e  s t u d y  it was assumed t h a t  a p r e s s u r e  

p u l s e  o f  t h e  same o r d e r  of  magn i tude  a s  t h e  p r e s s u r e  

p e r t u r b a t i o n s  a t  t h e  n e a r  wake of t h e  t h i n  p l a t e  (Appendix 1 )  
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m i g h t  b e n e f i t  t h e  l a r g e  e d d y  b reak -up  p r o c e s s .  

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

p o i n t s  a c r o s s  t h e  LEBU d e v i c e  when t h e  f l a w  is  a c o u s t i c a l l y  

exc i t ed  c a n  be u t i l i z e d  t o  o p t i m i z e  t h e  o p e r a t i n g  p s r a n o t e r s  

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

i s  m a x i m i z e d  when t h e  r e f s r e n c e  v o l t a g e  i s  s e t  t o  p r o d u c 2  

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

t ime a p p r o x i m a t o l y  a s  t h e  number of  p r e d i c t e d  l a r g ?  e d d i e s  

p e r  u n i t  time. T h e  f l o w  i s  l e a s t  c o r r e l a t e d  ( enhanc2rl l a r g e  

e d d y  c a n c e l l s t i o n ) . w h e n  t h e  t i m e  d e l a y  i s  s e t  e q u a l  t a  t h e  

l a r g e  e d d y  c o n v e c t i o n  t inno f r o m  t h e  d e t e c t o r  p r o b e  t o  t h e  

LEaV t r s i l i n s  edze. Tho i n i t i a l  a p p r o x i m a t i o n  o f  t h e  p r e s s u r e  

p e r t u r b a t i o n  r e q u i r e d  t o  i n f l u e n c e  t h e  f l o w  downs t r eam o f  t h e  

LEBU was found c l o s e  enough t o  t h e  optimum v a l u e  f o r  enhanced  

l a r g e  e d d y  c a n c e l l a t i o n  ( i t  d e v i a t e d  b y  2 dB) .  T h i  o p t i m u n  

v s l u e s  o f  t h e  e x p i r i n e n t a l  p a r a m e t e r s  were v e r y  c l o s e  t o  

t h ~ s e  i n i t i a l l y  p r o j e c t e d  w i t h  t h e  c o n c i p t  o f  a c o u s t i c  

e x c i t a t i o n  o f  a b o u n d a r y  l a y e r  p l a t s  m a n i p u l a t o r .  T h u s ,  f o r  

f u r t h s r  v e r i f i c a t i o n ,  boundary  layer  v e l o c i t y  p r o f i l z s  wers 

measured  downs t r eam o f  t h s  LEBU when t h e  p r o c e s s o r  o p e r s t i n g  

p a r a s e t e r s  were s e t  a t  t h e i r  optimurn v a l u 2 s .  

3.4. MEASUREMENTS WITH AN OPTIMIZED C O N F I G U R A T I O N  

T h e  o p e r a t i n g  p a r a m e t e r s  o f  t h e  p r o c e s s o r  a n d  p o w e r  

a m p l i f i e r  were s e t  t o  t h e  p r i v i o u s l y  e s t a b l i s h e d  o p t i m u n .  

D e t a i l e d  b o u n d a r y  l a y e r  v e l o c i t y  p r o f i l i s  wer? o b t a i n s d  
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downstr3am of t h e  p l a t e  m a n i p u l a t o r  a l o n g  t h e  midspan o f  t h e  

t e s t  s u r f a c e .  T h i  momentua t h i c k n e s s  was c a l c u l a t e d  and 

p l a t t e d  i n  f i g u r e  29 a s  a f u n c t i o n  o f  downst ream a x i s 1  

d i s t a n c e  x. Ths  t h ree  c o n f i g u r a t i o n s  compared were 

i. The p l a i n  f l o w  

ii. The a c a u s t i c a l l y  i x c i t e d  LEBU, and 
- ~ _ _  - iii. Ths o p t i m a l l y  e x c i t e d  LEBU. 

T h i  a x i a l  v a r i a t i o n  of moinentum t h i c k n e s s  e x h i b i t e d  a 

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

- - .- _ -  t h i c k n s s s  - - -_close __ -tT t h q -  LEBU t r a i l i n g  edge  for t h s  
., 

o p t i m a l l y  e x c i t i d  f l o w  w 3 s  a g a i n  s l i g h t l y  h i g h o r  t h a n  t h t  

p l a i n  f l o w ' s  b u t  lower  t h a n  t h e  s i n p l y  e x c i t e d  c o n f i s u r a t i o n .  

The s l o p e  o f  -the c u r v e  i s  als3srnal lerI  and  t h s  r a s u l t i n z  

momentua t h i c k n e s s 2 s  downstream a r e  l e s s  w i t h  optimum 

a c o u s t i c  e x c i t a t i o n .  

Ths v a l u i s  o f  8 were l e a s t  s q u a r e  c u r v e  f i t t e d  t o  a 

power law o f  t h e  form 8 = a x  and 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  was est imated u s i n g  c f  =2abx . Numer ica l  v s l u 2 s  

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

a r s  shown i n  t a b l i  2. Accord ing  t o  t h e s e  v a l u e s  o f  t h i  skin 

f r i c t i o n  c o e f f i c i e n t ,  o p t i m i z e d  a c o u s t i c  e x c i t a t i o n  c a n  

e n h a n c i  t h e  LEBU's e f f ~ c t  by r e d u c i n g  c f b e t w e z n  2 and  0 p s r -  

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

by 10 t o  17.3 p e r c e n t  when c o a p s r e d  t o  t h ?  p l s i n  f l 3 w  

c o n f i g u r a t i o n .  Th?  improvement  o f  a b o u t  2 p P r c e n t  

a d d i t i o n a l  cf  r a d u c t i o n  o v 2 r  t h e  u n o p t i m i z s d  csss w 3 s  

b- 1 
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m o d e r a t e .  - T h i s  is b e c a u s i  t h e  o p e r a t i n g  p a r a m e t e r s  o f  t h e  

i n i t i a l  c m f i g u r a t i o n  were s2t close t a  optimum and b e c a u s i  

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

a v e r a g i n g  p r o c e s s .  

Thore  may be some e x p s r i m e n t a l  e r r o r  i n  t h e  messuremsnt  

14 and 15 ars  o f  8 when the  a b s o l u t e  n u m b i r s  o f  f i 3 u r e s  29, 

- .. examined. -It - must -be n o t i c e d -  t h a t  a l w s y s  d u r i n g  t h i  da t a  

a c q u i s i t i o n  e v e r y  p o i n t  of t h e  v e l o c i t y  p r o f i l e  was measured  

w i t h  and w i t h o u t  a c o u s t i c s .  A l l  t h s  da ta  i n d i c a t e  t h a t  

- _  e x c i t a t i o n  - r i c l u c e s  . d r a g  and  o p t i m i z e d  - e x c i t a t i o n  i rnprovss  

--* .T-.Ir 5 ~--~sli.gh-Uy- A h a 2  ef f2c t i -vone-ss  Gf,Lthe -pulse.--r Some o f  t h s  d s t a  

c o u l d  be coinbined t o  show r e s u l t s  s u p P r i o r  t o  t h o s e  g i v e n  i n  

f i g u r e  29, b u t  t h i  d a t a  shown a r e  t y p i c a l .  
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- --Table 2a. Curve  f i t t i n g  p a r a m e t e r s  f o r  th2 a c o u s t i c s l l y  
o p t i m i z e d  LEBU f 5  c o n f i z u r a t i o n .  

a b r2 I C o n f i g u r a t i o n  

- 

- -0.002442 ----o.a5175 0.993 
- .  

- - - p l a i n  

LEBU # j  
( e x c i t s d )  

0.00291 2 0 -  71 7327 0.992 

LSBU #5 0.002775 0.731 5 5 5 0.995 
(opt imum a c o u s t i c  

e x c i t a t i o n  ) 

Table  2b. A x i a l  v a r i a t i o n  of t he  s k i n  f r i c t i o n  
c o e f f i c i e n t ,  c f ,  f o r  t h s  o p t i m i z e d  
c o n f i g u r a t i o n .  

-2.0 0.093754 0.003425'- . 3.087 0.003373 0.101 

2.5 0.093532 0.303213 3.115 0.0331 77 0.125 

3.5 3.003455 3.002917 0.155 O.OO2932 0.163 

- .  

- - 3 i - O -  0.033535 0.003349 - -  0.137 0.003025 0.143 
- - - - _  

4.0 0.033337 O.OO23O8 0.171 0.002330 0.173 
2 L  s i g n i f i e s  t h e  p l a i n  f l o w  c o n f i g u r a t i o n  

Table 2 c .  A x i a l  v a r i a t i o n  of  t h i  t o t a l  drag c o e f f i c i s n t ,  
c,. , for t h ?  o p t i r n i z s d  c o n f i g u r a t i o n .  

2 0 0 004437 0 004738 -0.035 0.00461 9 -0.045 

2.5 3.004254 0.004495 -0.054 0.004342 -0.013 

3.0 0.004153 0.004269 -0.029 9.094134 0.004 

3 . 5  0.094055 0.004387 -0.008 0.003957 0.022 

4.0 0.003977 9.003935 0.010 0.003827 0.037 
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3.5. NET DRAG REDUCTION 

T h e  moinontum t h i c k n e s s , @ ,  a t  an a x i a l  d i s t a n c e  x f r o m  

t h e - t e s t  s u r f a c e  l e a d i n g  e d p  -can be u s e 3  t o  c a l c u l a t e  t h e  

t o t a l  s k i n  f r i c t i o n  d rag   coefficient,^^, a t  t h i s  p o i n t  [2 ] .  A 

momentum b a l a n c e  i s  a p p l i e d  c o n s i d s c i n g  8 c o n t r o l  volurnc 

b o u n d e d  b y  t h s  t e s t  s u r f a c e  a n d  t h 2  u n d i s t u r b z d  f l o w ,  a n d  

- - 

e x t e n d i n g  downst rea in  f rom the  t e s t  s u r f a c e  l e a d i n g  edg? t o  an 

a x i a l  l o c a t i o n  x.  Then  t h e  t o t a l  d r a g  c o e f f i c i e n t  i s  g i v ? n  

by: 

- -  , 
- -  Ti-p-re -29 f s - r e c o n s i d 9 r e d  ' h e r e  ' o b s z r v i n g  t h a t  t h e  - - ._ - -  - .  

momentum t h i c k n e s s  c a r r e s p o n d i n s  t o  an a c D u s t i c s l l y  e x c i t e d  

f l o w  is l o w e r  t h a n -  f o r  t h e  o t h e r  c o n f i g u r a t i o n s .  Accord ing  t o  

e q u a t i o n  3.1 a n d  t h e  d a t a  l i s t e d  i n  t a b l e  2 ,  a 4 p e r  c e n t  

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

o b t a i n i d  at a d i s t a n c e  o f  508 d o w n s t r i a m  o f  t h e  LEBU 

m a n i p u l a t o r .  The a c o u s t i c  powsr  i n p u t  t o  t h e  d e v i c i s  was not 

t a k e n  into s c c o u n t .  

T h e  a c t u s 1  r e s u l t s  o f  o p t i m i z a t i o n  a r e ,  h D w e v s r ,  more 

b e n a f i c i a l  t h a n  thosc l  r P v o a l e d  b y  t a b l e  2. C o m p 3 r i n z  f i g u r e  

15, w h i c h  is t h e  u n o p t i m i z e d  L 5  css2  w i t h  f i g u r e  29, w h i c h  i s  

t h e  o p t i m i z e d  L 5  c a s e ,  t w o  i m p o r t a n t  d i f f e r e n c e s  c a n  b2 

no ted .  F i r s t ,  t h e  momentum t h i c k n e s s  near t h i  t r a i l i n g  edsz 

of  t h ?  b l a d e  is  l a r g e r  w i t h  e x c i t a t i 3 n  i n  b o t h  cases,  b u t  t h z  

o p t i m i z e d  cas? shDws 0 o n l y  s l i g h t l y  h i g h 3 r  w i t h  e x c i t a t i o q .  
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I 
I i n i t i a l  d r a g  i n t o  t h e  s y s t s m  when p r o p e r l y  o p t i m i z e d .  
I S e c o n d l y ,  f o r  t h e  o p t i m i z e d  case, n e t  d r a s  r e d u c t i o n  o c c u r s  

The more e f f e c t i v e  l a r g e  eddy  c a n c e l l a t i o n  i m p a r t s  l e s s  
I 

I 

I 

- .. - e a r l i e r -  t h a n  - t h e  u n o p t i m i z e d - c a s e  and-over  a s i g n i f i c s n t l y  

l a r g e r  a r ea .  I n  t h e  non o p t i m i z e d  case o f  f i g u r e  15, n i t  d r s z  

r e d u c t i o n  i s  o b s e r v e d  s t a r t i n g  a t  a p p r o x i n s t e l y  x=3.5 m. For 

t h e  s s n e  f l o w  and same c o n f i g u r a t i o n  b u t  w i t h  c a r s f u l l y  

o p t i m i z e d  a c o u s t i c  i n p u t ,  t h e  r a g i o n  where n e t  d r a g  r s d u z t i o n  

b e g i n s  h a s  moved u p s t r e a m  t o  a p p r o x i m a t e l y  x=2 .8  m ( f i s u r e  

- . _ -  29) .  Measurements -  i n -  t h e  d o w n s t r e a n  d i r s c t i o n  beyond t h s  

-i- L-raptgg ;9f-6azwe ra:. i ; n l  ted-+y-th=:avaf la-Me 12 n g t  h o f  t h e  w i n 3  - 4- ,- 
- 

---- _ _  _ . _ - r . - -  - ---L _ _ _ v ~ , , t u n n e l  tsst  s e c t i o n .  

3.6. SKIN FRICTION MEASUREYENTS_-OF VARIOUS LEBU 

CONFIGURATIONS 

P r i o r  t o  t h e  e x p e r i m e n t a l  s s t - u p  L5 ( L E B U  #5)  v a r i o u s  

l a r g e  e d d y  break-up  d g v i c e s  wera s t u d i e d  i n  a m r e  

p r s l i s i n a r y  manner t o  e s t a b l i s h  t h e  e f f e c t i v e n e s s  o f  a s i n g 1 2  

p l a t e  a n d ,  t h e  e f f e c t  of an a c o u s t i c  p u l s e  upon t h e  flow 

d o w n s t r e a n  o f  a l a r g e  e d d y  m a n i p u l a t o r .  I t  i s  a p p r o p r i a t e  

t h a t  same o f  t h i s  p r e l i m i n s r y  d a t a  s h o u l d  be p r z s e n t e d  he re .  

3.6.1. PRELIMINARY LARGE EDDY BREAK-UP DEVICES 

A l l  t h e  boundary  l a y e r  m a n i p u l a t o r s  were mounted a t  a 

d i s t a n c e  o f  2.0m f rom t h e  t e s t  s e c t i o n  l e a d i n g  e d g e .  The wind 

t u n n e l  v e l o c i t y  was s e t  f o r  a u n i t  Reyno lds  number o f  
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703,000 m-' and t h e  p r e s s u r e  g r s d i e n t  t h r o u g h o u t  t h e  f l a w  

was zero .  Thz h e i g h t  o f  t h e  boundary  l a y e r  a t  t h i  LESU 

l o c a t i o n  was a p p r o x i n a t e l y  4 cm above  t h e  t e s t  s u r f a c e .  No 

- -:upstr.eam h o t _  film sens3r was i n s t a l l 2 d -  and  no a c o u s t i c  

e x c i t a t i o n  was a p p l i e d .  T h i  geomet ry  of  t h i s ?  m a n i p u l a t o r s  i s  

g i v e n  i n  t a b l e  3 .  

T a b l t  3 .  ';eometry o f  p r e l i m i n a r y  s i n g l e  LEB'J'S 

c o n f i g u r a t i o n  h e i g h t  abova c h o r d  t h i c  knz  ss 
floor [6] l e n g t h  [s] [61 

Boundary l a y e r  v e l o c i t y  p r a f i l e s  were measured 

downstream of  t h e  v a r i o u s  LEBU p l a t s s  a l o n g  t h e  c e n t e r l i n z  of 

t h e  t e s t  s u r f a c e .  Th? messurements  s x t e n d e d  a d i s t a n c e  o f  63  

boundary  l a y e r  t h i c k n e s s e s  f ram t h e  LEBU, w i t h  a s p a c i n g  f o r  

e a c h  a x i s 1  s t a t i o n  of 68 T h i  v a l u s s  of t h i  mone2tun 

t h i c k n e s s , e ,  

m a n i p u l a t o r s  a re  shown i n  f i s u r e  33.  

f o r  t h 2  p l a i n  f l o w  cas2 and t h s  v a r i o u s  p l a t e  

T h s  v a l u s s  o f  8 f o r  a l l  t h e  a x i a l  s t a t i o n s  wore l e a s t  

s q u a r e  c u r v e  f i t t e d  i n  a power law o f  t h e  form B = a x  and 

t h e  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  was est imated f o l l o w i n g  

t h e  method o f  s e c t i o n  2.3. T a b l e  4 c o n t a i n s  t h i  n u n e r i z a l  

v a l u i s  o f  t h e  c u r v e  f i t t i n g  p a r a m e t e r s  s , b  and r 2  f o r  t h a  
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s k i n  f r i c t i o n  d r a s  r e d u c t i o n  ove r  a d i s t a n c e  o f  5 2 8  f r o a  

t h e  LEBrJ. 

T a b l e  4 .  Curve f i t t i n g  p a r a m e t e r s  f o r  v a r i o u s  f l o w  con- 
f i p u r a t i m s  (- was -msasured t o  a d i s t a n c o  of  
5 2 3  f rom LEBTJ). 

c m f  i g u r a t i o n  a b 
p e r c e n t  d r a g  

r e d u c t i o n  2 r 
a t  526‘ 

----- PLAIN FL3W 0 . 032555 0.715333 9.934 

LZBU ryl 0.033OO5 0.5595 9.991 -3.0 

_ _  -;LEBU 42 - - 0.033134 - - 0.52774 3.953 2.7 

Acc3rd igS  t o  t h e  d 3 t 3  l i s t 3 d  t h e  a c h i e v e d  d r a 5  r e d u c t i o n  

was n e g a t i v a  o r  moder s t e  . These - n e a s u r e a e n t s  were p r e l i m i n a r y  

and m o s t l y  u s e d  t o  d e v s l o p  t h 2  e x p e r i w n t a l  s e t - u p  3nd t h e  

d a t a  a c q u i s i t i o n  p r o c e d u r e .  The c o n f i g u r a t i o n  LEBU #3  was 

c o n s i d e r e d  a s  r e a s o n a b l y  e f f e c t i v e  d s v i c e  and i t  was d G c i d s 5  

t o  p r o c e e d  w i t h  t h e  a c o u s t i c  e x c i t a t i o n  a f t e r  a c h i z v i n g  sc)me 

modera t e  S U C C ~ S S  w i t h  boundary  l a y e r  m a n i p u l a t i o n .  

3.6.3,. PRELIMINARY AZ3USTIC EXCITATION 

T h e  a c o u s t i c a l l y  e x c i t e d  t h i n  p l a t e  c o n f i g u r a t i 9 n  w3s 

d e s i g n s t e d  a s  LEBU f 4 .  The l a r g e  e d d y  d e t e c t o r  p r o b e  was 

i n s t a l l e d  u p s t r e a m  o f  t h e  LFUBU a t  3 d i s t a n c e  o f  2 . 4 8  from 

i t s  t r a i l i n s  2dge s n d  a t  a h e i g h t  o f  0 . 9 S a b o v e  t h o  w a l l .  Th2 

t imo  d e l a y  o f  t h e  p r o c e s s o r  was s i t  a t  9.5 mszc a n d  t h e  
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p r s s s u r s  l i v e 1  of t h e  a c o u s t i c  wave a t  t h o  LEBU's  h z i g h t  wss 

100 dB. T h i  g i o m e t r y  o f  LEB'J # 4  ( c h o r d , h e i g h t , t h i c k f i e s s )  w i t - ?  

i d e n t i c a l  t o  LEBU f 3  a s  w 3 s  t h e  l o c a t i o n  o f  d e v i c e  a n d  t h ?  

wind t u n n e l  o p e r a t i n g  u n i t  Reyno lds  numb2r. 

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

c o n f i g u r a t i o n s  were m e a s u r e d  d o w n s t r s a m  o f  t h i  LEBU 3 t  

- midspan  a x i a l -  l o c a t i o n s  o v e r -  a- d o w n s t r e s m  d i s t a n c e  of  538. 

i. P l a i n  flow ( h o t  f i l a  s e n s 3 r  was i n s t a l l e d )  

ii. LEB'J 5 4  ( h 3 t  f i l m  s e n s o r  i n s t s l l i d  b u t  n o t  

- - _ _  - -  - , _  - - o p i  r a t  i n g )  

~ . I'ii.--LEBU #3 3 k o u s t i c s l l y  e x z i t o 3 . -  
- 

. -  - --- .. . 

- ==: :The c a l - , u f a t s d - v a l u s s  of: m m r o n t u n - . t h i c k n s s s  a r t  p l o t t t d  on  

f i g u r a  31. Mo major  c h a n g z s  Setsreen t h e  c o n f i g u r a t i o n s  c a n  bs  

o b s i r v e d  i n  t h e  r a t e  o f  mDmentum t h i c k n e s s  g r o w t h  a n d  t h P  

l o c a l  s k i n  f r i c t i o n  d r a g  r e d u c t i o n  was modera t e .  T h t  v s l u i s  

o f  e wer2 f i t t e d  t o  t h e  p o w i r  l aw a n d  t h o  l o c s l  s k i n  

f r i c t i o n  c o e f f i c i e n t  was c a l c u l a t e d  a c c o r d i n g  t o  the method 

o f  s e c t i o n  2.3. T h e  c u r v o  f i t t i n g  p a r a m e t e r s  and t h e  a c h i s v s d  

d r a g  r t d u c t i o n  a r3  shown on t a b l e  5. 
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T a b l e  5. C u r v e  f i t t i n g  p a r a m e t e r  a n d  p e r  c e n t  d r a s  
r i d u c t i o n  f o r  LEBU # 4  c o n f i g u r a t i o q .  

Conf i g u r a  t i o n  a b r p e r c e n t  
_._ d r a z  r s d u c t i o n  - 

-------- p l a i n  f l o w  0.33245 0 . 3 4 ~  0.992 

LEBU 64 0.002576 0.51 353 0.993 -1.7 t o  9.5 

- LEBU 6 4  0.032599 0.834223 -0.995 0.3 t o  2.2 
( a c o u s t .  exc i t ed )  -~ ___ .  

Na3 n e t  d r a g  r i d u c t i o n  was a c h i e v z d  and  i t  was d e c i d i d ,  b a s 2 3  
- *  - -* - 1 _ . - ~ z r = n p o n  flow y i s u a l L z a t i o n , - t 3  r a i s e  t h e L E B U  t o  0.8 . i n  o r d e r  

- 
. -  . .  - t c r  b e - t t e r  i n ' t e r - c K p t  = t h z  - F n c F d ? n t . _ l a r g z  e d d i e s .  T h i s  

- -  - c o n f - i g u r a t i o n  was -LEBU #5 w h f c h - i s  - e x t & n s i v e T y  d o s z r i b i d  i n  

- -  - - - - - -  

t h e  p r s v i o u s  s e c t i o n s .  

T h o s e  p r o l i m i n a r y  d a t a  w i t h  l i t t l e  s u c c e s s  3ro  t h e  

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

a c o u s t i c  e x c i t s t i o n .  T h i s  method i s  n o t  w o l l  u n d e r s t o o d  and 

r e q u i r e s  9 c o n s i d e r a b l e  e f f o r t  t o  f i n d  a c o n f i g u r a t i o n  which 

w o r k s  w o l l .  B e c a u s e  o f  i n c o n s i s t e n c i e s  w i t h  t h e s e  e a r l y  

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

c o n f i g u r a t i o n  m u s t  b e  t e s t e d  t o  p r o v i d ?  a d d i t i o n a l  

v e r i f i c a t i o n  o f  t h e  phenomenon. 
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3 . 7 .  ACOUSTIC EXCITATION AT UNIT iiEYNOLDS N U Y B E R  OF 

1 O6n” 

To f u r t h e r  v e r i f y  t h e  g e n e r a l i t y  o f  t h e  3.arse eddy  

c a n c e l l a t i o n  p r o c e s s  t h e  wind t u n n e l  v i l o z i t y  was s e t  a t  a 

u n i t  Reyno lds  numbir  of 10 m 6 -1 
and LEBU Y5 was r e p l a c e d  w i t h  

a d i f f e r e n t  m a n i p u l a t o r .  LEBU RS was i n s t a l l e d  and  t e s t e d  i n  
- orde-r t o  e x a a i n e - t h t  e f f e c t i v z n e s s  o f  t h e  a c o u s t i c  e x c i t a t i o n  

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

LEBU #5 i s  g i v o n  i n  t a b l e  6 and compared w i t h  t h o  s u c c e s s f u l  

. _  - o p t i m i z t d  LEBU #5. 
_-  - . 

m- 



T a b l e  5 :  E x p e r i m e n t a l  p a r a m e t e r s  for o p t i r n i z c d  L E 3 3  t S  
- .  - - a n d  LEBU #6 c o n f i g u r a t i o n s .  

EXPERIMENTAL PARAMETER 
_ _  

U n i t  R e y n o l d s  nurnbir 

7 9  

LEBU 6 5  LEBU 45 
_ _  6 -1 

3 . 7 ~ 1 0  m 1 o6 m-' 

T y p i c a l  m a n  flow v e l o c i t y  11 m / s  15.5 m!s 

Boundary  l a y e r  s a n d p a p e r  t r i p  l e n g t h  

Boundsry  l a y e r  t r i p  l o c a t l o n  - 

LEBU t r a i l i n g  e d g s  l o c a t i o n  

LEBU mater ia l  

_ _  Boundary l a y e r  t h i c k n e s s  a t  
LEBU l o c a t i o n  

A c a u s t i c  i n p u t  h o l e  d i a rne te r  
( h o l e  l o c a t i o n  a t  LEBU's  t r a i l i n g  
e d g e , m i d s p a n )  

Upstream e d d y  d e t e c t o r  d i s t a n c e  from 
L E B U ' s  t r a i l i n g  e d g e  

Time d e l a y  be tween l a r g o  eddy 
d e t e c t i o n  a n d  a c o u s t i c  p u l s e  

Ups t ream e d d y  d e t e c t o r  h e i g h t  

Momentum t h i c k n e s s  Reyno lds  number 
a t  LEBU l o c a t i o n  

E x p e c t e d  l a r g s  e d d y  
p a s s i n g  f r e q u e n c y ,  Hz 

P r e d i c t e d  p r e s s u r e  p e r t u r b a t i o n  a t  
L E B U ' s  near wake 

SPL o f  a c o u s t i c  p u l s z  a t  L E B U ' s  
h o i g h t  ( 2  dB h i g h e r  t h a n  p r e d i c t e d  
p r e s s u r e  p e r t u r b a t i o n ) .  

21 cm 31 c;11 

- 3 - € 0  24 em 3 tcl 34 ca 

2. m 2. m 

s t e e l  s t e e l  

. . -0*-936 - 3 . 3 4 8  - - 

-. :0:00.50& 0.03548 

-4.1 cm -3.7 cm 

3/3 i n c h e s  3 /9  i n z h i s  

2.458 2-58 

10.5 asec 5 . 5  IIIs3.c 

0.858 0.956 

3,130 3 9 730 

110 165 

100 dB 1 3 4  d 3  

1 0 2  dB 105 d3  



T u r b u l o 2 t  boundary  layer  v e l o c i t y  p r o f i l e s  were m e s s u r t d  

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

u s u s l .  The momentum t h i c k n e s s , @ ,  W ~ S  c a l c u l a t e d  a s  d e s c r i b 2 d  

- i n  s e s t i o n  2.3 and  p l o t t e d  v e r s u s  d o w n s t r i a a   distance,^, from 

t h e  t e s t  s u r f a c e  l e s d i n g  e d g e .  F i g u r e  32 s h o w s  t h e  a x i s 1  

v a r i a t i o n  o f  8 f o r  t h e  u s u a l  t h ree  c o n f i g u r a t i o n s .  

T h s  m o a e 3 t u n  t h i c k n e s s  o f  t h e  m a n i p u l a t e d  f l o w  i s  

g r e a t e r  t h a n  t h e  p l a i n  f l o w  case  b e c a u s e  o f  morninturn l o s s  

fmposzd  -br t h i -  emb2dded t h i n  p l a t % .  -The - a c o u s t i c s l l y  e x c i t z d  ._ 

- - . 

- d i i r = =  r.-i - e a s e - p r o d u c e  =,1 ow2 r- . rnam-s n t u  l o s s T a t - t h i s  l o c a t  
- - .- 

- ‘  i n d i c s t e s T t h a t  t h e  - a c o u s t i c - p u l s e  - d o e s - n o t  s u b t r a c t  k i n 2 t i c  - -  

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

LEBU c o n f i g u r a t i o n  i n  t h e  wake r e g i o n .  From f i g u r e  32  i t  c a n  

be o b s e r v e d  t h a t  t h e  momentum t h i c k n e s s  o f  t h e  a c o u s t i c a l l y  

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

t o  t h s  s i m p l y  m a n i p u l a t e d  boundary  layer .  F u r t h e r  downs t r eam 

a t  x=3.75 m ( 4 7 8  f r o m  t h e  LEBU) t h e  momentum t h i c k n e s s  o f  

t h e  a c o u s t i c a l l y  exc i ted  c o n f i g u r a t i o n  f s l l s  be low t h a t  f o r  

t h i  o t h e r  c o n f i g u r a t i g n s  i n d i c a t i n g  n e t  d r a g  r i d u c t i o n .  

The v s r i s t i o n  o f  t h e  s k i n  f r i c t i o n   coefficient,^^, w i t h  

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

s h o w n  in f i g u r e  33.  A l l  m e a s u r e m e n t s  were o b t a i n e d  a t  t h 2  

t e s t  s u r f a c e  mid span a l i g n e d  with t h e  u p s t r e a m  s i n s o r  and 

t h e  a c o u s t i c  wave  p o r t .  The n u m e r i c 3 1  v a l u e s  o f  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  were c a l c u l a t e d  s c c o r d i n s  t o  t h i  
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8 3  

p r o c e d u r e  descr ibed i n  s e c t i o n  2.3. A l l  l e a s t  s q u a r e  c u r v ?  

f i t s  a g a i n  had a c o r r i l s t i o n  c o e f f i c i e n t  a b o v s  0.99. T h i  L 3 9 U  

c o n f i g u r a t i o n  and  t h e  a c o u s t i c a l l y  e x c i t e d  flow wore cornpsred 

_ _ _  .. ._ t o -  t h e .  p l a i n . f l o w . . (  h o t  f i l m  s s n s o r  i n s t s l l o d  ). Accord ing  t o  

t h e  n u m e r i c a l  v a l u e s  of 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 c o u s t i c  e x c i t a t i o n  c a n  enhance  t h i  L G B U ’ s  e f f e c t  by r e d u c i n g  

- cf be tween 3.9 s n d  6.0 p e r c s n t  w i t h - r e s p e c t  t o  t h e  LTBU 

c o n f i g u r a t i o n .  Comparison t o  t h e  p l a i n  f l o w  shows a r e d u c t i o n  

o f  t h e  w a l l  s h e a r  s t ress  be tween 6.5 and 13 p e r  c e n t .  I n  

--=:a d d i t i on a 2 ; p a r c e n t  net d f a g - r e d u c t i o n = w a s  measured - e t  a 

-x:di s t a a c ~ x  f - 54 6 from t h e  LEBU.--- ---- r .- - 3- - _LI - 
- .- - 

. .  - . - -  “..- - - - _ 4 i ~ h o u g h i l t h e : d a ~ a _ a f e _ n o t - a s -  i m p r e s s i v s  a s  the p r 2 v i o u s  . -  
v -  

o p t i m i z o d  c o n f i g u r a t i o n ,  t h e y  do s u g g e s t  t h a t  t h e  mechanisn  

of enhanc3-d l a r g e  eddy  c a n c z l l a t i o n  i s  real. Anders  [13], h a s  - -  

shown t h a t  v a r i a t i o n s  o f  t h e  m a n i p u l a t o r  m i c r o s o o n e t r y  

e x e r c i s e s  a s t r o n g  i n f l u o n c e  upon t h e  r e s u l t s  s o  a b s o l u t e  

numbers  a r e  n o t  e x t r e m e l y  mean ingfu l .  The t r s n d s  o f  t h e  d a t a  

a r e ,  however ,  c o n s i s t e n t  w i t h  p r e v i o u s  f i n d i n g s .  

S p a c e - t i n o  c r o s s  c o r r i l a t i o n  f u n c t i o n s  ( C C F )  were 

o b t a i n e d  u s i n g  t h e  h o t  f i l m  eddy  d e t e c t o r  p robe  u p s t r z s n  o f  

t h e  LEBU p l a t e  a s  a f i x i d  referent? l o c a t i o n  and  a n o t h e r  

probP a t  a d i s t a n c e  of 4.08 boundary  l a y e r  t h i c k n a s s a s  

downstrzam ( f i g u r e  17) .  The h e i g h t  o f  t h e  downstream s i n s o r  

was 0.98. F i g u r e  34 shows r e p r e s e n t a t i v z  space - t ime  c r o s s  

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

a c o u s t i c a l l y  e x c i t e d  boundary  l a y e r s .  When a c o u s t i c  
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- e x c i t a t i o n  i s  a p p l i e d  t h e  downst ream flow i s  a g a i n  c o r r e l a t e 3  

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

CCF c o r r e s p o n d  t o  eddy  c o n v o s t i o n  time from t h e  u p s t r e a n  t o  

t h e  d o w n s t r a a m  s e n s o r .  T h i s  i n d i c a t e s  t h a t  a c o u s t i c  

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

3r3 s s n s e d  3t t h e  u p s t r z s a  l o c s t i o n .  These m e s s u r e n e n t s  a r ?  

in sood a g r e e m e n t  - w i t h  -sirnifsr - r e s u l t s  of c o n f i g u r 3 t i o n  LZBU 

# 5 .  I n  a d d i t i o n  measurenents of  t h e  low f r g q u o n c y  t u r b u l e n c e  

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

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

center line,^, a t  a d i s t a n c 9  o f  x = 1 . 7 6 m  f r o m  t h e  L E B U .  

Accord ing  t o  p r e v i o u s  measu remen t s  o f  momentun t h i c k n o s s ,  8, 
( f i g u r e  31) t h 2  r a t i o  re was found s s a l l i r  t h a n  u n i t y  a t  t h i s  

a x i a l  s t s t i o ~ .  I n  t h i s  l o c a t i o n  i t  w a s  f o u n d  t h a t  t h ?  

a c o u s t i c  e x c i t a t i o n  p e r s i s t e d  w i t h  s t e n d e n c y  t o  s p r e a d  

s p a n w i s i  a t  a h a l f  a n g l e  o f  a b o u t  1.2 desrees.  Thz r e d u s t i o n  

o f  t h e  a n g l e  o f  a c o u s t i c  i n f l u e n c e  w h o n  c o m p a r s d  t o  LEBU 5 5  

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

t u r b u l e n t  boundary  l a y e r  due t o  h i g h z r  f r e e  stream v e l D c i t i e s  

i n  w h i c h  LEBU ,4(5 was tes ted.  

P r o p 2 r  a c o u s t i c  o x c i t s t i o a  o f  a t h i n  f l a t  p l a t ?  

o p e r a t i n g  i n  3 h i g h e r  u n i t  R e y n o l d s  n u m b ? r  f l o w  w a s  a s s i n  

found e f f e c t i v i  i n  e n h s n c i n g  t h e  l s r g 2  e d d y  break-up  procsss .  
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6 &=IO Y /m 

&6 

x-3.76 m 

. _ .  . -. _. . '  . , . . _ ~ _  . ,  . .  . _  0 
0 .. 

. .  

4 8 
Distance f rom center l ine ,z(cm) 

F i g u r e  3 5 .  Spanwise  v a r i a t i o n  o f  momentum t h i c k n e s s  ,8, 
f o r  t ; fe_yxci t2d  a n d  u n e x c i t e d  LEBU e t  u n i t  
Re=lO m . 



The p r o c e s s o r  o p e r a t i n g  parameters  were s e t  a c c o r d i n g  t o  

h i s h e r  f r e e  stream v e l o c i t i e s .  T h s  a c h i e v i d  s k i n  f r i c t i o n  

d r a g  r e d u c t i o n ,  r e d u c t i o n  o f  f l o w  c o r r e l a t i o n  across t h e  

LEBU, r e d u c t i o n  o f  t h e  l o w  f r i q u e n c y  t u r b u l e i c e  a n d  t h ?  

m o d e r a t e  n e t  d r a g  r e d u c t i o n  wers c o n s i s t e n t  - w i t h  t h ?  r e s u l t s  

o b t a i n e d  f r o m  LEBU1YS. T h i s  r e i n f o r c e s  t h o  i n i t i a l  c o n c e g t  

- - - t h a t  p r o p e r  a c o u s t i c  e x c i t a t i o n  o f  a p l a t e  b o u n d a r y  l s y e r  - - _ _ _  

m a n i p u l a t o r  c a n  lead  t o  enhanced  l a r g ?  eddy d e s t r u c t i o n .  

. - . . . . .. . . . . .. . . . . . -. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

4.1. CONCLUDING REMARKS 

Large e d d y  s t r u c t u r e s  i n - a  t u r b u l e r , t  boundary  l a y e r  c a n  

be e f f e c t i v e l y  m a n i p u l a t e d  by a c o u s t i c  waves r e s u l t i n g  i n  a 

n e t  r e d u c t i o n  i n  s k i n  f r i c t i o n  d r a g  downstream o f  a 

I L L-- - m a n i p u l a t i n g  p l a t e . _  The- v o r t e x  . unwinding  a t  t h e  LEEU's 

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

a s s i s t e d  by a c o u s t i c  waves.  These  a c o u s t i c  p u l s e s  must  be 

- -  p r e s s u r e  l e v e l :  i n  -?order  - t o -  be - e f f e c t i v e .  The c o h e r e n t  

- : s t r u c t u r e  --was .:assumed:to be - r e l a t e d r t o r t h e  R e y n o l d s  s t ress  

p r o d u c € i o n  and  t h e  s u b l a y e r  b u r s t i n g  - e v e n t s .  Thus ,  The 

a d d i t i o n a l  e l i m i n a t i o n  of t h e  large sca le  s t r u c t u r e  c a u s e d  by 

t h e  a c o u s t i c  waves improved t h e  e f f e c t i v e n e s s  o f  a s i n g l e  

p l a t e  m a n i p u l a t o r .  S k i n  f r i c t i o n  d r a g  r e d u c t i o n  w a s  a c h i e v e d  

f o r  two d i f f e r e n t  low Reyno lds  number LEBU c o n f i g u r a t i o n s .  

The s k i n  f r i c t i o n  c o e f f i c i e n t  cf was r e d u c e d  a s  much as  18 

p e r c e n t  a t  a d i s t a n c e  of  508 f rom t h e  LEBU when t h e  

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

p l a i n  f low.  I n  a d d i t i o n ,  a modera t e  n e t  d r a g  r e d u c t i o n  was 

a c h i e v e d  a t  a b o u t  t h e  same d i s t a n c e  f rom t h e  m a n i p u l a t o r .  

__ 
I 

_ -  

The a p p l i c a t i o n  o f  t h e  p r o p e r  a c o u s t i c  i n p u t  made t h e  

f l o w  less c o r r e l a t e d  a c r o s s  t h e  LEBU, and r e d u c e d  t h e  l e v e l  

o f  t h e  low f r e q u e n c y  p a r t  o f  t h e  t u r b u l e n c e  s p e c t r u m  of t h e  
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- m a n i p u l a t e d  boundary  l sye r .  In a d d i t i o n ,  f l o w  v i s u a l i z a t i o n  - -  

o f  t h e  a c o u s t i c a l l y  e x c i t P d  boundary  l a y i r  showed t h e  f u r t h e r  

r e d u c t i o n  i n  c o h i r e n t  mot ion .  T h i  i n i t i a l  h y p o t h e s i s ,  t h s t  a 

- . -  - p h a s e ~ 1 Q ~ e d - - a c o u s t i c  i n p u t  t o  t h ?  f l o w  c a n  r e d u c e  t h o  

t u r b u l e n c e  m i x i n g  and  t h a  wa l l  s k i n  f r i c t i o n  was v e r i f i e d .  

The e f f e c t s  o f  t h e  a c o u s t i c  e x c i t a t i o n  spread  s l o w l y  i n  
. . -  
---.__-- L-- - : ths -  s p s n w i s z - d i r s c t i o n  as the f loKconv=&d downst ream.  T h i s  . 

was v e r i f i e d  by  c a r e f u l l y  m e a s u r i n g  t h e  momentum t h i c k n e s s , e ,  

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

1 -  

- _  - e f f e c t  : s p r e s d s - a t - s  - h a l f  angle -o f  - 2 - d e g r e e s  f o r  t h e  most 

- __ e f f e c t i v i  c o n f i g u r a t i o n .  Th? - s p r i a d i n s  a n g l e  was r e d u c e ?  ss 
- .  

- -  Re - a n d  t u r b u l e n t  m i x i n g  i n c r e a s e d .  I t  w a s  a s s u m e d  t h a t  

s e c o n d s r y  f l o w  v o r t i c e s  i n d u c e d  by  t h ?  a c o u s t i c  p u l s i  a r e  

c o n v e c t e d  i n t o  t h e  t u r b u l e n t  boundary  l a y e r  and c a n c e l  some 

of  t h 2  "weakened" l a rge  e d d i e s  p a s s i n g  t h e  p l a t e  m a n i p u l a t o r .  

An a l t s r n a t i v e  e x p l a n a t i o n  f o r  t h e  s p r e a d i n g  p r o c e s s  c a n  be 

based  upon t h z  a s s u m p t i o n  t h a t  t h e  large sca l e  s t r u c t u r e  and 

t h e  s u b l a y e r  b u r s t i n g  phenomana a re  i n t i r r e l a t e d  and  p r e s 2 r v e  

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

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

t h e  g e n e r s t i o n  of  t h e  l a r g a  sca le  s t r u c t u r e .  T h e  i n t e r r u p t i o n  

of t h i s  c h a i n  o f  e v e n t s  by e l i m i n a t i n g  t h e  l 3 rg0  e d d i e s  a t  a 

s p a n w i s e  p o s i t i o n  would y i e l d  has  a s p r e a d i n g  e f f e c t  upon t h ?  

r e d u c t i o n  of  b u r s t i n g  even t s  and f u r t h e r  g e n e r a t i o n  o f  l a r g e  
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Ths o p e r a t i n g  psrameters o f  t h s  p r o c e s s o r  d e v i c i  w h i c h  

c o n t r o l s  t h e  a c o u s t i c  i n p u t  c o u l d  be s e t  t o  a n  o p t i m u m  i n  

__ __ . . ordgr - to -accsuo t  f o r  t h z l a r g e -  e d d y  - _  c o n v e s t i o n  v e l o c i t y ,  

t h e i r  p a r t i c u l a r  f r e q u e n c y  o f  a p p e a r a n c e  a n d  t h e  l e v e l  o f  

t h i  v e l o c i t y  f l u c t u a t i o n  t h e y  r e p r t s e n t .  Th2 o p t i m i z a t i o n  of 

- -_ .  - t h i  p r o c e s s o r  o p e r a t i n g  p s r a r n e t s r  was based upon t h e  o b s 3 r v s 3  

phenomenon  o f  r i d u c e d  c o r r e l a t i o n  a c r o s s  t h e  LESU when 

a c o u s t i c s  is a p p l i o d .  For msximum l a r g e  e d d y  c a n c 2 l l a t i o n  

= L~ s t h a  k: r2e-ferg n c B yo 1 tag9  $mu& &e: r s.rtt: =_tas Ipr od uco a p p r p  x im s t e 1 y 

ses-w-r  u n i t  t i m e  
- 

- 

numb3c -of p r e d i c t e d  .1 -p?cxun3t  t i t n o .  T h e  p r o c e s s  . . 
._ 

--- - - -  1 -I - .  - . - - o f - - - r e d u c e d  c o r r e l a t i o n  is - v e r y  m u c h , d s p e n d e n t  u p o n  t h ?  

- s e t t i n g  o f  t h e  r e f e r s n c e  v o l t a s ?  s n d  m u s t  be s e t  w i t h i n  13 

m i l l i v o l t s  froin t h e  optimum v a l u e  f o r  b e s t  r e s u l t s .  The f l o w  

i s  l e a s t  c o r r e l a t e d  when t h s  t i n e  d e l a y  i s  s e t  e q u a l  t o  t h e  

l a r g o  e d d y  c o n v e c t i o n  time f r o m  t h e  d e t e c t o r  p r o b e  t o  t h e  

LEBU t r a i l i n g  edg2 .  A l s o ,  t h e  i n i t i a l  s p p r o x i m s t i o n  o f  t h 2  

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

d o w n s t r e s m  o f  t h e  LEBU was found c l o s i  enough t o  t h e  o p t i m u n  

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

o p t i m u n  v s l u i s  o f  t h e  e x p 2 r i m e n t a l  psrsmeters  were v e r y  c l o s e  

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

c o n c e p t  o f  i n c r e a s e d  d r a g  r e d u c t i o n  by a c o u s t i c  e x c i t a t i o n  o f  

a bounds ry  l a y e r  p l a t e  m s n i p u l a t o r .  

- - .  



I 

- _  

4.2.  RECOMMZNDATI3NS F3R FURTHER INVESTISATI3N . - -  

A c o u s t i c  e x c i t a t i o n  was p roven  e f f e c t i v e  i n  improv ing  

t h e  p l a t e  m a n i p u l a t o r  e f f e c t  upon a t u r b u l e n t  boundary  l a y e r .  

The bas i c  c o n c e p t  of t h e  l a r g ?  eddy  c a n c e l l a t i o n  by a c o u s t i c  

wavis s h o u l d  be s t u d i e d  i n  t he  cas2 sf a m a n i p u l a t o r  p l a t e  i n  

i n v i s c i d  f low.  A LEBU d e v i c s  s h o u l d  be p o s i t i o n e d  in 

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

a r t i f i c i a l l y  g e n e r a t e d  ups t r eam.  A c o u s t i c  p u l s e s  must be made 

t o  a r r i v a  a t  t h e  blade t r a i l i n g  edge t o g e t h e r  w i t h  t h e s e  
_- - -  

- -  ___-- - 

- -  - - , _  

_ _  : r e s u l t i n g -  

- - t h e  bas ic  m e c h a n i s a - d e v e l o p e d  i n  t h i s  s t u d y .  

- -  
I _  

- 

F u r t h e r  measurements ,  _beyond t h e - r a n g e  of  53& are 

recommended i n  order t o  e s t a b l i s h  t h e  e x t e n t  o f  t h e  

p e r s i s t e n c e  of t h e  a c o u s t i c  e f f e c t  downstream o f  t h e  LEBU. 

E x t e n s i v i  measurements  of t h e  ax ia l  and  l o n g i t u n d i n s l  

v e l o c i t y  f l u c t u a t i n g  components  u t  and v' s h o u l d  be t a k e n  t o  

d e t e r m i n e  c h a n g i s  i n  t h e  t u r b u l e n c e  e n 2 r g y  p r o d u c t i o n .  The 

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

Reyno lds  s t ress  component - p u '  v ' ;  t h i s  q u a n t i t y  s h o u l d  be 

a l s o  examined  compar ing  a n  a c o u s t i c a l l y  e x c i t 2 d  LEBU 

c o n f i g u r a t i o n  t o  s i n g l e  and  tsndem p l a t e  m a n i p u l a t e d  

t u r b u l e n t  boundary  l a y e r s .  

F u r t h e r  i n v e s t i g s t i o n  o f  t h e  s p r e a d i n g  t i n d a n c y  o f  t h ?  

a c o u s t i c  e f f e c t  upon t h e  f l o w  reg ime  downstream of  t h e  LEBU 

s h o u l d  be p u r s u s d .  Two h o t  f i l m  l l s c o u t "  p r o b e s  can b3 
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i n s t a l l o d  u p s t r e a m  o f  t h e  p l a t e  a n d  t h i  a c o u s t i c  p u l s z s  can  

bs i n p u t  f rom t y o  d i f f e r e n t  p o r t s ,  l o c a t e d  r e l a t i v e l y  c l o s e  

t o  e a c h -  o t h e r .  Boundary layer  t r a v e r s e s  w i l l  show i f  b o t h  

z o n e s  of a c o u s t i c  i n f l u e n c e  merger  downstream o f  t h e  LEBU. 

A LEBU w i t h  two p l a t e s  i n  t a n d e a - z x p o s e d  . t o  a c o u s t i c  
- 

I 2  3 w a v e s L m a y  b? a l s o  examined-because  t h i s  c o n f i g u r a t i o n  has  

been   found most  p r o m i s i n g  w i t h o u t  e x c i t a t i o n .  The boundary  

l a y e r  upon a LEBU p l a t e  is l a m i n a r .  P o s s i b l e  s e p a r a t i o n  o f  

-by r o u g h $ n i n g  its- s u r f a c e .  - S u c h  a 4 , E B U z o n f i g u r a t i o n  i s  a i s o  I - 
__ __ _. - -wor th  s t u d y i n g  when e x p o s e d  t o  a c o u s t i c  p u l s ? s .  

wer2 c a r r i e d  o u t  a t  a s l i g h t l y  h i g h e r  s p e e d  t h a n  the  p r e s e n t  

i n v e s t i g a t i o n .  An e x p e r i m e n t a l  s e t t i n g  a t  h i g h e r  v e l o c i t i e s  

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

p r e s s u r e  l s v e l .  Improvemznts  and  r e d e s i g n  o f  t h e  p r t s s u r e  

p u l s e  mechanism must  be u n d e r t a k e n .  Such  a c o n f i g u r a t i o n ,  

c l o s e r  t o  r e a l  f l o w  c o n d i t i o n s ,  i n  c o n j u n c t i o n  w i t h  a 

v a r i a b l e  p r e s s u r e  g r a d i e n t  and  a i r f o i l  type.LEBUs s h o u l d  a l s a  

be s t u d i e d .  



93 

1. W h i t e ,  F.M., V i s c o u s  F l u i d  F l o w ,  pp. 4 2 5 - 4 3 2 ,  ?p. 
519, PP. 4 4 8 ,  PP- 593, PP* 490, PP. 4 3 7 9  PP. 5 1 3  
McSraw-Hiil Book Coapany, 1974. 

2. S c h l i g h t i n s  ,!-I., B o u n d a r y  L a y e r  T h e o r y ,  7 t h  
e d i t i o n ,  pp. 3 7 3 - 3 3 2 ,  pp. 175-179, pp. 733-733, 
McSraw-Hill Book Company, N e w  York 1979. 

3. i-Iefnzr,J.N. a n d  B u s h n e l l ,  D.M. "An O v s r v i e w  o f  
- - C o n c e p t s - - F o c r A ~ r c r a f t  -Drag  -R=dus t ion , t t  ASAW-3-654, -. 

4 2 ____.I 

pp. 1.1-1.30,1977. 

4. F3lcD,R.E.,I*Cohersnt Mot ions  i n  t h z  O u t e r  Ragion  o f  
T u r b u l e n t  Boundary Layer  ," T h i  P h y s i c s  of F l u i d s ,  

132. - 
- _ _  I Vol. 20, No. 10, P t  11, O c t o b i r  1377, pp. S 1 2 4 - S  

- _  -! ?e. 
*- - 

- .  -- - - - . - - - - - - - - __ . - - - 
~ ." Falco;':R;.E;pN T h e : P r o d n c * t i b n  af T u r b u l e n c e  Neaf:a- 

- _ _  - _ _  ,----- _ - - _  :WaLl,-tt - A I A A  pap2r  1999-1355. 

5. - ._ K l i n e , S . - J . ,  - -  R e y n o l d s ;  W.C., S c h r s u b  ,!?.A*, 
- -  - R u n s t a d l e r ,  P.N., nThe  ' S t r u c t u r e  o f  T u r b u l e n t  

-- - - - __ - - -  - -  - - B o u n d a r y -  L a y e r - , t t  J o u r n a l - o f  F l u i d  M e c h a n i c s  

-~ - - - - - __ 

( 1 9 6 7 ) ,  Yo1 3 0 , P t  4 ,  PP. 741-7730 

7. K o v a s z n a y ,  L.S.G., K i b e n s ,  Y., B l a c k w e l d i r ,  R.F., 
"Large -Sca le  Mot ion  i n  t h e  I n t i r r n i t t e n t  Region  o f  
a T u r b u l e n t  B o u n d a r y  L a y e r  ,It J o u r n a l  o f  F l u i d  
Mechan ics  (1979) ,  Vol. 41,  pp. 293-325. 

3. Corrsin,S., K i s t l e r , A . L . ,  " F r e e  S t r e a m  B o u n d a r i e s  o f  
T u r b u l e n t  Flows,It N A Z A  TR 1249 (1955).  

9. B l a c k w e l d s r ,  R.F., Kovasznay,L.S.G., I 'T ime S c a l e s  
and  C o r r e l a t i o n s  i n  a T u r b u l e n t  Boundary L a y i r  ,I1 

T h i  P h y s i c s  o f  F l u i d s ,  Vo l .  1 5 ,  Number 9,  S s p t .  
1972 ,  PP* 1545-1 554. 

lO.Yajnik,K.S. ,  Acharya,M.,  t t N o n - T q u i l i b r i u m  Effests i n  
a T u r b u l e n t  Boundary Layer  DUP t o  t h e  D z s t r u s t i o n  
o f La r 52 Ed d i 5 s , 
Bangalore,NAL-BL-7, Aug. 1977. 

N 3  t i o n  a 1 A i  r ona u t i c a 1 La b o r a t o r y , 

11. H i f n e r ,  J . N . ,  W e i n s t e i n , L . M .  , a n d  a u s h n e l l  ,D.Y., 
Large-Eddy Break-up Scheme for T u r b u l e n t  V i s c o u s  

' Drag R s d u c t i o n , S y n p o s i u n  on V i s c o u s  Drag Rsduct ior l ,  
Ds l las ,  Texas, NDV. 74,1979.  



. 

12. Corke,T.C.,Guezennec,Y.,Nasib, H.Y. ,"Modif ica t i3n  
i n  La rge  Scale S t r u c t u r e s , 1 1  Symp3siurn on V i s c o u s  
Drag R e d u c t i o n ,  Dal las ,  Texas, Nov. 7-9,1979. 

13. Corke,T.C.,Nagib,  H.M., Guezzenec,Y.,l' A Now Viow on 
O r i g i n ,  Role, and  M a n i p u l a t i o n  o f  Lars2 Sca les  i n  

- - - -- - . - __ - - -Turbulent  Boundary I;ayersTt1 --NASA CK-165951, F t b .  
1932. 

_._.____I_ - -  - 1-4~- -Ber - t e i rud ,A . ,  Truong,T.-V-. , AvelZsn ,F . ,  "DraS 
R s d u z t i o n  i n  T u r b u l e n t  9oundary  L a y e r s  u s i n k  
R ibbons ,  A I A A  p a p e r  32-1370. 

o f  O u t e r  Flow S t r u c t u r e s  f o r  T u r b u l e n t  Drag 
R a d u c t i o n  , 1 1  A I A A  p a p e r  93-0293. 

15. Hefner,J.N., Anders ,  J . B . ,  B u s h n a l l  D.M., " A l t t r a t i o n  

-16. P l e s n i a k , - _  M.W. ,Nsg ib ,  H3, k-llNe-tDrag h d u c t i o n  i n  
A - - --. e n k  B m r r d a r y - = % ~ y e ' ~  M r l t i n g  f rom - - -- . _-c 

.e- 

- - -  - ~ - .'.. - -  - 
---" ~ - _  __- --  
. _  

_- - - . - / _ _ - - - - .  -17.. Ander-s,-J,B. ,- Watson,R.D,, J V A i r f e i - l -  t3r-333- AMdy.Br2aZr- 
- __ - -  - u p - D e v i c s s  Tor- Turb-ule-nt lk-2 - Reduc3ion,11 A I A A  

- -  --p-ap?r 3 5 4 5 2 0 .  

18. Anders ,  J . B . ,  - "Low RPynolds Number LEBU 
.. . Drag R e d u c t i o n  and  Boundary L s y e r  

C o n t r o l  Symposium, N a t i o n a l  Academy of  S c i e n c e s ,  
O c t o b e r  1995. 

19. Guezsnnec,Y.G., Nagib ,  H.M. ,  l lDocumenta t ion  o f  
Mschanisms Lead ing  t o  Net Drag R e d u c t i o n  i n  
Manipulated Turbulent Boundary Layers,'! A I A A  
p a p e r  85-0519. 

20. L i s s ,  A .Y.  and U s o l ' t s s v ,  A . A .  , l l I n f l u e n c e  o f  V o r t e x  
Wing I n t e r a c t i o n  on Reducing  V o r t e x  I n d u c t i o n , 1 1  
I z v e s t i y s  Vuz. A v i a t s i o n n a y a  T e c h n i k s ,  Val. 16 ,  
NO. 3 ,  pp* 5-10,1973. 

21.  Nagel ,FI.T., and  A l a v e r d i z s d e h , O .  "The NCSU Low 
Speed  Boundary Layer  Wind T u n n e l , "  S A E  Psper 
951 897, 1995. 

22. G o l d s t e i n , R . ,  F l u i d  Mechanics  Measurements ,  pp.557- 
554, Hemisphere P u b l i s h i n g  C o r p o r a t i o n ,  Wssh ins ton  
1933 

23. C e b e c c i , T .  and Bradshaw,P. ,  Momentum T r a n s f e r  i n  
Boundary L a y e r ,  pp.  192-197,  Hsmisphere 
P u b l i s h i n g  C o r p o r a t i o n ,  Wsshington  1977. 



. 
9 5  

- - -  
--Ti - - - - - - - 24.?:Bradshaw;- 'P;;ttA SimplP-MsthOd f o r  D s t e r n i n i n g  S k i ?  

F r i c t i o n  - F r o n  V e l o c i t y  P r o f i l e s , l t  J o u r n s l  o f  . -  
~- . .  

- - _ _  _ _  ._ Aerospace  S c i e n c e ,  25, pp. 941, 1959. 

25. Yue l l e r ,  T . J . ,  "Smoke V i s u s l i z a t i o n  o f  S u b s o n i c  and 
S u p e r s o n i c  Flows (The Le3acy o f  F.N.M. Brown) , I 1  

U n i v e r s i t y  of Notre Dame R e p o r t  UNDAS TN-3412-1, 
J u n e  1973. 

25. Y i m , H . T . ,  K l i n e , S . J . ,  Seynolds,W.C.,  t tThs P r o d u c t i o n  
- - - - - - - - . - of  - T u r b u l e n c e  Nsar a S n o o t h  Wall i n  a T u r b u l e n t  

Boundary Layer,tt  J o u r n s l  o f  F l u i d  Msshan ics  
- ( 1 9 7 1 ) ,  V O ~ .  50, P t . 1 ,  pp.  133-155. 

- - - - _-_--_ - - -27 . tu-; S .S:-; W i  1 lma r t h , W . W .; Me a s u r  e m n  t s o f t h e  
S t r u c t u r i  of t h e  Riynolcls  S t r e s s  i n  a T u r b u l e n t  
Boundary L a y e r , "  J o u r n a l  o f  F l u i d  Mochanics  
( 1 9 7 3 ) ,  Vol. 50, P t .  3 ,  pp.431-511. 

- .-,---Turbulencs , - 7 t h  edi t ion , : ->Ch.  -3, -The +$!IT ?ress,----  
k h - r  _ .  - . . Cambr idge , -3972 .  - - - - -  - x- - -- 

I -. 
* -  '.:29. KDbashi,Y. a n d 2 1 c h i j o , Y , , p  !Wall p r e s s u r e  and I t s  

~ - --- - - - ___ . ._^ . .  Rela t ion- - - to- - -Turbulent -  S t r u c t u r e  of  a B m n d s r y  
_-I_ __I ._ ; . - -_Laye r , I ' -Exps r imon t s  i n - F l u i d s ,  Vol.  4 ,  Yo.  1 ,  Dp. - _ -  - - . -  

49-55, 19%. 

30. S t u r t e v a r t ,  B. and Ku lgurny ,  V . 4 . ,  J o u r n s l  of F l u i d  
Mechsn ic s ,  Vol.  73, pp. 551-571, 1975. 

31. Y a r s m c h e t i ,  K . ,  p r i v a t o  c o n n u n i c a t i o n ,  J u l y  1935. 

3 2 .  Yelnik,R.E. ,  Chow,Fi., t tAsymptot ic  T h s o r y  of Two- 
Dimens iona l  T r a i l i n g  Edge Flows,11 NASA SP-347, 
pp.177-249, 1979- 

33. Cobecc i ,T . ,  Chang,K.C., " C a l c u l a t i o n  o f  I n c o m p r s s s i b l e  
Rough-Wsll Boundary Layor Flows,ttAIAA 
J o u r n a 1 , V o l .  16 ,  J u l y  1978, pp.730-735. 

34. R o t t a , J . C . ,  F l u i d  Mechanics  o f  I n t e r n a l  Flows , 
E l s e v i e r ,  Ansterdam 1957. 

35. Chevray  , R .  , Kovasznay , L. S . S. , "Turbu lence  Mea suremen t s 
i n  t h g  Wake o f  a T h i n  F l a t  P l a t e , ! '  A I A A  
J o u r n a l ,  Vol.  7,  No. 8, 1959, pp. 1541-1543. 

35. Yetka,C. , l tThe E f fec t  of a L a r s e  Eddy Break-Up D ? v i c i  
on  t h e  L o s a r i t h m i c  R i g i o n  o f  a T u r b u l e n t  Boundsry 
Layer  , ) I  S o u t h e a s t e r n  A I A A  S t u d e n t  C o n f e r e n c ? ,  1935. 



6.1. FLUCTUATING PRESSURE AT THE LEBU'S TRAILINS E335 

Based upon t h e  p r o c e d u r e  s u g g e s t e d  in r e f e r e n c e  [ 3 2 ] , a  

p r e d i c t i o n  o f  t h e  f l u c t u a t i n g  p r e s s u r e  a t  t h e  LZBIT's  t r a i l i n g  
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- edse - .  was o b t a i n s d . -  T h i s - p e r m i t t e d  - t h e  time a v e r a g e d  sound - _ .__ - - - - -. - . . . 

- . - .  . -  - - -  p r e s s u r e .  l e v e l  f rom 0 t o  2000 Hertz o f  t h e  a c o u s t i c  w a v i s  

i m p i n g i n g  upon t h e  f l a t  p l a t e  t o  be s e t  a t  a v a l u e  which  

c o u l d  i n f l u e n c e  t h e  f low.  The s t u d y  o f  r e f e r e n c z  3 2  e x a n i n e s  

- LEBU t r a i l i n g  edse. was found a s  ( f i g .  7,  r e f e r e n c e  3 2 ) :  

P ( T E ) = - 3 . 5 3 1  ( 5 . 1 )  

The above  q u a n t i t y  i s  d e f i n e d  by: 
D P  P(TE)= 

e2P &? 
1 ( 5 . 2 )  

where ,  DP i k i  t h e  f l u c t u a t i n g  p r e s s u r e .  The p a r a n e t e r  e f o r  
1 

l a m i n a r  f l o w  is e q u a l  t o  Re, twhere,  Re, i s  t h e  Reyno lds  

n u n b e r  b a s e d  upon t h e  L E B U ' s  c h o r d  l e n g t h .  The c o n s t a n t  

-- 

E=0.33205 a p p e a r s  i n  t h e  B l a s s i u s  s o l u t i o n  f o r  a f l a t  p l a t e .  

The f l o w  d e n s i t y , p  , wss g i v e n  a t y p i c a l  v a l u e  o f  1 .25  Kg/m 

and  U, i s  t h e  f r e e  stream v e l o c i t y .  C o n s i d e r i n g  LEBU #5 

mounted a t  3 h e i g h t  h=3.9&, U,was a p p r o x i m a t e d  3s 10.5 m/s, 

and t h s  p s r a m z t e r  % was 670,000 rn-lat t h e  L E B U ' s  h e i g h t .  
9 

T h e  R e y n o l d s  number,  Rec was found t o  be -25,033 and 
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t h e  b o u n d s r y  l a y e r  upon t h s  LEBU was a s s u i x d  t a  b? l s a i n s r .  

The t r a n s i t i o n  Reyno lds  nurnber ReX, w i t h  a 3 p o r  c z n t  

t u r b u l e n c e  i n t e n s i t y  ( t y p i c a l  a t  L E B U ' s  h e i g h t  ) wss 

a p p r o x i a s t e l y  75,900. 

4 f t e r  s u b s t i t u t i n s  t h e  g i v e n  q u a n t i t i e s  i n t o  (5 .2) ,  DP 

wss=-fottnd o a u a l - t o  99.95 d e c i b e l s . - S i m i l a r  c a l c u l s t i o n s  f o r  

- - _ _  t h e  LEBU #j r e s u l t i d  i n  a p r e s s u r e  p e r t u r b a t i o n  o f  104.3 dB. 

A sound wave w i t h  s u c h  a low f r e q u e n c y  ( 0 t o  203 H i r t z  ) 

time a v e r a g 2 d  p r e s s u r e  l e v e l  w3s c o n s i d i r e d  a d e q u s t s  t o  

- 

- ..* - _ _  _ - _ _ _  ~ t r i g g e r  . t h e  s h e d d i n g  o f  . a  v o r t c l x - a t  t h e - L E B U ' s  t r a i l i n g  edge  
A I  - "  - I - _  -~ _ _  - -. ._ 

. -.- 
~. 

. -~ , 

.~ 
--..I. . ..% .- .. -. -a - . . ._ . .-* .- . ion. , -  

.. 
rid:-inf fu+$c d y  ._. . -cant v 

-_ 
e- 

.- . .. 
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6.2. PREDICTION OF TURBULENT BOUNDARY LAYER. 

6.2.1. INPUT D A T A  FOR HEAD'S METHC)D 

- H e a d ' s  method [23] was u t i l i z e d  t o  p r e d i c t  t h e  growth  o f  

c h a r a c t e r i s t i c  l e n g t h s  of a p l a i n  t u r b u l e n t  boundary  l a y e r .  

H e a d ' s  method r e q u i r e s  t h 2  f o l l o w i n g  d a t a  as i n p u t :  

- - .- - . . - - 
-- ~- - -l ,--The moinentum - th ickne_ss  --at-the b e g i n n i n g  of  t h e  

p r e d i c t e d  f l o w  r e g i m s  ( e n d  of  s a n d p a p e r  t r i p ) .  

2. The i n i t i a l  s h a p e  p a r a m e t e r ,  H. 

a t  t h e  end of  t h e  s a n d p a p e r  t r i p  is d e f i n e d  a s :  

The d r a g  c o e f f i c i e n t  a t  t h e  end  o f  t h e  s a n d p a p e r  t r i p  was 

e r n ~ i r i c s l l y  p r a d i c t e d  [l] by: 

0.554 
Rex 

'[, + 0.3 Rex(+) 3 ( 1 - -  5 ,  
x x C , ( X ) =  ( 5 . 4 )  

I n  t h s  above  r e l a t i o n  Re, i s  t h s  Reyno lds  numbir based 

upon t h e  s a n d p a p e r  t r i p  l e n g t h  x ,  r( i s  t h ?  a v g r a g e  r a u q h n e s s  

h e i g h t  o f  t h e  s a n d p a p e r  and  A i s  a p a r a m e t e r  d e f i n e d  a s  
~ 0.5 

Tha s k i n  f r i c t i o n  c o e f f i c i e n t  c f  a t  t h e  end  o f  t h e  

s a n d p a p e r  t r i p  W ~ S  p r e d i c t e d  by t h 2  e m p i r i c a l  f o r m u l a  from 

White  [I]. 
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The a v e r a g e  sand-pape r  r o u g h n e s s  h e i s h t  K was a b o u t  0.001 

in,  t h e  s a n d p a p e r  t r i p  l e n g t h  was 0.24m, and t h 2  w i n d  t u n n i l  

f l o w  v e l o c i t y  u n i t  Reyno lds  number "' was 700,000 IU-'. P r o p e r  

m a n i p u l a t i o n  - o f  t h e  above  - f o r m u l a s  c a n  p r o v i d s  a p r e d i c t i o n  

o f  t h e  mosentum t h i c k n e s s  a t  t he  end  o f  t h s  s a n d p a p e r  t r i p .  

- .Tha l n i t i a l  or s t a r t i n g  . v a l u e s  o f  iI i n  H e a d ' s  method 3r3 

_ _  - 

_ _ _ _ _ ~ ~ a ~ ~ v ~ . y _ - - t r r r i m p o ~ t a n ~ ~ x c e  p t --f or t he f i r s t  few po i n  t s of t h e  

- c a l c u l a t i o n .  A s h a p e  p a r a m e t e r  f o r  a f l a t  p l a t e  f l o w  H=1.375 

was assumed by a v e r a g i n g  measured  v a l u e s  o f  H a l o n g  t h 2  f l a t  

3 L  -E,,, ---pl-ate*.-'-Th+ -free -strsm +rs'lrocfty 'was ' con-sidzred t o  be 11-.-- m / s T  - - -- 
- -_ . .  - 

-The .growth 'of Athe &menturn 'thicliness,-e:, p r e d i c t e d  6 y  Head' 6- 

5e-tho-L far-a _pLain--flo_w c o n f i g u r a t i o n  is cornpsred w i t h  - ._ 
_____-. 

- - = measurad  @ I s  in f i g u r e  9.  

6.2.2. V E L O C I T Y  P R O F I L E  O F  A TURBULENT BOUNDA2Y LAYER 

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

t u r b u l e n t  boundary layer wsre p r e d i c t e d  u s i n g  a m o d i f i e d  

C o l e s  v e l o c i t y  p r o f i l e  [33]. The v e l o c i t y  u a t  a boundary  

l a y e r  h e i g h t  y is t h u s  g i v e n  by: 

where, u t  is t h e  wal l  s k i n  f r i c t i o n  v e l o c i t y ,  i s  t h e  wakz 

p a r a n e t e r  a n d  y ( r )  i s  t h e  wel l  known wake f u n c t i o n .  The 

l o g a r i t h m i c  v e l o c i t y  law c o n s t a n t s  k and  B were assumed equal 

t o  0 .41 a n d  5.0 r e s p 2 c t i v e l y .  The wakg f u n c t i o n  ~$7)  [ 3 4 ]  i s  

d e f i n e d  as :  

Y 

Y 
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w h i c h  a l s a  c a n  be a p p r o x i a s t e d  w i t h  t h e  s i n e  f u n c t i o n  

p r o p o s e d  by C o l e s  [I]: 

The mors- c o m p l i c a t e d  r g l a t i o n  (6.7) was u s e d  because i t  _ _  _- 

Ssve b e t t e r  a g r e e m z n t  w i t h  t h e  measur2ments .  

- . A t  t h e  wal l  t h i  r t l a t i o n  (5.7) y i e l d s  w(0 )=0 .0 , and  a t  

- . .  1 - i -  =the --dg2=:of t h e - b o u n d a r y - - l a y e r .  - (y=8~~=-~(1 .0)=2.0 .  R o l s t i o n  

(5.6) t h e n  y i e l d s :  

remains- c o n s t a n t  ; f o r  a f l a t  p l a t 2  measu remsn t s  susgestTT=0.55 

[ l ] .  The wal l  s k i n  f r i c t i o n  v e l o c i t y  u t  was d 2 t e r m i n e d  from 

t h e  d e f i n i t i o n  r e a r r a n g e d  as:  
0.5 

U t  =Uo($f) (5.11) 

The l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  was p r e d i c t e d  by Coles 

f o r m u l a  [I]: 
0.3 e 

C f  = 
( I o g  Ree) 

-1.3 3 H 
(5.12) 1.74+0.31 H 

The boundary  l aye r  v e l o c i t y  p r o f i l e  p r s d i c t e d  by u s i n g  t h i s e  

r e l a t i o n s  i n  e q u a t i o n  (6.10) i s  c o a p s r e d  w i t h  a messurzd  

p l a i n  f l o w  p r a f i l e  in f i p r ?  11. 
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6.2.3. BOUNDARY LAYEfi VELOCITY PROFILE FOR A LEBU 

CON FISURATI ON 

The v e l o c i t y ,  uLE,  a t  a h e i g h t  y o f  t h e  LZBB'J 

m a n i p u l a t e d  t u r b u l e n t  boundary  l a y e r  was p r e d i c t e d  as :  

- ~ h e r s ,  -u is t h e  v e l o c i t y  p r e d i c t e d  for s p l a i n  c o n f i g u r a t i o n  

. and du, is  t h e  v e l o c i t y  d e f e c t  c a u s e d  by t h e  LESU p l a t e  wake. 
PL 

For i n v i s c i d  f r ee  stream f l o w  and a two d i m e n s i o n a l  wsk2,  du, 

- - - _ -  - - ._ . - _. - - - .- - - 
" _ _ _  _ _  _ _ _ _  i s - e s t i m a J e d - b y  t h e  r e l a t i o n  [ 2 ] :  

- - 1 4 )  
- - L  I .  - _  .. _. - 

7^ --- 

- -  where,dU,,-,-Fs.-the :maximum y e l o c i t y  :defect a t  t h e  w a k e ' s  a x i s  

o f  - s p m m s t r y , / 3 ( x  ) ' is t h e  wake s e m i - w i d t h  s n d  y, i s  t h i  

- .  - 1 o n g i t u n d i n s l -  d i s t a n c e  from. t h e  -wSke's a x i s  o f  syrnmstry. 

Accord ing  t o  p r i v i o u s  s t u d i e s  [ 35 ]  f o r  a similar two- 

d i n z n s i o n a l  wake t h e  q u a n t i t i e s p  and dy,,*at a d i s t a n c :  x 

f rom t h e  p l a t e  t r a i l i n g  e d g e ,  are d e f i n e d  as f o l l o w s :  

and  

(5.16) 

where Uo is  t h e  boundary  l a y e r  v e l o c i t y  a t  t h e  LEBU h e i g h t  

( f r e e  steam v s l o c i t y )  and @(O) i s  t h e  momentum t h i c k n e s s  a t  

LEBU t r a i l i n g  edge. The  q u a n t i t y  B ( 0 )  was c o n s i d e r e d  a s  

b e i n g  twics t h e  momentum t h i c k n e s s  o f  t h 2  l a m i n a r  bounds ry  

l a y e r  grown upon t h e  LEBU.1 The B l a s s i u s  s o l u t i o n  [ 2 ]  f o r  a 

f l a t  p l a t e  w i t h  a l a a i n a r  boundary  l a y e r  s u S g 2 s t s  
0.5 

Q ( ~ ) = 0 . 5 6 4  (E) . 
U O  

(5.17) 
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In t h e  aSove  r e l a t i o n  c r e p r e s a n t s  t h e  LEBU c h o r d  l e r l g t h ,  and 

the  p a r a n e t e r  -2 U was 670,000 q -1 ( a t  t h e  LEBU' s h e i g h t ) .  

-The l o g a r i t h m i c  v e l o c i t y  law c o n s t a n t  k was assumed t o  re ta in  

t h s  v a l u e  o f  0.41 [361, v e l o c i t y  

was c a l c u l a t e d  from-.( 5.10). The s k i n  - f r i c t i o n  c o e f f i c i e n t  

LJ 
- 

and t h e  wal l  s k i n  f r i c t i o n  

r e s u l t e d  - -from p r e v i o u s  measurements  ( s e c t i o n  2 .3) .  A 

- -  I . . .  . 4 --T:-: t h e o r e t i c a l l y -  - p r e d i c t e d  - v e l o c i t y  p r o f i l e  f o r  LEBU 82 i s  

compared w i t h  a messured  p r o f i l e  on f i g u r e  13. 

- -  ~ - -  - -- .- t h e  p r o c s d u r e  s u g g e s t e d  -by Bradshsw 124] - .  In t h 2  l o g a r i t h m i c  - 

- - -  - - r e g i o n  of a boundary  l a y e r ,  th-e--velocity u a t  a d i s t a n c e  y - 

from t h e  wall  i s  g i v e n  by: 

(5.18) 

where u t  is t h e  wal l  f r i c t i o n  v e l o c i t y , v  i s  t h e  k i n e m s t i c  

v i s c o s i t y  and  k and B a re  c o n s t s n t s  e q u a l  t o  0.41 and 5.0 

r e s p e c t i v e l y .  For a f l a t  p l a t e  t h e  l o g a r i t h n i c  r e g i o n  

e x t e n d s  a p p r o x i n a t e l y  o v s r  3 5 < 9 < 3 5 0 .  So ,  f o r  

(5.19) -- "'-200 
V 

r e l a t i o n  (6.18) i s  v a l i d  and y i e l d s  
U -- -I 7 . 923. 
Ut  

Ths s k i n  f r i c t i o n  c o e f f i c i e n t  i s  g i v e n  by: 

(5.20) 

(5.21) 

wh2re U, is t h c  fr2e s t r e a a  v a l o c i t y .  Only  on2 p o i n t  ( y , u )  on 

t h c  l o s a r i t h m i c  r e g i o n  o f  a measured boundsry  l a y e r  s a t i s f i z s  
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a l l  t h e  above  r e l a t i o n s .  Dnotermining t h i s  p o i n t  c a n  p r o v i d i  a 

v a l u e  for c a t  a c e r t a i n  a x i a l  l o c a t i o n .  After t r a v e r s i n g  

a c r o s s  a b o u n d a r y  l a y e r  v a r i o u s  v a l u e s  of u a t =  s u b s t i t u t s d  
f 

__ i n t o - r e l a ~ i o r r - ~ 6 . 2 O L ) ~ _ T h e r e s u 1 - t i - n g  u a n d  c o r r e s p o n d i n g  y 

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

wh ich  g i v e s  y+ c l o s e s t  t o  200. T h i s  r e q u i r e s  a l o c a l  l e a s t  
_ _  __  -----_- - - -square f i t t i n g  of t h e  form 

u=3y ( 5 . 2 2 )  b 

w h i c h  i s  a p p l i e d  for m e a s u r e d  v a l u e s  o f  u a n d  y in t h i  
- - - -__ - -I-- - . - - -vFcfn l 'Zy"  __ __ - - - of _ _  - t h i s  p o i n t . =  T h u s  

t havg 3 e e n  

can . -  b 1 - - a p p r o x  i nnsted v z  r y a c c u r  a t z  1 y. 

- _ _ _  _-  1 *her s  y?_=230. may- 
. _  and  y forY+=33 

- - - 1 _ .  - , 

- _ _  .- - _ _  a _ _  I- I 3 4 s n i p u l a t i o n  -of -t,hsse f o r m u l a s  y i i l d s :  

The r e s u l t i n g  v a l u e  of y and u s a t i s f i e s  t h e  r e l a t i o n  (6.20) 

and  can bi u s e d  t o  d e t s r m i n e  cf from ( 5 . 2 1 ) .  

E x a s p l e  c a l c u l a t i o n :  

Yeasu red  q u a n t i t i e s  a t  x=2.75 m, z=3.0 m. 

-=730,835 m-l, ~ = 1 . 5 1 4  13 U,=11.311 m/s "0 -5  
J 

Y Ut Y h l  uc m /  SI ut[ m /  SI V 

0.035 7-  525 0.420 139.1 

0.006 7.700 0.433 159.709 

0.039 8.033 0.449 222.376 

Least s q u s r z  c u r v e  f i t t i n g  of t h e  mnossurad v a l u o s  o f  u a t  2 

d i s t a n c e  0.004 t o  0.016 m f rom thno w a l l  r i s u l t s  i n  

~ = 0 . 0 0 7 2 5 5 ~  w i t h  c o r r i l a t i o n  c o s f f i c i e n t  e q u a l  t 3  
0.1 5 5 6 
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0.993. Then s u b s t i t u t i n g  - i n t o  t h e  p r o p e r  relations one can 

g e t :  y=0.007255 m ,  u=7.961056m/s,  u t = 3 . 4 4 4 2 m / s ,  and 

cf=0.003064. The v a l u e  o f  c f  is  t h e  d e s i r e d  r 2 s u l t .  
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