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INTRODUCTION

The Im p o r ta n c e  o f  t h e  r e g i o n  n e a r  a  s o l i d  b o u n d a ry  on 

f l u i d  m o t io n s  h a s  b e en  a ck n o w le d g ed  s i n c e  P r a n d t l  (4 4 )  p r o 

p o s e d  t h e  b o u n d a ry  l a y e r  h y p o t h e s i s .  I n  I t s  m ost  g e n e r a l  

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

w here  the v i s c o u s  e f f e c t s  become i m p o r t a n t  and  s t r o n g l y  

I n f l u e n c e  t h e  f l u i d  m o t i o n s .  At l a r g e  d i s t a n c e s  f ro m  t h e  

b o u n d a ry ,  t h e  i n e r t i a l  e f f e c t s  c o m p l e t e l y  d o m in a te  t h e  f lo w ,  

t h e  v i s c o u s  e f f e c t s  a r e  n e g l i g i b l e .  'Hie b o u n d a ry  l a y e r  c o n 

c e p t  i s  v a l i d  f o r  b o t h  l a m i n a r  and  t u r b u l e n t  f lo w ,  a l t h o u g h  

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

t i o n a l  c o m p l e x i t i e s .  The l a m i n a r  b o u n d a ry  l a y e r  h a s  y i e l d e d  

t o  m a t h e m a t i c a l  a t t a c k  an d  p r e s e n t s  no g r e a t  p ro b le m . The 

t u r b u l e n t  b o u n d a ry  l a y e r ,  much a s  t u r b u l e n t  s h e a r  f lo w  i n  

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

m a t i c a l  a p p r o a c h e s .  The d i f f i c u l t y ,  o f  c o u r s e ,  a r i s e s  f ro m  

t h e  p r e s e n c e  I n  th e  e q u a t i o n s  o f  m o t io n  o f  n o n - l i n e a r  te rm s  

w h ic h  g i v e  r i s e  t o  a n  i n f i n i t e  s e t  o f  e q u a t i o n s .  F o r  s p e c i a l  

c a s e s ,  o r  w here  a  kno w ledge  o f  t h e  v e l o c i t y  f i e l d  p e r m i t s  

s i m p l i f i c a t i o n  o f  t h e  e q u a t i o n s ,  some s o l u t i o n s  a r e  p o s s i b l e .  

To t r e a t  m o s t  c a s e s ,  h o w e v e r ,  t h e  g e n e r a l  a p p ro a c h  h a s  b e e n  

t o  a b a n d o n  t h e  r i g o r o u s  m a th e m a t i c s  and  em p lo y  e m p i r i c a l  and  

p h e n o m e n o lo g ic a l  t e c h n i q u e s .  W hile  many o f  t h e s e  r e s u l t s
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s u c c e s s f u l l y  p r e d i c t  mean f lo w  c h a r a c t e r i s t i c s  o r  e f f e c t s ,  

t h e y  c a n n o t  r e v e a l  a n y  new i n f o r m a t i o n  a b o u t  t u r b u l e n t  c h a r 

a c t e r i s t i c s  o r  t im e - d e p e n d e n t  o c c u r r e n c e s .  I n  t h i s  c a t e g o r y  

a r e  t h e  w e l l -k n o w n  " P r a n d t l  m ix in g  l e n g t h "  (4 5 )  and  

"Von Karman s i m i l a r i t y "  ( 6 9 ) h y p o t h e s e s .  T h e s e ,  j u s t  a s  t h e  

o t h e r s  w h ic h  f o l lo w e d ,  a t t e m p t e d  t o  e s t a b l i s h  a  r e l a t i o n  

b e tw e e n  t h e  R e y n o ld s  s t r e s s e s  and  t h e  mean m o t io n s  o f  t h e  

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

t i o n s  c o u ld  be t r e a t e d  i n  much t h e  same m an ner  a s  m anner a s  

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

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

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

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

o r  b u f f e r  r e g i o n ,  and  t h e  s u b l a y e r  r e g i o n .  H ie l a t t e r  was 

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

w i t h i n  i t  w ere  h e l d  t o  be c o m p l e t e l y  l a m i n a r .  L a t e r  t h i s  

was shown t o  be u n t r u e ,  and  t h e  t e r m  s u b l a y e r  o r  v i s c o u s  

s u b l a y e r  was s u b s t i t u t e d .  I n  th e  d i s c u s s i o n  t o  f o l l o w ,  t h e  

com bined  s u b l a y e r  and  t r a n s i t i o n  r e g i o n  w i l l  be c a l l e d  t h e  

w a l l  r e g i o n .  More r e c e n t l y  o t h e r  a u t h o r s  h a v e  p ro p o s e d  

v e l o c i t y  d i s t r i b u t i o n  r e l a t i o n s  w h ic h  do  n o t  r e q u i r e  t h i s  

a r b i t r a r y  d i v i s i o n .  One o f  t h e  m o s t  s u c c e s s f u l  i s  P a i* s  (4 2 )  

e q u a t i o n  f o r  t h e  mean v e l o c i t y  p r o f i l e .

Some a u t h o r s ,  Munk (3 8 ) ,  Townsend ( 6 4 ) ,  E i n s t e i n  and  

L i  ( 8 ) ,  and  S t e r n b e r g  (5 9 )  > h a v e  p r o p o s e d  o t h e r  e m p i r i c a l  o r  

s e m i - t h e o r e t i c a l  m o d e ls  o r  r e l a t i o n s  to e x p l a i n  t h e  t u r b u l e n t



c h a r a c t e r i s t i c s  o f  b o u n d a ry  l a y e r  f l o w s .  None have  b e en  

o v e r l y  s u c c e s s f u l .

A l th o u g h  i t s  n a t u r e  i s  n o t  f u l l y  known, th e  w a l l  

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

e x tre m e  im p o r ta n c e  i n  t h e  c o n t r o l  o f  t r a n s p o r t  phenom ena and 

t h e  g e n e r a t i o n  and m a in t e n a n c e  o f  t u r b u l e n c e .  C o n s id e r in g  

t h e  f i r s t  e f f e c t ,  t h e  r e l a t i v e l y  s m a l l  am ount o f  m ix in g  w i t h i n  

t h e  s u b l a y e r  com pared  t o  t h a t  o f  t h e  c o re  c a u s e s  t h e  t r a n s 

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

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

e l s e w h e r e .  A l a r g e  num ber o f  a r t i c l e s  h a v e  a p p e a r e d  w h ich  

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

v a r i o u s  c h a r a c t e r i s t i c s  t o  t h i s  r e g i o n ,  and  d e v e l o p in g  m o d e ls  

o r  r e l a t i o n s  f ro m  t h e s e  a s s u m p t io n s .  Many o f  th e  f a m i l i a r  

a n a l o g i e s  b e tw e e n  momentum and  h e a t  and m ass t r a n s f e r  u se  

s u c h  an  a p p r o a c h .  I n  a  num ber o f  c a s e s ,  n o t a b l y ,

Von Karman ( 1 0 ) ,  S u m m erf ie ld  ( 6 0 ) ,  T a y l o r  ( 6 1 ) ,  and  D e i s s l e r  

a n d  E la n  (7)* t h e s e  a p p r o a c h e s  h a v e  b een  u n s u c c e s s f u l  i f  t h e  

NSc o r  Npr  ^ 1 .  T hese  a p p ro a c h e s  a l l  had  t h e  common f a i l i n g  

o f  n o t  p e r m i t t i n g  a n y  m ix in g  t o  o c c u r  i n  t h e  s u b l a y e r .  Sim 

i l a r  t r e a t m e n t s  by L in ,  Putnam , a n d  M oulton  (34 )  an d  D e i s s l e r  

( 6 ) ,  w h ic h  d i d  assum e some m ix in g  i n  t h e  s u b l a y e r ,  w e re  more 

s u c c e s s f u l  e v e n  a t  h i g h  Ngc and  Npr  v a l u e s .  A n o th e r  g ro u p  

a p p r o a c h e d  th e  p ro b le m  by  a s su m in g  m o d e ls  a f t e r  t h e  f a s h i o n  

o f  th e  H ig b ie  (19)> D a n c k w e r ts  (5 )  s u r f a c e  r e n e w a l  t h e o r y ,  

a n d  d e r i v i n g  r e l a t i o n s  f o r  t r a n s f e r  r a t e s  f ro m  t h e s e  m o d e ls .



Among t h e  more s u c c e s s f u l  a r e  H a r r i o t t  ( 1 8 ) ,  H a n r a t t y  ( 1 6 ) ,  

a n d  T oor and M a r c h e l lo  ( 3 6 , 6 3 ) .

A l l  t h e s e  t r e a t m e n t s  have  one t h i n g  i n  common. They 

a l l  b e g in  by a ssu m in g  a  p a r t i c u l a r  c h a r a c t e r  f o r  th e  w a l l  

r e g i o n .  Prom t h e s e  a s s u m p t io n s ,  e q u a t i o n s  f o r  mass t r a n s f e r  

r a t e s  o r  c o e f f i c i e n t s  a r e  d e v e lo p e d .  T hese e q u a t i o n s  u s u a l l y  

c o n t a i n  one o r  more p a r a m e te r s  w h ich  m ust  be e v a l u a t e d  fro m  

e x p e r i m e n t a l  d a t a .  Upon e v a l u a t i n g  t h e  p a r a m e te r s  i n  t h i s  

f a s h i o n ,  n e a r l y  a l l  t h e  m ode ls  c a n  be made t o  p r e d i c t ,  o v e r  

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

t r a n s f e r  c o e f f i c i e n t  on Nsc a s  g i v e n  by  e x p e r i m e n t a l  d a t a .  

O u t s id e  t h i s  Ngc r a n g e  t h e  p r e d i c t e d  d e p e n d e n c y  i s  u s u a l l y  

i n c o r r e c t .  A l th o u g h  t h e r e  i s  q u i t e  a  v a r i e t y  i n  t h e  c h a r a c 

t e r  o f  t h e  assum ed  m o d e ls ,  t h e  f a c t  t h a t  many c a n  be made to  

a g r e e  w i t h  t h e  same e x p e r i m e n t a l  d a t a  d e m o n s t r a t e s  th e  

i n s e n s i t i v i t y  o f  th e  r e s u l t s  t o  t h e  a s s u m p t io n s .  T h is  

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

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

o f  th e  w a l l  r e g i o n  o r  t h e  t r a n s p o r t  m echanism  on  t h e  b a s i s  o f  

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

p r o f i l e s .  M oreover ,  b e c a u s e  th e  e x p e r i m e n t a l  r e s u l t s  r e f l e c t  

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

t a n e o u s  o r  f l u c t u a t i n g  c h a r a c t e r  o f  t h e  r e g i o n .  Q u i te  th e  

c o n t r a r y  i s  t r u e . Ih e  n a t u r e  o f  t h e  w a l l  r e g i o n  m u st be 

known b e f o r e  t h e  p r o p e r  m odel c a n  be s e l e c t e d .



The im p o r ta n c e  o f  th e  w a l l  r e g i o n  i n  t h e  g e n e r a t i o n  

a n d  m a in te n a n c e  o f  t u r b u l e n c e  h a s  b e e n  e x p e r i m e n t a l l y  demon

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

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

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

t h e  q u a s i - s t e a d y  s t a t e  c h a r a c t e r  o f  t u r b u l e n t  b o u n d a ry  l a y e r  

f lo w  i s  t o  be  m a i n t a i n e d .  The s o u r c e  o f  t h e  e n e r g y  i s  t h e  

m ean f lo w ,  b u t  a s  y e t  th e  m echan ism  o f  t r a n s f e r  i s  unknown.

The i n v e s t i g a t i o n s  by  L a u f e r  (3 1 )  f o r  p i p e  f lo w ,  and  

K le b a n o f f  (2 6 )  an d  Townsend ( 6 5 ) f o r  f lo w  o v e r  a  f l a t  p l a t e ,  

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

maximum w i t h i n  t h e  w a l l  r e g i o n ,  and  t h a t  t h e  d i s s i p a t i o n  a l s o  

i s  a  maximum t h e r e .  I n  a d d i t i o n ,  L a u f e r  (3 1 )  and  Townsend (6 6 )  

e a c h  d e te r m in e d  th e  d i s t r i b u t i o n  w i t h  r e s p e c t  t o  th e  w a l l  o f  

t h e  c o n v e r s i o n  o f  mean f lo w  e n e r g y  t o  t u r b u l e n c e .  I n  b o t h  

c a s e s  t h e  maximum o c c u r r e d  i n  t h e  w a l l  r e g i o n .  T hese  m e a s u re 

m e n ts  w ere  made w i t h  h o t  w i r e  an em om ete rs  and  h a v e  r e v e a l e d  

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

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

T hey  h av e  n o t ,  h o w e v e r ,  s u c c e e d e d  i n  d e s c r i b i n g  why t u r b u 

l e n c e  g e n e r a t i o n  i s  a  maximum i n  t h e  w a l l  r e g i o n  o r  how i t  

o c c u r s .  One d i f f i c u l t y  o f  h o t  w i r e  m e a su re m e n ts  I s  i n  i n t e r 

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

f l u i d  m o t i o n s .

T h ere  a r e  m ore d i r e c t  o b s e r v a t i o n s  o f  t h e  n a t u r e  o f  

t h e  w a l l  r e g i o n .  Page and  Townsend (1 0 )  o b s e r v e d  d i s t i n c t



d e p a r t u r e s  f rom  l a m i n a r  f lo w  w i t h i n  t h e  s u b l a y e r ,  b u t  r e 

v e a l e d  l i t t l e  e l s e .  More r e c e n t l y  R u n s t a d l e r  (5 0 )  u s e d  dye  

i n j e c t i o n  and  v i s u a l - p h o t o g r a p h i c  t e c h n i q u e s  t o  make a  

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

p l a t e .  H is  s t u d y  r e v e a l e d  t h a t  t h e  w a l l  r e g i o n  p o s s e s s e d  a  

d i s t i n c t  s t r u c t u r e  an d  a  d e f i n i t e ,  n o n - r e g u l a r  t im e - d e p e n d e n t  

m o t io n .

The above  d i s c u s s i o n  was p r e s e n t e d  t o  d e m o n s t r a t e  t h e  

im p o r ta n c e  o f  t h e  w a l l  r e g i o n  an d  t o  e m p h a s iz e  t h e  need  f o r  

g r e a t e r  know ledge  o f  i t s  c h a r a c t e r .  The l a c k  o f  know ledge  

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

o b t a i n i n g  a c c u r a t e  m e a su re m e n ts  and  o b s e r v a t i o n s  w i t h i n  i t .  

T h is  i s  a  r e s u l t  o f  t h e  e x t r e m e l y  s m a l l  d im e n s io n s  i n v o l v e d .  

F o r  e x a m p le ,  i n  a  2 - i n c h  p ip e  f o r  l i q u i d s ,  i . e . ,  t r i c h l o r o -  

e t h y l e n e ,  a t  NRe = 5 0 ,0 0 0  t h e  e n t i r e  s u b l a y e r  r e g i o n  y+ = 5, 

i s  c o n t a i n e d  i n  0 .0 0 4  i n c h e s .  Any p ro b e  o r  i n j e c t i o n  d e v i c e  

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

o f  m a g n i tu d e  o f  t h e  r e g i o n .  I n  a d d i t i o n ,  f o r  l i q u i d s ,  t h e  

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

them  t o  be l a r g e r  t h a n  t h o s e  u s e d  i n  g a s e s . What i s  r e q u i r e d  

i s  a  m ethod  o f  i n v e s t i g a t i o n  w h ic h  c a n  r e v e a l  t h e  c h a r a c t e r  

o f  t h e  w a l l  r e g i o n  an d  y e t  d o e s  n o t  r e q u i r e  t h e  I n t r o d u c t i o n  

o f  a n y  m e a s u r in g  d e v i c e  i n t o  t h e  f l o w .  A q u a l i t a t i v e  p h y s i 

c a l  p i c t u r e  o f  t h e  s t r u c t u r e  o f  t h e  f lo w  c o u p le d  w i t h  

q u a n t i t a t i v e  m e a su re m e n ts  w ould  be v e r y  v a l u a b l e .



T h is  p r e s e n t  s t u d y  was u n d e r t a k e n  t o  d e v e lo p  a  t e c h 

n iq u e  w h ic h  w ould  p e r m i t  a n  i n v e s t i g a t i o n  o f  th e  w a l l  r e g i o n  

b u t  w h ic h  w ould  n o t  r e q u i r e  th e  i n t r o d u c t i o n  o f  a n y  d e v ic e  

i n t o  i t .  T h is  t e c h n iq u e  i s  t h e n  u se d  i n  a n  i n t e n s i v e  s t u d y  

o f  t h e  f l u i d  m o t i o n s .  The o b j e c t i v e  o f  t h e  s t u d y  i s  t o  

c h a r a c t e r i z e  th e  n a t u r e  o f  t h e  w a l l  r e g i o n  i n  t u r b u l e n t  

p ip e  f lo w  and t o  d e te r m in e  from  t h i s  p h y s i c a l  p i c t u r e  th e  

m anner i n  w h ich  th e  w a l l  r e g i o n  c a u s e s  t h e  e f f e c t s  a t t r i b u t e d  

t o  i t .  I n  a d d i t i o n ,  t h i s  know ledge  s h o u ld  p e r m i t  t h e  s e l e c 

t i o n  o f  t h e  t r a n s p o r t  m odel, i f  an y , w hich  i s  i n  b e s t  a g r e e 

m ent w i t h  th e  a c t u a l  n a t u r e  o f  th e  r e g i o n .  I f  no m o del a g r e e s ,  

s u g g e s t i o n s  f o r  a  new one c a n  be p r o p o s e d .

S p e c i f i c a l l y ,  t h e  i n v e s t i g a t i o n  e n t a i l s  a  v i s u a l -  

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

p ip e  f l o w .  The t e c h n i q u e  d e v e lo p e d  em ploys c o l l o i d a l  s i z e d  

p a r t i c l e s  su s p e n d e d  i n  t h e  f l u i d  a s  t r a c e r s ,  and r e q u i r e s  no 

i n j e c t i o n  o r  t h e  i n t r o d u c t i o n  o f  a n y  m e a s u r in g  d e v ic e  i n t o  

t h e  f l o w .  H igh  s p e e d  ( 65O-IOOO f r a m e s / s e c o n d )  m o t io n  p i c t u r e s  

o f  th e  m a g n i f ie d  w a l l  r e g i o n  a r e  t a k e n  a s  t h e  c am era  i s  

t r a n s p o r t e d  d o w n s tre am  w i t h  t h e  f l o w .  T h is  i s  t h e  f i r s t  

t im e  t h a t  su c h  p i c t u r e s  o f  t h e  w a l l  r e g i o n  i n  t u r b u l e n t  p ip e  

f lo w  h ave  b e e n  o b t a i n e d .  I n  a  c i r c u l a r  p i p e ,  t h i s  r e g i o n  

w ould  n o t  n o r m a l ly  be v i s i b l e  b e c a u s e  o f  t h e  l i g h t  r e f r a c t i o n  

a t  t h e  p ip e  w a l l .  T h is  p ro b lem  was e l i m i n a t e d  by u s in g  i n  

t h e  f lo w  s y s te m  a  l i q u i d  t h a t  had  t h e  same r e f r a c t i v e  in d e x  

a s  t h e  g l a s s  p i p e ,  and  s u r r o u n d in g  t h e  p ip e  w i th  a  v ie w in g



c e l l  o f  t h e  same f l u i d .  The m o t io n  p i c t u r e s  a r e  a n a l y z e d  t o  

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

t a t i v e  m e a s u re m e n ts ,  o f  t h e  n a t u r e  o f  t h e  f l u i d  m o t io n s  i n  

t h e  w a l l  r e g i o n .  U ie s e  r e s u l t s  a r e  com bined  w i t h  t h e  g e n e r a l  

know ledge  o f  t u r b u l e n t  f lo w  to  p ro d u c e  a n  h y p o t h e s i s  w h ich  

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

s i g n i f i c a n c e  i n  t h e  g e n e r a t i o n  and  m a in te n a n c e  o f  t u r b u l e n c e .  

I n  a d d i t i o n ,  t h e  e f f e c t  o f  t h e  c h a r a c t e r  o f  th e  w a l l  r e g i o n  

on t r a n s p o r t - p h e n o m e n a  i s  e x p l o r e d ,  and  s u g g e s t i o n s  f o r  a  new 

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

The m a in  body  o f  t h i s  w ork  i s  d i v i d e d  i n t o  two p a r t s . 

i n  P a r t  1 t h e  e x p e r i m e n t a l  t e c h n i q u e  t h a t  h a s  been  d e v e lo p e d  

and  t h e  e q u ip m e n t  u s e d  a r e  p r e s e n t e d  and  d i s c u s s e d .  A l th o u g h  

t h e  u n d e r l y i n g  p r i n c i p l e s  o f  th e  t e c h n i q u e ,  and  i n  f a c t  t h e  

b a s i c  t e c h n i q u e ,  h av e  b e e n  known f o r  many y e a r s ,  a  c o n s i d e r 

a b l e  am ount o f  d e v e lo p m e n t  was n e c e s s a r y  t o  p r o v i d e  t h e  

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

I n  P a r t  2 t h e  e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  and 

th e  h y p o t h e s i s  p r o p o s e d ,  m ie se  a r e  d i s c u s s e d  and  com pared  

w i t h  p e r t i n e n t  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e .

I n  a d d i t i o n  t o  t h i s  w r i t t e n  t e x t ,  t h e r e  i s  a  m o t io n  

p i c t u r e  f i l m  a v a i l a b l e  w h ic h  shows t h e  i m p o r t a n t  f e a t u r e s



o f  t h e  w a l l  r e g i o n  w h ic h  a r e  d i s c u s s e d  i n  t h i s  work.*1’ I n  

f a c t ,  s i n c e  many o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  w a l l  r e g i o n  

show a  d e f i n i t e  t im e  d e p e n d e n c y  and  i n v o lv e  r e l a t i v e  m o t io n s  

o f  v a r i o u s  k i n d s ,  t h e y  a r e  m ore r e a d i l y  o b s e r v e d  i n  t h e s e  

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

•kn iis  i s  a  s i l e n t ,  b l a c k  an d  w h i t e ,  16 mm. m o t io n  
p i c t u r e .  A l o a n  copy  i s  a v a i l a b l e  on  r e q u e s t  t o  M o tio n  
P i c t u r e  D i v i s i o n ,  The Ohio S t a t e  U n i v e r s i t y ,  1885 N e i l  
A venue, C olum bus, O hio  4 3 2 1 0 .  R e q u e s t  11A V i s u a l  I n v e s t i g a 
t i o n  o f  t h e  W a l l  R e g io n  i n  T u r b u l e n t  F l o w , " C h e m ica l  
E n g i n e e r i n g .  T liere  i s  a  h a n d l i n g  c h a r g e  o f  a p p r o x i m a t e l y  
$3 . 0 0 .



EQUIPMENT AND EXPERIMENTAL PROCEDURES

G e n e r a l  d e s c r i p t i o n

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

and  e x p e r i m e n t a l  p r o c e d u r e s  w i l l  he p r e s e n t e d .  The d e t a i l s  

o f  t h e  d i f f e r e n t  p i e c e s  o f  e q u ip m e n t  an d  p r o c e d u r e s  w i l l  be 

d i s c u s s e d  l a t e r .

The e q u ip m e n t  may be d i v i d e d  i n t o  two p a r t s ;  t h e  f lo w  

s y s te m  and t h e  p h o t o - o p t i c a l  s y s te m .  The f l o w  s y s te m  c o n 

s i s t e d  o f  a  150 g a l l o n  t a n k  (A )1 fro m  w h ic h  t h e  t e s t  f l u i d  

was pumped by  a  c e n t r i f u g a l  pump (B) th r o u g h  t h e  v a r i o u s  

c o n t r o l  v a l v e s  (C) t o  t h e  t e s t  s e c t i o n .  The t e s t  s e c t i o n  

was a  10 f o o t  l e n g t h  o f  2 "  I .D .  P y re x  g l a s s  p i p e  (D) w h ich  

was e n c l o s e d  i n  a  v ie w in g  c e l l  ( E ) .  T h is  s e c t i o n  was p r e 

c e d e d  by  a  s t r a i g h t  l e n g t h  made up o f  2 0  f e e t  (2 - 1 0  f o o t  s e c 

t i o n s )  o f  2 "  I .D .  g l a s s  p i p e  ( P ) ,  and 4 f e e t  o f  2 "  s c h e d u l e  

40 s t e e l  p i p e .  151686 p i p e  s e c t i o n s  w e re  s u p p o r t e d  b y  s t e e l  

b r a c e s  w h ic h  w ere  b o l t e d  t o  t h e  c o n c r e t e  f l o o r .  The end  o f  

t h e  t e s t  s e c t i o n  was c o n n e c te d  t o  6 f e e t  o f  s t e e l  p i p e  w h ic h  

was j o i n e d  t o  t h e  r e t u r n  p i p e .  T h is  s e c t i o n  o f  p ip e  co n 

t a i n e d  th e  o r i f i c e  m e te r  (G) u s e d  to  m e t e r  t h e  h ig h  r a t e s  o f  

f l o w .  A r o t a m e t e r  (H) was u se d  t o  m e t e r  th e  low r a t e s  o f

• ^ L e t te r s  r e f e r  t o  m arked  p a r t s  i n  F ig u r e  1 .
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f l o w .  The p i p i n g  s y s te m ,  i n c l u d i n g  t h e  t e s t  s e c t i o n ,  t h u s  

c o m p r is e d  a  c l o s e d  l o o p .  I n  t h e  s e c t i o n  o f  p ip e  d o w n s tre am  

o f  t h e  t e s t  s e c t i o n  a  f i l t e r  ( I )  was l o c a t e d  w h ic h  c o u ld  

rem ove a l l  s o l i d s  l a r g e r  t h a n  5 m ic r o n s .  One o f  t h e  th e r m o 

c o u p le s  ( j )  u s e d  t o  c o n t i n o u s l y  r e c o r d  t h e  f l u i d  t e m p e r a t u r e  

was a l s o  l o c a t e d  i n  t h i s  s e c t i o n .  To e l i m i n a t e  p o s s i b l e  e n d  

e f f e c t s ,  o n l y  t h e  c e n t r a l  p a r t  o f  t h e  10 f o o t  t e s t  s e c t i o n  

was u s e d .

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

m a r i l y  b e c a u s e  i t s  r e f r a c t i v e  i n d e x  c l o s e l y  a p p ro x im a te d  t h e  

r e f r a c t i v e  i n d e x  o f  t h e  g l a s s .  The v ie w in g  c e l l  was a l s o  

f i l l e d  w i t h  t r i c h l o r o e t h y l e n e  f o r  t h e  same r e a s o n .  W ith  t h e  

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

t i v e  i n d e x  a s  t h e  g l a s s ,  t h e  p ro b le m s  o f  r e f r a c t i o n  w ere  

e l i m i n a t e d ,  and  th e  w a l l  r e g i o n  c o u ld  be e x a m in e d .  I n  o r d e r  

t o  m ark  t h e  f l u i d  e l e m e n t s  so  t h a t  th e  m o t io n s  w ou ld  be v i s 

i b l e ,  v e r y  f i n e  p a r t i c l e s  o f  "Seemag"-1- m agnesium  o x id e  w ere  

s u s p e n d e d  i n  t h e  l i q u i d .  T hese  p a r t i c l e s  had  a n  a v e r a g e  

d i a m e t e r  o f  0 . 6  m ic r o n s .  The p a r t i c l e  c o n c e n t r a t i o n  was 

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

w i t h i n  t h e  f i e l d  o f  v iew  s i m u l t a n e o u s l y ,  b u t  s u f f i c i e n t l y  

d i l u t e  so  t h a t  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n  a lm o s t  n e v e r  

o c c u r r e d .  Hie t e s t  f l u i d  a p p e a r e d  p e r f e c t l y  c l e a r  and  c o l o r 

l e s s  i n  n o rm a l  l i g h t ,  and  o n l y  u n d e r  d a r k  f i e l d  i l l u m i n a t i o n  

w ere  t h e  p a r t i c l e s  v i s i b l e .  Then t h e y  a p p e a r e d  a s  b r i g h t

^C om m erc ia l  p r o d u c t  o f  PMC C o r p o r a t i o n .
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p o i n t s  o f  l i g h t  a g a i n s t  a  d a r k  b a c k g ro u n d .  T h is  i s  a  r e s u l t  

o f  t h e  w e l l -k n o w n  T y n d a l l  e f f e c t .  I t  s h o u ld  be e m p h a s iz e d  

t h a t  t h e s e  p a r t i c l e s  w ere  s u s p e n d e d  i n  t h e  f l u i d  a t  a l l  t im e s  

and  no i n j e c t i o n  was r e q u i r e d  d u r i n g  a  r u n .

CHie p h o t o - o p t i c a l  s y s te m  c o n s i s t e d  o f  a l l  t h e  l i g h t i n g ,  

p h o t o g r a p h i c ,  and  o p t i c a l  e q u ip m e n t  n e ed e d  t o  r e c o r d  t h e  

p a r t i c l e  m o t io n s  on f i l m .  S in c e  t h e  p a r t i c l e  m o t io n s  w ere  

v e r y  r a p i d ,  a  h i g h  s p e e d  m o t io n  p i c t u r e  c am era  (A)-*- was u s e d  

a t  f i l m i n g  s p e e d s  o f  650  t o  1000 f ra m e s  p e r  s e c o n d .  T hese  

c o r r e s p o n d  t o  s h u t t e r  s p e e d s  o f  0 .0 0 0 5  t o  0 .0 0 0 3 3  s e c o n d s .

The l e n s  s y s te m  o f  th e  cam era  was a d a p te d  t o  p ro d u c e  im ages  

o f  t h e  a r e a  o f  i n t e r e s t  o f  4 .3 X  an d  2X m a g n i f i c a t i o n .  T hese  

m a g n i f i e d  im ag es  g r e a t l y  e n h a n c e d  t h e  a b i l i t y  o f  t h e  s y s te m  

t o  d e f i n e  t h e  f l u i d  m o t io n s  w i t h i n  t h e  v e r y  n a r ro w  w a l l  

r e g i o n .  B e ca u se  o f  t h e  h ig h  f i l m i n g  s p e e d s ,  t h e  m a g n i f i c a 

t i o n ,  and  t h e  d a r k  f i e l d  i l l u m i n a t i o n ,  a  v e r y  i n t e n s e  l i g h t  

s o u r c e  was r e q u i r e d .  An u l t r a - h i g h  p r e s s u r e  D .C . m e rc u r y  

a r c  lamp (B) was u s e d ,  and  t h e  beam was f o c u s e d  b y  m eans o f  

a  s p h e r i c a l  m i r r o r  th r o u g h  s l i t s  i n t o  t h e  f i e l d  o f  v ie w .  The • 

e l i m i n a t i o n  o f  t h e  r e f r a c t i o n  p ro b le m  c a u s e d  by  t h e  c u rv e d  

p ip e  w a l l  was m e n t io n e d  u n d e r  th e  d i s c u s s i o n  o f  t h e  t e s t  

f l u i d .  The u se  o f  a  m e r c u r y  a r c  lam p and  n o t  a  m o n o ch ro m a tic  

l i g h t  s o u r c e  p r e v e n t e d  th e  c o m p le te  e l i m i n a t i o n  o f  a n y  e f f e c t  

o f  r e f r a c t i o n ,  b u t  t h e  s m a l l  e f f e c t  w h ic h  r e m a in e d  was u se d

^■Letter r e f e r s  t o  m arked  p a r t s  o f  F i g u r e  2 .
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t o  good a d v a n ta g e  a s  a  m eans o f  l o c a t i n g  t h e  i n s i d e  p ip e  

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

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

i t  was fo u n d  t o  be a  d i s t i n c t  a d v a n ta g e  to  h av e  t h e  c a p a b i l 

i t y  o f  m oving t h e  e n t i r e  p h o t o - o p t i c a l  s y s te m  d o w n s tre am  

w i t h  t h e  f lo w  d u r i n g  p h o t o g r a p h y .  T h is  n a t u r a l l y  r e q u i r e d  

t h a t  t h e  f i e l d  o f  v iew  be k e p t  i n  f o c u s  d u r i n g  t h e  m ovem ent, 

and  a l s o  t h a t  no m e c h a n ic a l  v i b r a t i o n s  w h ic h  m ig h t  a f f e c t  

t h e  p h o t o - o p t i c a l  s y s te m  be p r e s e n t .  To a c c o m p l i s h  t h i s  a n  

8 - f o o t  l a t h e  b ed  (C) was a l i g n e d  w i t h  t h e  p ip e  and  b o l t e d  

t o  t h e  c o n c r e t e  f l o o r .  The l a t h e  c a r r i a g e  (D) w h ic h  i s  

d e s i g n e d  t o  s l i d e  a lo n g  th e  g ro u n d  s t e e l  ways was f i t t e d  w i t h  

a  h e a v y  s t e e l  f ra m e  (E) w h ic h  s u p p o r t e d  t h e  c am era  (A) and  

l i g h t  s o u r c e  ( B ) .  T h is  c a r r i a g e  was d r i v e n  down th e  l a t h e  

bed  a t  c l o s e l y  c o n t r o l l e d  c o n s t a n t  s p e e d s  by a n  h y d r a u l i c  

p i s t o n .  I n  t h i s  m anner th e  e n t i r e  r e c o r d i n g  s y s te m  c o u ld  be 

moved w i t h  t h e  f lo w ,  a n d  a t  a n y  p r e - s e l e c t e d  s p e e d ,  T h is  

m ea n t  t h a t  a n y  l o c a l  mean a x i a l  v e l o c i t y  i n  t h e  w a l l  r e g i o n  

c o u ld  be m a tc h e d  by  t h e  c a r r i a g e  v e l o c i t y ,  a n d ,  t h e r e f o r e ,  

t h a t  a  p a r t i c u l a r  s e g m en t o f  f l u i d  c o u ld  be k e p t  i n  v iew  a s  

t h e  f l u i d  m o t io n s  d e v e l o p e d .

The e x p e r i m e n t a l  r u n s  w ere  c o n d u c te d  i n  t h e  f o l l o w i n g  

f a s h i o n .  The f lo w  c o n d i t i o n s  o r  R e y n o ld s  num ber d e s i r e d  was 

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

s y s te m .  The a r e a  o f  v ie w  an d  a x i a l  p o s i t i o n  w i t h i n  t h e  t e s t  

s e c t i o n  w ere  s e l e c t e d ,  and  t h e  p h o t o - o p t i c a l  s y s te m  a l i g n e d



®nx

©

PhotoFi gur e  2

l ight  p a t h

O p t i c a l  S y s t e m
H



and  f o c u s e d  a c c o r d i n g l y .  The f i l m i n g  sp e e d  d e s i r e d  was s e t  

on th e  p r o p e r  c o n t r o l s .  The c a r r i a g e  sp e e d  was s e l e c t e d ,  

and th e  c o n t r o l s  f o r  t h e  h y d r a u l i c  d r i v e  m echan ism  a d j u s t e d .

I f  t h e  c a r r i a g e  was t o  r e m a in  s t a t i o n a r y  d u r i n g  t h e  r u n ,  th e  

p h o to g r a p h y  was begun  a t  t h i s  p o i n t .  I f ,  h o w ev er ,  t h e  c a r 

r i a g e  w ere  t o  move, i t  was f i r s t  moved u p s t r e a m  beyond th e  

p o i n t  w here  p h o to g ra p h y  was t o  be i n i t i a t e d ,  and  t h e n  s t a r t e d  

d o w n s tre a m . When i t  r e a c h e d  th e  i n i t i a t i o n  p o i n t ,  t h e  c am era  

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

e f f e c t s  a s s o c i a t e d  w i t h  th e  c a r r i a g e  m o t io n  w ere e l i m i n a t e d  

b e f o r e  p h o to g r a p h y  was b e g u n .

The f i l m s  r e s u l t i n g  from  t h e s e  r u n s  w ere  a n a ly z e d  i n  

d e t a i l  t o  p r o v id e  th e  d e s i r e d  i n f o r m a t i o n  c o n c e r n in g  th e  

n a t u r e  o f  th e  f l u i d  m o t io n s  i n  t h e  w a l l  r e g i o n .  T h is  a n a l y t i 

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

P h o to g ra p h s  o f  t h e  e q u ip m e n t  a p p e a r  i n  F i g u r e s  3* 4,

5 , and  6 .

Flow s y s te m

P ip in g  an d  m e t e r i n g . W ith  t h e  e x c e p t i o n  o f  t h e  t e s t  

s e c t i o n  and  th e  e n t r y  s e c t i o n  p r e c e d in g  i t ,  a l l  p i p i n g  was 

2 i n c h ,  s c h e d u le  40 , g a l v a n i z e d  s t e e l .  The j o i n t s  w ere  a l l  

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

p ip e  t e s t  s e c t i o n .  T hese  w ere  f l a n g e d .  The h o l d i n g  t a n k  

was c a r b o n  s t e e l  and  h a d  a  150 g a l l o n  c a p a c i t y .  I t  was 

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



F i g u r e 3 .  Fl ow E q u i p m e n t
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F i g u r e  4.  G e n e r a l  Vi ew of  

Te s t  S e c t i o n
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F i g u r e  5. D e t a i l e d  Vi ew of  

Tes t  S e c t i o n



F i g u r e  6. H y d r a u l i c  Dr ive f o r  C a r r i a g e roo



v e n t  l i n e .  B e fo re  th e  equipm ent was a ssem b le d , th e  i n t e r i o r s  

were t h o r o u g h ly  scrubbed w ith  t r i c h l o r o e t h y l e n e  t o  remove d i r t  

and g r e a s e .  A f t e r  a s se m b ly  th e  e n t i r e  sy s te m  was f lu s h e d  

w ith  pure t r i c h l o r o e t h y l e n e  w hich was th e n  d r a in e d .  The 

c e n t r i f u g a l  pump was a l l  i r o n  w ith  an e i g h t - i n c h  d ia m e te r ,  

s ix - v a n e d  i m p e l l e r .  I t  was r a te d  a t  50 gpm. a t  70 f e e t  o f  

head f o r  w a te r  a t  1750 rpm. A l a r g e r  motor was i n s t a l l e d  to  

p r o v id e  s i m i l a r  c a p a b i l i t i e s  f o r  pumping th e  d e n se r  

t r i c h l o r o e t h y l e n e .  As F ig u r e s  1 and 3 show, th e  o u t l e t  l i n e  

was f i t t e d  w i th  a b y -p a ss  l i n e  and c o n t r o l  v a l v e ,  and two 

f lo w  l i n e s .  One o f  th e  l a t t e r  was o f  tw o - in c h  d ia m e ter  p ip e ,  

and was used  f o r  f lo w  r a t e s  i n  e x c e s s  o f  2 . 5  gpm. The o th e r  

f lo w  l i n e  was o f  1 /2  in c h  p ip e  and c o n ta in e d  a r o ta m e te r .

T h is  l i n e  was u se d  f o r  low f lo w  r a t e s  w here  more a c c u r a t e  

c o n t r o l  and  f lo w  r a t e  r e a d i n g s  t h a n  w ere  p o s s i b l e  w i t h  th e  

l a r g e r  d i a m e t e r  l i n e  and  th e  o r i f i c e  m e te r  w ere  o b t a i n e d .  By 

e i t h e r  r o u t e ,  t h e  f l u i d  p r o c e e d e d  to  t h e  f o u r - f o o t  s t e e l  

s e c t i o n  w h ich  j u s t  p r e c e d e d  th e  f i r s t  o f  t h r e e  t e n - f o o t  

s e c t i o n s  o f  P y re x  g l a s s  p i p e .  T h is  p ip e  h a d  an  i n t e r n a l  

d i a m e t e r  o f  t w c i n c h e s .  The s e c t i o n s  w ere  c o n n e c te d  by  

T e f l o n  g a s k e t e d  f l a n g e s .  The g a s k e t s  and  j o i n t s  w ere  v e r y  

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

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

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

g l a s s  p i p e ,  a t  l e a s t  f o u r  f e e t  d o w n s tre am  o f  t h e  n e a r e s t  

j o i n t .  T h is  was a  p r e c a u t i o n a r y  m e a su re  t o  make c e r t a i n  t h a t
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t h e  m o t io n s  o b s e r v e d  w i t h i n  t h e  t e s t  s e c t i o n  w ere n o t  i n f l u 

e n c e d  by  en d  e f f e c t s .  The m o st  d e s i r a b l e  c o n d i t i o n ,  o f  

c o u r s e ,  w ou ld  h av e  b e e n  t o  u s e  a  c o n t i n u o u s  t h i r t y - f o o t  

l e n g t h  o f  p l a s t i c  p ip e  and  e l i m i n a t e  t h e  j o i n t s  e n t i r e l y .  

U n f o r t u n a t e l y ,  t h e  r e q u i r e m e n t s  t h a t  t h e  p ip e  be t r a n s p a r e n t ,  

a n d  t h a t  th e  f l u i d  f l o w in g  w i t h i n  i t  be c l e a r  and  c o l o r l e s s ,  

N e w to n ia n ,  o f  low  v i s c o s i t y ,  a n d ,  m o s t  I m p o r t a n t ,  h a v e  an  

in d e x  o f  r e f r a c t i o n  e q u a l  t o  t h a t  o f  t h e  p i p e ,  e l i m i n a t e d  

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

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

T h u s ,  g l a s s  p i p e  was t h e  o n l y  a l t e r n a t i v e ,  an d  t e n - f o o t  

l e n g t h s  t h e  o n l y  p r a c t i c a l  l e n g t h s  a v a i l a b l e .  T h is  q u e s t i o n  

o f  th e  e f f e c t  o f  th e  j o i n t s  on  t h e  f l o w  was ex am in ed  t h e o 

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

i n  a  l a t e r  s e c t i o n .  I t  c a n  be s a f e l y  c o n c lu d e d  t h a t  i n  t h e  

p r e s e n t  s t u d y  th e  j o i n t s  had  no e f f e c t  on t h e  m o t io n s  

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

The t w e n t y - f o u r - f o o t  l e n g t h  o f  g l a s s  p i p e  w h ic h  p r e 

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

d e v e lo p e d  t u r b u l e n t  f lo w  e x i s t e d  w i t h i n  t h e  t e s t  s e c t i o n .  

S c h l i c h t i n g  (5 3 )  c a l c u l a t e d  t h e  e n t r y  l e n g t h  n e ed e d  f o r  p i p e  

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

l a m i n a r  f l o w .  He o b t a i n e d  v a l u e s  o f  t h e  o r d e r  o f  8 0 -2 0 0  

d i a m e t e r s .  T u r b u l e n t  p r o f i l e s  r e q u i r e  much s h o r t e r  e n t r y
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l e n g t h s .  L a tzk o  (3 0 )  p r e s e n t e d  th e  r e l a t i o n

§  = 0 .6 9 3  (NRe)1/ ' 1

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

f i l e  i n  a  p i p e .  I f  t h e  u p p e r  R ey n o ld s  number o f  t h i s  s t u d y  

i s  s u b s t i t u t e d  i n t o  t h i s  r e l a t i o n ,  an  e n t r y  l e n g t h  o f  1 0 .4  

d i a m e t e r s  i s  p r e d i c t e d .  However, H inze  (2 0 )  s a y s  t h a t  t h i s  

r e l a t i o n  g i v e s  v a lu e s  w h ich  a r e  a lw ay s  l e s s  t h a n  t h o s e  

m e a su re d  e x p e r i m e n t a l l y .  K i r s t e n  ( 2 5 ) m ea su re d  e n t r y  

l e n g t h s  e x p e r i m e n t a l l y  and fo u n d  t h a t  50 t o  100 d i a m e t e r s ,  

d e p e n d in g  on NR e , u s u a l l y  w ere  s u f f i c i e n t  t o  e s t a b l i s h  th e  

f l o w .  N ik u ra d s e  (4 1 )  fo u n d  t h a t  f o r  d i s t u r b e d  e n t r i e s  25 t o  

40 d i a m e t e r s  w ere  s u f f i c i e n t .  H inze  i n  r e v ie w in g  t h e s e  

v a lu e s  s t a t e s  t h a t  40 d i a m e t e r s  c a n  be u se d  a s  a  minimum 

v a l u e .  I n  t h e  p r e s e n t  c a s e ,  th e  e n t r y  was d i s t u r b e d ,  and th e  

e n t r y  l e n g t h  o f  n e a r l y  145 d i a m e t e r s  s a t i s f i e s  e v e n  th e  m o st 

e x tre m e  r e q u i r e m e n t .  Thus i t  may be s a f e l y  assum ed t h a t  

f u l l y  d e v e lo p e d  t u r b u l e n t  f lo w  e x i s t e d  w i t h i n  t h e  t e s t  s e c 

t i o n .  T h is  a s s u m p t io n  was l a t e r  c h e c k e d  by  h o t  f i l m  

anem om eter m ea su re m e n ts  and  fo u n d  to  be v a l i d .

The end  o f  t h e  t e s t  s e c t i o n  was c o n n e c te d  t o  a  s i x -  

f o o t  s e c t i o n  o f  s t e e l  p ip e  w h ich  was i n  t u r n  J o in e d  t o  th e  

r e t u r n  l i n e .  W i th in  t h i s  s e c t i o n  a  S e l a s  F l o t r o n i c  f i l t e r  

w i t h  S e r i e s  F ty p e  M i c r o - F i l t e r  e le m e n t  was p o s i t i o n e d .  T h is  

e le m e n t  rem oved a l l  p a r t i c l e s  o f  d i a m e t e r  g r e a t e r  t h a n  

5 m ic r o n s .  The f l u i d  was c o n t i n u o u s l y  p a s s e d  th r o u g h  t h i s
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f i l t e r ,  The f i l t e r  p o r o s i t y  i s ,  o f  c o u r s e ,  much g r e a t e r  t h a n  

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

d e s i g n e d  t o  p r i m a r i l y  rem ove a n y  e x t r a n e o u s  d i r t  o r  a g g lo m e r 

a t i o n s  from  t h e  s y s t e m .  An e le m e n t  o f  0 . 5  m ic r o n  p o r o s i t y  

w ou ld  h av e  r e q u i r e d  i m p r a c t i c a l l y  h i g h  p r e s s u r e  d r o p s  f o r  

h i g h  f lo w  r a t e s ,  a n d  so  was n o t  u s e d .  P e r i o d i c  e x a m in a t io n  

o f  t h e  f i l t e r  e l e m e n t  showed t h a t  a g g l o m e r a t i o n  o f  t h e  

m agnesium  o x id e  was n o t  o c c u r r i n g ,  and i t  seem ed r e a s o n a b l e  

t o  assum e t h a t  t h e  m a j o r i t y  o f  p a r t i c l e s  w ere  s t i l l  o f  t h e  

o r d e r  o f  0 .6  m i c r o n s .

At t h e  v e r y  en d  o f  t h i s  s e c t i o n  a  p a c k in g  g l a n d  was 

l o c a t e d  w h ic h  a f f o r d e d  th e  means o f  m oving a  p o s i t i o n i n g  

s c a l e  a x i a l l y  w i t h i n  th e  t e s t  s e c t i o n .  A th e r m o c o u p le  w e l l  

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

t h e  f l u i d  was c o n t i n u o u s l y  r e c o r d e d .

Wie g l a s s  p i p e s  and  l e a d - i n  p i p e s  w ere  s u p p o r t e d  b y  

s t e e l  c r a d l e s  w h ic h  w ere  b o l t e d  t o  th e  c o n c r e t e  f l o o r .  The 

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

c r a d l e s .

I t  was n e c e s s a r y  t o  know t h e  a v e r a g e  f lo w  v e l o c i t y  

s i n c e  t h e  R e y n o ld s  number was a  b a s i c  p a r a m e t e r  i n  t h e  s t u d y .  

T h is  was m e a su re d  b y  e i t h e r  t h e  r o t a m e t e r ,  f o r  f lo w  r a t e s  o f  

2 .5  gpm. o r  l e s s ,  o r  th e  o r i f i c e  m e t e r ,  f o r  l a r g e r  f lo w  r a t e s .  

The r o t a m e t e r  was c a l i b r a t e d  by  w e ig h in g  t h e  e f f l u x  c o l l e c t e d  

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

b r a t i o n  c u r v e  a p p e a r s  i n  F i g u r e  7 .
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F o r  h i g h e r  f lo w  r a t e s ,  and c o n s e q u e n t l y  f o r  m o s t  r u n s ,  

t h e  o r i f i c e  m e t e r  was u s e d .  T h is  c o n s i s t e d  o f  a  s t a n d a r d  

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

e d g e d  o r i f i c e  p l a t e .  A m e rc u r y  m anom ete r  was u s e d  t o  m e a su re  

th e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  o r i f i c e  p l a t e .  T h is  

o r i f i c e  p l a t e  was p r e c e d e d  by  36 f e e t  o f  s t r a i g h t  p i p e  w h ich  

c o n t a i n e d  a  s i n g l e  u n io n  20  f e e t  u p s t r e a m  o f  t h e  o r i f i c e .

T h is  a s s u r e d  th e  p r o p e r  f lo w  c o n f i g u r a t i o n  th r o u g h  t h e  o r i 

f i c e .  The m e t e r  was c a l i b r a t e d  by t h e  t im e d  w e ig h in g  t e c h 

n i q u e  d e s c r i b e d  a b o v e ,  and  t h e  c a l i b r a t i o n  c u rv e  a p p e a r s  i n  

F i g u r e  8 .  F o r  th e  lo w e r  f lo w  r a t e s  w here  t h e  two c a l i b r a t i o n  

c u r v e s  o v e r l a p ,  t h e  i n d e p e n d e n t l y  m e a su re d  c a l i b r a t i o n s  

a g r e e  v e r y  w e l l .

Over a  p e r i o d  o f  a  num ber o f  e x p e r i m e n t a l  r u n s  t h e r e  

was a n  u n a v o id a b le  t e m p e r a t u r e  r i s e  i n  t h e  f l u i d  due t o  th e  

pum ping e n e r g y  i n p u t .  T h is  n e c e s s i t a t e d  a n  a p p ro x im a te  

s e t t i n g  f o r  R e y n o ld s  num ber b y  u se  o f  t h e  m e t e r s ,  and  a  

c a l c u l a t i o n  o f  t h e  a c t u a l  R e y n o ld s  i n  w h ic h  t h e  t e m p e r a t u r e  

r i s e  was t a k e n  i n t o  a c c o u n t .  The d i f f e r e n c e  was a lw a y s  q u i t e  

s m a l l .  F o r  a n y  p a r t i c u l a r  r u n ,  t h e  p e r i o d  o f  t im e  i n v o lv e d  

was s o  s h o r t  t h a t  no t e m p e r a t u r e  r i s e  o f  a n y  s i g n i f i c a n c e  was 

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

F l u i d . S in c e  g l a s s  p i p e  had  t o  be u s e d  i n  t h e  s y s te m ,  

f o r  t h e  r e a s o n s  d e s c r i b e d  e a r l i e r ,  t h e  p ro b le m  t h e n  became 

one o f  s e l e c t i n g  th e  l i q u i d  w h ich  w o u ld  m a tch  t h e  r e f r a c t i v e  

i n d e x  o f  t h e  g l a s s  an d  h a v e  t h e  o t h e r  d e s i r a b l e  p r o p e r t i e s  a s
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w e l l .  T r i c h l o r o e t h y l e n e  was th e  m o s t  s a t i s f a c t o r y  f l u i d .

I t s  p e r t i n e n t  p r o p e r t i e s  a r e  l i s t e d  i n  T a b le  1 .  M ost im p o r

t a n t  i s  t h e  f a c t  t h a t  i t s  r e f r a c t i v e  in d e x  i s  1 .4 7 4  a t  25°C . 

The P y re x  g l a s s  p ip e  h a s  a  r e f r a c t i v e  in d e x  o f  1 .4 7 2 7  f o r  

sod ium  D l i g h t  and 1 .4 7 7  f o r  p u re  b lu e  l i g h t .  S in c e  th e  

l i g h t  s o u r c e  u s e d  was n o t  m o n o c h ro m a tic ,  no a t t e m p t  was made 

t o  a c h ie v e  a g re e m e n t  i n  th e  t h i r d  d e c im a l  p l a c e  o f  t h e  

r e f r a c t i v e  i n d i c e s  o f  th e  p ip e  and  f l u i d .

TABLE 1

NEU-TRIR TRICHLOROETHYLENE*

P r o p e r t i e s :

A c l e a r ,  c o l o r l e s s ,  nonflam m able  l i q u i d ,  f r e e  
o f  su s p e n d e d  m a t t e r

B o i l i n g  p o i n t  a t  760 mm. H g ...................................... 8 7 .1 ° C .
S p e c i f i c  g r a v i t y  a t  2 5 / 2 5 ° C .........................................1 .4 5 9
S p e c i f i c  g r a v i t y  a t  6 0 / 6 0 ° F .........................................1 -473
R e f r a c t i v e  i n d e x  a t  2 5 ° C ..............................................1 .4 7 4
V i s c o s i t y  a t  2 0 ° C . ,  c e n t i s t o k e s  ............................  0 .3 8 4
V i s c o s i t y  a t  6 0 ° C .,  c e n t i s t o k e s  ............................  0 .2 8 7

*NEU-TRIR o f  t h e  Dow C hem ica l  C o .,  M id la n d ,  M ic h ig a n .

The e x p e r i m e n t a l  t e c h n iq u e  r e q u i r e d  t h a t  t h e  f l u i d  

e le m e n t s  be m arked  f o r  v i s u a l i z a t i o n  by  s m a l l  p a r t i c l e s  

inhom ogeneous w i t h  t h e  t r i c h l o r o e t h y l e n e .  I d e a l l y ,  t h e  

p a r t i c l e s  s h o u ld  be s m a l l  I n  s i z e  and  o f  t h e  same d e n s i t y  a s  

t h e  f l u i d .  The p o s s i b i l i t y  o f  a  m ix t u r e  o f  l i q u i d s  w h ich  

w ou ld  be Inhom ogeneous w i th  t h e  m a in  f l u i d  and  y e t  have  t h e  

same d e n s i t y  was c o n s i d e r e d ,  b u t  t h e  d i f f i c u l t y  o f  d i s p e r s i n g
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s u c h  p a r t i c l e s  i n  s u f f i c i e n t l y  f i n e  fo rm , an d  m a i n t a i n i n g  

t h i s  d i s p e r s i o n  a t  h ig h  c o n c e n t r a t i o n  w i t h o u t  c o a l e s e n c e  

upon  r e p e a t e d  c i r c u l a t i o n  was to o  g r e a t  t o  w a r r a n t  e x t e n 

s i v e  s t u d y .  S o l i d  p a r t i c l e s  o f  v e r y  s m a l l  s i z e  w ere  a v a i l 

a b l e ,  b u t  t h e y  a l l  had  d e n s i t i e s  g r e a t e r  t h a n  th e  f l u i d .  

F o r t u n a t e l y  a  com prom ise  c o u ld  be r e a c h e d .  I f  t h e  p a r t i c l e s  

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

d e n s i t y  was g r e a t e r  t h a n  t h a t  o f  t h e  f l u i d  w ou ld  be com pen

s a t e d  b y  t h e  s m a l l  s i z e ,  an d  t h e y  w ould  s t i l l  f a i t h f u l l y  

f o l l o w  t h e  f l u i d  m o t i o n s .  "Seemag" g r a d e  m agnesium  o x id e  

was s e l e c t e d  a s  t h e  s o l i d .  I t s  p a r t i c l e  s i z e  was e x c e l l e n t ,  

and  i t s  s h a p e  and d e n s i t y  w ere  a c c e p t a b l e .  I t  a l s o  d i d  n o t  

r e a c t  w i t h  t h e  t r i c h l o r o e t h y l e n e ,  a n d ,  b e in g  i n o r g a n i c  and  

h i g h l y  d i s p e r s e d ,  showed no t e n d e n c y  t o  a g g lo m e r a t e .  1516 

p a r t i c l e  sh a p e  was r a t h e r  i m p o r t a n t  s i n c e  a  p a r t i c l e  n e a r l y  

e q u a l  i n  t h e  t h r e e  d im e n s io n s  was c o n s i d e r e d  b e t t e r  t h a n  

p l a t e s  o r  f l a k e s .  One r e a s o n  I s  t h a t  s u c h  a  p a r t i c l e  a p p e a r s  

much t h e  same u n d e r  th e  l i g h t i n g  c o n d i t i o n s  u s e d  r e g a r d l e s s  

o f  t h e  o r i e n t a t i o n ,  b u t  a  p l a t e  o r  f l a k e  s e e n  e d g e w is e  w ould  

be v e r y  d i f f e r e n t  f ro m  one  s e e n  b r o a d s i d e .  The g e n e r a l  

c r y s t a l  s t r u c t u r e  o f  m agnesium  o x id e  an d  s t a t e m e n t s  f ro m  th e  

m a n u f a c t u r e r  i n d i c a t e d  t h a t  i t  w ould  be t h r e e  d i m e n s i o n a l  i n  

t h e  m anner  d e s c r i b e d  a b o v e .  TJiis was s u p p o r t e d  b y  e x a m in a 

t i o n  w i t h  a n  e l e c t r o n  m ic r o s c o p e .  Tfte m o s t  i m p o r t a n t  f e a t u r e ,  

h o w e v e r ,  w as th e  p a r t i c l e  s i z e .  Seemag a s  a n a l y z e d  by  t h e  

m a n u f a c t u r e r  w i t h  a  F i s h e r  S u b -S ie v e  S i z e r  was d e s c r i b e d  a s
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h a v in g  an  a v e r a g e  d i a m e t e r  o f  0 . 5 - 0 .6  m ic r o n s ,  w i t h  a p p r o x i 

m a t e l y  0 .6 $  r e t a i n e d  on a  325 mesh s c r e e n .  'Hie a p p ro x im a te  

p a r t i c l e  d e n s i t y  was 3*59 a s  com pared  t o  t r i c h l o r o e t h y l e n e  

w h ich  h a s  a  d e n s i t y  o f  a p p r o x i m a t e l y  1 .4 6 .

The p a r t i c l e s  w ere  d i s p e r s e d  i n  p u r e  t r i c h l o r o e t h y l e n e ,  

and  t h e  m ix tu r e  f i l t e r e d  th r o u g h  a  50  m ic r o n  and  f i n a l l y  a  

5 m ic ro n  f i l t e r .  S in c e  t h e  i n i t i a l  d i s p e r s i n g  p r o c e d u r e  d i d  

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

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

c e n t r a t i o n  was r e a c h e d .  At one p o i n t  p u re  t r i c h l o r o e t h y l e n e  

was d i s t i l l e d  o f f  and  a  c o n c e n t r a t e d  r e s i d u e  r e t a i n e d .  T h is  

was l a t e r  fo u n d  t o  be u n n e c e s s a r y .  The m o s t  d e s i r a b l e  c o n 

c e n t r a t i o n  was d e t e r m i n e d  by  t r i a l  a n d  e r r o r .  V a r io u s  c o n 

c e n t r a t i o n s  w ere  p r e p a r e d  and  p h o to g r a p h e d  u n d e r  c o n d i t i o n s  

s i m i l a r  t o  t h o s e  u s e d  i n  a n  a c t u a l  r u n .  T hese  p h o to g r a p h s  

were e x am in e d  f o r  p a r t i c l e  c o n t e n t  an d  d e g r e e  o f  p a r t i c l e -  

p a r t i c l e  i n t e r a c t i o n .  The o b j e c t i v e  i n  t h i s  s i t u a t i o n  was t o  

a r r i v e  a t  a  c o n c e n t r a t i o n  w h e re  a  s u f f i c i e n t l y  l a r g e  num ber 

o f  p a r t i c l e s  a p p e a r e d  i n  e a c h  f ra m e  o f  t h e  f i l m  a n d  y e t  w ere  

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

p ro b le m .  The f i r s t  i s  n e c e s s a r y  i f  one h o p e s  t o  d e f i n e  t h e  

f i n e  s c a l e d  t u r b u l e n t  m o t io n s ,  s i n c e  i f  a  d i l u t e  c o n c e n t r a 

t i o n  i s  p r e s e n t ,  t h e  s e p a r a t i o n  d i s t a n c e  b e tw e e n  p a r t i c l e s  

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

m o t io n ,  and  t h e r e f o r e  no m e a su re m e n t  o f  i t  w ou ld  be p o s s i b l e .  

T h is  e m p h a s iz e s  a n o t h e r  r e a s o n  why e x t r e m e l y  s m a l l  p a r t i c l e
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d i a m e t e r s  a r e  n e c e s s a r y  i n  a  s t u d y  o f  t h i s  t y p e ,  f o r  o n ly  i f  

t h e  p a r t i c l e s  a r e  v e r y  s m a l l  com pared  t o  t h e  s c a l e  o f  th e  

t u r b u l e n c e  c a n  one hope  t o  a c h i e v e  a  l a r g e  en o u g h  c o n c e n t r a 

t i o n  t o  d e l i n e a t e  t h i s  m o t io n  and  y e t  n o t  h a v e  p a r t i c l e -  

p a r t i c l e  i n t e r a c t i o n .  The c o n c e n t r a t i o n  f i n a l l y  a c c e p t e d  

f u l f i l l e d  b o th  o b j e c t i v e s .  The r e s u l t i n g  f l u i d  u s e d  i n  a l l  

r u n s  e x h i b i t e d  a  p a r t i c l e  c o u n t  i n  a n y  g i v e n  f ra m e  o f  th e  

o r d e r  o f  50 t o  100 o r  m ore , and  p a r t l c l e - p a r t i c l e  c o l l i s i o n s  

w ere  o b s e r v e d  o n l y  v e r y  r a r e l y .  A f ram e  u s u a l l y  h a d  d im e n 

s i o n s  o f  O.O69 x  0 .0 9 5  i n c h e s  and  m ig h t  be t h o u g h t  o f  

i n v o l v i n g  a  volum e o f  f l u i d  o f  t h e  o r d e r  o f  1 .8  x  1 0 -it c u b ic  

i n c h e s .  A r o u g h  c a l c u l a t i o n  o f  c o n c e n t r a t i o n  g i v e s  a  v a lu e  

o f  55*6 p a r t i c l e s / c u b i c  i n c h ,  b u t  t h e  volum e o c c u p ie d  by  a l l  

p a r t i c l e s ,  a s su m in g  a  c u b ic  sh a p e  0 .6  m ic r o n s  on a n  e d g e ,  i s  

l e s s  t h a n  1 x  10"̂ fo o f  t h e  t o t a l  v o lu m e . H ie se  p a r t i c l e s  

w ere  u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  f l u i d .  The f l u i d  

a p p e a re d  c l e a r  and  c o l o r l e s s  i n  n o rm a l  l i g h t i n g ,  a n d  e v e n  

a f t e r  s t a n d i n g  u n d i s t u r b e d  f o r  m on ths  i n  a  s e a l e d  l a r g e  

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

s i o n .  U nder  p r o p e r  l i g h t i n g  c o n d i t i o n s  B row nian  m o t io n  was 

v i s i b l e .  T h is  m o t io n  w a s ,  h o w e v e r ,  o f  s u c h  r e l a t i v e l y  s m a l l  

m a g n i tu d e  com pared  t o  t h e  f l u c t u a t i n g  m o t io n s  o f  t h e  f l u i d  

t h a t  i t  was n e v e r  a p p a r e n t  when t h e  f l u i d  was f l o w i n g .  E ven  

m o t io n  p i c t u r e s  t a k e n  a t  h i g h  s p e e d  o f  l a m i n a r  f lo w s  f a i l e d  

t o  r e v e a l  a n y  e v id e n c e  o f  B ro w n ian  m o t io n ,  an d  i t  was
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c o n c lu d e d  t h a t  t h e s e  m o t io n s  w ou ld  n o t  be  a  f a c t o r  when t h e  

a n a l y s i s  f o r  t u r b u l e n t  m o t io n s  was u n d e r t a k e n .

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

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

g r a v i t y .  T h is  w ou ld  c a u s e  a  downward movement a s  t h e  f l u i d  

f lo w e d  th r o u g h  th e  t e s t  s e c t i o n .  An e s t i m a t e  o f  t h e  e x t e n t  

o f  t h i s  movement may be made by  c o n s i d e r i n g  th e  t e r m i n a l  

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

t u r b u l e n t  f l u i d .  S in c e  t h i s  t r e a t m e n t  I g n o r e s  th e  e f f e c t s  

o f  t u r b u l e n c e  and B row n ian  m o t io n  i t  r e p r e s e n t s  an  e x tre m e  

c a s e .  "Hie p a r t i c l e  d i a m e t e r  s e l e c t e d  f o r  c a l c u l a t i o n  i s  

5 m ic r o n s  w h ic h  a g a i n  i s  t h e  w o r s t  p o s s i b l e  c a s e .  The 

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

Ut = TBIT ( P f P p ) 6  = 1 , 7 9  x  1 0 " 3  f t - / s e c .

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

w h ic h  t h e  p a r t i c l e  i s  v ie w e d .  A r e a s o n a b l e  v a lu e  f o r  t h i s  

t im e  i s  3 x  10“3 s e c o n d s  so  t h e  p a r t i c l e  c a n  d r o p  

6 .4  x  10“5 i n c h e s  w h i l e  i n  v ie w .  Com paring  t h i s  t o  t h e  v i s 

cous  s u b l a y e r  t h i c k n e s s  a t  NRe = 5 0 ,0 0 0  o f  a p p r o x i m a t e l y  

4 x  1 0 “3 i n c h e s  shows t h a t  t h e  w o r s t  p o s s i b l e  c a s e  g i v e s  a  

movement o f  a p p r o x i m a t e l y  1 . 6% o f  t h e  s u b l a y e r  t h i c k n e s s .

F o r  a  s m a l l e r  p a r t i c l e  d i a m e t e r  an d  lo w e r  NRe t h e  e f f e c t  i s  

much l e s s .

The a d d i t i o n  o f  s o l i d s  t o  a  l i q u i d  c o u ld  c o n c e i v a b l e  

a f f e c t  t h e  v i s c o s i t y ,  e s p e c i a l l y  i t s  N e w to n ian  c h a r a c t e r .
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W h ile  m agnesium  o x id e  d o e s  n o t  show t h i s  c h a r a c t e r i s t i c ,  and  

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

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

w h ic h  i n  v e r y  s m a l l  q u a n t i t i e s  d r a s t i c a l l y  c h a n g e  l i q u i d  

v i s c o s i t i e s .  T h e r e f o r e  a  c h e c k  o f  t h e  f l u i d  v i s c o s i t y  b o th  

b e f o r e  and  a f t e r  p a r t i c l e  a d d i t i o n  was m ade. A lo n g  

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

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

N e w to n ian  v i s c o s i t y  was o b t a i n e d  by  v a r y i n g  t h e  h e i g h t  o f  t h e  

c o n s t a n t  h e a d  t a n k  above  t h e  c a p i l l a r y  i n l e t .  The m e a s u r e 

m e n ts  f o r  p u r e  and  p a r t i c l e  c o n t a i n i n g  t r i c h l o r o e t h y l e n e  gave
^ T T

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

A P r/2L , w h ich  showed t h a t  t h e  two f l u i d s  had  i d e n t i c a l ,

c o n s t a n t  ( w i t h  r e s p e c t  t o  s h e a r  r a t e )  v i s c o s i t i e s .  The s l o p e

o f  t h i s  p l o t  i n d i c a t e s  t h e  v i s c o s i t y ,  an d  i t  was fo u n d  t o  be

3 . 6 1  x  10"^  —  a t  2 7 .5 ° C .  B i l s  com p ares  w i t h  t h e
f t - s e c

p u b l i s h e d  v a l u e s  o f  3*64 x  10"^ l b m / f t - s e c .  The c u r v e s

a p p e a r  i n  F i g u r e  9*

The q u e s t i o n  a s  t o  how w e l l  t h e  s u s p e n d e d  p a r t i c l e s

f o l l o w  t h e  t u r b u l e n t  m o t io n s  w a r r a n t s  some d i s c u s s i o n .  The

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

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

Of t h i s  f i e l d ,  a  r e c e n t  a r t i c l e  by  Soo ( 5 7 ) s t a t e s ,

A p a r t  f ro m  t h e  s t u d i e s  o f  a  s i n g l e  s o l i d  p a r t i c l e  
i n  t h e  t u r b u l e n t  f i e l d  o f  a  f l u i d ,  s t u d i e s  o f  
d y n a m ic s  o f  a  g a s - s o l i d  s u s p e n s i o n  a s  a  w h o le  h av e

1Soo ( 5 7 ) ,  P .  3 3 .
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e i t h e r  e x c lu d e d  t u r b u l e n c e  o r  have  b e e n  c o m p l e t e ly  
e m p i r i c a l .  . . .  A s o l u t i o n  i s  n o t  e v e n  a v a i l a b l e  
f o r  t h e  s t a t i s t i c a l  f o r m u l a t i o n  o f  s im p le  t u r b u 
l e n t  p i p e  f lo w ,  w h ere  t h e  t u r b u l e n c e  i s  nonhomo- 
g e n e o u s .  E ven  when one a ssu m es  a n  i s o t r o p i c  
t u r b u l e n t  f i e l d ,  t h e  s o l u t i o n  o f  th e  p ro b le m  o f  
m o t io n  o f  a  s i n g l e  p a r t i c l e  i s  a t  b e s t  a c a d e m ic .

I n  o t h e r  w o rd s ,  t h e  p ro b le m  h a s  n o t  b e e n  s o l v e d  e x c e p t  f o r  a

v e r y  few s im p le  c a s e s .  M ost t h e o r e t i c a l  t r e a t m e n t s  w h ic h

e x i s t  r e q u i r e  a  l a r g e  num ber o f  s i m p l i f y i n g  a s s u m p t io n s  t o

e v e n  p e r m i t  th e  r e l a t i o n s  t o  be w r i t t e n .  F o r t u n a t e l y ,  th e

p r e s e n t  c a s e  d o e s  f i t  some o f  t h e s e  a s s u m p t io n s ,  and ,

m o re o v e r ,  t h e  v e r y  s m a l l  p a r t i c l e  s i z e  p e r m i t s  a d d i t i o n a l

s i m p l i f i c a t i o n .  N e v e r t h e l e s s ,  a  r i g o r o u s  t h e o r e t i c a l  o r

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

m o t io n s  c a n n o t  be g i v e n .

E x p e r i m e n t a l  s t u d i e s  o f  t h i s  p ro b le m  h av e  u t i l i z e d  

p a r t i c l e s  o f  much g r e a t e r  d im e n s io n s  t h a n  t h o s e  u se d  i n  th e  

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

e x p e r i m e n t s  w ere  o f  t h e  o r d e r  o f  50 t im e s  th e  d i a m e t e r  o f  t h e  

p r e s e n t  p a r t i c l e s ,  and  i n  m o s t  s t u d i e s  t h e  s i z e  was much 

g r e a t e r  t h a n  t h i s .  F o r  e x a m p le ,  Soo (57 )  u s e d  g l a s s  s p h e r e s  

o f  1 0 0 -2 0 0  m ic r o n s  d i a m e t e r .  Kada and  H a n r a t t y  (2 4 )  u s e d  

g l a s s  and  c o p p e r  s p h e r e s  o f  0 .0 0 3 9  and  .0 0 7 9  i n c h e s  d i a m e t e r  

r e s p e c t i v e l y .

S in c e  b o th  e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  show 

t h e  im p o r ta n c e  o f  th e  p a r t i c l e  s i z e  on  t h e  f l u i d - p a r t i c l e  

i n t e r a c t i o n s ,  e x t r a p o l a t i o n  o f  e x p e r i m e n t a l  r e s u l t s  f o r  l a r g e  

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

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

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

I n  th e  p r e s e n t  s t u d y ,  no s u c h  e f f e c t  o c c u r s  b e c a u s e  t h e  p a r t i 

c l e s ,  w h i l e  d e n s e r  t h a n  t h e  f l u i d ,  do n o t  s e t t l e .  P a r t i c l e s  

o f  d im e n s io n s  o f  t h e  same o r d e r  o f  m a g n i tu d e  a s  th e  s c a l e  o f  

t u r b u l e n c e  w ould  e x t e n d  o v e r  a  l a r g e  e n o u g h  d i s t a n c e  so  t h a t  

t h e y  c o u ld  be i n f l u e n c e d  b y  t h e  d i f f e r e n t  v e l o c i t y  f l u c t u a 

t i o n s  w h ic h  c o u ld  e x i s t  o v e r  t h i s  d i s t a n c e .  V ery s m a l l  

p a r t i c l e s  w h ich  a r e  much s m a l l e r  t h a n  t h e  s c a l e  o f  t u r b u l e n c e  

w ould  be i n f l u e n c e d  by  o n l y  t h e  v e l o c i t y  f l u c t u a t i o n s  o v e r  

t h e  d i s t a n c e  e q u a l  t o  t h e i r  d im e n s io n s ,  an d  t h u s  w ould  m o st  

l i k e l y  be a f f e c t e d  by  a  s i n g l e  f l u c t u a t i o n  a t  a n y  one t im e .

I n  th e  w a l l  r e g i o n ,  t h e  f l u i d  h a s  z e r o  v e l o c i t y  a t  t h e  w a l l ,  

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

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

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

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

f o r c e s  o f  t h e  f l u i d  o v e r  t h a t  d i s t a n c e .  O b v io u s ly ,  t h e  

s m a l l e r  t h e  p a r t i c l e  d i a m e t e r ,  t h e  more n e a r l y  i t  w i l l  

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

o f  0 .6  o r  e v e n  5*0  m ic r o n s  d i a m e t e r  c a n  o b v i o u s l y  a p p ro a c h  

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

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

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

s p i n  and  s e c o n d a r y  m o t i o n s ,  b u t  t h i s  e f f e c t  i s  much l e s s
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p ro n o u n c e d  f o r  e x t r e m e l y  s m a l l  p a r t i c l e s .  F i n a l l y ,  t h e  

f l u i d  e le m e n ts  a r e  d e fo rm a b le  and  i n  t u r b u l e n t  f lo w  e x p e r i 

e n c e  s t r e t c h i n g  and o t h e r  d e f o r m a t i o n s .  S o l i d  p a r t i c l e s  do 

n o t  d e fo rm  u n d e r  th e  f o r c e s  w h ich  d e fo rm  th e  f l u i d ,  so  l a r g e  

p a r t i c l e s  o f  o r d e r  o f  t h e  d im e n s io n s  o f  th e  f l u i d  e le m e n t  

w i l l  n o t  re m a in  w i th  t h e  e le m e n t  d u r in g  su c h  m o t io n s .

P a r t i c l e s  w hich  a r e  v e r y  much s m a l l e r  t h a n  t h e  e le m e n t s  w i l l .  

T h is  l a c k  o f  s l i p  b e tw ee n  p a r t i c l e  and  f l u i d  e le m e n t  does 

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

s l i p  i s  p r e s e n t .  F o r  a l l  t h e s e  r e a s o n s ,  th e  above c a u t i o n  

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

s e n t  c a s e  was g i v e n .  N e v e r t h e l e s s ,  t h e  t r e n d s  shown by  th e  

e x p e r i m e n t a l  d a t a  c a n  be u t i l i z e d .  Of s p e c i a l  v a lu e  a r e  

th o s e  c o n c e rn e d  w i t h  p a r t i c l e  s i z e  and  c o n c e n t r a t i o n  e f f e c t s .  

I n  a l l  t h e  e x p e r im e n t s ,  t h e  p a r t i c l e s  more n e a r l y  f o l lo w e d  

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

c l e  s i z e  and c o n c e n t r a t i o n  w ere  d e c r e a s e d ,  an d  a s  t h e i r  

d e n s i t y  a p p ro a c h e d  t h a t  o f  t h e  f l u i d .  Kada and  H a n r a t t y  (2 4 )  

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

c o n c e n t r a t i o n s  o f  l e s s  t h a n  1 . 5 $  i n  w a t e r ,  t h e  p r e s e n c e  o f  

t h e  p a r t i c l e s  h a d  l i t t l e  o r  no m e a s u r a b le  e f f e c t  on  th e  

d i f f u s i o n  o f  m ass i n  t u r b u l e n t  f lo w .

H inze  ( 2 0 )̂  i n  i n t r o d u c i n g  t h i s  s u b j e c t  s t a t e d ,

I n  th e  o t h e r  e x t r e m e  c a s e ,  nam ely , when th e  
c o n c e n t r a t i o n  o f  p a r t i c l e s  i s  v e r y  low, we may

^ i n z e  ( 2 0 ) ,  p p .  352- 3 5 3 -
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n e g l e c t  th e  i n t e r f e r e n c e  o f  t h e  p a r t i c l e s  and  r e 
g a r d  e a c h  p a r t i c l e  a s  b e in g  a l o n e  i n  t h e  t u r b u l e n t  
f lo w  f i e l d .  I f  t h e  p a r t i c l e s  a r e  b ig  com pared  
w i t h  t h e  s c a l e  o f  t u r b u l e n c e ,  th e  m a in  e f f e c t  o f  
t h e  t u r b u l e n c e  on  th e  p a r t i c l e  w i l l  be t o  i n c r e a s e  
i t s  f lo w  r e s i s t a n c e ,  and  th e  p a r t i c l e s  w i l l ,  a t  
m o s t ,  more o r  l e s s  f o l l o w  t h e  s lo w  l a r g e - s c a l e  
t u r b u l e n t  m o t io n s  o f  t h e  f l u i d .  I f ,  on t h e  o t h e r  
h a n d ,  t h e  p a r t i c l e s  a r e  v e r y  s m a l l  com pared  w i th  
t h e  s m a l l e s t  s c a l e  o f  t h e  t u r b u l e n c e ,  t h e y  w i l l  
t e n d  to  f o l l o w  a l l  t u r b u l e n c e  com ponen ts  o f  th e  
f l u i d .

The p r e s e n t  c a s e  s a t i s f i e s  both r e s t r i c t i o n s .  The 

p a r t i c l e s  e x i s t  i n  v e r y  low  c o n c e n t r a t i o n s ,  and t h e y  are  v e r y  

s m a l l  compared to  th e  s m a l l e s t  s c a l e  o f  tu r b u le n c e .  For 

exam p le , M ic k e lse n  (3 7 )  m easured a E u le r ia n  m ic r o s c a le  o f  

4500  m icron s  f o r  tu r b u le n t  f lo w  o f  a i r  i n  an e i g h t  in c h  p ip e .  

From L e e ’ s (32 )  d a ta ,  m easurem ents i n  w a te r  a t  Np̂ e = 4 1 ,0 0 0  

y i e l d  a m i c r o s c a le ,  ^ g ,  o f  0 .2 3 4  cm. N e i th e r  o f  t h e s e  were  

m easured in  th e  w a l l  r e g io n ,  but e v en  though th e  s c a l e  o f  

tu r b u le n c e  i s  known t o  d e c r e a s e  as  th e  w a l l  i s  ap p roached ,

I t  d o e s  n o t  d e c r e a s e  t o  t h e  p o i n t  w here  i t  h a s  a  s c a l e  o f

0 . 6  o r  e v e n  5*0  m i c r o n s .  The lo w e r  l i m i t  t o  th e  s c a l e  o f  

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

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

t h e  s c a l e  o f  t u r b u l e n c e  d e c r e a s e s .  A g r e a t  am ount o f  

e x t r e m e l y  s m a l l  s c a l e  t u r b u l e n c e  w ou ld  d i s s i p a t e  t h e  t u r 

b u le n c e  e n e r g y  a t  s u c h  a  h i g h  r a t e  t h a t  t u r b u l e n c e  c o u ld  n o t  

be m a i n t a i n e d  by  t h e  c o n v e r s i o n  o f  mean f lo w  e n e r g y  w h ic h  I s  

i t s  s o u r c e .  T hus, t u r b u l e n c e  o f  a n  e x t r e m e l y  s m a l l  s c a l e  

c a n n o t  be  p r e s e n t  i n  a n y  s i g n i f i c a n t  a m o u n t .  S in c e  t h e
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p a r t i c l e s  u s e d  i n  t h e  p r e s e n t  s t u d y  a r e  much s m a l l e r  t h a n  

t h e  lo w e r  l i m i t  o f  th e  s c a l e  o f  t u r b u l e n c e ,  t h e y  n o t  o n ly  

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

t h a t  t h e y  a r e  n o t  m a sk in g  f i n e - s c a l e  m o t io n s  b e c a u s e  o f  t h e i r  

s i z e .

As a  p r e l u d e  t o  a  m ore r e a l i s t i c  an d  c o r r e c t  t r e a t 

m e n t ,  a  s im p le  c a l c u l a t i o n  may be made t o  d e t e r m i n e  i f  i t  i s  

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

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

e le m e n t  i n i t i a l l y  a t  r e s t  w h ic h  s u d d e n ly  u n d e rg o e s  a n  

a c c e l e r a t i o n  a j .  B e ca u se  o f  th e  im p u l s i v e  s t a r t  o f  t h e  

m o t io n ,  t h i s  i s  a n  e x tre m e  c a s e .  The p a r t i c l e  w i t h i n  t h i s  

e le m e n t  w i l l  be a c c e l e r a t e d  a c c o r d i n g  t o  t h e  f o r c e s  e x e r t e d  

u p on  i t ,  and  c o n c e i v a b l y  c o u ld  h a v e  an  a c c e l e r a t i o n  a p q u i t e  

d i f f e r e n t  f ro m  t h a t  o f  t h e  f l u i d .  Bor s i m p l i c i t y  t h e  o n ly  

f o r c e  assu m ed  t o  a c t  i s  t h a t  d e s c r i b e d  b y  S to k e * s  law ,

Fp = 3pd  ( u f - U p ) . As t h e  a n a l y s i s  i n  A p p en d ix  I  sho w s, 

o t h e r  f o r c e s  a r e  a c t i n g ,  some i n  a  n e g a ' t iv e  d i r e c t i o n  t o  t h e  

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

f e r e n c e s  and  a r e  n e g l e c t e d  f o r  t h i s  s im p le  c a s e .  Prom t h i s  

m od e l and  th e  a s s u m p t io n  t h a t  t h e  f l u i d  e le m e n t  a c c e l e r a t e s  

f ro m  z e r o  v e l o c i t y  t o  Uf i n  t im e  t ,  t h e  r e l a t i o n

i s  o b t a i n e d .  C l e a r l y ,  i f  (d 2 p p / l8 n , t )< g :  1 ,  t h e n  u^ = up . 

F o r  a n  e x t r e m e  c a s e  t a k e  u^ = 0 .5  f t . / s e c . ,  d  = 5 m ic r o n s
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i n s t e a d  o f  0 .6  m ic r o n s ,  and  t  e q u a l  t o  t h e  t im e  o f  a  s i n g l e  

m o t io n  p i c t u r e  f r a m e ,  i . e . ,  1 .2 5  x  10“3 s e c . ,  t h e  r e l a t i o n  

becom es

U f  =  U p  ( . 0 0 7 6  +  1 ) .

F o r  t h i s  s im p le  a n a l y s i s  o f  a  v e r y  e x t r e m e  c a s e  t h e  d i f f e r 

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

I n  a  f a r  m ore r e a l i s t i c  t r e a t m e n t  o f  t h i s  q u e s t i o n ,  

H ln z e  (20) p r e s e n t s  a  m o d i f i c a t i o n  o f  T c h e n 's  (6 2 )  t h e o r e t i c a l  

t r e a t m e n t  o f  th e  m o t io n  o f  a  s m a l l  p a r t i c l e  su s p e n d e d  i n  a  

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

t i v e  l i s t  o f  c o n d i t i o n s  an d  a s s u m p t io n s ,  and  t h e  d e v e lo p m e n t  

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

on  t h e  p a r t i c l e .  T hese  a r e  p r e s e n t e d  i n  A p pend ix  I  a lo n g  

w i t h  an  o u t l i n e  o f  t h e  d e v e lo p m e n t .  The r e l a t i o n  w h ich  i s  

p e r t i n e n t  t o  th e  q u e s t i o n  a t  h and  i s

 £• a  f f L  + b2   g

U1P = a  ra  ♦  1 U l f

w h e re

u^p = L a g r a n g ia n  t u r b u l e n t  v e l o c i t y  o f  p a r t i c l e  

Uj_f = L a g r a n g ia n  t u r b u l e n t  v e l o c i t y  o f  f l u i d  

= L a g r a n g ia n  I n t e g r a l  t im e  s c a l e  f o r  f l u i d

( t h i s  t e r m  i s  u s u a l l y  c o n s i d e r e d  a  m e a su re  o f  

t h e  l o n g e s t  t im e  d u r i n g  w h ic h ,  on  t h e  a v e ra g e ,  

a  p a r t i c l e  p e r s i s t s  i n  m o t io n  i n  a  g i v e n  

d i r e c t i o n ) .
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a  = -----------    = 9*24 x  104 ( f o r  t h e  p r e s e n t  c a s e )
(2pp + pf )a2

3 p f
b _ ------------------- = 0 .5 0 2  ( f o r  t h e  p r e s e n t  c a s e )

2PP + Pf
w here

[L = f l u i d  v i s c o s i t y

p = p a r t i c l e  d e n s i t yJr
pf  = f l u i d  d e n s i t y  

d = p a r t i c l e  d i a m e t e r  

The e f f e c t  o f  th e  e x t r e m e l y  s m a l l  p a r t i c l e  d i a m e t e r  i s  a p p a r 

e n t .  F o r  a l l  i n t e n t s  and  p u r p o s e s ,  = u.j^.2, i . e . ,  t h e

p a r t i c l e  m o t io n s  e q u a l  t h e  f l u i d  m o t i o n s .  However, i t  m ust 

be r e c a l l e d  t h a t  a  number o f  a s s u m p t io n s  a r e  i n c l u d e d  i n  t h e  

d e v e lo p e d  r e l a t i o n ,  so  t h e  t r e a t m e n t  i s  n o t  r i g o r o u s .  The 

d e g r e e  t o  w h ic h  t h e  p r e s e n t  c a s e  a p p r o a c h e s  t h e  assum ed  s i t u 

a t i o n  i s  d i s c u s s e d  i n  t h e  A p p e n d ix .

T here  h a v e  b e e n  o t h e r  t h e o r e t i c a l  d e v e lo p m e n ts ,  

n o t a b l y  one b y  F r i e d l a n d e r  ( 1 2 ) .  I n  t h i s  one t o o  t h e  e f f e c t  

o f  t h e  s m a l l  p a r t i c l e  s i z e  i s  o v e rw h e lm in g  so  t h a t  t h e  

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

d e n s i t y  d i f f e r e n c e s .

T hese  t h e o r e t i c a l  r e l a t i o n s  h av e  n o t  i n c l u d e d  t h e  

e f f e c t  o f  t h e  p r e s e n c e  o f  a  s o l i d  b o u n d a ry  on th e  p a r t i c l e  

f l u i d  m o t i o n s .  Soo and  T ie n  (5 8 )  t r e a t e d  t h i s  p ro b le m  

t h e o r e t i c a l l y  f o r  a  s i m p l i f i e d  f l o w  s y s te m .  T hey c o n s i d e r e d
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t h e  e f f e c t  o f  a n  i n f i n i t e  w a l l  on  a  s i n g l e ,  s p h e r i c a l  p a r t i c l e  

s u s p e n d e d  i n  a  s e m i - i n f i n i t e  t u r b u l e n t  f l u i d .  The p a r t i c l e  

d i a m e t e r  was assum ed  t o  be s m a l l e r  t h a n  t h e  m i c r o s c a l e  o f  th e  

t u r b u l e n c e .  L o c a l  i s o t r o p y  and  f u l l y  d e v e lo p e d  f lo w  w ere  

a l s o  assu m ed  t o  e x i s t .  The p e r t i n e n t  r e l a t i o n  p ro d u c e d  was

u.

yr r 2<r, , ii i/k2
erf° $K

1/22
w here  UP = i n t e n s i t y  o f  p a r t i c l e  v e l o c i t y  f l u c t u a t i o n  

1/2
u ^2 = i n t e n s i t y  o f  f l u i d  v e l o c i t y  f l u c t u a t i o n

G  = a  r e d u c e d  volume

yQ = d i s t a n c e  p a r t i c l e  i s  f ro m  w a l l

( uf2)
= L a g r a n g ia n  t im e  m i c r o s c a l e  o f  t u r b u l e n c e

b - — a t
2 a 2 (pp + p /2 )  

a  = p a r t i c l e  r a d i u s

T h ey  p r e s e n t  a  p l o t  o f  ^  L -  v e r s u s  K w i t h  a s  a
Vo*

u f

p a r a m e t e r  o f  d i s t a n c e  f ro m  t h e  w a l l .  11118 p l o t  shows t h a t



 2
f o r  v a l u e s  o f  K <  0 . 2 ,  t h e  v a lu e  o f  uf  -  u p I s  z e r o ,

43

u f

i . e . ,  a t  K = 0 . 3  t h e  r a t i o  i s  l e s s  t h a n  0 .0 3 .  F o r  t h e  

p r e s e n t  s t u d y ,  K may b e  e v a l u a t e d  a s  f o l lo w s  u s i n g  L e e ' s  

m e a su re m e n ts  a t  N^e = 4 1 ,0 0 0  i n  w a t e r  f o r  uf 2 and  t e r m s .  

F o r  t h i s  c a l c u l a t i o n  "a"  i s  t a k e n  a s  2 . 5  m ic r o n s .

_  1 /2
Uf2 = 2 .3 3  c m /se c

g = 0 .2 3 4  cm .;  /^T -  2 .4 6  s e c .

b = = 1 3 .9 x 1 0 3
2 ( 6 . 25x 10 - 8 ) ( 3 .6  -

K = / ----- — —  = I . 36XIO- 4
( 2 . 4 6 ) ( 1 3 • 9 x 1 0 3 )

K i s  c l e a r l y  l e s s  t h a n  0 . 2 ,  w h ich  a g a i n  e m p h a s iz e s  t h e  s t r o n g  

e f f e c t  o f  p a r t i c l e  d i a m e t e r .

L a t e r  i n  t h e  same a r t i c l e  t h e  a u t h o r s  show t h e  e f f e c t  

o f  t h e  w a l l  on  p a r t i c l e s  o f  100 m ic r o n s  d i a m e t e r .  Due t o  t h e  

s t e e p  v e l o c i t y  g r a d i e n t  an d  th e  r e s u l t i n g  p a r t i c l e  r o t a t i o n ,  

a  m agnus e f f e c t  becom es i m p o r t a n t .  Why t h i s  i s  p r o b a b l y  n o t  

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

b e e n  d i s c u s s e d .  I n  a d d i t i o n ,  i t  c a n  be s a i d  t h a t  s u c h  an

e f f e c t  o r  t h e  r e s u l t s  f rom  i t  w ere  n o t  o b s e r v e d  i n  t h e  

m o t io n  p i c t u r e .

A l l  o f  t h e  p r e c e d i n g  a rg u m e n ts  w e re  made t o  show t h a t  

t h e  f i n e  p a r t i c l e s  u s e d  i n  t h i s  s t u d y  a d e q u a t e l y  f o l l o w  t h e
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f l u i d  m o t io n  so  t h a t  t h e i r  m o t io n s  i n  t u r b u l e n t  f lo w  may be 

assum ed  t o  be t h e  same a s  th e  t u r b u l e n t  f l u i d  m o t i o n s .

W h ile  t h e  a rg u m e n ts  w ere  n o t  r i g o r o u s ,  t h e  e v id e n c e  s t r o n g l y  

s u p p o r t s  t h i s  c o n t e n t i o n .  M o re o v e r ,  no i n v a l i d a t i o n  o f  t h e  

a s s u m p t io n  was fo u n d  e i t h e r  i n  t h e  t h e o r e t i c a l  o r  t h e  e x p e r i 

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

o n  t h i s  s u b j e c t  a g r e e s  w i t h  H i n z e ' s  s t a t e m e n t  t h a t  i f  t h e  

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

t u r b u l e n t  f l u i d  m o t i o n s .

The q u e s t i o n  a s  t o  w h e th e r  th e  t r i c h l o r o e t h y l e n e  w e ts  

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

i f  i t  d o e s  n o t  i s  now c o n s i d e r e d .  A l th o u g h  no m easu rem en t 

o f  th e  c o n t a c t  a n g le  o f  t h e  a i r - m a g n e s iu m  o x i d e - t r i c h l o r o 

e t h y l e n e  s y s te m  was a v a i l a b l e ,  e x a m in a t io n  o f  t h e  v a l u e s  f o r  

s i m i l a r  s y s te m s  and  f o r  f l u i d s  o f  s i m i l a r  s u r f a c e  t e n s i o n  

i n d i c a t e  t h a t  t h e  s o l i d  i s  w e t  by  th e  l i q u i d .  A c tu a l  e x p e r i -  . 

e n c e  w i t h  t h e  m a t e r i a l s  i n d i c a t e d  t h a t  t h i s  a s s u m p t io n  was 

j u s t i f i e d .  I n  a d d i t i o n ,  t h e  s u s p e n s i o n  was p r e p a r e d  f a r  i n  

a d v a n c e  o f  t h e  t im e  o f  u s e ,  and  i t  e x p e r i e n c e d  c o n t i n u a l  

a g i t a t i o n  o v e r  t h i s  p e r i o d  o f  t i m e .  B o th  f a c t o r s  w ou ld  t e n d  

t o  overcom e a n y  r e s i s t a n c e  t o  w e t t i n g .  U i e r e f o r e ,  t h e r e  i s  

no  r e a s o n  t o  b e l i e v e  t h a t  t h e  s o l i d  s u r f a c e  was n o t  w e t  by 

t h e  f l u i d .  D e s p i t e  t h i s  c o n c l u s i o n ,  i t  m ig h t  be o f  v a lu e  t o  

c o n s i d e r  th e  e f f e c t s  on  t h e  p a r t i c l e  m o t io n s  w h ic h  m ig h t  

o c c u r  i f  i t  w ere  n o t  w e t .  F i r s t ,  v e r y  l a r g e  a i r  b u b b le s



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

w i t h i n  t h e  f lo w  w ould  q u i c k l y  s h e a r  them  o f f .  T hus, o n l y  a  

t h i n  f i l m  o f  a i r  c a n  s u r r o u n d  th e  p a r t i c l e .  T h is  a i r - s o l i d  

p a r t i c l e  w ould  n o t  be much l a r g e r  t h a n  t h e  s o l i d  p a r t i c l e ,  

and  w o u ld  h av e  a  d e n s i t y  m ore n e a r l y  e q u a l  t o  t h a t  o f  th e  

f l u i d .  The a i r  f i l m  w ou ld  n e c e s s a r i l y  be t i g h t l y  bound to  

th e  s o l i d  s u r f a c e ,  an d  s l i p  b e tw e e n  th e  f i l m  and  t h e  

p a r t i c l e  w ould  be n i l .  Hie f o r c e s  d u e  t o  t h e  f l u c t u a t i o n s  

o f  t h e  a m b ie n t  f l u i d  w ould  a c t  on t h e  a i r - s o l i d  p a r t i c l e  i n  

t h e  same f a s h i o n  a s  f o r  th e  s o l i d  p a r t i c l e ,  and  i t  h a s  

a l r e a d y  b e e n  d e m o n s t r a t e d  t h a t  t h e  r e l a t i v e  v e l o c i t y  b e tw e e n  

th e  s o l i d  p a r t i c l e  an d  t h e  f l u i d  e le m e n t  i s  v e r y  s m a l l .

Thus one  c a n n o t  e x p e c t  t h e  r e s u l t i n g  s h e a r  t o  rem ove th e  

a i r  f i l m  i n  a  s t e a d y  s t a t e  c a s e .  I t  i s  q u i t e  r e a s o n a b l e ,  

t h e r e f o r e ,  t o  e x p e c t  t h a t  t h e  p r e s e n c e  o f  a n  a i r  f i l m  on t h e  

p a r t i c l e  w i l l  n o t  a f f e c t  i t s  m o t io n  t o  a n y  a p p r e c i a b l e  e x 

t e n t .  Of c o u r s e ,  s u c h  a  f i l m  w ou ld  h av e  g r e a t  e f f e c t s  f o r  

he& t a n d  m ass t r a n s f e r  t o  t h e  s o l i d ,  b u t  t h i s  i s  o f  no 

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

P h o t o - o p t i c a l  s y s te m

T h is  s e c t i o n  d e s c r i b e s  a l l  t h e  e q u ip m e n t  and  p r o 

c e d u r e s  u se d  t o  o b t a i n  th e  p h o to g r a p h s  o f  t h e  f l o w .  I t  a l s o  

d i s c u s s e s  th e  d i f f e r e n t  c a m e ra  v i e w p o in t s  and  t h e  a d v a n ta g e s  

o f  e a c h .



C am era. As was d i s c u s s e d  i n  t h e  i n t r o d u c t i o n ,  t h e  

v e r y  n a t u r e  o f  t u r b u l e n t  f lo w ,  i . e . ,  random , r a p i d  m o t io n s ,  

r e q u i r e s  t h a t  some means o t h e r  t h a n  v i s u a l  e x a m in a t io n  be 

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

Not o n ly  i s  a  p e rm a n e n t  r e c o r d  o f  t h e s e  m o tio n s  r e q u i r e d  f o r  

c o m p a r is o n  when f lo w  c o n d i t i o n s  a r e  c h an g e d , b u t  some means 

m u s t  be p r o v id e d  t o  d i s p l a y  t h e  r a p i d  m o tio n s  a t  a  r e d u c e d  

s p e e d .  The h ig h  sp e e d  m o t io n  p i c t u r e  cam era  i s  i d e a l  f o r  

t h e s e  p u r p o s e s .  I t  p r o v i d e s  th e  means o f  s lo w in g  th e  m o tio n s  

t o  a n  i n t e l l i g i b l e  l e v e l  a n d ,  e q u a l l y  i m p o r t a n t ,  p r o v id e s  a  

p e rm a n e n t  r e c o r d  f o r  c o m p a r is o n .  F o r  th e  s t u d y  o f  t u r b u l e n t  

f lo w ,  i t  h a s  a  g r e a t  a d v a n ta g e  o v e r  h i g h  sp e e d  s t i l l  p h o to g 

r a p h y  b e c a u s e  i t  p r o v i d e s  a n  o r d e r e d  p r o g r e s s i o n  o f  t im e  and  

a  c o n t i n u i t y  o f  m o t io n .  One c an  w a tc h  t im e  d e p e n d e n t  

s e q u e n c e s  d e v e l o p .  I n  s t i l l  p h o to g ra p h y  one i s  f o r c e d  i n t o  

a  p o s i t i o n  o f  random  s a m p l in g .  The t a s k  o f  t a k i n g  a  l a r g e  

eno u g h  q u a n t i t y  o f  s i n g l e  p h o to g r a p h s  t o  d e p i c t  a  t im e  

d e p e n d e n t  s e q u e n c e  o f  e v e n t s ,  and  t h e n  i n t e r p r e t i n g  t h i s  

s a m p l in g  w i t h o u t  h a v in g  know ledge b e fo re h a n d  o f  th e  e v e n t s  

o r  o r d e r  o f  o c c u r r e n c e  i s  a n  a lm o s t  i n s u r m o u n ta b le  o n e .  The 

c am era  u se d  i n  t h i s  s t u d y  was a  16 mm F a s t a x  WF3 h i g h - s p e e d  

m o t io n  p i c t u r e  cam era  w i th  a  f i l m  c a p a c i t y  o f  100 f e e t  

(4000  f r a m e s ) .  I t  h a s  a  r a t e d  f r a m in g  sp e e d  o f  f ro m  150 t o  

8000 f r a m e s / s e c . ,  b u t  was o p e r a t e d  i n  t h i s  s t u d y  a t  b e tw ee n  

650  and  1000 f r a m e s / s e c .  d e p e n d in g  on c o n d i t i o n s .  T h is  l i m i 

t a t i o n  was s e t  f o r  two r e a s o n s .  F i r s t  t h e  am ount o f  l i g h t
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a v a i l a b l e  t o  e x p o se  t h e  f i l m  was l i m i t e d  e v e n  th o u g h  an  

e x t r e m e l y  p o w e r f u l  s o u r c e  was u s e d ,  i h i s  i s  b e c a u s e  much o f  

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

t r a n s m i t t e d  t o  th e  c a m e ra  by  t h e  p a r t i c l e s  ( r e c a l l  t h a t  t h e  

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

l i g h t  i n p u t ) . I t  was p o s s i b l e  t o  o b t a i n  e x p o s u r e s  a s  h i g h  

a s  2000 f r a m e s / s e c o n d ,  b u t  o n l y  a t  t h e  c o s t  o f  a  c o n s i d e r a b l e  

r e d u c t i o n  i n  q u a l i t y  o f  th e  im ag es  and  c o n t e n t .  The s e c o n d  

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

t im e  r e c o r d e d  on th e  100 f e e t  o f  f i l m  becom es d r a s t i c a l l y  

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

s e q u e n t i a l  ty p e  o c c u r r e n c e  b e in g  m i s s e d .  F o r  e x a m p le ,  a t  

1000 f r a m e s / s e c .  t h e  e n t i r e  100 f e e t  o f  f i l m  w i l l  be  e x p o s e d  

i n  a p p r o x i m a t e l y  4 s e c o n d s ,  and  a t  2000 f r a m e s / s e c .  th e  t im e  

i s  2 s e c o n d s .  F o r  t h e s e  r e a s o n s ,  i t  was d e c i d e d  t h a t  t h e  

b e s t  c o u r s e  o f  a c t i o n  w ou ld  be  t o  u s e  th e  s p e e d s  o f  650 t o  

1000 f r a m e s / s e c o n d .  A t t h e s e  s p e e d s ,  t h e  s h u t t e r  s p e e d s  a r e  

5 .1  x  10 ” ^ an d  3 .3  x  10“ ^ s e c o n d s  r e s p e c t i v e l y .

The h i g h - s p e e d  m o t io n  p i c t u r e s  r e c o r d  a  m o t io n  w h ic h  

o c c u r s  v e r y  r a p i d l y  i n  r e a l  t im e  an d  p e r m i t  t h e  o b s e r v e r  t o  

v iew  t h a t  m o t io n  i n  a  g r e a t l y  e x te n d e d  t im e  i n t e r v a l .  F o r  

e x a m p le ,  a t  % e = 5 0 0 0 0 th e  l o c a l  m ean a x i a l  v e l o c i t y  a t  

y+ = 25 i s  0 .8 2  f t . / s e c .  U nder t h e  c o n d i t i o n s  o f  t h e s e  

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

l e n g t h  o f  0 .0 9 5  i n c h e s .  A p a r t i c l e  o f  f l u i d  w ould  t r a v e r s e  

t h i s  f i e l d  i n  0 .0 0 9 7  s e c o n d s  w h ic h  i s  t o o  f a s t  f o r  t h e



u n a id e d  e y e  t o  f o l l o w  much l e s s  d i s c e r n  a n y  f l u c t u a t i n g  

m o t io n .  A t 800 f r a m e s / s e c .  t h i s  p a r t i c l e  w ou ld  a p p e a r  i n  

a p p r o x i m a t e l y  7 f r a m e s  o f  f i l m  an d  t r a v e l  0 .0 9 5  i n c h e s .  I f  

now th e  f i l m  i s  p r o j e c t e d  f o r  v ie w in g  a t  7 f r a m e s / s e c o n d ,  

t h i s  same m o t io n  h a s  b e e n  e x te n d e d  o v e r  a  p e r i o d  o f  one 

s e c o n d ,  a n  a d v a n ta g e  o f  100/ 1 . T h is  a d v a n ta g e  n o t  o n l y  

p e r m i t s  more d e t a i l e d  o b s e r v a t i o n s ,  b u t  p e r m i t s  more a c c u r a t e  

m e a su re m e n ts  a s  w e l l .  An a d d i t i o n a l  im p ro v em en t i s  o b t a i n e d  

b y  m oving th e  c am era  w i t h  t h e  a x i a l  f lo w  a s  w i l l  be e x p l a i n e d  

l a t e r .  S in c e  t h i s  g r e a t l y  e n h a n c e s  t h e  c a p a b i l i t i e s  o f  t h e  

s y s te m ,  f u r t h e r  d i s c u s s i o n  w i l l  be d e f e r r e d  u n t i l  t h e n .

The cam era  h a s  a  t im i n g  l i g h t  w h ic h  a u t o m a t i c a l l y  

I m p r i n t s  i n  t h e  f i l m  m a r g in  t i m i n g  m ark s  a t  t h e  r a t e  o f  120 

m a r k s / s e c o n d .  T hese  m arks  p e r m i t  t h e  c a l c u l a t i o n  o f  f r a m in g  

r a t e ,  b u t  more i m p o r t a n t  t h e y  p e r m i t  a n  a c c u r a t e  c a l c u l a t i o n  

o f  t h e  r e a l  t im e  w h ic h  h a s  e l a p s e d  f o r  a  p a r t i c u l a r  o c c u r 

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

T h i s  was u s e d  e x t e n s i v e l y  t o  m e a s u re  v e l o c i t i e s  and  t h e  d u r a 

t i o n  o f  e v e n t s ,  and  th e  p r o c e d u r e  w i l l  be d i s c u s s e d  i n  t h e  

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

F i l m . The c o m b in a t io n  o f  h i g h  s p e e d  p h o to g r a p h y  and 

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

m e n ts  on th e  ty p e  o f  f i l m  t o  be u s e d .  I t  was fo u n d  t h a t  

Kodak #2475  R e c o r d in g  f i l m  ( f o r m e r l y  R o y a l-X  P a n ) ,  w h ic h  i s  

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

c o n d i t i o n s  o f  t h i s  s t u d y ,  and was u s e d  e x c l u s i v e l y  f o r



p a r t i c l e  f i l m s .  T h is  f i l m ,  a f t e r  d e v e lo p m e n t ,  p ro d u c e d  a  

b l a c k  and w h i t e  n e g a t i v e  p r i n t  w h e r e in  th e  p a r t i c l e s  a p p e a re d  

a s  d a r k  s p o t s  on a  l i g h t  b a c k g ro u n d .  T h is  n e g a t i v e  p r i n t  was 

u se d  i n  a l l  s u b s e q u e n t  a n a l y s e s .  The e n l a r g e d  p h o to g ra p h s  

shown i n  F i g u r e s  2 3 , 24 , and  26 w ere  made f ro m  t h e s e  n e g a 

t i v e s  and a p p e a r  a s  p o s i t i v e  p r i n t s .  I t  s h o u ld  be n o te d  

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

l o s t  d u r i n g  e n la r g e m e n t  and  p r i n t i n g ,  and  t h e  p o s i t i v e s  a r e  

u se d  h e re  s o l e l y  f o r  i l l u s t r a t i v e  p u r p o s e s .  A l l  a n a l y s e s  

w ere  made on th e  n e g a t i v e  m o t io n  p i c t u r e s  b e c a u s e  t h e i r  

q u a l i t y  and c o n t e n t ,  ev en  when e n l a r g e d  100 t im e s  i n  p r o j e c 

t i o n ,  w ere  s u p e r i o r  t o  t h e  p o s i t i v e  p r i n t s .

L i g h t i n g . D a rk  f i e l d  i l l u m i n a t i o n  s u c h  a s  was u se d  

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

a t  a p p r o x i m a t e ly  r i g h t  a n g le s  t o  th e  d i r e c t i o n  o f  v ie w . Thus 

th e  l i g h t  e v e n t u a l l y  r e a c h i n g  th e  cam era  m ust f i r s t  be 

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

t h e  f l u i d .  As th e  c o n c e n t r a t i o n  o f  t h e s e  p a r t i c l e s  was 

r e l a t i v e l y  d i l u t e ,  o n ly  a  v e r y  s m a l l  f r a c t i o n  o f  t h e  t o t a l  

l i g h t  i n p u t  e v e n t u a l l y  r e a c h e d  th e  c a m e ra .  M ost p a s s e d  

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

o f  t h e  p a r t i c l e s  i s  d e p e n d e n t  upon  t h e  b r i g h t n e s s  o f  th e  

l i g h t  s o u r c e ,  and n o t  th e  t o t a l  i l l u m i n a t i o n .  A ls o ,  a  law 

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

i n t r i n s i c  b r i g h t n e s s  t h e  b r i g h t n e s s  o f  any  im age fo rm ed  from  

t h e  s o u r c e  by  w h a te v e r  means c a n n o t  e x c e e d  t h e  i n t r i n s i c



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

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

n e s s  ( S e a r s ,  5 4 ) •  A p p l ie d  t o  t h e  p a r t i c u l a r  c a s e  a t  h a n d ,  

t h i s  m eans t h a t  t h e  b r i g h t n e s s  o f  t h e  p a r t i c l e s  c a n n o t  be 

i n c r e a s e d  by  lam ps o f  h i g h e r  w a t t a g e  o r  b y  f o c u s i n g  i n t o  t h e  

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

b r i g h t n e s s  o f  t h e  s o u r c e  i s  i n c r e a s e d .  One may, o f  c o u r s e ,  

i l l u m i n a t e  a  l a r g e r  a r e a  and  t h e r e f o r e  s e e  more p a r t i c l e s ,  

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

s o u r c e .  The f i e l d  o f  v iew  i n  t h e  p r e s e n t  c a s e  was q u i t e  

s m a l l  so  a  s o u r c e  o f  l a r g e  d im e n s io n s  was n o t  n e e d e d .  Hie 

lam p s e l e c t e d  was an  Osram HB0-109 s u p e r  p r e s s u r e  m e rc u ry  

a r c  lam p. I t  h a s  a  v e r y  s m a l l  a r c  ( 0 . 3  x  0 . 3  mm) s u i t a b l e  

f o r  th e  p r e s e n t  p u r p o s e s ,  and  t h e  h i g h e s t  i n t r i n s i c  b r i g h t 

n e s s  o f  a n y  c o m p a ra b le  l i g h t  s o u r c e ,  1 4 0 ,0 0 0  c a n d l e s / s q .  cm. 

T h is  lamp was o p e r a t e d  b y  a  D .C . pow er s u p p l y  a t  100 w a t t s .

The power s u p p l y  was e q u ip p e d  w i t h  a  "low r i p p l e "  a t t a c h m e n t  

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

f l u c t u a t i o n s  i n  t h e  l i n e  v o l t a g e  t o  t h e  pow er s u p p l y .  Hie 

lam p b ody  was q u a r t z .

H ie  lamp was e n c l o s e d  i n  a  m e t a l  h o u s i n g  w i t h  a n  

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

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

f i x e d  p o s i t i o n  t o  g iv e  a n  optimum im age o f  t h e  a r c .  F o c u s in g  

o f  th e  im age  i n  t h e  f i e l d  o f  v iew  was a c c o m p l i s h e d  b y  m ovem ent 

o f  t h e  e n t i r e  h o u s in g  a lo n g  m e t a l  g u i d e s .  A d ju s tm e n t  i n



t h r e e  d i r e c t i o n s  was p o s s i b l e .  A d j u s t a b l e  s l i t s  were f a s 

t e n e d  t o  th e  h o u s in g  t o  p r o v id e  a  n a rro w  l i n e  o f  i l l u m i n a t i o n  

i n  t h e  f i e l d  o f  v iew , and  i n c r e a s e  th e  c o n t r a s t  b e tw e e n  th e  

i l l u m i n a t e d  and d a r k  f i e l d .  The beam w as , h o w ev er ,  w id e r  

t h a n  th e  d e p th  o f  f i e l d  o f  th e  o p t i c a l  sy s te m ,  so  th e  l a t t e r  

d e te r m in e d  th e  d e p th  o f  v iew  and n o t  t h e  l i g h t  beam. A 

p h o to g rap h  o f  t h e  lam p, h o u s in g  a n d  s u p p o r t s  a p p e a r s  i n  

F i g u r e  1 0 . The lamp a l s o  a p p e a r s  i n  t h e  p h o to g r a p h s  o f  th e  

m echan ism  u se d  t o  move t h e  p h o t o - o p t i c a l  s y s te m  w i th  th e  

f lo w  a s  i s  d e s c r i b e d .  Those a r e  F i g u r e s  4 and  5 .

O p t i c a l  a r r a n g e m e n t s . The o v e r - a l l  o p t i c a l  sy s te m  i s  

d e p i c t e d  i n  F i g u r e  2 ,  and  i n  t h e  p h o to g ra p h s  o f  F i g u r e s  4 

an d  5• I n  a d d i t i o n  t o  t h e  lamp a l r e a d y  d e s c r i b e d ,  t h e r e  a r e  

two o t h e r  i m p o r t a n t  p a r t s .  F i r s t  t h e r e  i s  th e  v ie w in g  c e l l  

m e n t io n e d  e a r l i e r .  T h is  i s  a  c e l l  op en  a t  t h e  t o p  w h ich  

c o m p l e t e ly  e n c l o s e s  th e  g l a s s  t e s t  s e c t i o n .  I t  i s  shown i n  

F i g u r e s  4 and  5 .  The b a s e  and  one  v e r t i c a l  s i d e  a r e  th e  

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

num ber o f  a d ju s tm e n t  s c re w s  a r e  l o c a t e d .  TSiese a r e  u s e d  i n  

th e  a l i g n m e n t  o f  t h e  t e s t  s e c t i o n  w i t h  t h e  l i n e  o f  t r a v e l  o f  

t h e  c am era ,  and  w i l l  be d i s c u s s e d  when t h i s  m a t t e r  i s  

d e s c r i b e d  i n  a  l a t e r  s e c t i o n .  The e n d s  o f  th e  c e l l  a r e  s e a l e d  

t o  t h e  p i p e .  The f r o n t ,  o r  f a c e  o f  t h e  c e l l  to w a rd  t h e  l i g h t  

s o u r c e ,  i s  1 /4 "  p l a t e  g l a s s  and  r u n s  t h e  e n t i r e  l e n g t h  o f  th e  

p i p e ,  a s  d o e s  t h e  c e l l .  T h is  w a t e r t i g h t  c e l l  c a n  be f i l l e d
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w i t h  p u re  t r i c h l o r o e t h y l e n e  so  t h a t  t h e  e n t i r e  t e s t  s e c t i o n  

i s  subm erged  i n  t h e  f l u i d .  S in c e  t h i s  f l u i d  h a s  e s s e n t i a l l y  

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

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

l i g h t  due  t o  t h e  c u r v e d  p ip e  w a l l s  i s  m in im iz e d ,  a n d  t h e  

w a l l  a r e a  c a n  be v ie w e d  f ro m  ab o v e  a s  i n d i c a t e d  i n  F i g u r e  11 . 

T h is  r e s u l t  i s  v e r y  i m p o r t a n t  a s  i t  a l l o w s  t h e  s t u d i e s  t o  be 

made i n  c i r c u l a r  p i p e s .  W ith o u t  t h i s  v iew  c e l l  and  th e  

t r l c h o l o r e t h y l e n e  w i t h i n  t h e  p i p e ,  t h e  w a l l  a r e a ,  and  

p a r t i c u l a r l y  t h e  s u b l a y e r ,  w ou ld  n o t  be  v i s i b l e  f o r  s t u d y .

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

l i g h t  beam f o c u s e d  on  t h e  e x p o s e d  p ip e  w a l l  w ou ld  r a p i d l y  

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

t i o n  c u r r e n t s  w h ic h  a t  low f lo w  r a t e s  m ig h t  i n t r o d u c e  e x t r a n 

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

f l u i d  e f f e c t i v e l y  a b s o r b  t h i s  h e a t  s o  t h a t  t h e  p ro b le m  i s  

e l i m i n a t e d .  I n  a d d i t i o n ,  t h e  movement o f  t h e  l i g h t  s o u r c e  

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

t h e  c e l l  o r  p i p e  w a l l  f ro m  becom ing  h e a t e d ,  a l t h o u g h  t h i s  i s  

n o t  l i k e l y  u n d e r  m o s t  c i r c u m s t a n c e s  o f  o p e r a t i o n  anyw ay.

T h i s  q u e s t i o n  o f  l o c a l  h e a t i n g  was ex am ined  e x p e r i m e n t a l l y  

b y  p h o to g r a p h in g  l a m i n a r  f lo w s  w i t h  t h e  l i g h t  s t a t i o n a r y  a t  

a  p a r t i c u l a r  a x i a l  p o s i t i o n .  Not o n l y  a r e  t h e s e  c o n d i t i o n s  

m o s t  c o n d u c iv e  t o  p r o d u c in g  h e a t  e f f e c t s ,  b u t  t h e  l a m i n a r  

f lo w  w ou ld  m o st  r e a d i l y  show t h e s e  e f f e c t s  i f  t h e y  e x i s t e d .

No su c h  e f f e c t s  w ere  o b s e r v e d .
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The l e n s e s  o f  t h e  c am era  c o m p r i s e  t h e  s e c o n d  p a r t  o f  

t h e  o p t i c a l  s y s te m .  T liese l e n s e s  w ere  a d a p t e d  t o  p ro d u c e  

m a g n i f i c a t i o n s  o f  4 .3X  a n d  2X. Some m a g n i f i c a t i o n  o f  t h e  

f i e l d  o f  v iew  was n e c e s s a r y  f o r  d e t a i l e d  i n v e s t i g a t i o n  o f  th e  

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

su c h  s m a l l  d im e n s io n s .  F o r  e x a m p le ,  a t  Nr6 = 2 0 ,0 0 0  t h e  

t h i c k n e s s  o f  t h e  r e g i o n  o u t  t o  y+ = 15 i s  o f  th e  o r d e r  o f  

0 .0 2 5  i n c h e s  i n  a  2 - i n c h  d i a m e t e r  p i p e .  The am ount o f  l i g h t  

from  th e  p a r t i c l e s  w h ich  r e a c h e s  a  u n i t  a r e a  o f  f i l m  f o r  

e x p o s u re  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  e x t e n s i o n  tu b e  

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

t h e  m a g n i f i e d  im a g e .  S in c e  t h e  am ount o f  a v a i l a b l e  l i g h t  

f ro m  th e  p a r t i c l e s  was l i m i t e d ,  a n y  i n c r e a s e  i n  m a g n i f i c a t i o n  

r e q u i r e d  a  p r o p o r t i o n a t e  d e c r e a s e  i n  f r a m in g  s p e e d  f o r  

p h o to g r a p h s  o f  c o m p a ra b le  q u a l i t y .  Thus one m ust p a y  f o r  

i n c r e a s e d  i n f o r m a t i o n  f ro m  m a g n i f i c a t i o n  b y  r e d u c e d  i n f o r m a 

t i o n  fro m  s lo w e r  f r a m in g  s p e e d s  o r  p o o r e r  q u a l i t y  im a g e s .

The above  m a g n i f i c a t i o n s  r e p r e s e n t  a  co m p ro m ise .  I t  was 

d e c id e d  t h a t  h i g h e r  m a g n i f i c a t i o n s  w o u ld  be s a c r i f i c e d  f o r  

h i g h e r  f r a m in g  s p e e d s  b e c a u s e  t h e  l a t t e r  w ere  f e l t  t o  be more 

n e c e s s a r y .  The lo w e r  m a g n i f i c a t i o n s  w e re  a l s o  c h o s e n  f o r  a  

s e c o n d  r e a s o n .  As t h e  m a g n i f i c a t i o n  i n c r e a s e s ,  t h e  f i e l d  o f  

v iew  d e c r e a s e s .  At h i g h e r  m a g n i f i c a t i o n s  t h e  f i e l d  o f  v iew  

w ould  becom e v e r y  s m a l l ,  and  c e r t a i n  a s p e c t s  o f  t h e  f l u i d  

.m o tio n  w h ic h  w ere  l a r g e r  i n  s c a l e  t h a n  t h e  f i e l d  w ou ld  n o t  

be d e f i n e d .  The 4 .3X  m a g n i f i c a t i o n  was fo u n d  t o  be  m ost
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s a t i s f a c t o r y  a s  i t  p r o v i d e d  s u f f i c i e n t  e n l a r g e m e n t  o f  th e  

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

p r o v i d e d  a  l a r g e  f i e l d  o f  v ie w .

The f i e l d  o f  v iew  a v a i l a b l e  a t  4 .3 X  was 0 .0 9 5  i n c h e s  

m ea su re d  p a r a l l e l  t o  t h e  p i p e  w a l l ,  and  0 .0 6 9  i n c h e s  m e a su re d  

a lo n g  a  r a d i u s  p e r p e n d i c u l a r 1 t o  t h e  d i r e c t i o n  o f  v ie w . F o r  

2X t h e  r e s p e c t i v e  d im e n s io n s  w ere  0 .2 0 5  i n c h e s  an d  0 .1 4 7  

i n c h e s .  The d im e n s io n s  w ere  m ea su re d  b y  p h o t o g r a p h in g  a  

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

im age o b t a i n e d .

Each m a g n i f i c a t i o n  a l s o  h a d  a  d e p t h  o f  f i e l d  a s s o c i 

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

o f  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  v iew  i n  w h ich  

a l l  o b j e c t s  a r e  i n  f o c u s .  F o r  v e r y  h ig h  m a g n i f i c a t i o n s  t h i s  

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

a s  t h o s e  u s e d  i n  t h i s  s t u d y ,  t h e r e  i s  a  d e g r e e  o f  s u b j e c t i v e  

ju d g m e n t  a s  t o  w ha t i s  r e a l l y  i n  f o c u s  a n d  w h a t i s  n o t .  The 

d e p th  o f  f i e l d  was d e te r m in e d  b y  p h o to g r a p h in g  w i t h  t h e  

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

on t h e  i n c l i n e d  f a c e  o f  a  4 5 °  r i g h t  a n g l e  p r i s m .  The r e s u l t 

in g  p h o to g r a p h s  showed a  l i n e  w h ic h  was s h a r p l y  i n  f o c u s  

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

and  s o  on u n t i l  i t  was c o m p le ly  o u t  o f  f o c u s .  By m e a s u r in g  

t h e  l e n g t h  o f  t h e  l i n e  t o  t h e  d e g r e e  o f  f o c u s  d e s i r e d ,  an d  

know ing  t h e  m a g n i f i c a t i o n ,  t h e  d e p t h  o f  f i e l d  c a n  be
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c a l c u l a t e d  f ro m  t h e  f o l l o w i n g  r e l a t i o n

d e p t h  o f  f i e l d  = l i  ( s i n  4 5 ° )
M

w h ere  L i s  th e  l e n g t h  m e a su re d  on  th e  p h o to g r a p h ,  and  M i s  

t h e  m a g n i f i c a t i o n .  T h is  was don e  f o r  e a c h  m a g n i f i c a t i o n  a t  

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

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

some a r b i t r a r i n e s s  i n t o  t h e  s e l e c t i o n  o f  a  w o rk in g  d e p th  f o r  

t h e  a c t u a l  e x p e r i m e n t a l  f i l m s ,  b u t  a f t e r  c a r e f u l  e x a m in a t io n  

o f  im age q u a l i t y  o f  t h e  p a r t i c l e  f i l m s  and  t h e  d e p th  o f  

f o c u s  p h o t o g r a p h s ,  th e  d e p th  o f  0 .0 2 7  i n c h e s  was s e l e c t e d  

f o r  4 .3X  and  0 .0 4 1  i n c h e s  f o r  2X. The d e g r e e  o f  c h o ic e  was 

n o t  g r e a t .  F o r  e x a m p le ,  t h e  4 .3 X  m a g n i f i c a t i o n  m u s t  have  a  

w o rk in g  d e p th  b e tw e e n  0 .0 2 2  and  0 .0 2 7  i n c h e s .

The f i e l d  o f  v iew  i s  t h u s  s e e n  t o  be a  volume o f  f l u i d  

w h ic h  f o r  4 .3X  i s  .095  x  .0 6 9  x  .0 2 7  I n c h e s  i n  a x i a l ,  r a d i a l  

an d  l i n e  o f  s i g h t  r e s p e c t i v e l y .  T h is  i s  d e p i c t e d  i n  t h e  

d ra w in g s  i n  F i g u r e  1 3 . S in c e  t h e  f i e l d  o f  v iew  i s  a  

d im e n s io n  a t  a  p a r t i c u l a r  m a g n i f i c a t i o n ,  t h e  dJL m ension less  

o r  y + d i s t a n c e  o f  th e  w a l l  r e g i o n  e n co m p asse d  by  a  s i n g l e  

f r a m e  w i l l  v a r y  w i t h  t h e  R e y n o ld s  num ber. Thus a t  

NRe = 2 0 ,0 0 0  t h e  f u l l  f ra m e  w i d t h  w i l l  i n c l u d e  a  y+ o f  

a p p r o x i m a t e l y  45 w h i l e  a t  NRe = 5 0 ,0 0 0  t h i s  same w i d t h  w i l l  

i n c l u d e  a  y+ o f  a p p r o x i m a t e l y  9 0 .



M echanism  t o  p r o v id e  cam era  m o t i o n . D u r in g  th e  p r e 

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

n i q u e s  e v e n t u a l l y  u s e d ,  i t  was fo u n d  t o  be  v e r y  d e s i r a b l e  t o  

move th e  c a m e ra  w i t h  t h e  mean a x i a l  f l o w .  T h ere  were two 

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

m a g n i f i c a t i o n ,  and  f r a m in g  s p e e d  h av e  a l r e a d y  b e e n  d i s c u s s e d .  

I f  t h e  c am era  i s  h e l d  s t a t i o n a r y  a t  a  p a r t i c u l a r  a x i a l  p o s i 

t i o n ,  t h e  f r a m in g  s p e e d  m u s t  be i n c r e a s e d  t o  s lo w  down s u f 

f i c i e n t l y  th e  mean a x i a l  v e l o c i t i e s  so  t h a t  th e  f l u i d  w i l l  

r e m a in  i n  v iew  f o r  lo n g  e n o u g h  p e r i o d  o f  t im e  t o  p e rm i t  

a n a l y s i s  o f  i t s  m o t i o n s .  T h is  i n c r e a s e  i n  f r a m in g  s p e e d s  

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

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

t o  m a i n t a i n  im age q u a l i t y .  I n  e i t h e r  c a s e  a  d e c r e a s e  i n  

i n f o r m a t i o n  r e s u l t s .  A ls o ,  t h e  p ro b le m  o f  r e a l  t im e  ex am in ed  

i n  a  s i n g l e  100 f o o t  r o l l  o f  f i l m  i s  p r e s e n t .  T h is  t o o  h a s  

b e e n  d i s c u s s e d  p r e v i o u s l y .  I f  t h e  t im e  i s  r e d u c e d  t o  t o o  

s m a l l  a  v a l u e ,  t h e  num ber o f  r e e l s  e x p o s e d  m ust i n c r e a s e  

g r e a t l y  i f  a  r e a s o n a b l e  s a m p l in g  o f  th e  random  e v e n t s  o f  

t u r b u l e n t  m o t io n  i s  t o  be o b t a i n e d .  Hie se co n d  r e a s o n  f o r  

t h e  movement was th e  d i s c o v e r y  t h a t  w i t h  t h e  c am era  f o l l o w i n g  

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

m o t io n s  c o u ld  be r e a d i l y  o b s e r v e d ,  and  t h e  v a r i o u s  m e a s u r e 

m e n ts  c o u ld  be more e a s i l y  m ade . T h is  w i l l  be d i s c u s s e d  a t  

l e n g t h  l a t e r  i n  t h i s  s e c t i o n .
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S in c e  t h e  m a jo r  p ro b le m  was I n  s lo w in g  down th e  a x i a l  

f lo w ,  t h e  p r o c e s s  o f  m oving  t h e  c am era  a n d  l i g h t  s o u r c e  

d o w n s tre am  w i t h  t h e  f lo w  w ould  g r e a t l y  r e d u c e  t h e  r e l a t i v e  

m o t io n  b e tw e e n  t h e  c am era  and  t h e  a x i a l  f l o w .  R e t u r n i n g  t o  

t h e  ex am p le  u se d  e a r l i e r ,  c o n s i d e r  t h e  c a s e  w here  th e  cam era  

i s  moved d o w n s tre am  a t  0 .5 6  f t . / s e c .  The l o c a l  m ean v e l o c i t y  

a t  y+ = 25 i s  s t i l l  0 .8 2  f t . / s e c . ,  b u t  now th e  r e l a t i v e  

v e l o c i t y  i s  o n l y  0 .2 6  f t . / s e c .  P e r f o r m in g  t h e  same c a l c u l a 

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

i n  a p p r o x i m a t e l y  24 f r a m e s  I n s t e a d  o f  7 a s  b e f o r e .  I n  o r d e r  

t o  a c c o m p l i s h  t h e  same r e s u l t  w i t h o u t  c am era  movement, t h e  

f r a m in g  s p e e d  w ou ld  h ave  had  t o  be n e a r l y  2500 f r a m e s / s e c .  

a s  com pared  t o  800 f r a m e s / s e c .  A d d i t i o n a l l y ,  t h e r e  i s  th e  

a d d ed  f e a t u r e  o f  f o l l o w i n g  a  p a r t i c u l a r  e le m e n t  f o r  a  g i v e n  

t im e  and  d i s t a n c e .  The d e p a r t u r e s  f ro m  a x i a l  f lo w  c a u s e d  

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

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

f ro m  t h e  a x i s .  H iu s ,  a s  l a t e r  c a l c u l a t i o n s  w i l l  show, a n g l e s  

o f  t h e  o r d e r  o f  10°  and  2 0 °  c a n  a p p e a r  a s  9 0 ° d e v i a t i o n s  from  

t h e  a x i s  when t h e  p r o p e r  a x i a l  m o t io n  o f  t h e  c a m e ra  i s  u s e d .  

T h is  p e r m i t s  t h e s e  a n g l e s  t o  be more a c c u r a t e l y  m e a s u re d ,  

a n d  a l s o  makes m in o r  d e v i a t i o n s  more v i s i b l e .  S in c e  t h i s  

r e l a t i v e  m o t io n  o n l y  o p e r a t e s  i n  t h e  a x i a l  d i r e c t i o n ,  i t  d o e s  

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

T h e s e ,  h o w e v er ,  a r e  s m a l l  com pared  t o  t h e  l o c a l  m ean a x i a l  

v e l o c i t i e s .  L a u f e r ' s  (3 1 )  m e a su re m e n ts  i n  a i r  show t h a t  a t
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y + = 25 a t  5 0 ,0 0 0  NRe th e  u^, f l u c t u a t i o n  i s  o n l y  5$ o f  th e  

l o c a l  mean a x i a l  v e l o c i t y ,  and t h e  u^ i n t e n s i t y  i s  a p p r o x i 

m a t e l y  12$. These v e l o c i t i e s  a r e  r e a d i l y  s lo w ed  down f o r  

a n a l y s i s  a t  800 t o  1000 f r a m e s / s e c o n d ,  and  th o u g h  t h e y  r e p r e 

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

i n  t h i s  a v e r a g e  w i l l  be v i s i b l e  i n  t h e  m o tio n  p i c t u r e s .  I n  

a l l  t h e s e  ex am p le s  th e  h i g h e s t  R e y n o ld s  number s t u d i e d  i n  

t h e  e x p e r im e n t s  h a s  been  u s e d  s i n c e  i t  p r o v i d e s  th e  m ost 

s e v e r e  c o n d i t i o n s .  S in c e  t h e  t e c h n iq u e  c a n  a d e q u a t e l y  h a n d le  

t h e s e  c o n d i t i o n s ,  i t  c an  e a s i l y  h a n d le  t h e  l e s s  s e v e r e  c o n 

d i t i o n s  im posed  by lo w e r  R e y n o ld s  num ber. I n  a d d i t i o n ,  a t  

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

f l u c t u a t i n g  v e l o c i t i e s  d e c r e a s e s  so  a g a i n  t h e  above  ex am p le s  

a r e  e x tre m e  c a s e s .

W hile  th e  cam era  i s  m oving d o w n stream , i t  i s  e s s e n t i a l  

t h a t  th e  f o c u s  be m a i n t a i n e d  and t h a t  no d i s t u r b i n g  v i b r a 

t i o n s  o c c u r .  To a s s u r e  b o th  o f  t h e s e  c o n d i t i o n s ,  an  8 - f o o t  

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

t o  th e  f l o o r .  The l a t h e  c a r r i a g e ,  d e s ig n e d  t o  s l i d e  down th e  

g ro u n d  s t e e l  ways o f  th e  b e d ,  was f i t t e d  w i t h  t h e  n e c e s s a r y  

s u p p o r t s  t o  c a r r y  t h e  c am era  and  l i g h t i n g  s y s te m .  The c a r 

r i a g e  and s u p p o r t s  w ere  v e r y  h e a v y  and n o t  s u s c e p t i b l e  t o  

v i b r a t i o n s .  The s u p p o r t s  f o r  t h e  c am era  and  l i g h t  s o u r c e  

w ere  a d j u s t a b l e  t o  p e r m i t  p r o p e r  f o c u s i n g ,  and  t h e  cam era  

s u p p o r t  had  a n  a d ju s tm e n t  sc rew  f o r  f i n e  f o c u s i n g .  They 

a p p e a r  i n  t h e  p h o to g ra p h s  o f  F i g u r e s  4 and  5 w here  t h e  p o s i -



o f  th e  l a t h e  bed  i s  show n. The f i n a l  a l i g n m e n t  o f  t h e  t e s t  

s e c t i o n  t o  th e  l i n e  o f  t r a v e l  o f  t h e  c am era  was made by  th e  

a d j u s t m e n t  s c re w s  i n  t h e  r e a r  f a c e  o f  t h e  t e s t  s e c t i o n  

c r a d l e .  A m ic r o s c o p e  w i t h  a  g r i d  e y e p i e c e  was m o un ted  i n  

p l a c e  o f  th e  c a m e ra ,  a n d  t h e  c a r r i a g e  was s l o w l y  moved down 

t h e  bed  w h i l e  t h e  p ip e  w a l l  was s i g h t e d  t h r o u g h  t h e  m i c r o 

s c o p e .  A d ju s tm e n ts  w ere  made u n t i l  t h e  w a l l  o v e r  t h e  e n t i r e  

l e n g t h  o f  th e  t e s t  s e c t i o n  d e v i a t e d  no m ore t h a n  .0 3  i n c h e s  

fro m  p a r a l l e l .  O ver s h o r t  s e c t i o n s  u s e d  f o r  m o st  o f  t h e  

s t u d i e s  th e  a l i g n m e n t  was much b e t t e r .  No f u r t h e r  im p ro v e 

m ent o f  t h e  a l i g n m e n t  was p o s s i b l e  b e c a u s e  o f  t h e  f l e x i b i l 

i t y  o f  t h e  g l a s s  p i p e  and  t h e  n e c e s s i t y  o f  n o t  h a v in g  a n y  

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

F o r t u n a t e l y ,  t h i s  a l i g n m e n t  was n o t  a  p ro b le m . The p o s i t i o n  

o f  th e  w a l l  was c l e a r l y  v i s i b l e  i n  t h e  f i e l d  o f  v iew , and  

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

a l l  f r a m e s .  T h is  n e c e s s i t a t e d  s a c r i f i c i n g  p a r t  o f  a  f ram e  

by  h a v in g  t h e  w a l l  p o s i t i o n  w i t h i n  t h e  f ra m e  a t  some a x i a l  

p o s i t i o n s  so  t h a t  a t  o t h e r  a x i a l  p o s i t i o n s  t h e  w a l l  w ou ld  

j u s t  be a l i g n e d  w i t h  t h e  ed g e  o f  t h e  f r a m e .

O ver th e  s h o r t  s e c t i o n s  u s e d  f o r  m o st  s t u d i e s  th e  

a l i g n m e n t  was q u i t e  good  and  t h e  w a l l  c o u ld  be m a i n t a i n e d  a t  

t h e  v e r y  edge  o f  t h e  f r a m e .  I t  was o n l y  o v e r  lo n g  se g m e n ts  

o f  t h e  t e s t  s e c t i o n  w h ere  t h e  f u l l  e f f e c t  o f  t h e  m is a l i g n m e n t  

was v i s i b l e .  I h e s e  l o n g  s e c t i o n s  w ere  u s e d  f o r  h i g h  R e y n o ld s  

num bers an d  a t  t h e s e  R e y n o ld s  num ber t h e  y+ r e g i o n  e n c l o s e d
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b y  a  f u l l  f ram e  i s  much g r e a t e r  t h a n  t h a t  f o r  low R e y n o ld s  

n u m b ers ,  s o  t h e  r e s u l t  was t h a t  t h e  l o s s  o f  p a r t  o f  t h e  f ram e  

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

com pared  t o  t h e  lo w e r  R e y n o ld s  n u m b ers .  V e r t i c a l  a l i g n m e n t  

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

and k e e p in g  i t  i n  c o n t a c t  w i t h  t h e  p ip e  s u r f a c e  w h i l e  

a d j u s t m e n t s  w ere  m ade.

The d r i v e  m echan ism  f o r  th e  c a r r i a g e  c o n s i s t e d  o f  an  

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

pumping a p p a r a t u s  t o  a s s u r e  s t e a d y ,  v i b r a t i o n  f r e e  m ovem ent. 

The p i s t o n  was c o n n e c te d  d i r e c t l y  t o  th e  c a r r i a g e .  The r a t e  

o f  t r a v e l  o f  th e  p i s t o n  c o n t r o l l e d  t h e  c a r r i a g e  m ovem ent, and 

was c o n t i n u o u s l y  a d j u s t a b l e  f ro m  m o t i o n l e s s  t o  1 f t . / s e c o n d .  

Once th e  c o n t r o l  was s e t ,  o f  c o u r s e ,  t h e  v e l o c i t y  was c o n 

s t a n t .  A p h o to g r a p h  o f  t h e  p i s t o n  an d  s u p p o r t  e q u ip m e n t  

a p p e a r s  a s  F i g u r e  6 .

The s p e e d  a d j u s t m e n t  on th e  p i s t o n  was n e c e s s a r y  

b e c a u s e  t h e  c am era  o r  c a r r i a g e  m o t io n  was t o  be m a tch e d  t o  a  

p a r t i c u l a r  l o c a l  m ean a x i a l  v e l o c i t y  w h ic h  v a r i e d  b o th  w i t h  

y+ p o s i t i o n  and  R e y n o ld s  num ber.  F o r  t h e  w a l l  v iew s ( t o  be 

d e s c r i b e d  l a t e r )  i t  was fo u n d  t h a t  t h e  b e s t  p h o to g r a p h s  w ere  

o b t a i n e d  i f  t h e  c a r r i a g e  v e l o c i t y  was m a tch e d  t o  t h e  l o c a l  

mean a x i a l  v e l o c i t y  a t  y+ = 1 1 .  F o r  o t h e r  v ie w s ,  o t h e r  p o s i 

t i o n s  o f  m a tc h in g  w ere  s e l e c t e d .  When t h e  c a r r i a g e  v e l o c i t y  

m a tc h e d  a  p a r t i c u l a r  f lo w  v e l o c i t y ,  t h e  r e s u l t i n g  p h o to g r a p h s  

show ed z e r o  r e l a t i v e  v e l o c i t y  f o r  t h a t  p o s i t i o n ,  a n d  g r a d u -



63

a l l y  i n c r e a s i n g  r e l a t i v e  v e l o c i t i e s  a s  th e  d i s t a n c e  from  

t h i s  p o s i t i o n  was i n c r e a s e d  b o th  w a l lw a rd  a n d  o u tw a rd  to w a rd  

th e  c e n t e r l i n e .  N a t u r a l l y ,  t h e  a p p a r e n t  d i r e c t i o n  o f  f lo w  

on one s i d e  o f  t h i s  p l a n e  was t h e  o p p o s i t e  o f  t h e  f lo w  on  

t h e  o t h e r .

S in c e  t h i s  r e l a t i v e  m o t io n  was m e a su re d  i n  t h e  l a t e r  

a n a l y s e s ,  i t  was e s s e n t i a l  t h a t  t h e  c a r r i a g e  s p e e d  be known 

q u i t e  a c c u r a t e l y  f o r  e a c h  r u n  so  t h a t  a b s o l u t e  v e l o c i t i e s  

c o u ld  be d e t e r m i n e d .  To r e c o r d  th e  c a r r i a g e  v e l o c i t y ,  a  

n ic h ro m e  r i b b o n  w i t h  a  c o n s t a n t  and a c c u r a t e l y  known r e s i s 

t a n c e  p e r  f o o t  was c em e n te d  t o  a n  i n s u l a t i n g  s t r i p  on a  n o n 

b e a r i n g  f l a t - g r o u n d  s u r f a c e  o f  th e  l a t h e  bed  w h ic h  p a r a l l e l e d  

t h e  t r a c k s  down w h ic h  t h e  c a r r i a g e  m oved. A s l i d i n g  c o n t a c t  

was e s t a b l i s h e d  b e tw e e n  t h i s  r i b b o n  an d  an  arm  s e c u r e l y  

f a s t e n e d  t o  t h e  c a r r i a g e .  A m e r c u r y  c e l l  was c o n n e c te d  th r o u g h  

a  v a r i a b l e  r e s i s t a n c e  c i r c u i t  t o  t h e  e n d s  o f  t h e  n ich ro m e  

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

m a i n t a i n e d .  A lso  p e r m a n e n t ly  c o n n e c te d  t o  one e n d  o f  th e  

r i b b o n  was a  l e a d  w i r e  w h ic h  was one i n p u t  t o  a  B aush  and  

Lomb VOM-5 r e c o r d e r .  The o t h e r  i n p u t  was f ro m  t h e  s l i d i n g  

c o n t a c t .  As t h e  c a r r i a g e  moved, t h e  v o l t a g e  d r o p  m e a su re d  

b e tw e e n  t h e s e  two l e a d s  was r e c o r d e d  on  t h e  r e c o r d e r  s t r i p  

c h a r t  w h ich  was d r i v e n  a t  a  known c o n s t a n t  s p e e d .  Tlie c a r 

r i a g e  v e l o c i t y  was d e t e r m i n e d  from  t h e  s l o p e  o f  t h e  l i n e  

t r a c e d  on t h e  s t r i p  c h a r t  and  t h e  c a l i b r a t e d  v o l t a g e  d r o p
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p e r  f o o t  o f  t h e  w i r e .  F o r  c o n s t a n t  c a r r i a g e  s p e e d ,  t h e  l i n e  

was s t r a i g h t ,  and  t h i s  p r o v i d e d  a n  a d d i t i o n a l  c h e c k  on t h e  

c o n s t a n c y  o f  c a r r i a g e  m o t io n  d u r i n g  a  r u n .  The v a r i a b l e  

r e s i s t a n c e s  th r o u g h  w h ic h  t h e  b a t t e r  was c o n n e c te d  t o  th e  

r e s i s t a n c e  r i b b o n  w ere  u se d  t o  p r o v i d e  a  s e l e c t i o n  o f  v o l t a g e  

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

s p e e d s  t o  be m e a s u re d .  A s c h e m a t ic  d ra w in g  o f  t h i s  d e v ic e  

a p p e a r s  i n  F i g u r e  1 2 . A f t e r  e a c h  d a y s  e x p e r i m e n t s ,  th e  

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

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

To c h e c k  t h e  r e c o r d i n g  d e v ic e  and  t h e  c o n s t a n c y  o f  t h e  

c a r r i a g e  m ovem ent, a  s t e e l  t a p e  was m ounted  on  th e  p ip e  

s u r f a c e ,  and  h i g h  s p e e d  m o t io n  p i c t u r e s  t a k e n  o f  i t  w h i le  

t h e  c a r r i a g e  was moved d o w n s tre a m . H ie c a r r i a g e  v e l o c i t y  was 

r e c o r d e d  an d  c a l c u l a t e d .  Two d i f f e r e n t  b u t  r e p r e s e n t a t i v e  

v e l o c i t i e s  w ere  c h e c k e d  i n  t h i s  f a s h i o n .  The t im in g  m arks  

on  t h e  f i l m  and  t h e  s c a l e  im age i n  t h e  f r a m e s  p e r m i t t e d  a n  

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

e a c h  i n c h  o r  f r a c t i o n  o f  an  i n c h  o f  c a r r i a g e  m ovem ent. I n  

a c t u a l i t y ,  3 i n c h  se g m e n ts  w ere  e x a m in e d .  I t  was fo u n d  t h a t  

t h e r e  was no  v a r i a t i o n  i n  c a r r i a g e  v e l o c i t y  from  se g m e n t  t o  

s e g m e n t ,  i . e . ,  I t  was c o n s t a n t .  The v e l o c i t y  d e te r m in e d  i n  

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

The p h o t o g r a p h i c a l l y  d e t e r m i n e d  v e l o c i t i e s  w ere  0 .6 8 0  and  

0 .2 0 8  f t . / s e c . ,  an d  t h e  r e c o r d e r  v a l u e s  w ere  0 .6 7 9  and

0 .2 0 9  f t . / s e c .  r e s p e c t i v e l y .  Hie f i l m s  a l s o  showed t h a t
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t h e r e  was no v i b r a t i o n  o f  th e  s y s te m  w hich  a f f e c t e d  th e  

p h o to g r a p h s .

Camera v i e w p o in t s

A lth o u g h  t h e  cam era  l i n e  o f  s i g h t  o f  n e c e s s i t y  m u s t  be 

a t  r i g h t  a n g l e s  t o  t h e  l i g h t  beam, t h e r e  i s  some c h o ic e  a s  

t o  th e  p o s i t i o n  o f  f o c u s .  I n  t h i s  s e c t i o n  t h e  d i f f e r e n t  

p o s i t i o n s  u se d  w i l l  be d e s c r i b e d .

W a l l  v ie w . The f o l l o w i n g  d i s c u s s i o n  w i l l  be much 

c l e a r e r  i f  F ig u r e  13 i s  u se d  i n  c o n j u n c t i o n  w i t h  i t .  As 

p a r t  (a )  o f  t h i s  f i g u r e  s h o w s ,  t h e  l i g h t  beam e n t e r s  t h e  

f i e l d  a t  r i g h t  a n g le s  t o  th e  l i n e  o f  s i g h t  o f  th e  c a m e ra .

The cam era  i s  f o c u s e d  on a  h o r i z o n t a l  p la n e  AB ( p a r t  c )  a t  

t h e  v e r t i c a l  c e n t e r l i n e  o f  t h e  p ip e  w i th  t h e  i n t e r i o r  p ip e  

w a l l  a l i g n e d  w i t h  th e  edge  o f  th e  f r a m e .  P a r t  (b )  o f  t h i s  

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

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

v iew , t h e s e  p l a n e s  w i l l  be u s e d  t o  d e s c r i b e  th e  l o c a t i o n  o f  

v a r i o u s  e v e n t s .  I f  t h e  cam era  were fo c u s e d  o n ly  a t  t h e  

g e o m e t r i c  p la n e  AB, t h e  p l a n e  w ould  c o i n c i d e  w i t h  th e  r x  

p l a n e  o f  th e  p o l a r  c o o r d i n a t e s .  However, a s  p a r t  ( c )  show s, 

t h e  cam era  a c t u a l l y  " s e e s "  a  c e r t a i n  d i s t a n c e  on e i t h e r  s i d e  

o f  t h i s  p l a n e  a lo n g  t h e  l i n e  o f  s i g h t  due t o  th e  d e p th  o f  

f i e l d  o f  th e  l e n s  s y s te m .  S in c e  th e  l e n s e s  p r e s e n t  f l a t  

s u r f a c e s  p a r a l l e l  t o  AB f o r  t h e  cam era  t o  v ie w , t h e s e  p l a n e s  

s e p a r a t e d  f ro m  AB by  t h e  o n e - h a l f  t h e  d e p th  o f  f i e l d  w i l l
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n o t  c o i n c i d e  w i t h  t h e  r x  p l a n e s  a t  t h a t  p o s i t i o n .  H ow ever, 

b e c a u s e  o f  t h e  e x t r e m e l y  s m a l l  d im e n s io n s  o f  t h e  f i e l d  o f  

v iew , th e  a c t u a l  d i f f e r e n c e  i s  i n s i g n i f i c a n t  and  no d i f f e r 

e n t i a t i o n  w i l l  be made i n  f u t u r e  d i s c u s s i o n s .  P a r t  (d )  

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

i s  t h e  p o l a r  c o o r d i n a t e  f i e l d .  T h is  c o u ld ,  o f  c o u r s e ,  be 

a v o id e d  th r o u g h  t h e  u s e  o f  r e c t a n g u l a r  c o o r d i n a t e s ,  b u t  t h e y  

w o u ld  c a u s e  c o n f u s i o n  when o t h e r  v iew s  a r e  c o n s i d e r e d .  

B e ca u se  o f  t h e  d e p t h  o f  f i e l d ,  t h e  c am era  a c t u a l l y  ’' s e e s 1* a  

volum e o f  f l u i d  and  n o t  a  p l a n e ,  a l t h o u g h  t h e  t h i c k n e s s  o f  

t h i s  p l a n e  i s  q u i t e  t h i n .  S in c e  th e  o p t i c a l  s y s te m  c a n n o t  

show t h r e e  d i m e n s i o n a l  e f f e c t s  i n  t h e  m o t io n  p i c t u r e s ,  t h e  

p a r t i c l e s  w i t h i n  t h i s  volum e a l l  a p p e a r  t o  be on a  s i n g l e  

r x  p l a n e ,  and  i n  t h i s  v iew  t h e r e  i s  no a c c u r a t e  m eans o f  

d e t e r m i n i n g  a t  w h ic h  r x  p l a n e  w i t h i n  t h e  volum e t h e y  axe 

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

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

t h e  p o s s i b l e  s e p a r a t i o n  i n  th e  © d i r e c t i o n .  F o r  m o s t  c a s e s  

t h i s  s e p a r a t i o n  i s  so  s m a l l  t h a t  i t  h a s  no g r e a t  e f f e c t  on  

t h e  o b s e r v a t i o n s  so  i g n o r i n g  i t  d o e s  n o t  c r e a t e  a n y  p ro b le m s  

F o r  t h o s e  s i t u a t i o n s  w here  i t  may be  o f  im p o r t a n c e ,  s p e c i f i c  

m e n t io n  i s  made o f  i t .  A ls o ,  p a r t i c l e  m o t io n s  w i l l  be 

d e s c r i b e d  i n  t e r m s  o f  m ovem ents , a lo n g  t h e  p o l a r  c o o r d i n a t e s

i . e . ,  x ,  r ,  and  9 .  To be a b s o l u t e l y  r i g o r o u s ,  one c a n n o t  

s a y  t h i s  b e c a u s e  o f  t h e  i n c o n g r u e n c e  o f  t h e  o p t i c a l  and
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c o o r d i n a t e  p l a n e s ,  and  th e  i n a b i l i t y  t o  d e t e r m i n e  m o t io n s  i n  

t h e  9 d i r e c t i o n .  The d i f f e r e n c e s  o c c u r  o n l y  f o r  t h e  r  an d  9 

c o o r d i n a t e s ,  a n d  a r e  v e r y  s l i g h t  b e c a u s e  o f  th e  s m a l l  d im e n 

s i o n s .  W henever n e c e s s a r y ,  and  i n  t h e  f i n a l  a n a l y s i s  w here  

t h e  o b s e r v a t i o n s  from  d i f f e r e n t  v ie w s  a r e  c o m p i le d ,  an  

a t t e m p t  i s  made t o  p r o v id e  a  t h r e e  d i m e n s i o n a l  p i c t u r e .  H i i s  

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

o n  v e l o c i t y  m e a s u r e m e n ts .  The q u e s t i o n  o f  e r r o r s  i n t r o d u c e d  

i n  t h e s e  c a s e s  I s  d i s c u s s e d  i n  a  l a t e r  s e c t i o n  and i n  

A p p en d ix  I I .

D u r in g  t h e  e x p e r i m e n t a l  r u n s ,  t h e  l i g h t  beam was 

f o c u s e d  th r o u g h  th e  s l i t s  i n t o  t h e  d e s i r e d  f i e l d  o f  v iew  b y  

a d j u s t m e n t  o f  i t s  p o s i t i o n  on  th e  m e t a l  s u p p o r t  g u i d e s .  F o r  

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

t h e  i n s i d e  s u r f a c e  o f  th e  p ip e  w a l l .  The cam eraw as th e n  

a l i g n e d  w i t h  t h e  p ip e  w a l l  so  t h a t  t h e  i n t e r i o r  w a l l  was 

j u s t  w i t h i n  t h e  f r a m e .  The w a l l  c o u ld  be s e e n  a s  a  t h i n  

b r i g h t  l i n e  due  t o  t h e  i m p e r f e c t  m a tc h  o f  I n d e x  o f  r e f r a c t i o n  

b e tw e e n  t h e  p i p e  and  t h e  f l u i d .  The o u t s i d e  s u r f a c e  o f  t h e  

p ip e  c o u ld  a l s o  be s e e n  i f  t h e  p o s i t i o n  o f  t h e  c a m e ra  w ere  

moved to w a rd s  i t ,  t h u s  i t  was assum ed  t h a t  t h i s  l i n e  was t h e  

i n s i d e  w a l l .  H ie  a s s u m p t io n  was c h e c k e d  by  i n s e r t i n g  a  r u l e d  

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

c o n t a c t  w i t h  t h e  i n s i d e  w a l l ,  and  t h e n  e x a m in in g  i t  v i s u a l l y  

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

t h e  b r i g h t  l i n e  was t h e  i n s i d e  w a l l ,  and t h a t  i t  d i d  n o t
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e x te n d  any  s i g n i f i c a n t  d i s t a n c e  i n t o  t h e  w a l l  r e g i o n .  T h is  

i s  due  to  t h e  t h i n  l a y e r  o f  f o c u s  and i l l u m i n a t i o n ,  and  th e  

v e r y  s m a l l  c u r v a t u r e  o f  t h e  p ip e  w a l l  o v e r  t h i s  t h i c k n e s s .

The r e f r a c t i o n  o f  t h e  l i g h t  beam fro m  w i t h i n  t h e  p ip e  

a t  t h e  p ip e  w a l l  was c a l c u l a t e d  f o r  th e  s u b l a y e r  r e g i o n .  At 

a  d i s t a n c e  o f  0 . 0 0 2 ” fro m  t h e  w a l l  ( e q u i v a l e n t  t o  y+ -  2 a t  

NRe = 5 0 ,0 0 0  and  l e s s  f o r  o t h e r  NRe v a l u e s )  th e  I n c i d e n t  

beam had  an  a n g le  o f  86° 2 3 ' ,  and  th e  r e f r a c t e d  beam an  

a n g le  o f  87° 1 9 ' •  T h is  shows t h a t  v e r y  l i t t l e  d i s t o r t i o n  

o c c u r s .  A s i m i l a r  c a l c u l a t i o n  was made t o  d e te r m in e  t h e  d i s 

t a n c e  from  t h e  w a l l  a t  w h ich  t h e  l i g h t  beam w ould  h a v e  to  

o r i g i n a t e  i n  o r d e r  t o  be t o t a l l y  r e f l e c t e d  i n t e r n a l l y  a t  th e  

p ip e  w a l l .  T h is  d i s t a n c e  was 0 .0 0 0 9  i n c h e s .  T h is  i s  o n ly  

a n  a p p r o x im a t io n  b e c a u s e  m o n o ch ro m atic  l i g h t  was n o t  u s e d ,  

b u t  i t  i s  a  good  e s t i m a t e .  T h is  d i s t a n c e  c a n  be c o n s i d e r e d  

th e  d i s t a n c e  w h ich  t h e  w a l l  r e f r a c t i o n  e f f e c t  i n t r u d e s  i n t o  

t h e  s u b l a y e r .  A c t u a l l y ,  due  t o  th e  f a c t  t h a t  a t  a n g l e s  n e a r  

t h e  a n g le  o f  t o t a l  r e f l e c t i o n  a  l a r g e  am ount o f  l i g h t  i s  

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

a  d a r k  r e g i o n  s l i g h t l y  l a r g e r  t h a n  0 .0 0 0 9  i n c h e s  w i l l  e x i s t  

i n  t h e  s u b l a y e r .  Some l i g h t  i s  t r a n s m i t t e d  o v e r  t h i s  r e g i o n ,  

h o w e v e r ,  so  t h e  m o t io n s  w i t h i n  t h e  r e g i o n  s h o u ld  s t i l l  be 

v i s i b l e .

Once t h e  c am era  was a l i g n e d ,  i t  was lo c k e d  i n  p l a c e  

on  t h e  s u p p o r t  member so  no f u r t h e r  l a t e r a l  movement was 

p o s s i b l e .  I t  was t h e n  f o c u s e d  by  a  s l i d i n g  and  s c re w
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a d j u s t m e n t  i n  th e  v e r t i c a l  p l a n e ,  and  t h e n  l o c k e d  i n  p l a c e  

h e r e  a s  w e l l .

Top v i e w . F i g u r e  14 d e t a i l s  th e  d i f f e r e n t  a s p e c t s  o f  

t h i s  v ie w .  As p a r t  ( a )  show s, t h e  l i g h t  e n t e r s  a t  r i g h t  

a n g l e s  t o  t h e  c a m e ra  l i n e  o f  s i g h t ,  b u t  i n  t h i s  c a s e  t h e  

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

h o r i z o n t a l  c e n t e r l i n e  p o s i t i o n  o f  t h e  p i p e .  The p ip e  o r i e n 

t a t i o n  i s  t h e  same a s  i n  F i g u r e  13 so  a  c o m p a r is o n  c a n  be 

m a d e . S in c e  t h e r e  i s  a x i a l  sym m etry  i n  p ip e  f l o w ,  t h i s  v iew  

i s  e s s e n t i a l l y  r o t a t e d  90°  f ro m  t h e  w a l l  v ie w . The l i n e  o f  

s i g h t  i s  now a lo n g  t h e  r  c o o r d i n a t e ,  and  th e  p l a n e s  p e r p e n 

d i c u l a r  t o  t h e  d i r e c t i o n  o f  v iew  a r e  ©X p l a n e s .  The comments 

made b e f o r e  c o n c e r n i n g  th e  c o n g ru e n c e  o f  t h e  o p t i c a l  p l a n e s  

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

t h e  comments a b o u t  t h e  t h r e e  d i m e n s i o n a l  movement o f  t h e  

p a r t i c l e s .  T hese  m o t io n s  a r e  c o n s i d e r e d  t o  o c c u r  i n  t h e  ©X 

p l a n e s ,  and  t h e r e f o r e  w ou ld  be m o t io n s  p a r a l l e l  t o  t h e  l i n e  

o f  s i g h t  i n  t h e  w a l l  v iew , j u s t  a s  t h e  m o t io n s  o f  t h e  w a l l  

v iew  i n  t h e  r x  p l a n e  a r e  p a r a l l e l  t o  t h e  l i n e  o f  s i g h t  i n  

t h i s  v ie w .  A l th o u g h  t h e s e  v i e w p o in t s  w ere  u s e d  s e p a r a t e l y ,  

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

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

S in c e  t h e  w a l l  o f  t h e  p ip e  d i d  n o t  a p p e a r  i n  t h i s  v ie w , 

t h e  c am era  a l i g n m e n t  p r o c e d u r e  became m ore e l a b o r a t e . A 

p o s i t i o n i n g  s c a l e ,  w h ic h  i s  shown i n  F ig u r e  1 5 , was i n s e r t e d  

i n t o  t h e  p ip e  f ro m  t h e  d o w n s tre am  end  b y  a  lo n g  s t e e l  r o d .
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The b r a s s  c o l l a r  s u p p o r t i n g  th e  s c a l e  was d e s ig n e d  t o  push  

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

a t  th e  v e r t i c a l  c e n t e r l i n e  ( t h a t  i s  a t  p l a n e  AB o f  F ig u r e  13). 

T h is  p la c e m e n t  i s  shown i n  F ig u r e  1 5 . I n  t h i s  p o s i t i o n ,  t h e  

s c a l e  c o i n c i d e d  w i t h  th e  AB p l a n e .  The cam era  m ust be p o s i 

t i o n e d  n o t  o n ly  w i t h  r e s p e c t  t o  r x  p la n e  o f  F ig u r e  1*1 b u t  

w i t h  r e s p e c t  t o  t h e  0X p l a n e  a s  w e l l .  F o r  t h i s  v iew , t h e  

c e n t e r  o f  t h e  f ram e  was a l i g n e d  w i t h  t h e  r x  p la n e  w h ic h  

c o i n c i d e d  w i th  t h e  CD p la n e  o f  F ig u r e  1*1, p a r t  ( c ) .  U i i s  

was th e  p i p e  c e n t e r l i n e  a s  m e a su re d  h o r i z o n t a l l y  f ro m  th e  

w a l l .  To make t h i s  a l i g n m e n t ,  t h e  v i e w f i n d e r  o f  t h e  cam era  

was s i g h t e d  i n  on t h e  a p p r o p r i a t e  s c a l e  r e a d i n g  w h ic h  c o r 

r e s p o n d e d  t o  th e  p ip e  r a d i u s ,  and  t h e  l a t e r a l  movement 

m echanism  lo c k e d  i n  p l a c e .  The o t h e r  a d ju s tm e n t  c o n c e rn e d  

t h e  f o c u s i n g  o f  t h e  cam era  on t h e  QX p la n e  a t  th e  i n s i d e  

p i p e  w a l l .  T h is  was a c c o m p l i s h e d  by r o t a t i n g  t h e  b r a s s  

c o l l a r  so  t h a t  i t s  s u r f a c e  was f a c i n g  th e  earner . The cam era  

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

t h e  d e p th  o f  f i e l d  c o i n c i d e d  w i t h  t h e  s u r f a c e .  S in c e  th e  

c o l l a r  was i n  c o n t a c t  w i th  t h e  p ip e  w a l l ,  t h i s  a d ju s tm e n t  

m e a n t  t h a t  t h e  e n t i r e  d e p th  o f  f i e l d  was a v a i l a b l e  f o r  v iew 

i n g  from  t h e  i n s i d e  p ip e  w a l l  r a d i a l l y  in w a rd .  A f t e r  t h i s  

a d j u s t m e n t ,  t h e  s c a l e  was r e t r a c t e d  d o w n s tream  o u t  o f  t h e  

t e s t  s e c t i o n  i n t o  t h e  s e c t i o n  o f  s t e e l  p ip e  w h ich  f o l lo w e d  

t h e  t e s t  s e c t i o n .  I t  t h e r e f o r e  c o u ld  n o t  a f f e c t  t h e  f lo w .
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T r i p  w i r e . I n  a  few  c a s e s  t h e  p r e s e n c e  o f  a  t r i p  

w i r e  was r e q u i r e d .  TSie t r i p  u s e d  i n  t h e s e  c a s e s  was a  c i r c l e  

o f  s p r i n g  s t e e l  w h ic h  when I n s e r t e d  i n t o  t h e  p i p e  h ad  a n  

o u t s i d e  d i a m e t e r  j u s t  e q u a l  t o  t h e  i n s i d e  p i p e  d i a m e t e r .

The w i r e  had  a  c i r c u l a r  c r o s s e c t i o n  an d  a  d i a m e t e r  o f  0 .0 0 3 2  

i n c h e s .  I t  was p o s i t i o n e d  a x i - s y m m e t r i c a l l y ,  and  was h e l d  

p l a c e  b y  i t s  own t e n s i o n .  B o th  t o p  an d  w a l l  v iew s  w ere  u s e d  

i n  th e  s e r i e s  o f  r u n s  w i t h  t h i s  t r i p  w i r e .

O th e r  v i e w s . The l i m i t e d  d im e n s io n s  o f  t h e  f i e l d  o f  

v iew  p e r m i t t e d  o b s e r v a t i o n s  t o  o n l y  s m a l l  y+ p o s i t i o n s  when 

t h e  c a m e ra  was f o c u s e d  a t  t h e  w a l l .  I n  o r d e r  t o  ex am ine  th e  

f l u i d  m o t io n s  a t  g r e a t e r  y+ v a l u e s ,  i t  was n e c e s s a r y  t o  

f o c u s  t h e  cam era  a t  g r e a t e r  d i s t a n c e s  f ro m  t h e  w a l l  a s  

m e a s u re d  a lo n g  t h e  AB p l a n e  o f  F i g u r e  1 3 .  The r e s u l t i n g  

v ie w s  w ere  e s s e n t i a l l y  t h e  same a s  t h e  w a l l  v iew , b u t  d i s 

p l a c e d  v a r y i n g  d i s t a n c e s  from  t h e  w a l l .  I n  o r d e r  t o  p o s i t i o n  

t h e  c a m e ra ,  t h e  s c a l e  d e v i c e  d e s c r i b e d  i n  t h e  t o p  v iew  s e c 

t i o n  was u s e d .  I n  t h i s  c a s e ,  o f  c o u r s e ,  t h e  f o c u s  was a t  t h e  

p l a n e  AB.

H ot f i l m  Anem ometer

A l i n t r o n i c  M odel 40W L i n e a r  C o n s t a n t  T e m p e ra tu re  H o t -  

F i lm  Anemometer w i t h  a  t h e r m o c o u p l e - t y p e  r o o t  mean s q u a r e  

m e t e r  was u se d  f o r  m e a s u r in g  l o c a l  m ean v e l o c i t i e s  and  t u r b u 

l e n t  f l u c t u a t i o n  i n t e n s i t i e s .  'H iis  u n i t  w i l l  n o t  be d e s 

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



b e e n  p r e s e n t e d  e l s e w h e r e  by  H ubbard  ( 2 2 ) .  B a s i c a l l y  t h e  

u n i t  m e a s u re s  t h e  v e l o c i t y  o f  t h e  f l u i d  b y  i n d i c a t i n g  t h e  

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

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

p r o v i d e s  a  l i n e a r  r e l a t i o n  b e tw e e n  th e  e f f e c t s  o f  t h e  f l u i d  

v e l o c i t y  on t h e  p ro b e  and  t h e  o u t p u t  s i g n a l .  Two p ro b e  

c o n f i g u r a t i o n s  w ere  u s e d .  One was a  r i g h t  a n g le  wedge p ro b e  

w here  t h e  s e n s i n g  e le m e n t  o r  h o t  f i l m  was p o s i t i o n e d  on a  

t h i n  g l a s s  wedge s e t  a t  r i g h t  a n g l e s  t o  t h e  p ro b e  a x i s .  By 

i n s e r t i n g  t h i s  p ro b e  th r o u g h  t h e  w a l l  o f  t h e  p i p e ,  t h e  U„A
and u£ v e l o c i t i e s  c o u ld  be m e a s u re d .  The o t h e r  c o n f i g u r a 

t i o n  had  a  f l a t  s u r f a c e  a t  t h e  end  o f  th e  p ro b e  w here  t h e  

s e n s i n g  e le m e n t  was p o s i t i o n e d .  T h is  p ro b e  was i n s e r t e d  

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

t h e  w a l l .  I t  i s  p a r t i c u l a r l y  s e n s i t i v e  t o  u^ f l u c t u a t i o n s .  

B o th  p r o b e s  w ere  p u r c h a s e d  f ro m  L i n t r o n i c ,  and a s  su c h  w ere  

s t a n d a r d  u n i t s .  The s e n s i n g  e le m e n t  o f  p l a t i n u m  was 1 mm. 

i n  l e n g t h ,  0 . 2  mm. w id e ,  and  had  a  t h i c k n e s s  o f  1 .5  x  10"5  mm.

A s p e c t r u m  a n a l y z e r  was a l s o  u s e d  t o  a n a l y z e  t h e  o u t p u t  

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

d i s t u r b a n c e s .  The m o d e l  u s e d  was b y  P a n o ra m ic ,  and  had  a  

s o n i c  a n a l y z e r  w h ic h  c o u ld  m e a su re  t h e  i n p u t  s i g n a l  i n  t h e  

f r e q u e n c y  r a n g e  o f  20 t o  2 2 ,5 0 0  c p s ,  and  a  s u b s o n ic  u n i t  

w h ic h  a n a l y z e s  t h e  i n p u t  s i g n a l  i n  t h e  r a n g e  o f  0 . 5  t o  

2 ,2 5 0  c p s .  B o th  had  a d j u s t m e n t s  f o r  s e t t i n g  th e  c e n t e r
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f r e q u e n c y ,  a n d  f o r  a d j u s t i n g  t h e  f r e q u e n c y  s p a n  e x a m in e d .  A 

more e x t e n s i v e  d i s c u s s i o n  o f  t h i s  u n i t  a p p e a r s  i n  Lee ( 3 2 ) .

The p r o b e s  w ere  I n s e r t e d  i n t o  t h e  p ip e  th r o u g h  a  h o l e  

d r i l l e d  i n t o  t h e  p ip e  w a l l .  S in c e  t h e  p r e s e n c e  o f  t h i s  h o l e  

c o u ld  c o n c e i v a b l y  h a v e  c a u s e d  some d i s t u r b a n c e s  d u r i n g  t h e  

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

c o m p le te d .  As t h i s  h o le  was d r i l l e d  i n  t h e  p ip e  w h i l e  i t  

was i n s t a l l e d  i n  t h e  s y s te m ,  i t  was n o t  e x a c t l y  c e n t e r e d .

T h is  n e c e s s i t a t e d  a n  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  p ro b e  

p o s i t i o n  when I t  was i n s t a l l e d ,  s o  t h a t  t h e  v e l o c i t y  and  

rms m e a su re m e n ts  w i t h  r e s p e c t  t o  r a d i a l  p o s i t i o n  c o u ld  be 

m ade. The p ro b e  was m ou n ted  In  a  h o l d i n g  d e v ic e  and  c o u ld  

be moved h o r i z o n t a l l y .  The s c a l e  on  t h e  d e v ic e  was g r a d u a t e d  

i n  h u n d r e t h s  o f  a n  i n c h  a n d  had a  v e r n i e r  w h ich  c o u ld  be 

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

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

a  m ic r o s c o p e .

S in c e  t h i s  was a p p a r e n t l y  t h e  f i r s t  t im e  a  h o t  f i l m  

p ro b e  h ad  b e e n  u s e d  i n  a  h y d r o c a r b o n  s y s te m ,  t h e  p r o p e r  o v e r 

h e a t  r a t i o  f o r  t h e  h o t  f i l m  had  t o  be d e t e r m i n e d .  A p p ro x i 

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

t u r b u l e n t  f l o w in g  a i r ,  w a t e r ,  an d  t r i c h l o r o e t h y l i n e  w ere  

made, and  know ing  t h e  p r o p e r  o v e r h e a t  r a t i o  f o r  a i r  and  

w a t e r ,  a n  a p p ro x im a te  s e t t i n g  f o r  t r i c h l o r o e t h y l e n e  was 

o b t a i n e d .  T h e r e a f t e r  i t  was a  m a t t e r  o f  t r i a l  a n d  e r r o r  t o  

o b t a i n  t h e  s e t t i n g  w h ic h  w ould  g i v e  a  s t r a i g h t  l i n e  c a l i b r a -



t i o n  c u rv e  o f  o u t p u t  v o l t a g e  v e r s u s  v e l o c i t y .  B e ca u se  no 

e x t e n s i v e  m e a su re m e n ts  w i t h  t h e  h o t  f i l m  p ro b e  w ere  p la n n e d ,  

an d  s a t i s f a c t o r y  r e s u l t s  c o u ld  be o b t a i n e d  f o r  t h e  m e a s u re 

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

t i o n  c u r v e ,  no e x t e n s i v e  s t u d y  o f  t h e  m o s t  d e s i r a b l e  o v e r 

h e a t  r a t i o  was m ade . I n d i c a t i o n s  from  th e  s t u d y  r e v e a l e d  

t h a t  a  s t r a i g h t  l i n e  c u rv e  c o u ld  be o b t a i n e d  a t  h i g h e r  o v e r 

h e a t  r a t i o s  t h a n  t h o s e  e v e n t u a l l y  u s e d .  I h e s e  h i g h e r  r a t i o s  

w ere  n o t  em ployed  b e c a u s e  t h e  s y s te m  was n o t  e q u ip p e d  w i t h  a  

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

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

t o o  g r e a t  t o  p e r m i t  s t a b l e  o p e r a t i o n  a t  t h e  h i g h  o v e r h e a t  

r a t i o s .  The o v e r h e a t  r a t i o  u s e d  was 1 . 1 6 .

The h o t  f i l m  p ro b e  i s  c a l i b r a t e d  b y  c a u s in g  some known 

o r  m e a su re d  v e l o c i t y  t o  f lo w  p a s t  i t  and  r e c o r d i n g  t h e  

v o l t a g e  o u t p u t  f ro m  t h e  m e a s u r in g  c i r c u i t  a s  t h i s  v e l o c i t y  

i s  s y s t e m a t i c a l l y  c h a n g e d .  U s u a l l y  a  m e a s u r in g  d e v ic e  s u c h  

a s  a  p i t o t  t u b e  i s  u s e d  t o  d e te r m i n e  t h e  f lo w  p a s t  t h e  p r o b e .  

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

t h a t  a n  a l t e r n a t e  m ethod  be fo u n d  s i n c e  s u c h  a  m e a s u r in g  

d e v i c e  c o u ld  n o t  be p l a c e d  i n  t h e  t e s t  s e c t i o n  w i t h o u t  m a jo r  

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

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

The v e l o c i t y  o f  f lo w  p a s t  i t  was ch an g e d  b y  c h a n g in g  th e  

a v e r a g e  a x i a l  f lo w  r a t e  a s  m e a su re d  b y  t h e  o r i f i c e  m e t e r  and  

r o t a m e t e r .  The l o c a l  mean a x i a l  v e l o c i t y  p a s t  t h e  p ro b e  was



c a l c u l a t e d  f ro m  t h e  a v e r a g e  v a lu e  b y  f i r s t  a ssu m in g  t h a t  a  

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

B r o d k e y 's  (1 )  e x t e n s i o n  o f  P a i ' s  (4 2 )  e q u a t i o n s ,  t h e  o v e r - a l l  

a v e r a g e  v e l o c i t y  c o u ld  be r e l a t e d  t o  th e  maximum v e l o c i t y .  

From t h e s e  v a l u e s ,  and  P a i ' s  r e l a t i o n  f o r  t h e  t u r b u l e n t  

v e l o c i t y  p r o f i l e ,  t h e  l o c a l  mean a x i a l  v e l o c i t y  a t  t h e  p ro b e  

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

T hese  e q u a t i o n s  h ave  b e e n  shown t o  be q u i t e  a c c u r a t e ,  B ro d k ey  

( 1 ) ,  s o  th e  o n l y  d i f f i c u l t y  i s  w i t h  t h e  a s s u m p t io n  o f  a  

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

t i o n  c u rv e  i s  i n  e r r o r .  S in c e  th e  c a l i b r a t i o n  m e a su re m e n ts  

a r e  made w i t h  t h e  p ro b e  a t  a  f i x e d  p o s i t i o n ,  and  t h e  v e l o c i t y  

p r o f i l e  m e a su re m e n ts  a r e  made a t  a  f i x e d  R e y n o ld s  number b y  

m oving  th e  p r o b e ,  an  e r r o r  i n  th e  c a l i b r a t i o n  m e a su re m e n ts  

w i l l  be r e f l e c t e d  i n  th e  v e l o c i t y  p r o f i l e  m e a s u re m e n ts ,  and  

a  n o rm a l  t u r b u l e n t  p r o f i l e  w ould  n o t  be o b t a i n e d .  U i i s  t h e n  

p r o v i d e s  an  i n d i r e c t  c h e c k  on t h e  a s s u m p t io n  f o r  t h e  c a l i 

b r a t i o n  m e th o d .  I f  t h e  m e a su re d  p r o f i l e  a g r e e s  w e l l  w i t h  t h e  

t h e o r e t i c a l  p r o f i l e  f o r  t u r b u l e n t  f lo w ,  t h e n  one c a n  c o n 

c lu d e  t h a t  t h e  c a l i b r a t i o n  was s a t i s f a c t o r y  s i n c e  t h i s  a g r e e 

m en t c o u ld  n o t  h av e  b e e n  a t t a i n e d  u n l e s s  t h e  n e c e s s a r y  

a s s u m p t io n  made d u r i n g  t h e  c a l i b r a t i o n  s t e p  was t r u e .  I f  a  

p o o r  m e a su re d  p r o f i l e  I s  o b t a i n e d ,  t h e  r e s u l t s  a r e  I n c o n c l u 

s i v e ,  b u t  w ou ld  i n d i c a t e  t h a t  a  t u r b u l e n t  p r o f i l e  d o e s  n o t  

e x i s t  i n  t h e  t e s t  s e c t i o n .  The p r o c e d u r e  I s  n o t  a l l  t h a t  

one w ou ld  d e s i r e ,  b u t  f o r  t h e  l i m i t e d  p u r p o s e s  o f  t h e  h o t
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w i r e  m e a su re m e n ts  i n  t h i s  s t u d y ,  i . e . ,  t o  d e t e r m i n e  i f  t h e  

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

The c a l i b r a t i o n  c u rv e  a p p e a r s  i n  F i g u r e  1 6 .

A r e m a r k a b le  r e s u l t  o f  th e  u s e  o f  t h e  h o t  f i l m  p ro b e  

i n  t r i c h l o r o e t h y l e n e  was t h e  e x c e l l e n t  s t a b i l i t y  o f  o p e r a 

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

c u l t i e s  e n c o u n t e r e d  a n d  i n a c c u r a c i e s  i n t r o d u c e d  b y  th e  d r i f t  

o f  t h e  p ro b e  o u t p u t  w hen i t  i s  u s e d  i n  w a t e r .  I n  t h e  p r e s e n t  

s t u d y ,  o n ce  th e  f l u i d  had  r e a c h e d  c o n s t a n t  t e m p e r a t u r e ,  th e  

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

an d  n e v e r  showed a  s y s t e m a t i c  d r i f t .

Dye i n j e c t i o n

F o r  a  b r i e f  s e q u e n c e  o f  r u n s  dye was i n j e c t e d  i n t o  

t h e  w a l l  a r e a  th r o u g h  t h e  h o l e  i n  t h e  p ip e  w a l l  w here  th e  

h o t  f i l m  p ro b e  had  b e e n  i n s e r t e d .  A g l a s s  tu b e  o f  a p p r o x i 

m a t e l y  2 m i l l i m e t e r s  I . D .  a n d  O.D. a p p r o x i m a t e l y  t h a t  o f  th e  

h o l e  was i n s e r t e d  i n t o  th e  p i p e  w a l l ,  b u t  d i d  n o t  e x t e n d  t o  

t h e  i n s i d e  w a l l  s u r f a c e .  Dye was i n j e c t e d  th r o u g h  t h i s  t u b e ,  

i n t o  th e  h o l e  i n  t h e  p i p e  w a l l  and  t h e n  i n t o  th e  w a l l  r e g i o n .  

A s m a l l  c e n t r i f u g a l  pump an d  n e e d le  v a lv e  w ere  u s e d  t o  c o n 

t r o l  t h e  dye  f lo w  r a t e .  W ith  th e  l i g h t  s o u r c e  and  f i l m  

s e n s i t i v i t y ,  Sudan I I I  r e d  d y e  was fo u n d  t o  be m o s t  

s a t i s f a c t o r y .
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Figure 16. H o t  F i l m  C a l i b r a t i o n
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D i s c u s s i o n  o f  m ethod

The e x p e r i m e n t a l  m ethod  u sed  i n  t h i s  s t u d y  h a s  some 

d i s t i n c t  a d v a n ta g e s  o v e r  o t h e r  ty p e  v i s u a l i z a t i o n  m e th o d s  

w h ich  i n j e c t  o r  d i s p l a c e  a  dye o r  u se  b l r e f r i n g e n t  f l u i d .

E ven  i f  t h e  l a t t e r  c o u ld  show s u f f i c i e n t  d e t a i l  t o  r e v e a l  

t h e  f i n e  s t r u c t u r e  o f  f l u i d  m o tio n s  ( t h i s  a b i l i t y  h a s  y e t  

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

n o n -N e w to n ia n  i n  c h a r a c t e r  i n t r o d u c e s  a  number o f  u n c e r t a i n 

t i e s  and  unknowns i n t o  an  a l r e a d y  com plex  p ro b le m . F o r  one 

t h i n g ,  t h e  mean v e l o c i t y  p r o f i l e  c a n n o t  be  a c c u r a t e l y  

p r e d i c t e d  f o r  su c h  f l u i d s .  Dye o r  p a r t i c l e  i n j e c t i o n  t e c h 

n iq u e s  r e q u i r e  a  m echanism  t o  i n j e c t  t h e  m a t e r i a l  i n t o  t h e  

f lo w ,  and  i n  t h e  w a l l  r e g i o n s  t h e  a f f e c t  o f  s u c h  a m echan ism  

c a n  be a  s o u r c e  o f  c o n c e r n .  The p r e s e n t  m e tho d , o f  c o u r s e ,  

r e q u i r e s  no i n j e c t i o n  s i n c e  t h e  p a r t i c l e s  m a rk in g  th e  f lo w  

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

b u t i o n  p r o v i d e s  a n o t h e r  d i s t i n c t  a d v a n ta g e  o v e r  dye i n j e c 

t i o n  m e th o d s .  I n  t h e s e  l a t t e r  th e  t r a c e r  f l u i d  i s  i n j e c t e d  

a t  a  p o i n t  o r  l i n e ,  and  th e  f l u i d  m o t io n s  c a u s e  th e  t r a c e r  

t o  s p r e a d  and  assum e v a r i o u s  c o n f i g u r a t i o n s .  From t h e s e  co n 

f i g u r a t i o n s ,  i n f o r m a t i o n  c o n c e rn in g  t h e  f l u i d  m o t io n  i s  

d e d u c e d .  The d i f f u s i o n  and  s p r e a d  o f  t h e  dye i s  an  u n 

s t e a d y  s t a t e  p r o c e s s .  W hile  i t  m ig h t  s a t i s f a c t o r i l y  d e l i n e a t e  

t h e  f l u i d  m o t io n s  i n  a  s t e a d y - s t a t e  f lo w ,  f o r  t u r b u l e n t  f lo w  

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

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



u n s t e a d y  s t a t e  n a t u r e  beyond  t h a t  o f  th e  q u a s i - s t e a d y  s t a t e  

t u r b u l e n t  f l o w .  I n  t h i s  r e g i o n ,  t h e  c o m b in a t io n  o f  a  d e v e l o p 

in g  dye  f i e l d  w i t h  a  d e v e l o p in g  v e l o c i t y  f i e l d  compounds t h e  

d i f f i c u l t y  o f  i n t e r p r e t a t i o n .  A n o th e r  f a c t o r  i s  t h e  u n e v e n  

d i s t r i b u t i o n  o f  dye a f t e r  d e v e lo p m e n t  h a s  p r o c e e d e d  f o r  a  

t i m e .  01113 l e a v e s  h i g h  dye c o n c e n t r a t i o n s  i n  a r e a s  o f  low 

v e l o c i t y  and  d e p l e t e s  t h e  dye  i n  t h e  a r e a  o f  h ig h  v e l o c i t y .  

Thus t h e  m o t io n s  o f  t h e  f l u i d  i n  t h e  h i g h  v e l o c i t y  r e g i o n s  

a r e  n o t  m ark e d . W ith  t h e  u n i f o r m l y  d i s t r i b u t e d  p a r t i c l e s  o f  

t h e  p r e s e n t  s t u d y  b o th  o f  t h e s e  d i s a d v a n t a g e s  a r e  rem o v e d .

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

t h e  f i n e  s t r u c t u r e  b e c a u s e  th q r  mark v e r y  s m a l l  e l e m e n t s  o f  

f l u i d  an d  n o t  l a r g e  r e g i o n s  a s  dye d o e s .  F i n a l l y ,  b e c a u s e  

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

t h e y  p e r m i t  t h e  s t u d y  o f  a  d e v e l o p in g  m o t io n  o v e r  a  l o n g e r  

p e r i o d  o f  t im e  t h a n  do  i n j e c t i o n  m e th o d s .

F o r  u n s t e a d y  s t a t e  f lo w ,  t r a c e r s  I n j e c t e d  a t  a  p o i n t  

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

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

d i s t r i b u t e d  and  m ark in g  l o c a l  f l u i d  e l e m e n t s ,  d e f i n e  t h e s e  

p a t h s  an d  t h u s  a r e  p a t h l i n e s .  OSiis i s  a  f u n d a m e n ta l  d i f f e r 

e n c e ,  and  a l t h o u g h  f o r  s im p le  u n s t e a d y  f lo w s  s t r e a k l i n e s ,  

s t r e a m l i n e s ,  an d  p a t h l i n e s  may be c a l c u l a t e d  f ro m  one 

a n o t h e r  and  a  know ledge  o f  t h e  v e l o c i t y  f i e l d ,  f o r  u n s t e a d y  

t u r b u l e n t  m o t io n  t h i s  i s  i m p o s s i b l e .
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M ethods o f  f i l m  a n a l y s i s

A l l  a n a l y s e s  o f  t h e  f l u i d  m o t io n s  w ere  made f ro m  t h e  

m o t io n  p i c t u r e  f i l m s  b e c a u s e  im age q u a l i t y  was l o s t  d u r i n g  

p r i n t i n g .  The m o t io n  p i c t u r e s  t o  be a n a ly z e d  w ere  s e l e c t e d  

s o l e l y  on the  b a s i s  o f  im age q u a l i t y  w i t h o u t  r e g a r d  t o  c o n 

t e n t .  T h is  p r e l i m i n a r y  s c r e e n i n g  was n e c e s s a r y  b e c a u s e  i t  

was f e l t  t h a t  i f  f i l m s  o f  w i d e l y  d i f f e r e n t  q u a l i t y  w ere  

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

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

w ere  due  o n l y  t o  t h e  f a i l u r e  o r  a b i l i t y  t o  s e e  s o m e th in g  

b e c a u s e  o f  a  p o o r  o r  good  im a g e .  O n ly  f i l m s  o f  g o o d , co m p ar

a b l e  q u a l i t y  w ere  u s e d  i n  t h e  d e t a i l e d  a n a l y s e s .  F o r  

a n a l y s i s ,  t h e  f i l m s  w ere  p r o j e c t e d  by  a  m o t io n  a n a l y s i s  

p r o j e c t o r  o n to  a  s c r e e n  r u l e d  i n t o  a  r e c t a n g u l a r  g r i d .  03ie 

s p e e d  and  d i r e c t i o n  o f  p r o j e c t i o n  c o u ld  be c o n t r o l l e d .  The 

p r o j e c t e d  im age m a g n i f i e d  th e  f i l m  im age by  93X so  t h a t  t h e  

f i l m s  t a k e n  a t  4 .3 X  showed th e  w a l l  r e g i o n  m a g n i f i e d  400X 

on  t h e  s c r e e n .  The i n c r e a s e  i n  m a g n i f i c a t i o n  by  t h e  p r o 

j e c t o r  made t h e  o b s e r v a t i o n s  and  m e a su re m e n ts  e a s i e r  by  

r e v e a l i n g  a l l  t h a t  was on t h e  f i l m  on a n  e x p an d e d  s c a l e .  I t  

c o u ld  n o t ,  o f  c o u r s e ,  do m ore  t h a n  t h i s ,  so  i n  a  r e a l  s e n s e  

t h e  i m p o r t a n t  m a g n i f i c a t i o n  was th e  one a t  w h ic h  th e  f i l m s  

w ere  t a k e n .  T h is  one s e t s  t h e  l i m i t s  on c o n t e n t .  The r u l 

i n g s  on  t h e  s c r e e n  w ere  d raw n  t o  t h e  s c a l e  o f  t h e  m a g n i f i e d  

im age so  t h a t  e a c h  l i n e  o f  th e  g r i d  c o r r e s p o n d e d  t o  a  g i v e n  

d im e n s io n  o f  t h e  w a l l  r e g i o n .  To be c e r t a i n  t h a t  th e  p r o p e r
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m a g n i f i c a t i o n  a n d  a l i g n m e n t  w ere  u s e d  f o r  a l l  a n a l y s e s ,  t h e  

g r i d  was m arked  w i t h  r e f e r e n c e  l i n e s  w h ic h  c o r r e s p o n d e d  t o  

m arks  on  a  c a l i b r a t i o n  f i l m .  T h is  f i l m  c o n t a i n e d  an  image 

o f  a  g r i d  w here  th e  s p a c i n g  b e tw e e n  l i n e s  was a c c u r a t e l y  

m e a su re d  w i t h  a  m ic ro s c o p e  e q u ip p e d  w i t h  a  m ic r o m e te r  e y e 

p i e c e .  By a l i g n i n g  t h e  s c r e e n  c a l i b r a t i o n  m arks  w i t h  t h e  

c o r r e s p o n d i n g  m ark s  on t h e  p r o j e c t e d  im age o f  t h e  c a l i b r a 

t i o n  f i l m ,  p r o p e r  m a g n i f i c a t i o n  o f  t h e  p r o j e c t e d  im age was 

a t t a i n e d .

H ie p r o j e c t o r  was a d a p t e d  t o  c o u n t  e l e c t r i c a l l y  t h e  

num ber o f  f r a m e s  o f  f i l m  p r o j e c t e d .  T h is  was d o ne  by 

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

s p r o c k e t  w h e e l  and  c o n n e c t i n g  i t  t h r o u g h  a  s w i t c h  t o  an  

e l e c t r i c  im p u ls e  c o u n t e r .  As t h e  s p r o c k e t  w h e e l  t u r n e d ,  i t  

op en ed  and  c l o s e d  t h e  m ic r o s w i t c h  one t im e  f o r  e a c h  f r a m e .

The s w i t c h  i n  t h e  c o u n t e r  c i r c u i t  was n o r m a l ly  o p en , s o  th e  

c o u n t e r  d i d  n o t  b e g in  c o u n t i n g  u n t i l  i t  was c l o s e d ,  and  

s to p p e d  when i t  was r e l e a s e d .  H i i s  a b i l i t y  t o  c o u n t  f r a m e s  

was n e c e s s a r y  f o r  t h e  d e t e r m i n a t i o n  o f  r e a l  t im e  a s  op p o sed  

t o  p r o j e c t i o n  t im e  w h ich  w as much s l o w e r .  The c o u n t e r  was 

p e r i o d i c a l l y  c a l i b r a t e d  by  u s i n g  a  s t r o b o t a c  t o  m e a su re  th e  

s p r o c k e t  w h e e l  r e v o l u t i o n s .

As was m e n t io n e d  i n  t h e  c am era  d e s c r i p t i o n ,  t im i n g  

m a rk s ,  w h ic h  a p p e a r e d  a s  d i s t i n c t  d a r k  s t r e a k s ,  w ere  a u t o 

m a t i c a l l y  i m p r i n t e d  on  t h e  f i l m  m a r g in  a t  120 m a r k s / s e c o n d .

By m e a s u r in g  t h e  number o f  f r a m e s  o f  f i l m  c o v e r e d  by  t h e  t i m -
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i n g  m ark  one c o u ld  c a l c u l a t e  th e  f i l m i n g  s p e e d  i n  f r a m e s /  

s e c o n d .  To f a c i l i t a t e  t h i s  c a l c u l a t i o n ,  t h e  l e n g t h  o f  t h e  

m ark was m e a su re d ,  and  knowing t h a t  a  fram e m ea su re d  7*6 mm 

fro m  c e n t e r l i n e  t o  c e n t e r l i n e  o f  a d j a c e n t  s p r o c k e t  h o l e s ,  t h e  

f r a m in g  sp e ed  was c a l c u l a t e d  a s  f o l lo w s

f r a m e s / s e c o n d  = 00833

Then b y  c o u n t in g  th e  num ber o f  f ra m e s  d u r in g  w h ic h  a  p a r t i c u 

l a r  e v e n t  o c c u r r e d ,  one c o u ld  c a l c u l a t e  t h e  r e a l  t im e  o f  

o c c u r r e n c e .  T h is  p ro v e d  t o  be a n  e x c e l l e n t  means o f  t im in g  

e v e n t s  o f  v e r y  s h o r t  d u r a t i o n  b e c a u s e  th e  h i g h - s p e e d  

p h o to g ra p h y  c a u s e d  e v e n  t h e s e  e v e n t s  t o  a p p e a r  o v e r  a  l a r g e  

number o f  f r a m e s ,  v e r y  se ldom  l e s s  t h a n  20 and u s u a l l y  m o re , 

and t h e  lo w -s p e e d  p r o j e c t i o n  p e r m i t t e d  th e  e v e n t  t o  be s e e n  

and t h e  f ra m e s  a c c u r a t e l y  c o u n te d .  A l l  o f  t h e  t im e d  e v e n t s  

d e s c r i b e d  i n  l a t e r  s e c t i o n s  w ere  m ea su re d  by  t h i s  m e thod .

Among th e  m ost i m p o r t a n t  m ea su re m e n ts  made a r e  t h o s e  

o f  p a r t i c l e  v e l o c i t i e s  and  t r a j e c t o r i e s .  I n  e a c h  o f  t h e  

cam era  v ie w s , b u t  i n  p a r t i c u l a r  th e  w a l l  v iew , th e  m o tio n s  

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

was q u i t e  r e a d i l y  d e te r m in e d .  I n  many c a s e s  t h e  p a r t i c l e s  

e x h i b i t e d  a  s t r a i g h t  o r  o n ly  s l i g h t l y  c u rv e d  t r a j e c t o r y ,  so  

t h a t  b y  r e c o r d i n g  th e  g r i d  c o o r d i n a t e s  a t  t h e  b e g in n in g  and 

end  o f  a  p a r t i c u l a r  movement, and  c o u n t in g  t h e  f ra m e s  e l a p s e d ,  

th e  v e l o c i t y  o f  th e  p a r t i c l e  a s  w e l l  a s  t h e  t r a j e c t o r y  c o u ld  

be c a l c u l a t e d .  T h is  p r o c e d u r e  n e g l e c t s  t h e  t h r e e  d im e n s i o n a l  

movement o f  t h e  p a r t i c l e ,  i . e . ,  movement a lo n g  t h e  l i n e  o f
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s i g h t ,  and so  u n d e r e s t i m a t e s  th e  v e l o c i t y  i n  m o s t  c a s e s .

S in c e  some e s t i m a t e  o f  t h e  e x t e n t  o f  t h i s  t h r e e  d i m e n s i o n a l  

movement i s  a v a i l a b l e  f ro m  t h e  two v ie w s ,  t h e  p o t e n t i a l  e r r o r  

c a n  b e  e s t i m a t e d .  T h is  i s  d o n e  i n  A ppend ix  I I  w here  t h e  

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

The o b s e r v a t i o n  and  m e a su re m e n t  o f  t r a j e c t o r y  and  u r  

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

c a r r i a g e  moves w i t h  t h e  f l o w .  T h is  movement r e d u c e s  th e  

r e l a t i v e  m o tio n  b e tw e e n  t h e  c a m e ra  and  t h e  l o c a l  mean a x i a l  

v e l o c i t y ,  and  th e  a p p a r e n t  a x i a l  v e l o c i t y  i s  o f t e n  o f  t h e  

same m a g n i tu d e  a s  t h e  up o r  u Q v e l o c i t y .  On th e  f i l m s  t h e s e  

m o t io n s  a p p e a r  a s  d e v i a t i o n s  f ro m  a x i a l  f l o w .  S in c e  t h e  

c a m e ra  moves w i t h  t h e  f lo w ,  t h e s e  d e v i a t i n g  p a r t i c l e s  r e m a in  

i n  v iew  f o r  a  l o n g e r  p e r i o d  o f  t im e ,  and  t h e r e f o r e  t r a v e l  a  

g r e a t e r  o b s e r v a b l e  d i s t a n c e .  A ls o ,  s i n c e  t h e  t r a j e c t o r y  o r  

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

tanO C  = B/Aj w here  CC = a p p a r e n t  d e v i a t i o n  a n g l e ,  B = u r  o r  

u@, an d  A = Ux, a n y  a p p a r e n t  d e c r e a s e  i n  Ux  i n c r e a s e s  t h e  

a n g le  OC an d  makes t h e  d e v i a t i o n s  more v i s i b l e  and  more 

a c c u r a t e l y  m e a s u re d .

The m o t io n  o f  th e  c a m e ra  i s  m a tch ed  t o  t h e  l o c a l  mean 

a x i a l  v e l o c i t i e s  a t  s e l e c t e d  y+ p o s i t i o n s .  At t h e s e  p o s i t i o n s  

t h e  p a r t i c l e  m o t io n s  have  a p p r o x i m a t e l y  z e r o  r e l a t i v e  v e l o c i 

t i e s ,  and  a  r e v e r s a l  o f  a p p a r e n t  d i r e c t i o n  o f  Ux  v e l o c i t y  

o c c u r s  a s  one moves f ro m  t h e  w a l l  to w a rd  t h i s  y+ p o s i t i o n  

and  t h e n  beyon d  i t .  D u r in g  a n y  r u n ,  t h e  c a r r i a g e  v e l o c i t y
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i s  c o n s t a n t ,  s o  i f  t h e  p o s i t i o n  o f  z e r o  r e l a t i v e  v e l o c i t y  

c h a n g e s ,  i t  m u s t  mean t h a t  t h e  Ux  v e l o c i t y  h a s  c h a n g e d .  T h is  

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

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

i l y  o b s e r v e d  o r  m e a su re d  a s  u r  o r  u q . O th e r  p a r t i c u l a r  

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

e x p e r i m e n t a l  r e s u l t s  s i n c e  t h e y  a r e  more m e a n in g f u l  i n  t h a t  

c o n t e x t .

I n  a d d i t i o n  t o  th e  v a r i o u s  m e a s u re m e n ts ,  t h e  d i f f e r e n t  

f i l m s  w ere  c a r e f u l l y  and  s y s t e m a t i c a l l y  a n a ly z e d  f o r  q u a l i 

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

t i o n  o f  o c c u r r e n c e  an d  d im e n s io n s  o f  v a r i o u s  o c c u r r e n c e s  

c o u ld  be r e a d i l y  n o t e d  b e c a u s e  o f  th e  s c a l e d  g r i d  on w h ic h  

t h e y  w ere  p r o j e c t e d .  From t h e  o b s e r v a t i o n s  o f  t h e  movement 

o f  p a r t i c l e s  s e p a r a t e d  by v a r i o u s  d i s t a n c e s ,  some e s t i m a t e  

a s  t o  t h e  s i z e  o f  th e  d i s t u r b a n c e s  c o u ld  be o b t a i n e d .  I f  a  

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

moved t o g e t h e r  a s  a  d e v i a t i n g  e le m e n t ,  i t  c o u ld  s a f e l y  be 

a ssum ed  t h a t  t h e y  w e re  a l l  p a r t  o f  a  s i n g l e  d i s t u r b e d  e d d y .  

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

was l e s s  t h a n  t h e  f i e l d  o f  v iew , t h i s  m eth od  was q u i t e  

e f f e c t i v e .  O f t e n  more t h a n  one g ro u p  o f  p a r t i c l e s  c o u ld  be 

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

f ro m  t h e  cfcher, b u t  a t  t h e  same t im e .

I n  o r d e r  t o  d e t e r m i n e  th e  p o s i t i o n  o f  o c c u r r e n c e  o f  

a n y  e v e n t  f ro m  t h e  p r o j e c t e d  im ag e , i t  was n e c e s s a r y  t o
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a l i g n  t h e  w a l l  o f  t h e  p ip e  a s  i t  a p p e a r e d  i n  t h e  im age w i t h  

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

was done  a l l  p o s i t i o n s  r e l a t i v e  t o  t h e  w a l l  w ere  f i x e d .  Due 

t o  t h e  i m p e r f e c t  m a tc h in g  o f  t h e  in d e x  o f  R e f r a c t i o n ,  a  t h i n  

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

t i o n .  T h is  was d e s c r i b e d  e a r l i e r  and  t h e  v e r i f i c a t i o n  t h a t  

i t  was t h e  i n t e r i o r  w a l l  was d i s c u s s e d .  E a r l i e r ,  some c a l 

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

f r a c t i o n  o f  t h e  l i g h t  w ere  p r e s e n t e d  an d  d i s c u s s e d .  At t h a t  

t im e  th e  e s t i m a t e d  a r e a  a f f e c t e d  had  a  w id th  o f  a p p r o x i m a t e l y  

0 .0 0 0 9  i n c h e s ,  a l t h o u g h  t h e  p o s s i b i l i t y  o f  a  som ew hat l e s s  

a f f e c t e d  a r e a  o f  g r e a t e r  w id th  was a l s o  d i s c u s s e d .  A c h e c k  

was made o f  t h e s e  e s t i m a t e s  by  i n s e r t i n g  th e  s c a l e  i n t o  t h e  

t e s t  s e c t i o n  and  t a k i n g  s t i l l  p h o to g r a p h s  o f  i t .  T hese 

p h o to g r a p h s  showed t h a t  th e  d a r k e n e d  a r e a  e x i s t e d ,  b u t  t h e  

p r e s e n c e  o f  th e  m e t a l  s c a l e  and  s u p p o r t s  i n c r e a s e d  th e  w id th  

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

p h o to g r a p h s  showed a  v e r y  d e n s e ,  s h a r p l y  d e f i n e d  l i n e  w h i l e  

t h e  m o t io n  p i c t u r e s  w i t h o u t  th e  s c a l e  showed a  som ew hat 

d i f f u s e  d a r k  a r e a  w i t h i n  w h ic h  p a r t i c l e s  w ere  s t i l l  v i s i b l e .  

The l i n e  becam e d a r k e r  a s  t h e  w a l l  was a p p r o a c h e d .  T h is  i s  

i n  a g re e m e n t  w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  O th e r  s t i l l  

p h o to g r a p h s  w ere  t a k e n  u n d e r  l i g h t i n g  c o n d i t i o n s  w here  t h e  

r e f l e c t i o n s  f ro m  t h e  m e t a l  s c a l e  w ere  a lm o s t  e l i m i n a t e d ,  and  

t h e s e  showed no e n c ro a c h m e n t  o f  t h e  d a r k  r e g i o n  i n t o  t h e  

s u b l a y e r .  The s t i l l  p h o to g r a p h s  m e n t io n e d  e a r l i e r ,
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t h e r e f o r e ,  r e p r e s e n t  an  e x t r e m e  c a s e  and a r e  u s e f u l  i n  s e t 

t i n g  t h e  e x tre m e  l i m i t s  o f  t h e  e f f e c t  o f  t h e  r e f r a c t i o n .  I t  

m u s t  he e m p h a s iz e d  t h a t  i n  t h e  m o t io n  p i c t u r e s  o f  t h e  w a l l  

a r e a  th e  r e f r a c t i o n  e f f e c t  d o e s  n o t  a p p r o a c h  t h e s e  l i m i t s  i n  

s i z e  o r  d e n s i t y .

C a r e f u l  e x a m in a t io n  o f  th e  m o t io n  p i c t u r e s  showed t h a t  

p a r t i c l e  m o t io n s  w ere  v i s i b l e  w i t h i n  th e  d a rk e n e d  r e g i o n .

T h is  r e g i o n  was a lw a y s  v e r y  s m a l l  com pared  t o  t h e  f ram e  

w i d t h ,  and  was v e r y  d a r k  o n l y  w i t h i n  an  e x t r e m e l y  n a rro w  

l i n e  a t  t h e  w a l l - s i d e  o f  t h e  r e g i o n .  D u r in g  th e  a n a l y s i s ,  

t h i s  d a r k  l i n e  was a l i g n e d  w i t h  th e  l i n e  on  th e  g r i d  c o r r e 

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

l o c a t i n g  t h e  w a l l  c a u s e s  some u n c e r t a i n t y  i n  th e  l o c a t i o n ,  

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

u n c e r t a i n t y  was d e f i n i t e l y  l e s s  t h a n  0 .0 0 2  in c h e s  w h ich  g i v e s  

a  maximum u n c e r t a i n t y  l e s s  t h a n  2 u n i t s  a t  5 0 ,0 0 0  Nrs , and  

c o n s i d e r a b l y  l e s s  t h a n  t h a t  a t  lo w e r  R e y n o ld s  n u m b ers .

The e f f e c t  o f  r e f r a c t i o n  was n o t  p r e s e n t  i n  th e  t o p  

v ie w , and  i t  a f f o r d e d  a n  e x c e l l e n t  o p p o r t u n i t y  t o  exam ine  

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

g e n e r a l l y  c o n f i r m e d  th o s e  made in  t h e  w a l l  v ie w .



EXPERIMENTAL

H ot f i l m  m e a su re m e n ts

C h r o n o l o g i c a l l y ,  t h e  m e a su re m e n ts  w i t h  t h e  h o t  f i l m  

p ro b e  w ere  made a f t e r  t h e  p h o t o g r a p h i c  s t u d y  was c o m p le te d .  

T h is  was n e c e s s a r y  s i n c e  t h e  u se  o f  t h e  p ro b e  r e q u i r e d  t h a t  

a  h o l e  be d r i l l e d  i n t o  t h e  p i p e  w a l l  a t  t h e  t e s t  s e c t i o n ,  and  

i t  was e s s e n t i a l  t o  a v o id  t h e  p o s s i b l e  i n t r o d u c t i o n  o f  d i s 

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

g r a p h i c  s t u d y .

I n  th e  d e s c r i p t i o n  o f  t h e  e q u ip m e n t  i t  was n o t e d  t h a t  

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

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

s e c t i o n .  S in c e  th e  e n t r y  l e n g t h  a c t u a l l y  u s e d  e x c e e d e d  th e  

c a l c u l a t e d  v a l u e ,  t h e  a s s u m p t io n  t h a t  t h e  f lo w  was f u l l y  

d e v e lo p e d  seem ed v a l i d .  N e v e r t h e l e s s  when t h e  u n s t e a d y  

n a t u r e  o f  th e  w a l l  r e g i o n  was d i s c o v e r e d ,  i t  was deem ed o f  

v a l u e  t o  m e a s u re  th e  p r o f i l e  t o  c o n f i r m  t h e  a s s u m p t io n .

No e x t r e m e  d e g r e e s  o f  a c c u r a c y  w ere  a t t e m p t e d  b e c a u s e  

e x t e n s i v e  m o d i f i c a t i o n  o f  t h e  e q u ip m e n t  w ou ld  h a v e  b e e n  

r e q u i r e d  t o  a t t a i n  th em . T hese  r e f i n e m e n t s  a r e  p r i m a r i l y  o f  

im p o r t a n c e  when e x t e n s i v e  m e a su re m e n ts  o f  t u r b u l e n t  c h a r a c 

t e r i s t i c s  a r e  t o  be m ade, a n d  th e  i n t e n t  i n  t h i s  c a s e  was t o  

m e a s u re  a  mean v e l o c i t y  p r o f i l e .

91
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The s u c c e s s f u l  a p p l i c a t i o n  o f  th e  h o t  f i l m  e q u ip m e n t  

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

h a s  b e e n  d i s c u s s e d  i n  t h e  e q u ip m e n t  s e c t i o n .  The im p o r ta n c e  

o f  s u c h  s t a b l e  o p e r a t i o n  f o r  t u r b u l e n c e  m e a su re m e n ts  may be 

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

m en ts  i n  l i q u i d  s y s te m s  h a v e  b e e n  a t t e m p t e d .

A l th o u g h  th e  c a l i b r a t i o n  c u rv e  o b t a i n e d  f o r  th e  o v e r 

h e a t  r a t i o  o f  1 .1 6  was n o t  a  s t r a i g h t  l i n e ,  i t  was s t a t i s -  

f a c t o r y  f o r  t h e  d e s i r e d  m e a s u r e m e n ts .  T ie  c a l i b r a t i o n  c u rv e  

a p p e a r s  i n  F i g u r e  1 6 .  F o r  a c c u r a t e  v e l o c i t y  f l u c t u a t i o n  o r  

R e y n o ld s  s t r e s s  m e a s u re m e n ts ,  a  s t r a i g h t  l i n e  c a l i b r a t i o n  

c u rv e  i s  e s s e n t i a l .  No e x t e n s i v e  e x a m in a t io n  o f  t h e  c o n d i 

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

was a t t e m p t e d  i n  t h i s  s y s te m ,  b u t  i n  one t r i a l  u s i n g  a n  

o v e r h e a t  r a t i o  o f  1 .2 4  a  much s t r a i g h t e r  l i n e  was o b t a i n e d .  

U n f o r t u n a t e l y  a s  t h e  f l u i d  t e m p e r a t u r e  i n c r e a s e d  th e  p ro b e  

b e g a n  t o  show v e r y  e r r a t i c  o p e r a t i o n .  T h i s  was n o t  t h e  

u s u a l  d r i f t  i n  a  p a r t i c u l a r  d i r e c t i o n  common t o  u n s t a b l e  

o p e r a t i o n  i n  l i q u i d  s y s te m s ,  b u t  a  su d d e n  jump o f  t h e  o u t p u t  

t o  a  p a r t i c u l a r  v a l u e  a t  w h ic h  i t  r e m a in e d  f o r  a  t im e ,  and  

t h e n  a  jump i n  t h e  o p p o s i t e  d i r e c t i o n  t o  a  new v a l u e .  T ap

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

h i g h  v a l u e .  W h ile  a c t i n g  i n  t h i s  f a s h i o n ,  th e  p ro b e  was 

ex am in ed  u n d e r  a  m ic r o s c o p e  and  t i n y  b u b b le s  c o u ld  be s e e n  

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



t im e  was 41°C and  s i n c e  i t  h a s  a  t o i l i n g  p o i n t  o f  87°C i t  

was c o n c lu d e d  t h a t  t h e  e r r a t i c  b e h a v i o r  was due  t o  i n c i p i e n t  

b o i l i n g  a t  t h e  p r o b e . The lo w e r  o v e r h e a t  r a t i o  n e v e r  showed 

t h i s  b e h a v i o r .  S in c e  t h e  s y s te m  p ro v e d  t o  be  so  s t a b l e ,  

f u t u r e  e x p e r i m e n t s  a r e  p la n n e d  u s i n g  i t  t o  m e a su re  v a r i o u s  

p r o p e r t i e s  o f  t u r b u l e n t  f lo w ,  i . e . ,  s p e c t r a ,  R e y n o ld s  

s t r e s s e s  . . . fc  ■’ l i q u i d  s y s te m s .  F o r  t h e s e  s t u d i e s ,  a  

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

The v e l o c i t y  p r o f i l e  a c r o s s  t h e  p ip e  was m e a su re d  f o r  

NRe = 21 , 0 0 0 .  T h is  p r o f i l e  i s  p r e s e n t e d  i n  F i g u r e  1 7 . A lso  

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

(4 2 )  e q u a t i o n  a s  g i v e n  by  B ro d k e y  ( 1 ) .

w i t h  S = 1 3 .5  a n d  M = 2 0 .  The m e a s u re d  p r o f i l e  i s  u n m is t a k 

a b l y  t h a t  o f  f u l l y  t u r b u l e n t  f lo w  and  a g r e e s  r e a s o n a b l y  w e l l  

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

t h e  w a l l  a r e a ,  m o s t  l i k e l y  a r i s e  f ro m  t h e  f a i l u r e  t o  c o r r e c t  

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

The f i i m  l e n g t h  o f  t h e  p ro b e  i s  0 .0 3 9  i n c h e s ,  and  t h i s  i s  

e q u a l  t o  n e a r l y  o n e - h a l f  th e  s u b l a y e r  t h i c k n e s s  u n d e r  t h e  

f lo w  c o n d i t i o n s ,  so  t h i s  t o o  c o n t r i b u t e s  t o  t h e  d i f f e r e n c e .

S-M a >2 =
_  1-S

M
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P o s i t i o n i n g  e r r o r s  can  e a s i l y  a r i s e  b e c a u s e ,  a s  was e x p la in e d  

i n  t h e  e q u ip m e n t  s e c t i o n ,  a  c o m b in a t io n  o f  o p t i c a l  and 

d i r e c t  m ea su re m e n ts  w ere  r e q u i r e d  t o  d e te r m in e  th e  l o c a t i o n  

o f  t h e  p r o b e .

The d a t a  p o i n t s  f o r  p o s i t i o n s  on e i t h e r  s i d e  o f  t h e  

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

f a l l s  a lm o s t  e x c l u s i v e l y  on o p p o s i t e  s i d e s  o f  th e  p r e d i c t e d  

c u r v e .  I f  one s u p p o s e s  t h a t  t h e  o r i g i n a l  m easu rem en t  o f  

p ro b e  p la c e m e n t  was s l i g h t l y  i n  e r r o r ,  a  c o r r e c t i o n  f o r  t h i s  

e r r o r  w ould  s h i f t  e a c h  s e t  o f  p o i n t s  to w a rd s  one a n o t h e r  and 

i n t o  c o n g ru e n c e  w i t h  th e  p r e d i c t e d  c u r v e .  Even w i t h o u t  an y  

a t t e m p t  a t  c o r r e c t i o n ,  th e  m easu red  p r o f i l e  s a t i s f i e s  t h e  

o r i g i n a l  i n t e n t .  I t  e s t a b l i s h e s  t h e  f a c t  t h a t  t h e  f lo w  i s  

f u l l y  t u r b u l e n t  i n  th e  t e s t  s e c t i o n .

S i m u l t a n e o u s ly  w i th  th e  p r o f i l e  m ea su re m e n ts  d a t a  

w ere  t a k e n  f o r  d e t e r m i n i n g  th e  r o o t  mean s q u a r e  ( rm s)  v a lu e  

o f  t h e  ux  f l u c t u a t i o n .  I n  t h i s  c a l c u l a t i o n ,  h o w ev er ,  t h e  

l a c k  o f  a  s t r a i g h t  l i n e  c a l i b r a t i o n  c u rv e  o f  th e  o u t p u t  

v o l t a g e  E v e r s u s  v e l o c i t y  p r e s e n t e d  a  p ro b le m . The r e l a t i o n  

f o r  d e t e r m i n i n g  u^. from  t h e  r e a d i n g  I  o f  t h e  rms m e te r  i s

ux  “  A ^ i 1

w here  A i s  t h e  s l o p e  o f  th e  c a l i b r a t i o n  c u rv e  and ^  i s  a  

c a l i b r a t i o n  c o n s t a n t  f o r  th e  rms m e t e r .  W ith  a  c u rv e d  l i n e ,  

o f  c o u r s e ,  t h e  s l o p e  i s  c o n t i n u a l l y  c h a n g in g .  However, i f  

one i s  w i l l i n g  t o  a c c e p t  c e r t a i n  i n a c c u r a c i e s  th e  d i s t r i b u t i o n
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o f  w i t h  p o s i t i o n  c a n  s t i l l  be o b t a i n e d .  The rms m e t e r i n g  

c i r c u i t  m e a s u re s  f l u c t u a t i o n s  a b o u t  t h e  m ean v a lu e  E w h ich  

i s  known i n  t h i s  c a s e  f o r  a l l  c o r r e s p o n d i n g  I  v a l u e s .  From 

t h i s  k n o w le d g e ,  th e  p o s i t i o n  on  th e  c a l i b r a t i o n  c u rv e  i s  f i x e d  

and  t h e  s l o p e  A a t  t h a t  p o i n t  may be d e te r m in e d  g r a p h i c a l l y .  

T h is  p r o c e d u r e  c a n  be r e p e a t e d  f o r  a l l  I  v a l u e s .  Of c o u r s e ,  

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

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

c h a n g in g  o n l y  g r a d u a l l y  i n  t h e  a r e a  o f  i n t e r e s t .  I f  one 

d o e s  n o t  p l a c e  t o o  g r e a t  an  e m p h a s is  on  th e  a b s o l u t e  m ag n i

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

The r e s u l t i n g  c u rv e  a p p e a r s  i n  F i g u r e  18 a lo n g  w i t h  th e  

s i m i l a r  m e a su re m e n ts  b y  L a u f e r  ( 3 1 ) ,  Lee ( 3 2 ) ,  and  Cohen (3 )»  

E ach  o f  t h e s e  l a t t e r  was f o r  p i p e  f lo w  a t  4 1 ,0 0 0  Nr 8 . No 

d a t a  a r e  a v a i l a b l e  f o r  NRe = 2 0 ,0 0 0 ,  b u t  L a u f e r  a l s o  

m e a s u re d  th e  d i s t r i b u t i o n  a t  4 1 0 ,0 0 0  NRe and  th e  r e s u l t s  

i n d i c a t e  o n l y  a  s m a l l  e f f e c t  on th e  c u r v e s  due  t o  R e y n o ld s  

num b er .  L a u f e r ' s  d a t a  a r e  f o r  a i r  w h i l e  L e e ' s  and  C o h e n 's  

a r e  f o r  w a t e r ,  an d  L e e ' s  i s  a  s i n g l e  r u n .  F o r  t h e  m e a su re m e n ts  

i n  w a t e r ,  s e v e r e  p ro b le m s  w i t h  p ro b e  s t a b i l i t y  w e re  e x p e r i 

e n c e d  and  n e i t h e r  Lee n o r  Cohen p l a c e d  a  g r e a t  d e a l  o f  c o n f i 

d e n c e  i n  th e  m e a su re m e n ts  a s  a  r e s u l t  o f  t h i s .  The a g re e m e n t  

b e tw e e n  t h e  m e a su re d  c u r v e  and  L a u f e r ' s  d a t a  i s  r e a s o n a b l e .

The c u r v e s  c e r t a i n l y  show th e  same g e n e r a l  sh a p e  an d  i n c r e a s e  

i n  v a lu e  a s  th e  w a l l  i s  a p p r o a c h e d .  The a b s o l u t e  v a l u e s

d e p a r t  f ro m  L a u f e r ' s  a s  t h e  w a l l  i s  a p p r o a c h e d ,  b u t  t h e  o r d e r
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o f  m a g n i tu d e  i s  t h e  sam e. B e ca u se  o f  t h e  r e l a t i v e  s i z e  o f  

t h e  p ro b e  and s u b l a y e r  t h i c k n e s s ,  no a t t e m p t  c o u ld  be made 

t o  m e a su re  th e  f l u c t u a t i o n s  v e r y  n e a r  t h e  w a l l  a s  L a u f e r  d i d  

i n  a i r .  The c o m p a r is o n  o f  t h e  m e a su re m e n ts  b y  L a u f e r  i n  a i r  

w i t h  t h e  p r e s e n t  m e a su re m e n ts  i n  a  l i q u i d  i s  a c c e p t a b l e  

p r o v i d e d  t h e  R e y n o ld s  num ber s i m i l a r i t y  i s  t r u e .  T here  i s  

no r e a s o n  f o r  n o t  b e l i e v i n g  t h a t  i t  i s  s o ,  and  w i t h  s t a b l e  

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

t e s t e d .

W ith  t h e  same wedge p ro b e  a s  was u se d  a b o v e ,  i n  p o s i 

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

was ex am ined  on a  s p e c t ru m  a n a l y z e r  f o r  e v id e n c e  o f  p e r i o d i c 

i t y .  I n t i a l l y  a  w ide f r e q u e n c y  s p a n  was e x am in e d , and  when 

i t  showed no r e g u l a r i t y ,  n a r ro w  f r e q u e n c y  s p a n s  w ere  e x a m in e d .  

I n  p a r t i c u l a r  t h e  lo w e r  b ands  o f  th e  o r d e r  o f  t h e  f r e q u e n c y  

o f  o c c u r r e n c e  o f  w a l l  r e g i o n  e j e c t i o n  w ere  e x a m in e d .  A ls o ,  

m u l t i p l e s  o f  t h e  p u l s a t i o n s  w h ic h  m ig h t  o r i g i n a t e  w i t h i n  t h e  

c e n t r i f u g a l  pump w ere  s c a n n e d .  I n  a l l  c a s e s  no r e g u l a r  

p e r i o d i c i t y  was o b s e r v e d .  The o u t p u t  a p p e a r e d  t o  be com

p l e t e l y  rando m .

A se c o n d  p ro b e ,  d e s c r i b e d  e a r l i e r  a s  a  s u r f a c e  p ro b e ,  

was p o s i t i o n e d  w i t h  t h e  f i l m  f l u s h  w i t h  t h e  i n n e r  w a l l  o f  th e  

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

n o rm a l  t o  t h e  w a l l ,  an d  i t  was u s e d  t o  d e t e c t  a n y  r e g u l a r  

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

i n t r u d e  upon  t h e  w a l l  a r e a .  None w ere  d e t e c t e d .  The p ro b e
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was a l s o  u se d  i n  a n  a t t e m p t  t o  o b s e r v e  t h e  e f f e c t s  o f  th e  

e j e c t i o n  p r o c e s s  b u t  t h i s  was u n s u c c e s s f u l .  T h is  i s  n o t  

s u r p r i s i n g  s i n c e  th e  e j e c t i o n  p r o c e s s  i s  random  i n  n a t u r e  

a n d  a n y  a t t e m p t  t o  d i s c e r n  su c h  e v e n t s  a g a i n s t  a  b a s i c a l l y  

random  b a c k g ro u n d  i s  n o t  l i k e l y  t o  be s u c c e s s f u l .  I n  a d d i 

t i o n ,  l a t e r  a n a l y s i s  o f  t h e  m o t io n  p i c t u r e s  showed t h a t  t h e  

e j e c t i o n  p r o c e s s  a t  NRe = 2 0 ,0 0 0  d i d  n o t  p e n e t r a t e  t o  th e  w a l l  

v e r y  o f t e n  so  e v e n  t h e  e x p e c t e d  h ig h  i n t e n s i t y  p u l s e  c o u ld  

n o t  be o b s e r v e d  v e r y  o f t e n .  I n  a d d i t i o n  t o  v i s u a l  o b s e r v a 

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

t im e  e x p o s u r e  p h o to g r a p h s  w ere  t a k e n  o f  th e  s c r e e n  w i t h  a  

s i x t e e n  se c o n d  sw eep  p e r i o d  and a  f u l l  s c a l e  w id th  o f  

0 -2 0  c p s .  T h is  i s  a p p r o x i m a t e l y  t h e  f r e q u e n c y  o f  e j e c t i o n s .  

N o th in g  w h ich  c o u ld  be r e l a t e d  t o  th e  e j e c t i o n  e v e n t s  was 

o b s e r v e d .

I n  summary, t h e  h o t  f i l m  e x a m in a t io n  p ro d u c e d  t h r e e  

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

d e v e lo p e d  t u r b u l e n t  f lo w  i n  t h e  t e s t  s e c t i o n ,  i t  p ro d u c e d  a n  

u^  d i s t r i b u t i o n  w h ic h  a g r e e d  w i t h  o t h e r  p u b l i s h e d  d a t a ,  a n d  

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

p e r i o d i c i t y  s u c h  a s  m ig h t  a r i s e  f ro m  m e c h a n ic a l  v i b r a t i o n s .

o f  w a l l

I n  th e  n e x t  s e c t i o n  a  d e t a i l e d  d e s c r i p t i o n  o f  th e  

f l u i d  m o t io n s  i n  t h e  w a l l  r e g i o n  w i l l  be  p r e s e n t e d .  These 

d e s c r i p t i o n s  a r e  th e  r e s u l t  o f  e x t e n s i v e  e x a m in a t io n s  o f
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and  f ro m  d i f f e r e n t  v ie w s .  S in c e  th e  d e s c r i p t i o n  o f  t h e  

m o t io n s  i s  q u i t e  co m p lex , e a c h  s t e p  o f  t h e  p r o c e s s  i s  d e s 

c r i b e d  i n  d e t a i l  s e p a r a t e l y  a n d  i n  t h e  o r d e r  i n  w h ic h  i t  

o c c u r r e d .  A d d i t i o n a l l y ,  th e  o b s e r v a t i o n s  f ro m  e a c h  d i f f e r e n t  

c am era  v iew  a r e  d e s c r i b e d  s e p a r a t e l y ,  a l t h o u g h  t h e y  a r e ,  o f  

c o u r s e , d e s c r i p t i o n s  o f  th e  same e v e n t s  s e e n  f ro m  a  d i f f e r e n t  

p o s i t i o n .  T h is  e n a b l e s  th e  r e a d e r  t o  be o r i e n t e d  t o  th e  

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

v ie w s ,  and t h e r e b y  p e r m i t s  a  more m e a n in g f u l  and c r i t i c a l  

i n t e r p r e t a t i o n  o f  t h e  d e s c r i p t i o n s .  W hile  t h i s  f o r m a t  

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

v i d u a l  o c c u r r e n c e s ,  i t  n e c e s s a r i l y  p r e s e n t s  a  somewhat d i s 

j o i n t e d  p i c t u r e  o f  t h e  e n t i r e  p r o c e s s .  T h is  s e c t i o n  t h e r e 

f o r e  i s  d e s i g n e d  t o  g iv e  t o  t h e  r e a d e r  a  v e r y  b r i e f ,  u n e n 

cum b ered , o v e r - a l l  v iew  i n t o  w h ic h  t h e  m ore d e t a i l e d  

d e s c r i p t i o n s  may be  p la c e d  i n  t h e i r  p r o p e r  p e r s p e c t i v e .

A l l  t h a t  w i l l  be d e s c r i b e d  h e r e  and  e l s e w h e r e  i s  much 

c l e a r e r  when s e e n  i n  th e  m o t io n  p i c t u r e s ,  a n d  t h e r e f o r e  a  

m o t io n  p i c t u r e  made up o f  s e l e c t i o n s  f ro m  t h e  o r i g i n a l  f i l m s  

i s  a v a i l a b l e  f o r  l o a n .

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

( 0 ^ y +  S  35) i n  f u l l y  d e v e lo p e d  t u r b u l e n t  f l o w  i s  t h e  f a c t  

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

c r e t e  f l u i d  e l e m e n t s  from  t h e  w a l l  a r e a  o u tw a rd  to w a rd  t h e  

c e n t e r  o f  t h e  p i p e .  These e j e c t i o n s  a r e  v e r y  l o c a l  e v e n t s ,
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and  o c c u r  ra n d o m ly  I n  b o th  s p a c e  and  t im e .  The e j e c t i o n  o f  

t h e s e  low Ux  v e l o c i t y  e le m e n t s  i n t o  r e g i o n s  o f  much g r e a t e r  

UY v e l o c i t y  c a u s e s  t u r b u l e n c e  t o  be g e n e r a t e d ,  and  t h i s  i n  

t u r n  d i s t u r b s  th e  e n t i r e  w a l l  r e g i o n ,  e v e n  t o  t h e  w a l l  

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

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

q u a s i  s t e a d y - s t a t e  c o n d i t i o n  b u t  i n  f a c t  e x h i b i t s  a  l o c a l l y  

u n s t e a d y  n a t u r e  w h ich  t a k e n  a s  an  a v e r a g e  p ro d u c e s  t h e  

s t e a d y - s t a t e  n a t u r e  o f  t u r b u l e n t  f l o w .

The a c t u a l  e j e c t i o n  o f  f l u i d  i s  o n l y  a  p a r t  o f  a  

s e q u e n c e  o f  e v e n t s  w h ich  t o  one d e g re e  o r  a n o t h e r  a p p e a r  

w i t h  th e  e j e c t i o n  in  a  d e f i n i t e  o r d e r .  Of c o u r s e  t h e r e  a r e  

v a r i a t i o n s  o f  t h e  se q u en c e  and a l l  o f  t h e  s t e p s  do n o t  a p p e a r  

a l l  o f  t h e  t im e  n o r  i n  t h e  e x a c t  f a s h i o n  d e s c r i b e d ,  b u t  on 

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

F i r s t  t h e  f l u i d  i n  a  r e l a t i v e l y  s m a l l  r e g i o n  n e a r  th e  

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

i t y .  T h is  g e n e r a l l y  o c c u r s  i n  t h e  y+ s p a n  o f  0 ^  y* ~  35 

and  a s  s u c h  c o u ld  be i n t e r p r e t e d  a s  a  t h i c k e n i n g  o f  t h e  s u b 

l a y e r .  T h is  i s  f o l lo w e d  by  th e  e n t r y  i n t o  th e  r e g i o n  fro m  

u p s t r e a m  o f  a  l a r g e  mass o f  f l u i d  w h ich  p o s s e s s e s  t h e  s t e a d y -  

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

a c c e l e r a t e  th e  r e t a r d e d  f l u i d  i n  th e  r e g i o n ,  b u t  b e c a u s e  i t  

d o e s  n o t  e x t e n d  a l l  t h e  way t o  t h e  w a l l  i t  o n l y  s u c c e e d s  i n  

c r e a t i n g  a  r e g i o n  o f  h ig h  s h e a r  a t  t h e  b o u n d a ry  b e tw e e n  i t  

an d  th e  r e t a r d e d  f l u i d ,  l l i i s  i s  q u i c k l y  f o l lo w e d  by  th e
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e j e c t i n g  o f  a  low Ux  v e l o c i t y  f l u i d  e le m e n t  o u tw a rd  f ro m  t h e  

w a l l  i n t o  t h e  h ig h  v e l o c i t y  r e g i o n .  The r e s u l t i n g  i n t e r a c 

t i o n  o f  t h e s e  f l u i d  s t r e a m s  c a u s e s  a  g r e a t  am ount o f  c h a o t i c  

m o t io n  w h ic h  s p r e a d s  b o th  outw ard  and  w a l lw a r d .  T h is  i s  t h e n  

f o l lo w e d  by  a  m ass o f  f l u i d  e n t e r i n g  fro m  u p s t r e a m  w i t h  a  

g r e a t e r  Ux  v e l o c i t y  t h a n  t h e  i n t e r a c t i n g  f l u i d .  T h is  m ass 

sw eeps t h e  f i e l d  o f  t h e  f l u i d  and  r e - e s t a b l i s h e s  t h e  l o c a l  

mean a x i a l  v e l o c i t y  p r o f i l e .

The b a s i c  c h a r a c t e r  o f  t h e  p r o c e s s  i s  n o t  a  f u n c t i o n  

o f  R e y n o ld s  num ber, b u t  t h e  f r e q u e n c y  o f  o c c u r r e n c e  and 

i n t e n s i t y  i s .

The c h a r a c t e r  o f  t h e  d i s t u r b e d  m o t io n s  c h a n g e s  a s  th e  

d i s t a n c e  f ro m  t h e  w a l l  i s  i n c r e a s e d .  By a  y+ = 70 p o s i t i o n ,  

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

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

The w a l l  r e g i o n  m o t io n s  a r e  o f  s m a l l  s c a l e ,  l o c a l  i n  n a t u r e ,  

and  e x h i b i t  a b r u p t ,  i n t e n s e  m ovem en ts . The o u t e r  r e g i o n  h a s  

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

o f  f l u c t u a t i n g  m o t i o n s .  No e j e c t i o n s  o r i g i n a t e  anyw here  b u t  

w i t h i n  t h e  w a l l  r e g i o n .

T h e  e j e c t i o n  p r o c e s s  a s  a  f u n c t i o n  
o f  R e y n o ld s  num ber

The m o t io n  p i c t u r e s  o f  t h e  w a l l  a r e a  f o r  R e y n o ld s  

num bers  o f  2300 t o  5 0 ,0 0 0  w ere  e x am in e d  f o r  e v id e n c e  o f  t h e  

e j e c t i o n  p r o c e s s  and  t o  d e t e r m i n e  t h e  e f f e c t  o f  R e y n o ld s  

num ber on th e  c h a r a c t e r  and  f r e q u e n c y  o f  i t s  o c c u r r e n c e .  I n
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a l l  t h e  p h o to g r a p h s  t h e  w a l l  v iew  was u se d  a t  a  m a g n i f i c a 

t i o n  o f  2X o r  4 .3 X .

F o r  NRe = 2300 t h e  v e l o c i t y  p r o f i l e  e x h i b i t e d  i n  t h e  

m o t io n  p i c t u r e s  showed o n l y  a  v e r y  g r a d u a l  ch an g e  i n  l o c a l  

mean a x i a l  v e l o c i t y  f ro m  t h e  w a l l  o u t  t o  t h e  ed g e  o f  th e  

f i e l d  o f  v ie w , a d i s t a n c e  o f  y+ = 2 2 .  S in c e  t h e  t u r b u l e n t  

p r o f i l e  w ou ld  e x h i b i t  a  much s t e e p e r  g r a d i e n t  t h a n  t h i s ,  t h e  

f lo w  was assum ed  t o  be l a m i n a r .  A ls o ,  t h e r e  i s  a  c o m p le te  

a b s e n c e  o f  a n y  d e p a r t u r e s  from  t h e  sm ooth  f lo w  p a r a l l e l  t o  

th e  w a l l .

At NRe = 5360  t h e  t u r b u l e n t  v e l o c i t y  p r o f i l e  i s  q u i t e  

e v i d e n t .  L o c a l  v e l o c i t i e s  w ere  c h e c k e d  by  th e  t im in g  m ethod  

d e s c r i b e d  i n  an  e a r l i e r  s e c t i o n ,  and  w ere  fo u n d  t o  a g r e e  

w e l l  w i th  v e l o c i t i e s  p r e d i c t e d  by  P a i ' s  r e l a t i o n s  f o r  th e  

v e l o c i t y  p r o f i l e .  T h is  f lo w  d i s p l a y s  t h e  f i r s t  e v id e n c e  o f  

th e  u n s t e a d y  n a t u r e  o f  t h e  w a l l  r e g i o n .  I t  a p p e a r s  a s  a n  

o c c a s i o n a l  d e c e l e r a t i o n - a c c e l e r a t i o n  se q u e n c e  o f  th e  l o c a l  

mean a x i a l  v e l o c i t y .  No s i g n i f i c a n t  d e p a r t u r e s  f ro m  th e  

a x i a l  f lo w  w ere  o b s e r v e d ,  b u t  g e n e r a l l y  th e  f lo w  a p p e a r e d  

more a g i t a t e d  th a n  p r e v i o u s l y .

Upon i n c r e a s i n g  t h e  R e y n o ld s  num ber t o  1 1 ,2 8 0  th e  

d e c e l e r a t i o n - a c c e l e r a t i o n  se q u e n c e  o f  th e  l o c a l  m ean a x i a l  

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

a b o u t  once  p e r  se c o n d  on t h e  a v e r a g e ,  and  was m ore c l e a r l y  

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

t h e  g r a d u a l  r e p l a c e m e n t ,  w i t h i n  a  l o c a l  a r e a  near* t h e  w a l l ,  o f
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f l u i d ,  w h ich  p o s s e s s e s  t h e  l o c a l  mean a x i a l  v e l o c i t y  o f  

f u l l y  t u r b u l e n t  f lo w ,  b y  f l u i d  o f  a  r e d u c e d  a x i a l  v e l o c i t y .  

T h is  l a t t e r  e n t e r s  w i t h  t h e  mean f lo w  f ro m  u p s t r e a m ,  an d  

u s u a l l y  d o e s  n o t  a f f e c t  t h e  f l u i d  be low  y+ = 3* T h is  r e t a r d e d  

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

rem oved  by  th e  r e a p p e a r a n c e  fro m  u p s t r e a m  o f  f l u i d  h a v in g  

t h e  n o rm a l  l o c a l  mean a x i a l  v e l o c i t y .  The m a j o r i t y  o f  t h e  

p a r t i c l e s  a r e  m oving  a x i a l l y ,  b u t  some few  have  s i g n i f i c a n t  

d e p a r t u r e s  f ro m  th e  a x i a l  i n  b o th  d i r e c t i o n s .  T hese  c o n s t i 

t u t e  t h e  f i r s t  n o t a b l e  d e p a r t u r e s  f ro m  p u r e l y  a x i a l  f l o w .

A t t h i s  R e y n o ld s  num ber th e  f i r s t  e v id e n c e  o f  an  e f f e c t  

c a l l e d  "two l a y e r  v e l o c i t y "  o c c u r r e d .  T h is  i s  t h e  o b s e r v a 

t i o n  o f  two m a s se s  o f  f l u i d  a t  i d e n t i c a l  r a d i a l  p o s i t i o n s  

h a v in g  d i s t i n c t l y  d i f f e r e n t  a x i a l  v e l o c i t i e s .  W ith  th e  

o p t i c a l  s y s te m  u s e d ,  t h e s e  m a sse s  c o u ld  be s e p a r a t e d  by  a  

maximum d i s t a n c e  o f  0 .0 2 7  i n c h e s  a lo n g  t h e  l i n e  o f  s i g h t .

T h is  phenom enon w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  a  

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

When t h e  f i l m s  t a k e n  a t  NRe = 2 1 ,0 0 0  w ere  s t u d i e d ,  th e  

f u l l  n a t u r e  o f  t h e  w a l l  r e g i o n  was r e v e a l e d .  The e n t i r e  

s e q u e n c e  o f  e v e n t s  s u r r o u n d i n g  th e  e j e c t i o n  p r o c e s s  w ere  

r e p e a t e d  a  num ber o f  t im e s  i n  e x c e l l e n t  d e t a i l .  H ere  f o r  

t h e  f i r s t  t im e  was u n m is ta k a b l e  e v id e n c e  o f  th e  e j e c t i o n  o f  

f l u i d  f ro m  t h e  w a l l  r e g i o n  o u tw a rd ,  and t h e  s u b s e q u e n t  i n t e r 

a c t i o n  w i t h  t h e  mean f lo w .  The m a j o r i t y  o f  e j e c t e d  e le m e n t s
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o r i g i n a t e d  i n  t h e  r e g i o n  5 S  y+ S  15* t u t  some o r i g i n a t e d  a s  

n e a r  th e  w a l l  a s  y+ = 2 .5 -  The e v e n t s  o c c u r r e d  a t  random  

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

s t i l l  i n  an  a g i t a t e d  s t a t e  due p r i m a r i l y  t o  t h e  e f f e c t s  o f  

t h e  p r e c e d i n g  e v e n t .  D u r in g  th e  e a r l y  s t a g e s  o f  t h e  e v e n t  

p r o c e s s  and  t h e  e j e c t i o n  i t s e l f ,  t h e  "two l a y e r  v e l o c i t y "  

e f f e c t  was o b s e r v e d .

Upon i n c r e a s i n g  t h e  R ey n o ld s  number i n  s t e p s  t o  

5 0 , 0 0 0 , th e  a n a l y s i s  showed t h a t  th e  c h a n g e s  w h ich  o c c u r r e d  

w ere  n o t  i n  t h e  b a s i c  c h a r a c t e r  o f  t h e  e j e c t i o n  p r o c e s s ,  b u t  

i n  t h e  i n t e n s i t y  an d  f r e q u e n c y  o f  o c c u r r e n c e  o f  t h e s e  e v e n t s .  

W ith  e a c h  i n c r e a s e  i n  R e y n o ld s  num ber t h e r e  was a n  i n c r e a s e  

i n  t h e  number and i n t e n s i t y  o f  e j e c t i o n  e v e n t s ,  s o  t h a t  by 

NRe = 5 2 ,0 0 0  t h e  e v e n t s  o c c u r r e d  so  o f t e n  a n d  a t  s u c h  c l o s e  

i n t e r v a l s  t h a t  e v e n  i n  t h e  p e r i o d s  b e tw e e n  e v e n t s  th e  f l u i d  

was h i g h l y  a g i t a t e d ,  and  i t  was e x t r e m e l y  d i f f i c u l t  t o  d e 

t e r m in e  w here  one e v e n t  e n d ed  and t h e  n e x t  b e g a n .  A lso ,  

t h e r e  was an  i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  c r e a t e d  t u r b u 

l e n c e ,  and  t h e r e f o r e  th e  e f f e c t  was more c l e a r l y  f e l t  i n  t h e  

r e g i o n s  v e r y  n e a r  t h e  w a l l .

I n i t i a l l y ,  i n  o r d e r  t o  a s s i g n  a  q u a n t i t a t i v e  v a lu e  t o  

t h e  r e l a t i o n s h i p  b e tw e e n  f r e q u e n c y  o f  o c c u r r e n c e  and  R e y n o ld s  

num ber, an  a t t e m p t  was made t o  c o u n t  th e  i n d i v i d u a l  e v e n t s  

w h ich  o c c u r r e d  d u r i n g  a  g i v e n  t im e  p e r i o d .  H i i s  m eth o d  was 

s a t i s f a c t o r y  f o r  R e y n o ld s  num bers o f  2 0 ,0 0 0  o r  lo w e r ,  b u t  

ab o v e  NRe = 3 0 ,0 0 0  th e  d i f f i c u l t y  o f  s e p a r a t i n g  i n d i v i d u a l
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e v e n t s  f ro m  e a c h  o t h e r  and  th e  I n t e r v e n i n g  f l u c t u a t i o n s  

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

r e d u c e d .  I t  was p o s s i b l e  t o  o b t a i n  w i d e l y  d i f f e r e n t  c o u n ts  

f o r  th e  same m o t io n  p i c t u r e s  d e p e n d in g  upon t h e  c r i t e r i a  

em ployed  f o r  s e p a r a t i n g  e v e n t s .  S in c e  t h e  d i f f i c u l t y  

i n c r e a s e d  w i t h  i n c r e a s i n g  R e y n o ld s  num ber, t h e r e  was no way 

t o  c o m p e n sa te  f o r  th e  p o s s i b l e  e r r o r .  I n  a l l  c a s e s  i t  was 

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

same f i l m  se q u e n c e  was v iew ed  a  num ber o f  t im e s  i n  s u c c e s 

s i o n .  I f  one r e t u r n e d  t o  t h e  f i l m  a f t e r  a n  i n t e r v a l  o f  a  

w eek , t h e  o r i g i n a l  c o u n t  c o u ld  n o t  im m e d ia te ly  be d u p l i c a t e d ,  

b u t  a f t e r  a  num ber o f  v ie w in g s  one c o u ld  d u p l i c a t e  i t  w i t h i n  

t h e  same l i m i t s  a s  t h e  f i r s t  t r i a l s .  F o r  e x a m p le ,  one c a s e  

a t  NRe = 4 0 ,0 0 0  t h e  f i r s t  c o u n t  g av e  18 e v e n t s  and  th e  

s e c o n d  2 1 .  I n  o r d e r  t o  p r e v e n t  a n  e r r o r  due t o  a  ch an g e  i n  

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

e v e n t  c o u n t  a n a l y s i s  w e re  v iew ed  i n  s e q u e n c e  d u r i n g  a  s i n g l e  

t im e  p e r i o d  w i t h  two c o u n t s  made i n  s u c c e s s i o n  f o r  e a c h  f i l m .  

T h is  f i n a l  c o u n t i n g  was d o n e ,  h o w e v er ,  o n l y  a f t e r  t h e  f i l m s  

h a d  b e e n  c a r e f u l l y  exam in ed  a  l a r g e r  num ber o f  t im e s  t o  e s 

t a b l i s h  a  p r o p e r  c r i t e r i a .  The r e s u l t s  a p p e a r  i n  F i g u r e  1 9 . 

E ac h  p o i n t  on t h e  g r a p h  r e p r e s e n t s  t h e  r e s u l t s  o f  a  s i n g l e  

f i l m .  The i n c r e a s e  i n  t h e  num ber o f  o c c u r r e n c e s  w i t h  R e y n o ld s  

num ber i s  u n m is ta k a b l e  and  c o n s i s t e n t .  The r a t i o  o f  th e  

num ber o c c u r r i n g  a t  Nr6 = 5 0 ,0 0 0  t o  t h o s e  a t  Nr6 = 2 0 ,0 0 0  i s
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a p p r o x i m a t e l y  5 / 1 .  A l l  c o u n ts  a r e  f o r  a p p r o x i m a t e l y  a  s i x  

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

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

i n g  m eth o d  o f  a n a l y s i s , a n  a l t e r n a t e  m ethod  o f  o b t a i n i n g  

e s s e n t i a l l y  t h e  same i n f o r m a t i o n  was d e v i s e d .  An e l e c t r i c  

c o u n t e r  was u s e d  t o  c o u n t  th e  num ber o f  m o t io n  p i c t u r e  

f r a m e s  i n  w h ic h  t h e  f l u i d  i n  t h e  w a l l  r e g i o n  was s i g n i f i 

c a n t l y  d i s t u r b e d .  From t h i s  c o u n t  and t h e  know ledge  o f  t h e  

a c t u a l  num ber o f  f r a m e s  p e r  s e c o n d  a t  w h ich  t h e  f i l m  was 

e x p o s e d ,  one c o u ld  d e t e r m i n e  th e  p e r c e n t a g e  o f  t h e  t o t a l  

p h o to g r a p h e d  i n t e r v a l  d u r i n g  w h ic h  t h e  w a l l  r e g i o n  was s i g 

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

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

v e n in g  d i s t u r b a n c e s  a r e  v e r y  i n t e n s e .  I f  t h e y  e x c e e d  a  

minimum i n t e n s i t y  t h e y  a r e  i n c l u d e d .  I t  i s  n e c e s s a r y ,  

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

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

a lw a y s  some d e p a r t u r e s  f ro m  p u r e l y  a x i a l  f lo w  v i s i b l e  i n  t h e  

w a l l  r e g i o n .  To i n c l u d e  e a c h  s m a l l  f l u c t u a t i o n  w ou ld  d e f e a t  

th e  p u rp o s e  o f  t h e  a n a l y s i s  s i n c e  t h e  i n t e n t  i s  t o  r e l a t e  

t h e  m e a su re m e n t  t o  t h e  e j e c t i o n  e v e n t  and  n o t  i t s  a f t e r  

e f f e c t s .  E x t e n s i v e  e x a m in a t io n  o f  t h e  f i l m s  p e r m i t t e d  a  

lo w e r  l i m i t  t o  be e s t a b l i s h e d  q u i t e  r e a d i l y  s i n c e  t h e  i n t e n 

s i t i e s  o f  t h e  m o t io n  d i r e c t l y  c o n n e c te d  t o  t h e  e j e c t i o n  e v e n t  

a r e  q u i t e  p r o n o u n c e d .  To Im prove on  t h e  c o n s i s t e n c y  o f  t h e  

m e a s u re m e n ts ,  t h e  f i l m s  w ere  e x am in e d  i n  s u c c e s s i o n  o v e r  a
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s i n g l e  c o n t i n u o u s  p e r i o d  w i t h  two t i m i n g s  g i v e n  t o  e a c h  f i l m .  

The d u p l i c a t i o n  o f  r e s u l t s  b y  th e  m ethod  was much g r e a t e r  

t h a n  th e  p r e c e d i n g .  F o r  e x a m p le ,  i n  one c a s e  a t  NRe = 4 0 ,0 0 0  

t h e  two t i m i n g s  g ave  v a l u e s  o f  55«2$  and  5 1 . 7$ .  Good a g r e e 

m en t  b e tw e e n  m e a su re m e n ts  made a f t e r  a n  i n t e r v a l  o f  weeks 

c o u ld  be o b t a i n e d .  F i g u r e  20 shows t h e  r e s u l t s  o f  t h i s  

a n a l y s i s .  E ach  p o i n t  i s  t h e  a v e r a g e  o f  two m ea su re m e n ts  f o r  

a  p a r t i c u l a r  f i l m .  The f i l m s  u se d  w ere  t h e  same o n e s  

exam in ed  i n  th e  num ber c o u n t .  As b e f o r e ,  t h e  I n c r e a s e  w i t h  

R e y n o ld s  num ber i s  u n m is t a k a b l e  and  c o n s i s t e n t .  The w a l l  

r e g i o n  i s  s i g n i f i c a n t l y  d i s t u r b e d  a p p r o x i m a t e l y  1 6$  o f  t h e  

t im e  a t  N^e = 2 0 ,0 0 0  a n d  n e a r l y  68$  o f  t h e  t im e  a t  

NRe = 5 0 ,0 0 0 .  T h is  i s  a  r a t i o  o f  4 . 3 / 1 .  B o th  t h e  r a t i o  and  

t h e  g e n e r a l  s h a p e  o f  t h e  c u r v e s  show t h a t  th e  two m etho ds  

a r e  i n  a g r e e m e n t .  The u n u s u a l l y  low v a l u e s  a t  NRe = 4 3 ,0 0 0  

c a n  p r o b a b l y  be a t t r i b u t e d  t o  th e  i n f e r i o r  q u a l i t y  o f  t h e  

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

T h is  p o o r e r  q u a l i t y  c o u ld  e a s i l y  h a v e  o b s c u r e d  some o f  t h e  

s i g n i f i c a n t  m o t io n .

I n  summary, th e  a n a l y s i s  show s t h a t  t h e  n a t u r e  o f  t h e  

e v e n t s  i n  th e  w a l l  r e g i o n  i s  I n d e p e n d e n t  o f  R e y n o ld s  num ber, 

b u t  shows a  s t r o n g  d e p e n d e n c y  on i t  w i t h  r e g a r d  t o  f r e q u e n c y  

o f  o c c u r r e n c e  a n d  i n t e n s i t y .
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D e t a i l e d  d e s c r i p t i o n  o f  e v e n t s — 
w a l l  v iew

I n  th e  d e s c r i p t i o n s  o f  t h i s  s e c t i o n ,  t h e  c am era  p o s i 

t i o n  was t h a t  d e s c r i b e d  a s  th e  w a l l  v iew  I n  t h e  e x p e r i m e n t a l  

p r o c e d u r e s  s e c t i o n .  I t  w ould  be o f  v a lu e  t o  t h e  r e a d e r  t o  

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

p r o c e e d i n g .

I n  th e  p r e c e d i n g  s e c t i o n s  v a r i o u s  a s p e c t s  o f  f l u i d  

m o t io n  i n  th e  w a l l  r e g i o n  w ere  b r i e f l y  d i s c u s s e d ,  and a  

c o n d e n se d  d e s c r i p t i o n  o f  th e  e j e c t i o n  p r o c e s s  was p r e s e n t e d .  

I n  t h i s  s e c t i o n  t h e  d e t a i l s  o f  t h i s  p r o c e s s  w i l l  be e x a m in e d ,  

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

i t s  o c c u r r e n c e .  I t  m u s t  be r e c a l l e d  t h a t  th e  e j e c t i o n  

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

f o l l o w i n g  e v e n t s  do n o t  a lw a y s  o c c u r  e x a c t l y  a s  d e s c r i b e d .

A t h i g h e r  R e y n o ld s  num bers th e  f r e q u e n c y  o f  o c c u r r e n c e  and  

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

c e r t a i n  o f  th e  s t e p s .  The e j e c t i o n  o f  f l u i d  e le m e n t s  i s ,  

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

a lw a y s  r e c o g n i z a b l e .  What f o l l o w s  t h e n  i s  a  c o m p o s i te  

p i c t u r e  d e r i v e d  f ro m  a  d e t a i l e d  e v e n t  a n a l y s i s  o f  num erous 

m o t io n  p i c t u r e s  t a k e n  o f  d i f f e r e n t  f lo w  c o n d i t i o n s .  The 

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

t o o  v o lu m in o u s  t o  p r e s e n t  h e r e ,  b u t  t h e y  a r e  p r e s e r v e d  and 

c o u ld  be e x am in ed  t o  r e v e a l  t h e  i n d i v i d u a l  v a r i a n c e s  a s  

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

I n v o lv e d  a  d e c e l e r a t i o n  o f  t h e  l o c a l  mean a x i a l  v e l o c i t y  o f  

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

0 .0 9 5  i n c h e s  i n  l e n g t h  ( t h i s  i s  maximum l e n g t h  o f  f i e l d ) ,  

b u t  th e  d i s t a n c e  f ro m  t h e  w a l l  a f f e c t e d  was o f  t h e  o r d e r  o f  

t h e  f ram e  w id th  o f  O.O69 i n c h e s .  E v id e n c e  f ro m  o t h e r  

s o u r c e s  i n d i c a t e s  t h a t  t h e  d im e n s io n  a f f e c t e d  a lo n g  t h e  l i n e  

o f  s i g h t  was o f  t h e  o r d e r  o f  0 .0 2 7  i n c h e s .  Thus i n  t h e  r  

an d  9 d im e n s io n s  t h e  e v e n t  was q u i t e  s m a l l  an d  l o c a l  i n  

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

r e p l a c e m e n t  o f  f l u i d  p o s s e s s i n g  th e  n o rm a l  l o c a l  m ean v e l o c i t y  

w i t h  f l u i d  f ro m  u p s t r e a m  t h a t  h a d  a  l o c a l  mean a x i a l  v e l o c i t y  

o f  s m a l l e r  m a g n i tu d e .  The a c t u a l  e x t e n t  o f  th e  d e c e l e r a t i o n  

v a r i e d  g r e a t l y  f ro m  a  b a r e l y  p e r c e p t i b l e  d i f f e r e n c e  t o  c a s e s  

w h e re  t h e  e n t i r e  f i e l d  abov e  a  p a r t i c u l a r  y+  v a lu e  was m oving 

i n  e s s e n t i a l l y  p lu g  f lo w  ( i . e . ,  l i t t l e  o r  no v e l o c i t y  g r a d i 

e n t  above y+ = 10 t o  edge  o f  f r a m e )  a t  a  r e d u c e d  v e l o c i t y .

The d i s a p p e a r a n c e  o f  a  v e l o c i t y  g r a d i e n t  f ro m  th e  r e g i o n  i s  

a  s t r i k i n g  e f f e c t  s i n c e  i n  n o rm a l  t u r b u l e n t  f lo w  t h e  r e g i o n  

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

u a l  p a r t i c l e s  w h ic h  w ere  r e p r e s e n t a t i v e  o f  t h e  p a r t i c u l a r  

r e g i o n  o f  f lo w  w ere  m e a su re d  f o r  t h e  d e c e l e r a t i o n  p e r i o d  a n d  

t h e  p e r i o d  p r e c e d i n g  i t .  T hese  v e l o c i t i e s ,  m e a su re d  d u r i n g  

a  num ber o f  d i f f e r e n t  o c c u r r e n c e s ,  a r e  p r e s e n t e d  i n  T a b le  2 

a lo n g  w i t h  t h e  l o c a l  m ean a x i a l  v e l o c i t i e s  c a l c u l a t e d  u s i n g
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DECIERATION VELOCITY
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Run D e c e l  C a lc u  D e c e l  C a lc u 
No. B e f o re e r a t i o n l a t e d D u r in g e r a t i o n l a t e d

164
y+

4
.........

.1 1
—

.0 9 5 5 ^
T f c -  -  

.1 1
.............TTv'"

.1 2 2
5 . 8 .1 1 .1 3 5 8 . 7 .1 1 .1 9 2

10 .1 1 .2 1 3

165 6 .4 .113 . 146 8 .7 .113 .1 9 2
6 . 4 - 3 0 * .113 .1 4 6 - . 3 8

168 4 . 6 .18 2 .1 1 1 1 .5 .82 .2 3 5
6 .4 .182 .1 4 6 8 .7 .1 8 2 .1 9 2

225 1 0 .6 .332 .3 3 8 1 6 .4 .3 3 2 .2 9
9 . 0 .33 2 .3 1 8 1 2 .3 * .3 3 2 .3 7 9

1 2 .3 .3 3 2 • 379

224 7 -4 .33 2 .2 7 8 1 8 .5 .4 3 2 .4 6
7 .4 .1 1 7 .2 7 8
9 . 0 .2 6 2 .3 1 8

30 .4 5 .5 5
1 2 .3 * .3 3 2 • 379

221 2 0 .5 * .5 7 5 .6 2
2 7 .5 .6 5 8 .6 9 7
18* .6 0 5 .5 8 6

223 9 . 5 .4 6 .4 2 1 6 -2 1 .4 6 . 5 6 - .6 2 8

155 1 4 .5 .353 .2 7 16 .1 6 7 .2 8 5
7 .193 .1 6 8 .12 5 .1 8

1 1 .5 .365 .235 8 . 7 .09 .1 9 2
20 .3 3 1 .3 2

2 . 9 .0 9 .0 7

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



TABLE 2— continued
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B e fo re
A

D e c e l e r a t i o n
%

1 0 0 ( Calc>

D u r in g  D e c e l e r a t i o n  
A %

.005 +58 - . 0 1 2 - 9 . 8
- . 0 2 5 - 1 8 .5 - .0 8 2 -4 3
- . 0 3 3 - 2 2 .6 - .1 0 3 - 4 8 .4

.0 7 2 +65 - .0 5 9 -3 1

.0 3 6 + 2 4 .7 - . 0 3 3 - 2 2 .6
- . 0 0 6 -  1 .8 - . 2 6 7 -7 0

.024 + 7 . 5 - .0 5 3 - 2 2 .5

.084 +30 - . 0 1 0 -5
.039 4 9 .2 + .0 4 + 1 3 -8
.0 8 +3 - . 0 4 7 -1 2
.033 + 2 0 .6 - . 0 3 - 6 . 5
.1 3 0 +5 5 .3 - . 1 0 1 - 3 6 .3
.0 1 1 +3 .4 - .0 5 6 - 1 7 .6
.02 +2 8 .5 - . 1 1 - 1 9 .6

- . 0 4 7 - 1 2 .4
- . 0 4 - 6 .5
- . 0 3 -4
+ .0 2 + 3 .4
- . 1 0 - 1 7 . 9
- . 1 7 -2 7
- .1 1 8 - 4 1 .4
- .0 5 5 - 2 9 .4
- .1 0 2 -53

A = Ux  m e a su re d -  Ux  c a l c u l a t e d .



P a i ' s  e q u a t i o n .  T hese  l a t t e r  a r e ,  o f  c o u r s e ,  mean v e l o c i t i e s  

w h i l e  th e  m e a su re d  v e l o c i t i e s  sire i n s t a n t a n e o u s  and  i n c l u d e  

t h e  t u r b u l e n t  a x i a l  c o m p o n e n t.  One m ig h t  be r e l u c t a n t ,  

t h e r e f o r e ,  t o  com pare a n y  o f  th e  m e a su re d  v e l o c i t i e s  w i t h  

e a c h  o t h e r  o r  t h e  c a l c u l a t e d  to  o b t a i n  e v id e n c e  o f  d e c e l e r 

a t i o n ,  b e c a u s e  one d o e s  n o t  know j u s t  w h a t  t h e  e f f e c t  o f  t h e  

t u r b u l e n t  com ponen t i s  f o r  a n y  s i n g l e  p a r t i c l e .  The s i t u a 

t i o n ,  h o w e v e r ,  i s  n o t  t h a t  h o p e l e s s  b e c a u s e  i t  m u s t  be 

r e c a l l e d  t h a t  w h i l e  t h e s e  m e a su re m e n ts  a r e  f o r  i n d i v i d u a l  

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

p a r t i c l e s  a l l  o f  w h ic h  e x h i b i t  t h e  same g e n e r a l  v e l o c i t y .  

T h e r e f o r e ,  w h i l e  no s i n g l e  a b s o l u t e  v e l o c i t y  s h o u ld  be 

c o n s i d e r e d  to o  s t r o n g l y ,  t h e  p r o p e r t i e s  o f  th e  g ro u p  a s  a  

w ho le  can  be s i g n i f i c a n t  w hen com pared  t o  t h e  c a l c u l a t e d  

v a l u e s  o r  t o  t h e  o t h e r  m e a su re d  v a lu e s  t a k e n  a s  a  w h o le .

A ls o ,  o f  c o u r s e ,  t h e  p r e s e n c e  o f  th e  p l u g - l i k e  f lo w  c a n n o t  

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

e r r o r  i n  m e a su re m e n t ,  b u t  d e f i n i t e l y  show s t h a t  th e  n o rm a l  

t u r b u l e n t  p r o f i l e  i s  d i s t o r t e d  by  r e d u c e d  v e l o c i t i e s .  H ie 

m o t io n  p i c t u r e s  make t h i s  a b u n d a n t l y  c l e a r  s i n c e  t h e y  p r o 

v id e  t h e  c o n t i n u i t y  o f  m o t io n  w h ich  p e r m i t s  c o m p a r is o n s  o f  

t h e  a d j a c e n t  p e r i o d s  o f  f lo w .  R e f e r r i n g  t o  Table 2 , i f  t h e  

m e a su re d  v e l o c i t i e s  o f  t h e  f l u i d  w h ic h  p r e c e d e d  th e  d e c e l e r 

a t i o n  a r e  com pared  w i t h  t h e  c a l c u l a t e d  l o c a l  m ean v e l o c i t i e s  

i t  i s  fo u n d  t h a t  71$  o f  t h e  m ea su re d  v e l o c i t i e s  w ere  g r e a t e r  

t o  some d e g re e  t h a n  t h e  c a l c u l a t e d .  C o n v e r s e l y ,  n e a r l y  91$



o f  t h e  m e a su re d  v e l o c i t i e s  o f  t h e  d e c e l e r a t i o n  p e r i o d  w ere  

s l o w e r  t h a n  t h e  c a l c u l a t e d  l o c a l  v e l o c i t i e s .  S in c e  th e  same 

m e a s u r in g  p r o c e d u r e  was u s e d  i n  b o t h  c a s e s ,  t h e  same e r r o r s  

i n  t h e  m ea su re m e n t  a r e  l i k e l y  t o  o c c u r .  Y et f o r  one p e r i o d  

th e  l a r g e  m a j o r i t y  o f  v e l o c i t i e s  a r e  g r e a t e r  t h a n  th e  

c a l c u l a t e d  an d  f o r  t h e  n e x t  p e r i o d  th e  o v e rw h e lm in g  m a j o r i t y  

o f  t h e  m e a su re d  v e l o c i t i e s  a r e  s m a l l e r  t h a n  th e  c a l c u l a t e d .

A ch an g e  o f  su c h  m a g n i tu d e  c a n n o t  be a t t r i b u t e d  t o  e x p e r i 

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

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

v e l o c i t i e s  and  w ou ld  be e x p e c t e d  t o  d i f f e r  f ro m  t h e  a v e r a g e .  

The e r r o r s  i n  th e  m e a su re m e n t  o f  th e  v e l o c i t i e s  u s u a l l y  a c t  

t o  p ro d u c e  v a lu e s  w h ic h  a r e  to o  low ( s e e  A p p en d ix  2 ) .  The 

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

l e s s  o f  t h e  t o t a l  v e l o c i t y ,  and w h i l e  t h i s  i s  a  f a c t o r  i n  

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

u s e d  t o  e x p l a i n  t h e  c o n s i s t e n t  m ann er  i n  w h ic h  t h e  v e l o c i t y  

m e a su re m e n ts  o f  t h e  o b s e r v e d  d e c e l e r a t e d  f l u i d  f a l l  b e low  

t h o s e  o f  t h e  f l u i d  v e l o c i t i e s  s u c c e e d in g  i t .  The t o t a l i t y  

o f  e v id e n c e  s u p p o r t s  th e  o b s e r v a t i o n  t h a t  th e  d e c e l e r a t i o n  

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

r a t h e r  s m a l l  a r e a  o f  t h e  p ip e  w a l l .  The l o c a l  mean a x i a l  

v e l o c i t i e s ,  f o r  t h e  y+ p o s i t i o n s  a t  w h ic h  t h e  r e t a r d e d  f lo w  

v e l o c i t i e s  w ere  m e a s u re d ,  w ere  c a l c u l a t e d  f o r  a  l a m i n a r  

p r o f i l e  d i s t r i b u t i o n .  I t  was fo u n d  t h a t  t h e  m a g n i tu d e  o f  t h e  

r e t a r d e d  f l o w  v e l o c i t y  was much g r e a t e r  t h a n  t h a t  w h ic h  w ou ld
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h av e  e x i s t e d  f o r  a  l a m in a r  p r o f i l e .  The p a r t i c u l a r  e f f e c t  

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

s t e p .

A c c e l e r a t i o n . T h is  s t e p  i n  th e  s e q u e n c e  o f  e v e n t s  

c l o s e l y  f o l lo w e d  th e  d e c e l e r a t i o n  s t e p .  I t  d e m o n s t r a t e d  t h e  

g r e a t e s t  v a r i a t i o n  i n  c h a r a c t e r ,  b u t  s i n c e  t h e s e  v a r i a n t s  

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

a r e  c o n s i d e r e d  u n d e r  t h i s  s e c t i o n .  T hese  v a r i a t i o n s  d i d  n o t  

c o r r e l a t e  w i th  a n y  f lo w  p a r a m e t e r s ,  b u t  seem ed t o  o c c u r  

q u i t e  ran d o m ly  e v e n  t o  t h e  e x t e n t  t h a t  two s u c c e s s i v e  e v e n t s  

o c c u r r i n g  i n  th e  same e x p e r i m e n t a l  r u n  c o u ld  d i f f e r  m a rk e d ly  

a t  t h i s  s t e p .  T h is  n a t u r a l l y  c a u s e s  some d i f f i c u l t y  i n  

d e s c r i b i n g  i t s  n a t u r e ,  b u t  s i n c e  i t  g e n e r a l l y  a p p e a re d  i n  

two form s t h e s e  w i l l  be d e s c r i b e d .

Most f r e q u e n t l y  a  l a r g e  m ass o f  f l u i d  e n t e r e d  th e  

r e t a r d e d  f i e l d  from  an  u p s t r e a m  p o s i t i o n  w i t h  an  a x i a l  

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

The d i r e c t i o n  o f  f lo w  was g e n e r a l l y  p a r a l l e l  t o  th e  w a l l  o r  

a t  a  s m a l l  a n g le  d i r e c t e d  in w a rd s  to w a rd s  i t .  U s u a l l y  i t  

e n t e r e d  th e  f i e l d  above a  y+ = 15 p o s i t i o n  an d  t h e n  p r o 

c e e d e d  a c r o s s  t h e  f i e l d .  T h is  s t e p  was a lw a y s  f o l lo w e d  v e r y  

q u i c k l y  by  t h e  e j e c t i o n  s t e p .  Som etim es t h e  e j e c t i o n  w ould 

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

t im e s  i t  o c c u r r e d  a f t e r  t h e  a c c e l e r a t i o n  p r o c e s s  was begun , 

b u t  a lw ay s  b e f o r e  th e  e n t i r e  f i e l d  was c o m p l e t e ly  a c c e l e r a t e d .
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When th e  f l u i d  h a d  a  s l i g h t  w a l lw a rd  t r a j e c t o r y  i t  d i s p l a c e d  

t h e  f i e l d  f l u i d  w a l lw a rd  a s  w e l l  a s  a x i a l l y .  Ih e  i n s t a n 

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

in g  s t r e a m  w ere m easu red  f o r  v a r i o u s  r u n s ,  and  th e  r e s u l t s  

a p p e a r  i n  T a b le  3» The g e n e r a l  a g re e m e n t  o f  t h e s e  v e l o c i 

t i e s  w i t h  t h o s e  c a l c u l a t e d  f o r  th e  l o c a l  mean v e l o c i t y  

i n d i c a t e  t h a t  t h i s  s t r e a m  o f  f l u i d  may w e l l  be t h e  n o rm al  

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

a r e a  i n v o lv e d  i n  t h e s e  m ovements was a t  l e a s t  t h e  s i z e  o f  

t h e  f i e l d  o f  v iew  ( . 0 9 5 " x  *065") and  i n d i c a t i o n s  w ere  t h a t  

i t  was c o n s i d e r a b l y  l a r g e r ,  e s p e c i a l l y  i n  th e  a x i a l  

d i r e c t i o n .

The e n t r y  o f  t h i s  s t r e a m  i n t o  t h e  r e t a r d e d  f i e l d  o f t e n  

r e s u l t e d  i n  an  im m e d ia te  i n t e r a c t i o n  b e tw een  i t  and th e  

p a r t i c l e s  i n  th e  f i e l d .  I t  t e n d e d  t o  sweep a l l  b e f o r e  i t  

and  a c c e l e r a t e  i t  d o w n s tream  o u t  o f  t h e  f i e l d .  On o t h e r  

o c c a s i o n s  i t  e n t e r e d  t h e  f i e l d  b u t  seem ed t o  be on a  

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

i t  d i d  n o t  im m e d ia te ly  a f f e c t  them . I n  t h e s e  c a s e s  a  "two 

l a y e r  v e l o c i t y "  was e v i d e n t  w here  th e  h i g h e r  a x i a l  v e l o c i t y  

s t r e a m  w ould  move p a s t  lo w e r  v e l o c i t y  f i e l d  p a r t i c l e s  w h ich  

w ere  a p p a r e n t l y  a t  t h e  same r  p o s i t i o n .  G r a d u a l l y  a s  i t  

p ro c e e d e d  a c r o s s  th e  f i e l d  i t  w ould  b e g in  t o  a f f e c t  th e  

f i e l d  p a r t i c l e s  and a c c e l e r a t e  them . As i t  b e g a n  t o  i n t e r 

a c t ,  th e  "two l a y e r  v e l o c i t y "  e f f e c t  b e g an  t o  d i s a p p e a r .

When t h i s  s t r e a m  h a s  a  s l i g h t  w a l lw a rd  t r a j e c t o r y ,  t h e
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TABLE 3

ACCELERATION VELOCITY

M easu red
V e l o c i t y y+ p o s i t i o n s Angle t o C a l c u l a t e d

Ux t r a v e l e d W all V e l o c i t y ,  Ux

.46 4 1 2 -1 6 0 .3 7 4 - .4 3 1

.4 5 9 2 4 . 6 - 1 4 . 5 3° . 5 1 7 - .

.4 9 1 2 8 .7 0 .5 4 6

.4 5 8 1 1 .5 0 .3 6 6

.494 1 6 -2 0 0 .4 3 8 - .4 8 1

.5 4 0 2 5 -3 2 3 ° .5 2  - . 5 7

.5 7 0 2 0 -3 0 4 1 /2 ° .4 8  - . 5 6

.5 7 2 2 4 .6 0 .5 1 8

.4 9 1 1 6 .4 0 .4 3 8

.584 34 0 • 57

.203 5 . 7 - 1 2 . 3 0 .2 2 6 - .3 7 9

.5 0 3 . 3 - 1 6 6 1/ 2 ° . 5 6 9 - . 4 3 8

.4 4 9 2 0 . 5 - 1 2 .3 5 .4 8 1 - .3 7 9

.714 3 1 .8 0 .7 2

.7 1 4 42 0 .765

.6 1 1 1 5 .9 0 . 6 8 - .7 2 9

.7 1 4 3 2 -2 6 0 .7 2 9 - . 6 8

.5 8 2 1 5 .9 0 .55 2

.3 3 1 1 1 . 6 - 9 . 5 0 . 4 7 - . 4 2 1

.303 5 . 3 - 3 . 2 0 .2 7 3 - .1 4 2

.7 4 8 53 0 .8

.5 1 7 2 9 -1 2 60 .5 4 7 - .3 7 4

.4 9 8 2 4 .6 - 9 5 . 5 ° .5 1 7 - .3 1 8

.404 1 4 .5 - 5 - 7 3 ° .4 1 0 - .2 2 6
• 535 3 3 -2 1 40 .5 7 5 - .4 8 5
• 515 1 8 .5 - 9 3 ° .4 6 1 - .3 1 8
.2 8 2 2 0 -1 4 6 ° 4 0 ‘ . 3 2 - . 2 6 5
.223 8 . 7 - 5 40 . 1 9 - .1 2 0
.2 3 8 1 1 . 5 - 8 . 7 7 ° . 2 3 5 - . 1 9

.3 7 3 2 -2 3 6 ° . 3 8 6 - . 3 4

.3 6 1 2 1 -1 6 30491 .3 2 5 - .2 8 5

.4 9 6 2 9 -2 0 4 . 5 ° .3 7 3 - .3 8 0

.33 1 1 . 5 - 6 . 4 5 . 5 ° .2 3 5 - .1 4 5

.26 1 4 -5 60 . 2 6 5 - .1 2 0
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p a r t i c l e s  w h ic h  p e n e t r a t e  d e e p l y  i n t o  t h e  s u b l a y e r  a r e  

r e t a r d e d  and  o f t e n  l o s e  t h e i r  i d e n t i t y  an d  f lo w  o u t  o f  th e  

f i e l d  w i t h i n  t h e  s u b l a y e r .  O th e rs  r e - e m e r g e  w i t h  t h e  

e j e c t e d  f l u i d .

The e n t e r i n g  s t r e a m  u s u a l l y  d i d  a n  e f f e c t i v e  j o b  o f  

a c c e l e r a t i n g  an d  d i s p l a c i n g  th e  f l u i d  abo ve  a  p a r t i c u l a r  

y+  p o s i t i o n .  Below t h i s  p o s i t i o n  i t  o n l y  v e r y  g r a d u a l l y  

b e g a n  t o  a f f e c t  th e  r e t a r d e d  f l u i d .  T h e r e f o r e  a t  t h e  t im e  

o f  e j e c t i o n  t h e r e  was o f t e n  a  v e r y  s h a r p  i n t e r f a c e  b e tw e e n  

t h e  a c c e l e r a t e d  and  th e  r e t a r d e d  f l u i d .  T h is  c r e a t e s  a  v e r y  

h i g h  s h e a r  and  h i g h  v o r t i c i t y  l a y e r .

The o t h e r  m a n i f e s t a t i o n  w h ich  w as o b s e rv e d  a t  t h i s  

s t a g e  o c c u r r e d  much l e s s  o f t e n  th a n  t h e  p r e c e d i n g .  T5ie f l u i d  

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

i t y  and  a t  a  s m a l l  a n g le  t o  t h e  w a l l .  As i n  t h e  p r e v i o u s  

c a s e ,  t h e  m ass o f  f l u i d  i n v o lv e d  was l a r g e r  t h a n  th e  f i e l d  o f  

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

m any e n t e r e d  t h e  s u b l a y e r .  Most o f  t h e s e  l a t t e r  l o s t  t h e i r  

i d e n t i t y  and  w ere  c a p t u r e d  b y  th e  s u b l a y e r  f l u i d  and  p a s s e d  

o u t  o f  t h e  f i e l d  w i t h  i t .  O f te n  a s  t h i s  mass o f  f l u i d  was 

p r o c e e d i n g  w a l lw a r d  t h e r e  w as a  s i m u l t a n e o u s  e j e c t i o n  o f  

w a l l  r e g i o n  f l u i d  o u tw a rd .  These e l e m e n t s  w ere  on a  s m a l l e r  

s c a l e  t h a n  t h e  w a l lw a r d  f l o w .  The two o p p o s in g  f lo w s  c o 

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

p a s s i n g  one a n o t h e r .  U i i s  i m p l i e d  t h a t  t h e y  w ere  on  s e p a r 

a t e  r x  p l a n e s  s e p a r a t e d  by  some d i s t a n c e  a lo n g  t h e  l i n e  o f
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s i g h t .  The a x i a l  an d  r a d i a l  com p o n en ts  o f  t h e  w a l lw a r d  f lo w  

w ere  a lw a y s  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  v e l o c i t i e s  f o r  t h e  

o u tw a rd  e j e c t i o n .  The a n g l e  o f  a p p r o a c h  t o  t h e  w a l l  was 

a p p r o x i m a t e l y  5 ° -1 5 °>  w h i l e  th e  a n g l e  o f  e j e c t i o n  on t h e  same 

c o o r d i n a t e  s y s te m s  was a p p r o x i m a t e l y  1 7 0 ° .  From t h e  a n a l y s i s  

o f  th e  f i l m s  and t h e  v e l o c i t y  m e a su re m e n ts  i t  was c o n c lu d e d  

t h a t  t h e s e  w ere  two s e p a r a t e  f lo w s  and  n o t  two p a r t s  o f  a  

l a r g e r  c i r c u l a t i o n .  T h ere  w ere  c a s e s  w here  t h e  w a l lw a rd  f lo w  

i n t e r a c t e d  w i t h  t h e  o u tw a rd  e j e c t i o n  and  t e m p o r a r i l y  r e t a r d e d  

i t .  G ra d u a l ly *  t h e  w a l lw a rd  f lo w  d i m i n i s h e d  and  th e  o u tw a rd  

e j e c t i o n s  d o m in a te d  th e  f i e l d .  The abo ve  d e s c r i p t i o n  i s  a l s o  

a n o t h e r  ex am p le  o f  "two l a y e r  v e l o c i t y . "  T a b le  4 c o n t a i n s  

some m e a su re m e n ts  o f  th e  r a d i a l  a n d  a x i a l  v e l o c i t i e s  o f  t h e  

w a l lw a r d  f lo w  and t h e  a n g l e  o f  a p p r o a c h  t o  t h e  w a l l .  F o r  

some f lo w s  t h e  r a d i a l  v e l o c i t y  was n e a r l y  20$  o f  t h e  l o c a l  

mean a x i a l  v e l o c i t y .  The s m a l l  a n g l e  o f  a p p ro a c h  t o  t h e  w a l l*  

an d  t h e  r a t h e r  c l o s e  a g re e m e n t  b e tw e e n  th e  m e a su re d  a x i a l  

v e l o c i t y  an d  th e  l o c a l  mean a x i a l  v e l o c i t y  c a l c u l a t e d  f o r  t h e  

y+ s p a n  o v e r  w h ich  t h e  o t h e r  v e l o c i t y  was m e a su re d  i n d i c a t e s  

t h a t  w h e r e v e r  th e  w a l lw a r d  f lo w  o r i g i n a t e d  i t  h a s  by  t h e  t im e  

o f  o b s e r v a t i o n  a c q u i r e d  t h e  l o c a l  mean a x i a l  v e l o c i t y .

E j e c t i o n  e v e n t . The e j e c t i o n  o f  f l u i d  e l e m e n t s  

f ro m  w i t h i n  t h e  w a l l  r e g i o n  o u tw a rd  to w a rd  th e  p ip e  

c e n t e r l i n e  i s  b o th  t h e  m o s t  s t r i k i n g  and  m o s t  I m p o r t a n t  

p a r t  o f  t h e  e j e c t i o n  p r o c e s s  w h ic h  c h a r a c t e r i z e s  t h e  

f l u i d  m o t io n  i n  t h e  w a l l  r e g i o n .  An e j e c t i o n
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TABLE 4 

WALLWARD FLOW

V e lo c 
i t y

A ngle  t o  
W a l l

A x ia l
V e lo .

R a d i a l
V e lo . y+ Span

A p p ro x .
C a lc .  A x i a l  V e lo .

.2 6 8 1 5 ° 1 3 ‘ .259 .0 7 5 2 6 - 1 1 .5 • 3 5 7 - .2 3 5

.2 6 8 15 1 0 * .2 5 9 .0 7 3 2 3 - 8 .7 .3 4 0 - .1 9 2

.3 4 5 8°13» .3 4 1 .0 5 0 2 9 -1 9 .3 7 3 - .3 1 0

.6 7 6 5 °2 4  * .67 3 .064 2 1 . 2 - 1 1 .6 . 6 2 8 - .4 7

.6 6 9 7 o 1 5 , .6 6 4 .0 8 4 3 1 . 8 - 1 5 . 9 .7 2 8 - .5 5 2

.6 3 1 5 ° 3 7 ' .6 2 8 .0 6 2 3 7 .1 - 1 8 .7 4 6 - .5 8 6
• 559 7 8 ' .555 .0 6 9 2 6 . 4 - 1 3 . 8 . 6 8 5 - . 4 6 5

.7 5 6 9 ° 3 ' .7 4 6 .1 2 1 4 2 -1 6 .7 6 5 - .5 5 5

.665 11? 8 * .6 5 2 .1 2 8 6 4 -2 1 .8 1 7 - .6 2 7

.6 1 5 11°19* .6 0 3 .1 2 1 6 4 -3 7 .8 1 7 - .7 9 5

.59 7 14°5 * .5 7 9 .1 4 6 5 8 -2 6 . 8 0 - .6 8

I s  d e s c r i b e d  a s  t h e  s w i f t  and  su d d e n  movement o u tw a rd  fro m  

t h e  r e g i o n  o f  t h e  p ip e  w a l l  o f  s m a l l  e le m e n t  o f  f l u i d  w h ich  

was f o r m e r l y  f l o w in g  a x i a l l y  w i t h i n  t h e  w a l l  r e g i o n .  The 

f r e q u e n c y  o f  e j e c t i o n  i s  a  f u n c t i o n  o f  R e y n o ld s  num ber, 

i n c r e a s i n g  a s  i t  i n c r e a s e s .  I t s  b a s i c  c h a r a c t e r ,  h o w e v e r ,  i s  

i n d e p e n d e n t  o f  s u c h  mean f lo w  p a r a m e t e r s .  The p r o c e s s  i s  

random  w i t h  r e s p e c t  t o  t im e  and  p o s i t i o n  a lo n g  t h e  p i p e  w a l l ,  

a n d  shows no r e g u l a r i t y  i n  t im e  o f  d u r a t i o n  o r  i n  t h e  i n t e r 

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

S in c e  t h e y  a r e  f u n d a m e n t a l l y  random  e v e n t s ,  t h e y  d e m o n s t r a t e d  

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

e j e c t i o n  e v e n t  i s  u n c h a n g in g  and a lw a y s  r e c o g n i z a b l e .

The e j e c t i o n  o f  f l u i d  f ro m  t h e  w a l l  r e g i o n  o c c u r r e d  

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



was I n  p r o g r e s s .  S in c e  t h e  two o f t e n  o c c u r r e d  i n  c o n ju n c 

t i o n ,  t h e  m o t io n  p i c t u r e s  w ere  c a r e f u l l y  exam ined  f o r  e v i 

d e n c e  t h a t  t h e  a c c e l e r a t i n g  s t r e a m  was a  d i r e c t  c a u s i t i v e  

f a c t o r  o f  t h e  e j e c t i o n  s t e p ,  b u t  no s u c h  r e l a t i o n w a s  d i s 

c o v e r e d .  At t im e s  t h e r e  was some i n t e r a c t i o n  b e tw e e n  th e  

f l u i d  com po s ing  t h e  e n t e r i n g  s t r e a m  and  th e  f l u i d  f ro m  w h ic h  

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

o n l y  a f t e r  th e  e j e c t i o n  h a d  b e g u n .  The m ass o f  f l u i d  from  

w h ic h  t h e  e j e c t i o n s  a r o s e  was p a r t  o f  t h e  r e t a r d e d  r e g i o n  

n e a r  t h e  w a l l .  I t  p o s s e s s e d  a l l  o f  t h e  p r o p e r t i e s  o f  t h i s  

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

d i s t u r b e d  a x i a l  v e l o c i t y .  The p a r t i c l e s  w h ic h  a p p e a re d  i n  

t h e  e j e c t e d  e le m e n t  w ere  c l e a r l y  i n  v iew  w i t h i n  th e  f i e l d ,  

m oving  a x i a l l y ,  p a r a l l e l  t o  th e  w a l l ,  b e f o r e  t h e y  w ere  

e j e c t e d  o u t w a r d s .  I t  was c o n c lu d e d  t h e r e f o r e  t h a t  t h e  

a c c e l e r a t i n g  s t r e a m  and t h e  e j e c t i o n  w ere  two s e p a r a t e  p a r t s  

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

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

f i e l d .  T h e re  was no m e th o d  o f  d e t e r m i n i n g  how t h e i r  c r e a t i o n  

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

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

Once t h e  s t e p s  p r e c e d i n g  a n  e j e c t i o n  h a d  o c c u r r e d ,  

t h e  e j e c t i o n  I t s e l f  p r o c e e d e d  v e r y  r a p i d l y  f ro m  t h e  e a r l y  

s t a g e s  t o  t h e  f u l l y  d e v e lo p e d  s t a g e .  At t h i s  s t a g e  t h e r e  

was a  c o n t i n u i n g  e j e c t i o n  o f  f l u i d  o u tw a rd  f o r  v a r y i n g  

p e r i o d s  o f  t im e ,  and  t h e n  t h e  e j e c t i o n  s t e p  g r a d u a l l y  c e a s e d .
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Sortie i n d i c a t i o n  o f  th e  d u r a t i o n  o f  t h i s  s t e p  i s  g i v e n  i n  a  

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

was v e r y  l o c a l  i n  c h a r a c t e r .  On num erous o c c a s i o n s  t h e  e j e c 

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

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

a d j a c e n t  d o w n s tre am  p o s i t i o n s .  At t im e s  t h e s e  e j e c t i o n s  

a p p e a r e d  t o  be m oving i n  a  c o n n e c te d  f a s h i o n ,  i . e . ,  w ere  c o r 

r e l a t e d ,  b u t  a t  o t h e r  t im e s  t h e r e  a p p e a re d  two o r  more s i m u l 

t a n e o u s  e j e c t i o n s  w i t h i n  t h e  same f i e l d  w h ich  w ere  q u i t e  

u n c o n n e c te d .  R e c a l l i n g  t h a t  th e  f i e l d  o f  v iew  was a p p r o x i 

m a t e l y  0 .0 9 5  i n c h e s  lo n g ,  one c an  o b t a i n  some i d e a  o f  t h e  

s i z e  and l o c a l  n a t u r e  o f  th e  e l e m e n t s .  Movement i n  a  c o n 

n e c t e d  f a s h i o n  i s  d e s c r i b e d  a s  th e  movement o f  two o r  more 

p a r t i c l e s  i n  su c h  a  way t h a t ,  a l t h o u g h  t h e y  a r e  s e p a r a t e d  by  

a  d i s t a n c e ,  t h e y  c l e a r l y  d e s c r i b e  s i m i l a r  p a t h s ,  w i th  r e g a r d  

t o  sp e e d  and  t r a j e c t o r y ,  d u r i n g  th e  same i n t e r v a l  o f  t im e .

The maximum d i s t a n c e  o v e r  w h ich  t h i s  o c c u r s  i s  c a l l e d  th e  

d i s t a n c e  o f  c o n n e c te d  m ovem ent. T h is  was u se d  a s  a  g u id e  t o  

i d e n t i f y  th e  d i f f e r e n t  l o c a l  e j e c t i o n s  when more t h a n  one was 

o c c u r r i n g  a t  a  p a r t i c u l a r  t i m e .  I n  a l l  c a s e s  o b s e r v e d ,  th e  

d i s t a n c e  o f  c o n n e c te d  movement was l e s s  t h a n  t h e  l e n g t h  o f  

t h e  f i e l d  o f  v iew , 0 .0 9 5  i n c h e s ,  and  m ost o f t e n  o f  t h e  o r d e r  

o f  0 .0 6  -  0 .0 3  i n c h e s .  T h is  d im e n s io n  was m e a su re d  a x i a l l y  

a lo n g  t h e  p ip e  w a l l  and  may be c o n s i d e r e d  t h e  b a s e  o f  th e  

e j e c t e d  e l e m e n t .
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M ost o f  t h e  e l e m e n t s  o r i g i n a t e d  w i t h i n  th e  s e c t i o n  o f  

t h e  w a l l  r e g i o n  bounded  b y  5 S  y+ 5  1 5 . T a b le  5 shows t h e  

r e g i o n  o f  o r i g i n  o f  t h e  m a j o r i t y  o f  t h e  e j e c t i o n s  a s  w e l l  a s  

t h e  p o s i t i o n  n e a r e s t  th e  w a l l  f ro m  w h ic h  a n  e j e c t i o n  was 

o b s e r v e d  t o  o c c u r .  I n  i t  one  c a n  se e  t h a t  e v e n  be low  = 5* 

a n d  i n  f a c t  a t  y + = 2 .5 ,  a  few  e j e c t i o n s  o r i g i n a t e d .  Below 

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

a x i a l  f lo w  w ere  o b s e r v e d ,  b u t  t h e y  n e v e r  e s c a p e d  t h e  r e g i o n  

a s  an  e j e c t e d  e l e m e n t .  I t  w i l l  be shown l a t e r  t h a t  much o f  

t h e  a c t i v i t y  i n  th e  s u b l a y e r  r e g i o n  r e s u l t e d  from  t h e  e j e c 

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

I t  w i l l  be r e c a l l e d  t h a t  t h e  d e c e l e r a t i o n - a c c e l e r a t i o n  

s e q u e n c e  p r e c e d i n g  a n  e j e c t i o n  d i s t o r t e d  th e  v e l o c i t y  p r o f i l e  

i n  t h e  w a l l  r e g i o n  an d  o f t e n  c r e a t e d  a  h ig h  s h e a r  l a y e r .  1516 

d e g r e e  t o  w h ic h  t h i s  o c c u r r e d  an d  th e  p o s i t i o n  o f  t h e  h ig h  

s h e a r  i n t e r f a c e  v a r i e d  g r e a t l y  s i n c e  e a c h  s t e p  was i n d e p e n 

d e n t  o f  t h e  o t h e r ,  an d  e a c h  showed w ide  v a r i a t i o n .  A l a t e r  

s e c t i o n  w i l l  show t h i s  q u a n t i t a t i v e l y .  ■Hiere a r e ,  t h e r e f o r e ,  

a  num ber o f  s e p a r a t e  f a c t o r s  w h ich  a f f e c t  t h e  e j e c t i o n  e l e 

m e n t .  On th e  a v e r a g e ,  i t  w i l l  h av e  a n  a x i a l  v e l o c i t y  compon

e n t  r e p r e s e n t a t i v e  o f  th e  y + r e g i o n  f ro m  w h ic h  i t  cam e. 

H ow ever, t h e  l o c a l  m ean a x i a l  v e l o c i t y  a t  a  p a r t i c u l a r  y+ 

p o s i t i o n  i s  n o t  t h a t  g i v e n  by  t h e  n o rm a l  t u r b u l e n t  v e l o c i t y  

p r o f i l e  f o r  l o c a l  m ean v e l o c i t y ,  b u t  i s  i n f l u e n c e d  b y  th e  

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

a c c e l e r a t i o n  s e q u e n c e .  S i n c e  i n  many c a s e s  t h e  a x i a l  v e l o c i t y



TABLE 5 
EJECTION VELOCITY AND ANGIE

y+ Span P o s i t i o n

y+ Span8,
o f  O r i g i n R a t i o o f

Run E j e c t . A c tu a l R a d i a l o f  Most R a d i a l  V e lo . D e e p e s t
No. Re A ngle V e lo . V e lo . Me a s . P a r t i c l e s u* O r i g i n
165 2 0 ,6 5 0 11° .159 .0 3 2 6 -2 0 5 1 .1 3 5

7 ° .134 .0 1 6 7 -1 7 .567
7 n .134 .0 1 6 5 -1 4 .5 6 7 3

17° .124 .0 3 6 8 -2 9 1 .2 7 7
18° .1 2 8 .04 17 -32 1 .4 1 8

9° .1 4 1 .022 7 -1 4 .780

166 2 0 ,6 5 0 6 ° .209 .023 9 -2 3
CMH1cr .8 1 6

1 .5 .175 .005 7 . 5 - 9 .1 7 7
5 .175 .016 6 -1 0 .567
6 .5 .223 .025 1 1 .5 - 1 7 .887

14 .231 .057 1 1 . 5 -2 9 7 .5 - 1 5 2 .0 2 1 5
1 5 .5 .2 5 2 .0 6 8 17-35 2 .4 1 1

8 .2 4 8 .0 3 6 1 1 . 5 -2 0 1 .2 7 7
15 .233 .0 6 2 0 -3 5 2 .1 2 8
1 2 .5 .2 2 0 .0 4 7 15-32 1 .6 6 7
10 .236 .04 7 * 5 -17 1 .4 1 8

167 2 1 ,1 6 6 12 .176 .037 1 4-29 6 .4 - 1 6 1 .3 1 2 4
15 .223 .0 5 8 1 7 .3 -3 5 6 . 4 - 8 .7 2 .0 5 7
13 .139 .0 3 1 1 1 .5 - 2 0 1 .0 9 9

6 .222 .024 7 . 5 - 1 1 . 5 .8 5 1
9 .5 .175 .0 2 9 1 6-27 1 .0 2 8

168 2 1 ,0 8 0 7 .2 1 .026 13-32 4 - 7 .5

CMCM•
r
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TABLE 5•— continued

y+ Span P o s i t i o n
o f  O r i g i n R a t i o o f

Run E j e c t . A c tu a l R a d i a l y+ Span3- o f  Most R a d i a l  V e lo . D e e p e s t
No. Re Angle V e lo . V e o l . Me a s . P a r t i c l e s u* O r i g i n
225 3 1 ,2 4 0 7 .231 .0 2 7 3 .3 - 1 2 4 -9 .675 2 .5

4 .229 .016 3 - 3 - 5 . 7 .40
6 .242 .026 5 .7 - 1 2 .65
6 .5 .294 .033 7 -4 - 2 0 .825
4 .4 0 8 .026 4 -1 6 .65

15 .362 .092 1 2 -29 2 .3
14 .3 8 0 .093 12-33 2 .3 3

224 3 0 ,6 4 0 5 3 .1 5 .0 2 6 9 -2 1 7 . 4 - 1 2 . 3 .6 5 0 4
5 .34 1 .0 2 9 11-25 .725
5 .5 .2 4 8 .024 1 1 -1 8 .6 0 0
5 .3 3 6 .0 2 8 9 -2 5 .700
5 .352 .0 3 0 6 .5 - 2 1 • 750
4 .302 .022 6 -1 6 .55
3 -5 .3 8 0 .024 1 4 -2 9 .600

12 .3 6 6 .0 7 8 2 0 -5 0 1 0 .7 -2 5 1 .9 5 6
9 -5 .338 .055 20 -4 5 1 .3 7 5
3 .5 3 .5 4  . .0 2 2 7 -2 5 .550

10 .362 .063 12-45 1 .5 7 5
8 .5 .3 0 8 .046 1 6 -37 1 .1 5
6 .5 .2 9 8 .0 3 3 11*21 5 .7 - 1 4 .825

12 .2 7 6 .059 12-33 5 .7 - 1 2 1 .4 7 5 3
7 -5 .4 3 1 .057 1 6 -29 9 .5 - 2 1 1 .4 2 5

15 .212 .054 9 -2 5 1 .3 5
18 .244 .075 1 2 .3 - 3 3 1 .8 7 5
2 0 .5 .30 6 .1 08 1 6 -41 2 .7 0

221 4 0 ,6 7 0 18 .1 3 5 .0 4 1 4 -1 6 5 . 3 - 1 1 . 6 .796 4
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TABLE 5»— continued

y+ Span P o s i t i o n

y+ Spana
o f  O r i g i n R a t i o o f

Run E j e c t . A c tu a l R a d ia l o f  Most R a d i a l  V e lo . D e e p e s t
No. Re Angle V e lo . V e lo . M eas. P a r t i c l e s u* O r i g i n

9 .5 1 5 .079 16-42 1 .5 3 4
13 .4 4 1 .0 9 7 9 .5 - 4 7 1 .8 8 3

7 .498 .063 9 .5 - 3 2 1 .2 2 3
5 •594 .05 1 1 1 . 6 -3 2 1 . .9 9 0

11 .465 .1 1 8 5 .3 - 5 3 5 .3 - 1 6 1 .7 2 8
1 4 .5 .473 .1 1 8 5 .3 - 5 3 2 .2 9 1
10 .6 2 0 .1 0 8 9 .5 - 4 2 2 .0 9 7
13 .4 6 1 .103 7 -3 7 1 .9 9 9
13 .53 6 .1 2 0 9 .5 - 4 8 2 .3 3 0

9 .5 .6 8 6 .112 1 1 .6 - 4 2 2 .1 7 4

223 4 1 ,0 9 0 11 .469 .0 8 9 16-37 1 1 .6 - 1 8 .5 1 .7 2 8 3
10 .486 .087 18-42 I .689

9 .5 1 0 .0 7 7 14-42
8

1 .4 9 5
8 .5 .392 .0 5 6 1 1 .6 - 3 1 . 1 .1 2 6

12 .471 • 099 1 1 .6 - 3 7 1 .9 2 2
11 .6 8 3 .1 3 2 2 1 -4 7 2 .5 6 3

5 .5 6 1 .0 4 9 16-32 9 .5 - 1 6 .951 7
7 -5 .52 .0 6 8 1 1 .6 -3 7 1 .3 2 0
6 .5 .5 2 .0 6 8 1 1 .6 -3 7 1 .1 0 7
9 .43 .0 6 6 9 .5 - 2 6 1 .2 8 1
7 .0 .4 4 1 .0 5 2 14-26 1 .0 0 9

8 .436 .059 9 .5 - 2 1 1 .1 4 6
8 .415 .057 7 .4 - 2 6 1 .1 0 7
7 .383 .0 4 8 7 .4 - 2 6 .952

12 .0 1 9 4 - 1 1 .5 0 .0 7 4
2 0 ,2 3 0 21 .032 1 .1 3 4
a T h is  i s  o n l y  r e g i o n  s e l e c t e d  f o r  m easu rem en t and d o e s  n o t  mean p a r t i c l e s  

o r i g i n a t e d  h e r e .
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i n  t h e  r e g i o n  o f  o r i g i n  o f  t h e  e j e c t i o n s  i s  s t i l l  r e t a r d e d  

a t  t h e  t im e  o f  e j e c t i o n ,  t h e  a x i a l  v e l o c i t y  o f  t h e  e j e c t e d  

f l u i d  w i l l  be r e t a r d e d .  The ran d o m n ess  and  p o s s i b l e  v a r i a 

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

d e p e n d e n c y  o f  th e  e j e c t i o n  e v e n t  on l o c a l  c o n d i t i o n s .  T h is  

e le m e n t  was e j e c t e d  o u tw a rd  to w a rd  t h e  u n r e t a r d e d  r e g i o n  o f  

much g r e a t e r  a x i a l  v e l o c i t y .  As t h e  e l e m e n t s  e n t e r e d  t h i s  

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

in g  m o t io n s  w ere  v e r y  v i o l e n t  and  c h a o t i c . N ot o n ly  was 

t h e r e  i n t e r a c t i o n  b e tw e e n  t h e  e j e c t e d  f l u i d  and th e  mean 

s t r e a m ,  b u t  when m ore t h a n  one e j e c t i o n  e le m e n t  a p p e a re d  

w i t h i n  th e  same r e g i o n  o r  t im e  s p a n ,  t h e  i n t e r a c t i o n  o c c u r r e d  

among a l l  t h r e e  o r  m ore f l u i d  m a s s e s . The m o t io n s  m ig h t  be 

c h a r a c t e r i z e d  a s  v e r y  d i s o r g a n i z e d  w i t h  t h e  p a r t i c l e s  h a v in g  

s h o r t ,  a b r u p t  m ovem ents and  s u d d e n  c h a n g e s  o f  d i r e c t i o n  and 

s p e e d .  The g e n e r a l  movement o f  t h e  e n t i r e  r e g i o n  w as, o f  

c o u r s e ,  d o w n s tre am , b u t  t h e  c h a o t i c  m o t io n s  s p r e a d  o u t  i n  

a l l  d i r e c t i o n s ,  an d  t h e  m ore v i o l e n t  o n e s  r e a c h e d  e v e n  t o  

t h e  s u b l a y e r  and  w a l l .  I n  t h i s  m an ner  t h e  i n n e r  p a r t s  o f  

t h e  s u b l a y e r  r e g i o n  w ere  d i s t u r b e d  by  t h e  e j e c t i o n .  The end  

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

was t h a t  t h e  e j e c t e d  e le m e n t  was d i s r u p t e d  and a c c e l e r a t e d  

a x i a l l y  a t  t h e  e x p e n s e  o f  t h e  mean s t r e a m ,  an d  was c o n v e c te d  

d o w n s tre a m . H ie c h a o t i c  m o t io n  c o n t i n u e d  a s  i t  p r o c e e d e d  

d o w n s tre a m . S in c e  t h e  e l e m e n t s  o r i g i n a l l y  p o s s e s s e d  a n
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o u tw a rd  d i r e c t e d  r a d i a l  v e l o c i t y  com p o n en t,  t h e  f l u i d  c o n 

t i n u e d  t o  s p r e a d  o u tw a rd .

The e j e c t e d  e le m e n t  o r i g i n a l l y  p o s s e s s e d  an  a n g l e  t o  

t h e  w a l l  o f  t h e  o r d e r  o f  5° - 2 0 o , d i r e c t e d  d o w n s tre am , b u t  a s  

i t  e n t e r e d  t h e  r e g i o n  o f  h i g h e r  a x i a l  v e l o c i t y  i t  was a c c e l 

e r a t e d  d o w n s tre am  a t  a  much r e d u c e d  a n g l e .  The t y p i c a l  

t r a j e c t o r y  o f  a n  e j e c t e d  e l e m e n t  was a  s l i g h t l y  c u rv e d  p a th  

d i r e c t e d  d o w n s tre a m  a t  a  r e l a t i v e l y  s m a l l  a n g le  t o  t h e  w a l l .  

No t i g h t  r o t a t i o n  o f  t h e  f l u i d  e le m e n t s  was o b s e r v e d  e x c e p t  

on  a  v e r y  few  o c c a s i o n s .  The d i s t a n c e  w h ic h  a n  e le m e n t  moved 

o u tw a rd  b e f o r e  b e in g  a c c e l e r a t e d  and d i s r u p t e d  d e p e n d e d  upon  

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

t h e  p r o f i l e  i n  t h e  w a l l  r e g i o n .  I n  some c a s e s  th e  I n t e r f a c e  

o c c u r r e d  v e r y  n e a r  t h e  p o s i t i o n  o f  o r i g i n ,  and  th e  e le m e n t s  

w ere  a lm o s t  im m e d ia te ly  a f f e c t e d .  I n  some few c a s e s ,  h o w e v er ,  

no i n t e r f a c e  a p p e a r e d  w i t h i n  t h e  f i e l d  ( t h i s  o f t e n  o c c u r r e d  

d u r i n g  th e  w a l lw a rd  f lo w  o r  when th e  d e c e l e r a t i o n  t o o k  th e  

p l u g - l i k e  f lo w  f o r m ) ,  a  d i s t a n c e  w hich  r a n g e d  f ro m  a  y + = 40 

t o  7 5 . I n  t h e s e  I n s t a n c e s  t h e  e j e c t e d  e le m e n t  l e f t  t h e  f i e l d  

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

c o m p o n e n t.  T h ere  was no way o f  a s c e r t a i n i n g  i f  i n  t h e s e  

c a s e s  a  s h e a r  r e g i o n  fo rm ed  beyond  y+ = 7 5 *

H ie v e l o c i t i e s  and  t r a j e c t o r i e s  o f  t h e  e j e c t e d  p a r t i 

c l e s  w ere  m e a su re d  a n d  th e  r e s u l t s  a p p e a r  i n  T a b le  5 -  The 

m ethod  o f  m ea su re m e n t  I s  d i s c u s s e d  i n  t h e  s e c t i o n  on e x p e r i 

m e n t a l  p r o c e d u r e s  and  A p p en d ix  I I .  TCiese m e a su re m e n ts  a r e ,



o f  c o u r s e ,  o n l y  a p p ro x im a te ,  b u t  t h e y  a r e  s u f f i c i e n t l y  

a c c u r a t e  t o  c o n t r i b u t e  v a l u a b l e  i n f o r m a t i o n  a b o u t  th e  e j e c 

t i o n  p r o c e s s .  The a n g l e  o f  e j e c t i o n  showed a  c o n s i d e r a b l e  

v a r i a t i o n  fro m  e v e n t  t o  e v e n t ,  b u t  t h i s  i s  n o t  s u r p r i s i n g  in  

v iew  o f  th e  e a r l i e r  c o n s i d e r a t i o n s .  The l a r g e s t  a n g le  

o b s e r v e d  was 2 1 ° ,  and  th e  d i s t r i b u t i o n  r a n g e d  fro m  1 .5 °  t o  

2 1 ° .  The minimum a n g l e  m ea su re d  h a s  no r e a l  s i g n i f i c a n c e .

The p a r t i c l e s  c h o se n  f o r  t h e s e  m ea su re m e n ts  were r e p r e s e n t a 

t i v e  o f  th e  p a r t i c u l a r  e j e c t i o n ,  and  a  number o f  p a r t i c l e s  

w i t h i n  eac h  e le m e n t  w ere  s e l e c t e d .  W i th in  an y  g i v e n  e le m e n t  

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

s m a l l e r  t h a n  t h e  d i s t r i b u t i o n  among th e  d i f f e r e n t  e j e c t i o n s .  

The a n g le  o f  e j e c t i o n  was p l o t t e d  a g a i n s t  R e y n o ld s  num ber, 

and  th e  d i s t r i b u t i o n  a p p e a r s  i n  F ig u r e  2 1 .  I t  c a n  be s e e n  

t h a t  t h e  d i s t r i b u t i o n s  a r e  a l l  s i m i l a r  f o r  th e  R e y n o ld s  

num bers c o n s i d e r e d ,  a n d ,  t h e r e f o r e ,  t h a t  t h e r e  i s  no d e p e n 

d e n c y  o f  th e  e j e c t i o n  a n g le  on R e y n o ld s  n um b er .  F ig u r e  22 

i s  a  f r e q u e n c y  d i s t r i b u t i o n  c u rv e  f o r  th e  e j e c t i o n  a n g le  and 

i n c l u d e s  v a l u e s  f o r  a l l  R e y n o ld s  n u m b ers .  The m o s t  f r e q u e n t  

a n g le  o f  e j e c t i o n  i s  8 . 5 ° .

The in d e p e n d e n c e  o f  th e  e j e c t i o n  a n g le  w i t h  r e g a r d  

t o  R ey n o ld s  number h a s  some i n t e r e s t i n g  c o n s e q u e n c e s .  I f  one 

r e f e r s  t o  T a b le s  2 a n d  3, i t  i s  s e e n  t h a t  w h i l e  a  d e c e l e r a 

t i o n  and  a c c e l e r a t i o n  do o c c u r ,  t h e  r e s u l t i n g  v e l o c i t i e s  a r e  

s t i l l  a  f u n c t i o n  o f  R e y n o ld s  number and  r e f l e c t  t h e  n o rm a l  

d i s t r i b u t i o n  o f  l o c a l  mean a x i a l  v e l o c i t y .  The a x i a l  v e l o c i t y
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com ponen t o f  t h e  e j e c t e d  e l e m e n t ,  s i n c e  i t  o r i g i n a t e s  i n  

t h i s  r e g i o n ,  m u s t  a l s o  h a v e  t h i s  d e p e n d e n c y  on R e y n o ld s  

num ber, i . e . ,  i t  i s  l a r g e r  f o r  l a r g e r  Nfte• H ow ever, i f  t h e  

e j e c t i o n  a n g le  i s  i n d e p e n d e n t  o f  R e y n o ld s  num ber, t h e n  th e  

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

R e y n o ld s  num ber, f o r  t h i s  i s  t h e  o n ly  way t h e  a n g le  c a n  

r e m a in  u n a f f e c t e d .  T h i s ,  o f  c o u r s e ,  i s  c l e a r l y  e v i d e n t  i n  

T a b le  5 . I t  i s  c l e a r  t h a t  w h a te v e r  t h e  m echan ism  i s  t h a t  

c a u s e s  t h e  e j e c t i o n ,  i t  m u s t  i n  some m anner be r e l a t e d  t o  

t h e  mean f lo w  p a r a m e t e r s  a s  r e f l e c t e d  b y  t h e  R e y n o ld s  num ber. 

U n f o r t u n a t e l y ,  t h e  v e r y  ran d o m n e ss  o f  t h e  e j e c t i o n  p r o c e s s ,  

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

s e t  o f  f lo w  c o n d i t i o n s ,  and  i t s  v e r y  s t r o n g  d e p e n d e n c y  on 

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

p r e s e n t  m e a su re m e n ts  w i t h  mean f lo w  p a r a m e t e r s .

The m e a su re d  r a d i a l  v e l o c i t y  com ponen t r a n g e d  f ro m  a  

v e r y  s m a l l  p e r c e n t a g e  o f  t h e  a x i a l  v e l o c i t y  com ponen t t o  a  

h ig h  o f  30$  o r  m o re .  The m o s t  common v a lu e  was 10$ -  2 0 $  o f  

t h e  a x i a l  c o m p o n e n t.  I t  m u s t  be rem em bered , o f  c o u r s e ,  t h a t  

t h e s e  a r e  i n s t a n t a n e o u s  m e a su re m e n ts  and  n o t  a v e r a g e  m e a s u r e 

m e n ts  o f  f l u c t u a t i n g  i n t e n s i t i e s  s u c h  a s  a  h o t  w i r e  w ou ld  

g i v e .

F i g u r e s  23 an d  24 show two e j e c t i o n s  i n  a  s e q u e n c e  o f  

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

s e q u e n c e  b e g in s  w i t h  t h e  p a r t i c l e  a t  a p p r o x i m a t e l y  y+ = 23 

a n d  t h a t  t h e  m o t io n  p r o c e e d s  o u t  t o  a  y+ = 6 0 .  T h is  s h o u ld
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n o t  be i n t e r p r e t e d  a s  e v id e n c e  t h a t  th e  e j e c t i o n  b eg an  a t  

y+ = 2 3 . T h is  se g m en t  o f  th e  e j e c t i o n  t r a j e c t o r y  was s e l e c t e d  

b e c a u s e  i n  t h e  s t i l l  p h o to g r a p h s  i t  m ost c l e a r l y  showed th e  

r a d i a l  movement d u e  t o  t h e  l a r g e  d i s p l a c e m e n t .  I d e a l l y ,  t h e  

se g m e n t  o c c u r r i n g  w i t h i n  y+ = 30 s h o u ld  h a v e  b e e n  s e l e c t e d ,  

b u t  t h i s  d i d  n o t  r e p r o d u c e  w e l l  f ro m  th e  m o t io n  p i c t u r e ,  and 

th e  s e q u e n c e  w ou ld  h ave  b e en  m e a n i n g l e s s .  T h is  i s  a  r e s u l t  

o f  two f a c t o r s .  F i r s t  i t  i s  v e r y  d i f f i c u l t  t o  show by a  

s e r i e s  o f  s t i l l  p h o to g r a p h s  t h e  r e l a t i v e  v e l o c i t i e s  and  c o n 

t i n u i t y  o f  m o t io n  t h a t  a  m o t io n  p i c t u r e  im age  p r o v i d e s .  

S e c o n d ly ,  t h e  im age q u a l i t y  o f  th e  p r i n t  made f ro m  t h e  m o t io n  

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

and  e v e n  p a r t i c l e s  w ere  l o s t  d u e  t o  t h i s  d e c r e a s e  i n  q u a l i t y .  

To show t h e  e j e c t i o n  i n  y + lS  3 0  r e g i o n  w o u ld  h av e  r e q u i r e d  a  

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

t h a t  f o r  a n a l y s i s  th e  p r o j e c t e d  im age was n e a r l y  100 t im e s  

t h a t  o f  t h e  f i l m  im a g e ) .  At s u c h  m a g n i f i c a t i o n s  th e  p r i n t  

i s  u s e l e s s  a s  n e a r l y  a l l  d e t a i l s  a r e  l o s t .  The F i g u r e s  23 

and  24 t h e r e f o r e  r e p r e s e n t  a  com prom ise  b e tw e e n  a  d e s i r e  t o  

show an  e j e c t i o n  e v e n t  and  p r a c t i c a l i t y .  I n  F i g u r e  23 t h e  

e j e c t i o n  i s  a p p a r e n t  b e c a u s e  i t  i n v o lv e s  t h e  l a t e r  s t a g e s  o f  

t h e  e v e n t  when t h e  o u tw a rd  movement a f t e r  I n t e r a c t i o n  p r e 

v a i l s .  H ie  a x i a l  v e l o c i t y  o f  t h e  p a r t i c l e  i s  n e a r l y  t h a t  o f  

t h e  l o c a l  mean v e l o c i t y  i n d i c a t i n g  t h a t  a c c e l e r a t i o n  h a s  

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

The w a l l  v ie w  i s  u s e d ,  an d  a l l  m o t io n s  i n  t h e  p h o to g r a p h s
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a r e  r e l a t i v e  t o  t h e  c a r r i a g e  v e l o c i t y  w h ich  i s  i n d i c a t e d .  

A d ja c e n t  t o  t h e  p h o to g r a p h s  i s  a  s e r i e s  o f  s k e t c h e s  d raw n  t o  

s c a l e  w h ic h  show th e  a p p a r e n t  t r a j e c t o r y .  The a c t u a l  

t r a j e c t o r y  i s  a l s o  p l o t t e d  t o  s c a l e .  The p a r t i c l e  m o t io n s  

a r e  i n  t h e  r x  p l a n e ,  a n d  th e  e j e c t i o n  a n g le  t o  t h e  w a l l  i s  

a p p r o x i m a t e l y  1 0 .5 °  d i r e c t e d  d o w n s tre a m .

F i g u r e  24 shows a  s l i g h t l y  d i f f e r e n t  c a s e .  As b e f o r e ,  

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

b e c a u s e  i t  i s  m o s t  v i s i b l e  i n  t h e  s t i l l  p h o t o g r a p h s .  H ow ever, 

u n l i k e  F i g u r e  23 t h e  p a r t i c l e s  i n  t h i s  c a s e  s t i l l  h a v e  a  

d e c e l e r a t e d  a x i a l  v e l o c i t y  a s  e v id e n c e d  by  t h e  f a c t  t h a t  t h e y  

a r e  m oving  a t  a p p r o x i m a t e l y  t h e  c a r r i a g e  s p e e d  w h ich  i s  b e low  

t h e  l o c a l  mean a x i a l  v e l o c i t y  a t  a l l  y + p o s i t i o n s  t r a v e r s e d  

b y  th e  p a r t i c l e s .  T h is  i s  c l e a r  f rom  t h e  s k e t c h  o f  t h e  a p p a r 

e n t  p r o f i l e  w here  th e  c a r r i a g e  m o t io n  i s  t a k e n  i n t o  a c c o u n t .  

S in c e  t h e  p a r t i c l e s  a r e  n o t  a c c e l e r a t e d  by  t h e  a x i a l  v e l o c i t y  

a s  t h e y  t r a v e l  o u tw a rd ,  one m u s t  c o n c lu d e  t h a t  l o c a l l y  th e  

mean a x i a l  v e l o c i t y  i s  d e c e l e r a t e d ,  a n d  t h a t  t h e  n o rm a l  

v e l o c i t y  p r o f i l e  d o e s  n o t  e x i s t  t h e r e .  01118 i m p l i e s  t h a t  t h e  

h i g h  s h e a r  i n t e r f a c e  e x i s t s  f u r t h e r  o u t ,  o r  a s  th e  m o t io n  

p i c t u r e s  show, a  s h a r p  i n t e r f a c e  w i l l  a p p e a r  w i t h i n  t h e  

r e g i o n  when h i g h e r  v e l o c i t y  f l u i d  e n t e r s  f ro m  u p s t r e a m .  As 

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

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

m o t io n s  so  c l o s e l y  a p p r o x im a te  th e  c a r r i a g e  v e l o c i t y .  The 

a c t u a l  t r a j e c t o r y  i s  a l s o  p l o t t e d .
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T hese  s e q u e n c e s  g i v e  o n ly  a  f a i n t  I n d i c t I o n  o f  w h a t  

c a n  be d i s c e r n e d  on t h e  m o t io n  p i c t u r e s  b u t  t h e y  do  I n d i c a t e  

t h e  e j e c t i o n  e v e n t  and e v e n  t h e  r e t a r d a t i o n  o f  t h e  l o c a l  

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

s t a n d i n g ,  t h e  m o t io n  p i c t u r e s  m u s t  be c a r e f u l l y  s c r u t i n i z e d  

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

Sw eep. Hie e j e c t i o n  p a r t  o f  t h e  p r o c e s s  i s  u s u a l l y  

t e r m i n a t e d  by  a  s t r e a m  o f  f l u i d  w h ich  e n t e r s  t h e  f i e l d  f ro m  

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

much o f  t h e  f l u i d  w i t h i n  t h e  f i e l d .  T h is  s t r e a m  u s u a l l y  had  

no r a d i a l  com ponen t an d  d i d  n o t  c o n t a i n  a n y  h i g h  i n t e n s i t y ,  

s m a l l  s c a l e  t u r b u l e n c e .  At t im e s  t h e  s t r e a m  im m e d ia te ly  

i n t e r a c t e d  w i t h  th e  f l u i d  i n  t h e  f i e l d  and  a c c e l e r a t e d  i t  

d o w n s tre a m . I n  e f f e c t  i t  sw e p t  i t  c l e a r  o f  t h e  r e m a in in g  

r e t a r d e d  f l u i d  and r e - e s t a b l i s h e d  an  a p p r o x i m a t i o n  t o  a  

n o rm a l  t u r b u l e n t  v e l o c i t y  p r o f i l e  i n  t h e  a r e a .  On some 

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

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

t h e  "two l a y e r  v e l o c i t y . "  A f t e r  a  t im e ,  h o w e v er ,  t h e  e n t e r 

i n g  s t r e a m  seem ed t o  e n c r o a c h  upon  t h e  f i e l d  f l u i d  and  

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

u s u a l l y  p ro d u ce d  some c h a o t i c  m o t io n .  W hile  t h i s  a c t i o n  t e r 

m in a t e d  t h e  c y c l e  o f  e v e n t s ,  i t  d i d  n o t  m ean t h a t  a l l  d i s 

t u r b a n c e s  i n  t h e  w a l l  r e g i o n  d i s a p p e a r e d .  H ie re  r e m a in  

m in o r  d i s t u r b a n c e s .
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Two l a y e r  v e l o c i t y . The e f f e c t  c a l l e d  "two l a y e r  

v e l o c i t y "  a p p e a r e d  i n  t h e  m o t io n  p i c t u r e s  a s  two l a r g e  

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

w h ic h  o c c u p ie d  th e  same r a d i a l  o r  y+ s p a n  b u t  d i d  n o t  i n t e r 

a c t  w i t h  one a n o t h e r .  I t  s h o u ld  be e m p h a s iz e d  t h a t  t h e  com

p a r i s o n  was made b e tw e e n  e n t i r e  l a y e r s  and  n o t  i n d i v i d u a l  

p a r t i c l e s .  A few  e x a m p le s  o f  t h i s  a p p e a ra n c e  h a v e  b e en  

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

phenom enon. S in c e  th e  p a t h s  o f  t h e s e  l a y e r s  o f t e n  c r o s s e d  

o r  w ere  o t h e r w i s e  o p p o se d ,  th e  i m p l i c a t i o n  fro m  t h e  v i s u a l  

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

r x  p l a n e s  and  w ere  s e p a r a t e d  by  some d i s t a n c e  a lo n g  t h e  

l i n e  o f  s i g h t .  The d e p t h  o f  f i e l d  o f  th e  o p t i c a l  s y s te m  was 

s u c h  t h a t  I t  a f f o r d e d  a  d i s t a n c e  o f  a p p r o x i m a t e l y  0 .0 2 7  

i n c h e s  a lo n g  th e  l i n e  o f  s i g h t  t o  be i n  f o c u s .  T h is  p re 

l i m i n a r y  c o n c l u s i o n  was s u p p o r t e d  by q u a n t i t a t i v e  m e a s u re m e n ts .

Some d i s t i n c t i o n  s h o u ld  be made b e tw e e n  t h e  s h e a r  

l a y e r ,  and  th e  "two l a y e r  v e l o c i t y . "  B o th ,  o f  c o u r s e ,  a r e  

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

The s h e a r  l a y e r  o c c u r s  a s  a  r e s u l t  o f  a  l a r g e  Ux  v e l o c i t y  

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

s h a r p  i n t e r f a c e  b e tw e e n  two 9x p l a n e s .  B ie  "two l a y e r  

v e l o c i t y "  o c c u r s  a s  a  r e s u l t  o f  d i f f e r e n t  Ux  v e l o c i t i e s  i n  

two r x  p l a n e s .  U i i s  w i l l  p e r h a p s  be made c l e a r e r  b y  

r e f e r r i n g  t o  t h e  s k e t c h  b e lo w .
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s h e a r  l a y e r  

( 0x  p l a n e

t wo  l a y e r  
rx p l a n e

F i g .  2 5 . — S h e a r  L a y e r s .

T h is  phenom enon was u s u a l l y  o b s e r v e d  i n  a s s o c i a t i o n  

w i t h  t h e  e v e n t s  o f  t h e  e j e c t i o n  p r o c e s s ,  b u t  d i d  n o t  a p p e a r  

e a c h  t im e  an  e j e c t i o n  o c c u r r e d .  I t s  a p p e a r a n c e  u s u a l l y  was 

n o t e d  when t h e  n o rm a l o o u r s e  o f  t h e  e j e c t i o n  p r o c e s s  r e q u i r e d  

two s t r e a m s  o f  d i f f e r e n t  c h a r a c t e r  t o  i n t e r a c t ,  i . e . ,  d u r i n g  

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

sw eep  a f t e r  t h e  e j e c t i o n .  I n  a l l  o f  t h e s e ,  I f  t h e  s t r e a m s  

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

a  "two l a y e r "  e f f e c t  w o u ld  b e  p o s s i b l e .  On t h e  few  o c c a s i o n s  

when i t  was n o t  a s s o c i a t e d  w i t h  a n  e j e c t i o n ,  t h e  d e c e l e r a t i o n  

o f  t h e  l o c a l  mean s t r e a m  had  o c c u r r e d  so  t h e  same f a c t o r s  

a p p l i e d .

A l th o u g h  o t h e r  e v id e n c e  I n d i c a t e s  I t  c a n n o t  b e  s o ,  i t  

seem s o f  v a lu e  t o  b r i e f l y  c o n s i d e r  t h e  e f f e c t  o f  t h e  w a l l  

c u r v a t u r e  on t h i s  o b s e r v a t i o n .  F o r  t h e  w a l l  v iew , th e  l i n e  

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

a l l e l  t o  t h e  h o r i z o n t a l  d i a m e t e r  o f  t h e  p i p e .  See F i g u r e  1 3 . 

The o p t i c a l  s y s te m  h a s  a  d e p t h  o f  f i e l d  o f  0 .0 2 7  i n c h e s  

a lo n g  t h i s  l i n e .  I f  one p l a c e s  t h e  u p p e r  e x t r e m i t y  o f  t h i s
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f i e l d  a t  th e  p ip e  w a l l  w here  t h e  h o r i z o n t a l  p ip e  d i a m e t e r  

i n t e r s e c t s  i t ,  one w ou ld  h a v e  t h e  lo w e r  e x t r e m i t y  a t  a  p l a n e  

rem oved  0 .0 2 7  i n c h e s  f ro m  i t  a lo n g  t h e  l i n e  o f  s i g h t .  S in c e  

t h e  p ip e  w a l l  i s  c u r v e d ,  a  p o i n t  on t h i s  lo w e r  p l a n e  d i r e c t l y  

b e lo w  one on  t h e  u p p e r  p l a n e  w i l l  be s l i g h t l y  n e a r e r  th e  

w a l l .  The v e l o c i t y  g r a d i e n t  i s  q u i t e  s t e e p  n e a r  t h e  w a l l ,  

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

t o  c a u s e  a  l a r g e  eno u g h  v e l o c i t y  d i f f e r e n c e  b e tw e e n  th e  p o i n t s  

i n  t h e  two p l a n e s  t o  e x p l a i n  t h e  "two l a y e r "  e f f e c t .  T h is  

c a l c u l a t i o n  a p p e a r s  i n  A p p en d ix  I I I ,  and  c l e a r l y  shows t h a t  

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

m a g n i tu d e  t o  be a  f a c t o r .  A ls o ,  i t  was n o te d  t h a t  th e  e f f e c t  

was n o t  s e e n  a t  a l l  t im e s  b u t  o n ly  a t  c e r t a i n  t i m e s .  T ie 

p r e s e n c e  o f  two l a y e r s  m oving  i n  d i s t i n c t l y  d i f f e r e n t  d i r e c 

t i o n s  a l s o  c o u ld  n o t  be e x p l a i n e d  by  th e  c u r v a t u r e .

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

t i v e  o f  e a c h  l a y e r  w ere  m e a s u re d ,  an d  r e l a t i v e  v e l o c i t i e s  

c a l c u l a t e d .  The a b i l i t y  t o  make t h e s e  m e a s u re m e n ts ,  and t h e  

a c c u r a c y  o f  th e  m e a su re m e n ts  was e n h a n c e d  b y  th e  f a c t  t h a t  

t h e  c am era  was moved a t  a  p a r t i c u l a r  a x i a l  v e l o c i t y  i n  t h e  

f l o w  d i r e c t i o n .  Thus i n  m o s t  c a s e s  t h e  s lo w e r  m oving  

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

v e l o c i t y  r e l a t i v e  t o  t h e  c a m e ra  w h i l e  th e  f a s t e r  o n e s  moved 

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

i n a t i n g  b e tw e e n  two s i m i l a r  a p p e a r i n g  v e l o c i t i e s ,  and  p e r 

m i t t e d  t h e  m e a su re m e n t  o f  e v e n  s m a l l  r e l a t i v e  m o t i o n s .  T h is



same g e n e r a l  p r o c e d u r e  a l s o  e n h a n c e d  th e  m e a su re m e n t  o f  

e j e c t i o n  a n g l e s  m e n t io n e d  e a r l i e r .  By k e e p in g  a  r a d i a l l y  

m ov ing  p a r t i c l e  i n  v iew  f o r  a  l o n g e r  t im e  w i t h  t h e  m oving  

c a m e ra ,  an  a n g l e  o f  10° ,  f o r  e x a m p le ,  c a n  a p p e a r  a s  a n  a n g l e  

o f  60° - 7 0 °  i n  t h e  m o t io n  p i c t u r e s .

The r e s u l t s  o f  t h e s e  m e a su re m e n ts  a p p e a r  i n  T a b le  6 .

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

t e n d e n c y  t o  s e l e c t  f o r  m ea su re m e n t  t h o s e  e x a m p le s  f o r  w h ic h  

t h e  r e l a t i v e  m o t io n  b e tw ee n  l a y e r s  was m o st e v i d e n t  and  

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

v e l o c i t i e s ,  t h e r e f o r e ,  h a s  m ore s i g n i f i c a n c e  t h a n  t h e  l o w e r .  

The r a t i o  o f  f a s t e r  t o  s l o w e r  v e l o c i t i e s  h a s  a  maximum o f  

2 . 9 / 1 .  The m o s t  common r a t i o ,  h o w e v er ,  i s  1 . 5 / 1 .

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

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

l o c a l  mean a x i a l  v e l o c i t y  f o r  t h e  same y+ p o s i t i o n .  I n  g e n 

e r a l  t h e  a g re e m e n t  b e tw e e n  t h e  two I s  q u i t e  good , an d  one 

c a n  c o n c lu d e  t h a t  th e  h i g h e r  s p e e d  l a y e r  i s  m o s t  l i k e l y  

s o m e th in g  a p p r o a c h in g  n o rm a l  t u r b u l a n t  f lo w  w h i l e  t h e  s lo w e r  

s p e e d  l a y e r  I s  r e t a r d e d  f l o w .  One s e q u e n c e  o f  m e a su re m e n ts  

I n  T a b le  6 i s  f o r  t h e  p r e v i o u s l y  m e n t io n e d  c a s e  w here  a  w a l l -  

w ard  a n d  o u tw a rd  f lo w  c o e x i s t e d .  They a l s o  s u p p o r t  t h e  g e n e r 

a l  v iew  o f  t h e  e f f e c t .

T here  a r e  o t h e r  o b s e r v e d  p r o p e r t i e s  o f  t h i s  " tw o l a y e r  

v e l o c i t y "  e f f e c t  w h ich  sh e d  a d d i t i o n a l  l i g h t  on i t s  o r i g i n .

I n  d i s c u s s i n g  i t s  a p p e a r a n c e  i n  a s s o c i a t i o n  w i t h  o t h e r  s t e p a
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TABLE 6 

TWO LAYER VELOCITY

A c tu a l v e l o .
R a tio  o f  h ig h e r  y+ range C a lc . p r o -

R e l a t i v e  v e l o .  
a b s o l . ( f t / s e c )

h i g h e r  v e l o .  
lo w e r

a b s o l .  
( f t . / s e c )

w here
o c c u r

f i l e  v e l o  
f t . / s e c .

.2 1 6 2 .9 + .3 2 6 .2 0 .3 1 9

.18 9 2 .7 .299 23 .3 4 0

.1 1 2 2 .0 .2 2 2 5 .1 2 2

.119 2 .0 .229 1 1 . 5 -2 0 .2 2 3 - .3 1 9

.1 2 9 1 .7 .316 18 .3 1

.1 3 6 1 .7 .323 16 .304

.1 3 6 1 .7 .3 1 8 ----- ------

.1 2 0 1 .7 .302 ------ - —

.117 1 .6 .299 ------ ------

.0 7 8 1 .4 .2 6 0 ------ ------

.105 1 .6 .287 2 0 .2 .3 2

.123 1 .7 .305 1 7 .3 .3 1 2

. 066 1 .4 .247 1 4 .9 .2 8 9

. 066 1 .4 .2 4 7 1 4 .4 .2 8 9

.1 6 1 1 .5 .4 8 1 2 5 -4 5 . 5 2 1 - .6 0

.132 1 .5 .464 2 2 . 5 - 1 6 . 5 . 5 0 2 - . 4 4 2

.254 1 .8 .5 8 0 2 9 -3 7 .5 5 - . 5 7 8

.225 1 .7 .5 5 7 1 6 .4 .4 3 8

.2 0 2 1 .6 .534 1 5 .4 .423

.1 4 7 1 .5 .4 7 1 3 3 - 2 0 . 5 6 9 - .4 7 6

.139 1 .4 .465 7 .4 - 1 2 .2 7 8 - .3 7 4

.174 1 .5 .489 1 2 -9 .3 7 4 - . 3 1 8

.1 6 3 1 .5 .495 ro 0 Ui 1 M • 5 . 4 8 1 - . 4 4 2

.1 6 1 1 .5 .493 3 3 -2 9 . 5 6 9 - . 5 5

.1 3 8 1 .4 .4 7 0 2 0 . 5 .4 8 1

.179 1 .5 .503 4 1 -3 3 .5 9 - . 5 '

.2 2 1 1 .7 .553 2 0 .5 - 1 6 . 4 .4 8 1 - .4 3 8

.225 1 .7 .550 3 3 - 2 0 .5 . 5 6 9 - .4 8 1

.2 1 0 1 .6 .542 2 4 . 6 - 1 6 . 4 . 518- . 4 3 8

.169 1 .5 .50 1 2 0 .5 - 2 8 .7 .4 8 1 - . 5 5

.104 1 .3 .436 2 0 .5 .4 8 1

.155 1 .5 .487 29 .55

.127 1 .4 .457 1 4 .5 .4 1 1

.1 7 1 1 .3 .68 7 3 1 . 8 - 9 . 5 , . 728 - . 4 2 1

.1 8 0 1 .4 .7 0 3 7 *1 - 2 1 .2 . 7 4 6 - .6 2 8

.085 1 .2 .605 2 6 . 4 - 1 5 . 9 . 6 85 - . 5 5 2
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A c tu a l R a d ia l
v e l o c i t y A ngle t o  w a l l v e l o c i t y

.2 6 8 15° 1 0 r - .0 7 5

.2 6 8 1 5 ° 1 3 ' - .0 7 3

.345 8013' - .0 5 0

.124 3.70 + .036

.1 2 8 18° + .040

.1 4 1 9° + .0 2 2

o f  th e  e j e c t i o n  e v e n t ,  i t  was ob served  th a t  o f t e n  th e  e f f e c t

w ould d isa p p e a r as th e  d eg ree o f  in t e r a c t io n  o f  th e  two l a y -

e r s  in c r e a s e d . T h is  im p lie s t h a t  th e  two la y e r s  were s e p a r -

a t e d  b u t  g r a d u a l l y  a p p ro a c h e d  one a n o th e r  o r  became s u f f i 

c i e n t l y  e n e r g e t i c  t o  i n t e r a c t .

F ig u r e  26 shows t h e  "two l a y e r  v e l o c i t y "  i n  a  s e r i e s  

o f  s t i l l  p h o t o g r a p h s .  A l l  t h a t  was s a i d  p r e v i o u s l y  r e g a r d 

in g  image q u a l i t y  o f  th e  p r i n t s  a p p l i e s  h e r e  a s  w e l l .  As a  

r e s u l t ,  t h e  b r i g h t  p a r t i c l e s  m ark  th e  f l u i d  in v o lv e d  i n  t h e  

e v e n t ,  b u t  t h e  l e s s  b r i g h t  p a r t i c l e s ,  w h ich  i n  t h e  m o t io n  

p i c t u r e s  show th e  e x t e n t  o f  th e  m asse s  i n v o lv e d ,  a r e  m i s s i n g .  

As b e f o r e ,  a l l  m o tio n s  i n  t h e  p h o to g r a p h s  a r e  r e l a t i v e  t o  th e  

c a r r i a g e  v e l o c i t y  w h ic h  i s  i n d i c a t e d .  The w a l l  v iew  was 

u s e d  a s  shown by t h e  s k e t c h .  A d ja c e n t  t o  e a c h  p h o to g ra p h  i s  

a  s k e t c h  d raw n  t o  s c a l e  d e p i c t i n g  th e  r a d i a l  and r e l a t i v e  

a x i a l  p o s i t i o n  o f  t h e  two m a s s e s .  Hie n o rm a l  l o c a l  mean 

v e l o c i t y  p r o f i l e  an d  th e  a p p a r e n t  v e l o c i t y  p r o f i l e  c l e a r l y  

show t h a t  t h e  r e l a t i v e  m o t io n  o f  th e  f l u i d  m asse s  c a n n o t  be
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a t t r i b u t e d  t o  t h i s  c a u s e .  The two m a s s e s  a p p e a r  t o  a p p ro a c h  

e a c h  o t h e r  a lo n g  th e  same r a d i a l - a x i a l  c o o r d i n a t e s .  A c t u a l l y  

t h e  m a sse s  a r e  b o t h  m oving d o w n s tre am  a lo n g  t h e  same l i n e  b u t  

a t  d i f f e r e n t  v e l o c i t i e s .  One mass i s  m oving  j u s t  s l i g h t l y  

s l o w e r  t h a n  th e  c a r r i a g e  v e l o c i t y  a s  e v id e n c e d  by  i t s  a p p a r e n t  

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

n o rm a l  a x i a l  v e l o c i t y .  The a p p ro x im a te  r e l a t i v e  v e l o c i t y  o f  

t h e  two m a s se s  i f  0 .1 6 3  f t . / s e c . ,  and  t h e  r a t i o  o f  t h e  

v e l o c i t i e s  i s  1 . 4 9 / 1 .  I n  t h e  p h o to g r a p h  t h e  m asse s  a p p e a r  t o  

j u s t  o v e r l a p ,  b u t  I n  t h e  m o t io n  p i c t u r e s  t h e  m a sse s  a r e  l a r g e r  

so  c o n s i d e r a b l e  o v e r l a p  i s  i n v o l v e d .  I f  t h e  m a sse s  w ere  

t r u l y  on a  c o l l i s i o n  c o u r s e  t h e y  w ou ld  n e c e s s a r i l y  i n t e r a c t .  

They o b v i o u s l y  do  n o t ,  so  t h e y  m u s t  be s e p a r a t e d  by  some 

d i s t a n c e  I n  th e  © d i r e c t i o n  a s  shown by  t h e  s k e t c h .  T h is  

d i s t a n c e  c a n n o t  e x c e e d  0 .0 2 7  i n c h e s .

The n a t u r e  o f  t h e  two l a y e r  v e l o c i t y  i s  c l e a r .  In  

I t s e l f  i t  i s  n o t  a  new phenomenon b u t  i s ,  i n  f a c t ,  o n l y  a  

r e s u l t  o f  t h e  l o c a l ,  s m a l l  s c a l e  n a t u r e  o f  th e  e j e c t i o n  

p r o c e s s .  The r e t a r d a t i o n s  an d  e j e c t i o n s  o c c u p y  and i n i t i a l l y  

i n f l u e n c e  o n l y  a  s m a l l  a r e a  b o th  a x i a l l y  and  a lo n g  t h e  d i r e c 

t i o n  o f  s i g h t  o r  t h e  © d i r e c t i o n .  The movement o f  t h e  

r e l a t i v e l y  u n a f f e c t e d  mean s t r e a m  f lo w  p a s t  t h i s  a r e a  r e s u l t s  

i n  a  "two l a y e r  v e l o c i t y "  u n t i l  t h e  two f lo w s  i n t e r a c t .

The e x i s t e n c e  o f  "two l a y e r  v e l o c i t y "  i m p l i e s  t h a t  

t h e  se g m e n t  o f  t h e  w a l l  a lo n g  t h e  l i n e  o f  s i g h t  i n v o lv e d  i n  

t h e  e j e c t i o n  p r o c e s s  I s  o f  t h e  o r d e r  o f  t h e  d e p t h  o f  f i e l d  o r
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0 .0 2 7  I n c h e s .  T h is  d im e n s io n  c a n n o t  be f i x e d  a c c u r a t e l y  

b e c a u s e  th e  o b s e r v a n c e  o f  t h e  e v e n t  r e a l l y  o n l y  f i x e s  one o f  

t h e  b o u n d a r i e s  o f  t h e  e j e c t i o n  a r e a ,  and  t h e r e f o r e  one c a n n o t  

know how f a r  i t  e x t e n d s  i n  t h e  o t h e r  d i r e c t i o n .  H ow ever, 

s i n c e  t h e  e f f e c t  was o b s e r v e d  so  f r e q u e n t l y ,  and  t h e  e j e c 

t i o n  p r o c e s s  i t s e l f  i s  q u i t e  random , i t  seem s u n l i k e l y  t h a t  

one c o u ld  o b s e r v e  t h e  e f f e c t  w i t h  a n y  f r e q u e n c y  i f  t h e  d im en 

s i o n s  o f  th e  e j e c t i o n  p r o c e s s  w ere  d i f f e r e n t  by  a n  o r d e r  o f  

m a g n i tu d e  f ro m  t h e  above  v a l u e .

F u rth er  d e t a i l s  o f  th e  e j e c t i o n  s t e p

S in c e  e a r l i e r  a n a ly s e s  in d ic a t e d  t h a t  th e  b a s ic  n a tu re  

o f  th e  e j e c t i o n  e v e n t  was unch angin g  w ith  r e s p e c t  to  mean 

f lo w  p a ra m eters , a  more d e t a i l e d  a n a ly s i s  o f  m o tio n  p ic t u r e s  

ta k e n  f o r  Npe = 2 0 ,0 0 0  was made. 'Kiese f i lm s  were s e l e c t e d  

b eca u se  th e y  c o n ta in e d  a s u f f i c i e n t l y  la r g e  number o f  e v e n t s ,  

and y e t  ea ch  e v e n t  was c l e a r l y  d e f in e d  and se p a r a te d  from  

th e  e f f e c t s  o f  th e  o t h e r .  At h ig h e r  R eyn o ld s numbers th e  

s e p a r a t io n  i s  l e s s  c l e a r .  The d e s c r ip t io n  t h a t  f o l l o w s ,  

t h e r e f o r e ,  s t r i c t l y  a p p l ie s  o n ly  t o  t h i s  p a r t i c u la r  R eyn old s  

number, b u t th e  g e n e r a l  c h a r a c t e r i s t i c s  w i l l  a p p ly  t o  a l l  

c o n d i t io n s ,  and th e  p a r t i c u la r s  may be m o d if ie d  a p p r o x im a te ly  

a c c o r d in g  to  th e  o b serv ed  d ep en d en cy  o f  c e r t a in  f a c t o r s  on  

R eyn o ld s num ber.

The d u r a t io n  o f  each  e j e c t i o n  s t e p  from  th e  b e g in n in g  

o f  th e  e j e c t i o n  to  th e  sw eep s t e p  and th e  i n t e r v a l  b etw een



e j e c t i o n s  were t im e d . The r e s u l t s  appear i n  T able 7 .  They 

show th a t  th e r e  was no r e g u la r i t y  or tre n d  a s s o c ia t e d  w ith  

th e  i n t e r v a l s  betw een  e j e c t i o n  e v e n t s .  N e ith e r  was th e r e  

an y  r e g u la r i t y  in  th e  d u r a t io n  o f  an e j e c t i o n .  The maximum 

d u r a t io n  was 0 . 5 5 2  se co n d s  and th e  minimum O. 0 6 3  s e c o n d s .

U sin g  a c l a s s  w id th  o f  0 .1  se c o n d s , th e  m ost common d u r a t io n  

o f  an e j e c t i o n  was in  th e  c la s s  0 .1  to  0 .2  s e c o n d s . The 

a v e ra g e  o f  th e  p o p u la t io n  w ith in  t h i s  c la s s  was 0 .1 4 8  s e c o n d s .  

For th e s e  f lo w  c o n d i t io n s ,  th e  i n t e r v a l s  b etw een  e j e c t i o n s  

was g r e a t e r  th an  th e  e j e c t i o n  d u r a t io n , b u t s in c e  i t  i s  known 

t h a t  th e  fr e q u e n c y  o f  o c cu rr en ce  in c r e a s e s  w ith  R eynolds  

number, t h i s  r a t i o  m ust ch an ge . U i i s  m easurem ent p roves  

what had b een  q u a l i t a t i v e l y  o b s e r v e d . The e j e c t i o n  p r o c e ss  

o c c u r s  random ly w ith  r e s p e c t  to  t im e .

I t  h as been  m en tion ed  in  p r e v io u s  a n a ly s e s  t h a t  

b etw een  e j e c t i o n  e v e n ts  th e  w a l l  r e g io n  in c lu d in g  th e  su b 

la y e r  r e g io n  c o n tin u e d  t o  show e v id e n c e  o f  d is tu r b a n c e ,  

a l b e i t  w ith  red u ced  i n t e n s i t y .  A s tu d y  o f  th e s e  m o tio n s i n  

th e  p r e s e n t  a n a ly s i s  su p p o rted  t h a t  v ie w . D uring e j e c t i o n s ,  

d is tu r b a n c e s  e x te n d ed  w e l l  in t o  th e  s u b la y e r , a t  l e a s t  t o  

y + = 2 , and e v en  t o  th e  w a l l  i t s e l f .

The d a ta  o f  F ig u re  20  showed th e  p e r c e n ta g e  o f  th e  

t o t a l  tim e  th a t  th e  f lo w  was s i g n i f i c a n t l y  d is t u r b e d .  The 

d u r a t io n  m easurem ents o f  T able 7 p r o v id e  an in d ic a t io n  f o r  

th e  same f lo w s  o f  th e  c o n t r ib u t io n  t o  t h i s  tim e made by th e



TABLE 7
TABULATION OP INTERVAL AND DURATION OP EVENTS, RE=20,000

Run
No.

I n t e r 
v a l

S t a r t - A

D u ra 
t i o n
(A)

I n t e r 
v a l

(A-B)

D u ra 
t i o n
(B)

I n t e r 
v a l

(B-C)

D u ra 
t i o n
( c )

I n t e r 
v a l

(C-D)

D u ra 
t i o n
(D)

I n t e r 
v a l

(D-E)

D ura 
t i o n

(E)

127 .324  se c .284 sec .443

155 .141 121 .9 6 6 .092 .075

164 1 .0 2 2 .063 1 .2 3 7 .0 8 9 2 .1 2 .1 9 9 .849 .552

165 1 .7 0 0 .0 7 8 1 .2 9 .1 4 1 1 .4 7 .145 .267 .113 .0 8 1 .199

166 1 .4 2 .1 4 8 .364 .1 7 8 .8 0 9 .263 1 .6 1 .1 1 8

167 .6 7 1 .134 1 .8 5 .355 .607 .228

168 1 .8 4 .372 .6 0 6 .2 1 8 .093 .2 4 1 I . 0 3 .433

150



151
e j e c t i o n  s t e p  d i r e c t l y .  Upon com paring th e  two m easure

m ents i t  was found th a t  th e  e j e c t i o n  e v e n t  d i r e c t l y  accou n ted  

f o r  from  62$ to  100$ o f  th e  tim e t h a t  th e  f lo w  i n  th e  w a l l  

r e g io n  was s i g n i f i c a n t l y  d is tu r b e d .  W hile t h i s  in fo r m a tio n  

may be o f  v a lu e  when c o n s id e r in g  th e  r e l a t i v e  im p ortan ce o f  

th e  e j e c t i o n  e v e n t  and m inor d is tu r b a n c e  in  h e a t  and mass 

t r a n s f e r ,  i t  m ust be r e c a l l e d  t h a t  the e j e c t i o n  o ccu rs  p r i 

m a r ily  beyond th e  su b la y e r  w h ile  th e  o th e r  m o tio n s , some 

below  th e  e s t a b l i s h e d  minimum f o r  m easurem ent, o ccu r  th rou gh 

ou t th e  r e g io n . In  the su b la y e r  e v en  t h i s  sm a ll d is tu r b a n c e  

can  be v e ry  s i g n i f i c a n t .

Hie d e c e l e r a t io n - a c c e l e r a t io n  seq u en ce and the c r e a 

t io n  o f  a h ig h  sh ea r  la y e r  have b een  d is c u s s e d  a s  has i n t e r 

a c t io n  o f  th e  e j e c t e d  f l u i d  w ith in  t h i s  r e g io n .  I t  w i l l  be 

r e c a l l e d  t h a t  the p o s i t i o n  o f  th e  in t e r a c t io n  zone was 

o b ser v ed  to  va ry  ov er  a r a th e r  w ide y+ sp an  depend ing  upon 

many l o c a l  f a c t o r s .  In t h i s  a n a ly s is  th e  l o c a t io n  o f  t h i s  

zone was c a r e f u l ly  n o ted , and th e  r e s u l t s  appear in  T able 8 .  

I t  can  be se e n  th a t  the zone o f  in t e r a c t io n  has had e x tr e m i

t i e s  o f  from  y+ = 4 to  y+ = 3 2 .  The zone i t s e l f  has a span  

o f  a p p ro x im a te ly  f i v e  t im es the u s u a l su b la y e r  t h ic k n e s s  

(y + -  5 ) and m ost o f t e n  o c cu rs  in  the sp an  o f  7 S  y + S  3 0 .

Of c o u r se , i n t e r a c t io n  o c cu rs  beyond th e  o u te r  l i m i t  o f  t h i s  

sp an , but by th e n  m ost o f  th e  v e l o c i t y  d i f f e r e n c e  betw een  

th e  e j e c t e d  e le m en t and th e  mean stream  h as been l o s t ,  and 

th e  a c t io n  i s  more a  r e s u l t  o f  d i f f u s i o n  o f  tu r b u le n c e  th an

new c r e a t io n .  The i n t e r a c t io n  zone i s  w id e r  th a n  th e



152

TABLE 8
DISTRIBUTION OP INTERACTION ZONE

Run
Number

y+ o f  I n t e r a c t io n  
R egion

164 8 .5 - 1 7
7 .5 - 2 0
7 .5 - 3 2
7 .5 - 3 2

165 8 . 6 5 -2 0
1 0 -27

5 -3 2  l a t e r  10-25

166 1 0 -2 6
1 0 -2 9

8 . 7 -2 6
8 .7 - 2 3

167 7 .5 - 3 2
4 -2 6

168 8 .7 - 2 9
7 . 5 - 2 9

1 1 . 5 -2 0
4 -2 0

I n t e r f a c e  where th e  maximum sh e a r  w ould o ccu r  s in c e  th e  v e r y  

a c t  o f  i n t e r a c t io n  a t  t h i s  p o s i t i o n  c r e a t e s  a  z o n e .

Top v iew  a n a ly s i s

M otion  p ic t u r e s  o f  th e  w a l l  r e g io n  were a l s o  ta k en  

from  th e  to p  v ie w . I h i s  p a r t i c u la r  v iew  was d is c u s s e d  in  th e  

s e c t i o n  on e x p e r im e n ta l p r o c e d u r e s . B efo re  p r o c e e d in g  w ith  

a p r e s e n t a t io n  o f  th e  o b s e r v a t io n s ,  some d i s c u s s io n  o f  the  

c a p a b i l i t i e s  and l im i t a t io n s  o f  t h i s  v ie w p o in t  i s  n e c e s s a r y .



I t  w i l l  be r e c a l l e d  t h a t  t h i s  p o s i t i o n  and th e  d epth  

o f  fo c u s  o f  th e  o p t i c a l  sy s tem  p e r m itte d  a v iew  th rou gh  a 

number o f  h o r iz o n t a l  p la n e s  s ta c k e d  one upon th e  o th e r  f o r  a 

sp an  o f  y + p o s i t i o n s  b e g in n in g  w ith  th e  w a l l  and e x te n d in g  

tow ard th e  c e n t e r l i n e .  S in c e  th e  p h o to g ra p h ic  sy s te m  d id  

n o t  p r o v id e  any d ep th  p e r c e p t io n , one c o u ld  n o t t e l l ,  s im p ly  

by lo o k in g , on w h ich  p la n e  or  y+ p o s i t i o n  th e  m o tio n s were 

o c c u r r in g . Tfte u se  o f  im age q u a l i t y  was o f  some a s s i s t a n c e  

in  e s t a b l i s h in g  th e  ex trem es o f  f o c u s ,  b u t th a t  was a l l .  A 

norm al tu r b u le n t  v e l o c i t y  p r o f i l e  g iv e s  th e  f l u i d  a v e r y  

s t e e p  g r a d ie n t  i n  th e  w a l l  a r e a , and t h i s  g r a d ie n t  was q u it e  

e v id e n t  in  th e s e  p i c t u r e s .  I t  app eared  a s  p a r t i c l e s  w ith  

many d i f f e r e n t  a x i a l  v e l o c i t i e s  su p erim p osed  upon one a n o th e r . 

By m atch in g  th e  c a r r ia g e  sp eed  o f  the cam era t o  a p a r t ic u la r  

l o c a l  mean a x i a l  v e l o c i t y  o f  th e  f lo w , one co u ld  e f f e c t i v e l y  

d iv id e  th e  f i e l d  in t o  th o s e  p a r t i c l e s  m oving f a s t e r  and th o se  

m oving s lo w e r  th a n  th e  c a r r ia g e .  H iose o f  s lo w e r  th an  

c a r r ia g e  v e l o c i t y  w ould appear t o  be m oving in  a  d i r e c t io n  

o p p o s i t e  to  th o s e  o f  f a s t e r  th an  c a r r ia g e  v e l o c i t y ,  and more

o v e r , th e  m agnitude o f  th e  m otion  r e l a t i v e  t o  th e  c a r r ia g e  

v e l o c i t y  w ould be p r o p o r t io n a l  t o  th e  d is t a n c e  from  th e  y+  

p la n e  w here the c a r r ia g e  v e l o c i t y  m atched th e  f l u i d  v e l o c i t y .  

S in c e  one w ould be exam in in g  la y e r s  o f  p a r t i c l e s  and n o t  

I n d iv id u a l  o n e s , th e  p o s s i b i l i t y  o f  th e  a x i a l  v e l o c i t y  f l u c t u 

a t i o n  c a u s in g  an e r r o r  I s  d e c r e a s e d . T h is  I s  e s p e c i a l l y  tr u e  

f o r  th o s e  la y e r s  whose v e l o c i t i e s  d i f f e r  g r e a t l y  from  th e
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c a r r i a g e  v e l o c i t y  and  h e n c e  a r e  u n m is t a k a b l y  e i t h e r  o n  one 

s i d e  o r  t h e  o t h e r  o f  t h e  d i v i d i n g  9X p l a n e  a t  a  p a r t i c u l a r  

y+ p o s i t i o n .

At f i r s t  t h e s e  f i l m s  w ere  a n a ly z e d  i n  an  a t t e m p t  t o  

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

w h ich  m ig h t  be c o m p a ra b le  t o  th e  sp a n w is e  d i s t r i b u t i o n s  

o b s e r v e d  b y  o t h e r s  f o r  f lo w  o v e r  f l a t  p l a t e s .  I t  was t h o u g h t  

t h a t  i f  t h e y  e x i s t e d  t h e y  w ou ld  a p p e a r  a s  a d j a c e n t  a x i a l  

s t r e a m s  a t  t h e  same y+ p o s i t i o n  p o s s e s s i n g  d i f f e r e n t  l o c a l  

mean a x i a l  v e l o c i t i e s .  T h is  a t t e m p t  was u n s u c c e s s f u l .  The 

v e r y  d i f f i c u l t i e s  d e s c r i b e d  i n  t h e  b e g in n in g  o f  t h i s  s e c t i o n  

p r e c l u d e d  a n y  a n a l y s i s  o f  t h i s  t y p e .  T h ere  i s  no way o f  

e x a c t l y  l o c a t i n g  t h e  y+ p l a n e  e x c e p t  by t h e  u se  o f  t h e  d i f 

f e r e n c e  i n  UY. R u n s t a d l e r  (5 0 )  o b s e r v e d  s p a n w is e  d i s t r i b u -  

t i o n s  and  d e te r m in e d  t h e i r  s p a c i n g .  U s in g  h i s  c o r r e l a t i o n  

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

one c o u ld  hope  f o r  w o u ld  be a  s i n g l e  s p a c i n g  a r r a y ,  i . e . ,  

one  h i g h  and  one low v e l o c i t y  s t r e a m ,  i n  t h e  f i e l d  o f  v ie w . 

D e c r e a s in g  th e  m a g n i f i c a t i o n  t o  I n c r e a s e  f i e l d  s i z e  d o e s  

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

t h e r e f o r e ,  so  d o e s  t h e  c o n f u s i o n .  W ith  a l l  t h e s e  l i m i t a t i o n s  

i t  m u s t  be s t a t e d  t h a t  t h e  a n a l y s i s  f o r  a  sp a n w is e  d i s t r i b u 

t i o n  was i n c o n c l u s i v e .

T hese  f i l m s  w ere  a l s o  exam ined  f o r  e v id e n c e  o f  th e  

e j e c t i o n  p r o c e s s .  S in c e  t h e  c am era  p o s i t i o n  is c o m p l e t e l y
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d i f f e r e n t  from  t h a t  used  in  th e  w a ll  v iew , i t  i s  n e c e s s a r y  

t o  v i s u a l i z e  th e  form  in  w hich  t h i s  p r o c e s s  w ould app ear in  

th e  to p  v ie w . I f  a  m ass o f  p a r t i c l e s  i s  su d d en ly  e j e c t e d  

outw ard from  th e  w a l l  r e g io n , th e  r a d i a l  com ponent o f  t h e i r  

l i n e  o f  t r a v e l  a s  se e n  in  th e  to p  v iew  would be p a r a l l e l  to  

th e  l i n e  o f  s i g h t .  The p a r t i c l e s ,  t h e r e f o r e ,  w ould app ear  

t o  fad e  ou t o f  v iew  i f  th e y  t r a v e le d  f a r  enough away from  

th e  w a l l .  W hile t h i s  e f f e c t  i s  o b se r v e d , i t  w ould  be h a z a r d 

ous to  a s s ig n  i t s  ca u se  to  th e  e j e c t i o n  p r o c e ss  a lo n e  b ecau se  

a s im i la r  e f f e c t  c o u ld  be cau sed  by o th e r  s o u r c e s ,  i . e . ,  a 

change i n  v e r t i c a l  p o s i t i o n  o f  th e  cam era. E a r l i e r ,  i t  was 

d e s c r ib e d  how th e  m atch ing  o f  th e  c a r r ia g e  v e l o c i t y  to  th e  

v e l o c i t y  a t  a  p a r t ic u la r  y+ p o s i t i o n  d iv id e d  th e  f i e l d  v e r y  

e f f e c t i v e l y .  The p a r t i c l e s  in  th e  y+ p lan e  n e a r e r  th e  w a l l  

th a n  th e  y+ p la n e  where th e  sp eed  i s  m atched w i l l  have a  

v e l o c i t y  in  a  d i r e c t io n  o p p o s it e  to  th o s e  on th e  o th e r  s id e  

o f  t h a t  p la n e . Thus i f  t h e s e  p a r t i c l e s  su d d en ly  move o u t 

ward from  th e  w a l l ,  th e y  w i l l  a b r u p t ly  change d i r e c t i o n  when 

th e y  e n c o u n te r  th e  h ig h e r  sp eed  a x i a l  v e l o c i t y  la y e r  and are  

a c c e le r a t e d .  A d d it io n a l ly ,  th e y  sh o u ld  d i s p la y  a somewhat 

d is tu r b e d  m o tio n . T h is sudden change o f  d i r e c t io n  w ould be 

v e r y  o b v io u s , and i t  i s  n o t  l i k e l y  t o  be cau sed  by any f a c 

t o r  o th e r  th a n  th e  one c o n s id e r e d . Of c o u r se , n o t  a l l  th e  

e j e c t i o n s  w i l l  be s e e n  i n  t h i s  f a s h io n  s in c e  th o s e  o r i g i n a t 

in g  above th e  y+ p la n e  o f  m atch ing  w i l l  n o t show t h i s  

r e v e r s a l ,  and any w hich  change m o r e 'g r a d u a lly  w i l l  a l s o  be
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m i s s e d .  I f  t h e  e f f e c t  i s  o b s e r v e d  i t  w i l l  be s u p p o r t  f o r  

t h e  e j e c t i o n  e v e n t  a s  s e e n  i n  th e  w a l l  v iew , and  i n  a d d i t i o n  

w i l l  p r e s e n t  a  means o f  e s t i m a t i n g  a n o t h e r  d im e n s io n  o f  t h e  

a r e a  a f f e c t e d  b y  th e  e j e c t i o n  p r o c e s s .

The t o p  v iew  c a n  a l s o  be  u s e d  t o  ex am in e  th e  e x t e n t  

o f  l a t e r a l  movement, i . e . ,  movement a lo n g  a  9X p l a n e .  I n  

t h e  t o p  v iew  t h e s e  m o t io n s  w i l l  a p p e a r  a s  d e p a r t u r e s  f ro m  

t h e  a x i a l  f l o w .  I f  a n g u l a r  sym m etry  a b o u t  t h e  p ip e  w a l l  i s  

a ssu m ed , t h e s e  m o t io n s  w ou ld  c o r r e s p o n d  t o  m ovem ents a lo n g  

t h e  l i n e  o f  s i g h t  f o r  t h e  w a l l  v ie w .  I t  m ig h t  be o f  v a lu e  

t o  r e f e r  t o  F ig u r e  27 f o r  o r i e n t a t i o n  o f  t h e s e  v a r i o u s  

p l a n e s .

F o r  a n a l y s i s ,  r e p r e s e n t a t i v e  f i l m s  t a k e n  a t  R e y n o ld s  

num bers f ro m  2 0 ,0 0 0  t o  5 0 ,0 0 0  w ere  s e l e c t e d .  Most h a d  t h e  

c a r r i a g e  v e l o c i t y  m a tc h e d  t o  t h e  mean l o c a l  v e l o c i t y  w h ich  

w ou ld  p r e v a i l  a t  y+ = 5 i n  n o rm a l  t u r b u l e n t  f l o w .  The e x 

c e p t i o n s  had  i t  m a tc h e d  a t  y+ = 11 a n d  8 . The f i e l d  was 

t h u s  s p l i t  i n t o  two p a r t s ,  t h o s e  p a r t i c l e s  a t  y+ <  5 > and 

t h o s e  a t  y '1' ^  5 . The a c t u a l  t o t a l  d e p th  o f  f i e l d  d e p e n d e d  

upon  t h e  m a g n i f i c a t i o n  u s e d .  F o r  2X m a g n i f i c a t i o n ,  t h e  one
f

u s e d  m o s t  o f t e n  f o r  t h e  v iew , t h e  d e p t h  o f  f i e l d  was 0 . 0 4 1 . "  

T h is  c o r r e s p o n d e d  t o  a  y+ r a n g e  o f  24 t o  44 f o r  Nr6 = 2 0 ,0 0 0  

an d  5 0 ,0 0 0  r e s p e c t i v e l y .

E x a m in a t io n  o f  t h e  p a r t i c l e  m o t io n s  f o r  t h e  s e c t i o n  

a t  y t <  5 y i e l d e d  u n m is ta k a b l e  e v id e n c e  o f  t h e  e j e c t i o n  

p r o c e s s  a s  v i s u a l i z e d  a b o v e .  The o b s e r v e d  i n s t a n c e s  w here
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th e  p a r t i c l e s  r e v e r s e d  d i r e c t i o n  a lw ays in c lu d e d  a r a th e r  

la r g e  l a t e r a l  d is p la c e m e n t  o f  th e  p a r t i c l e s  a s  w e l l .  These  

e v e n ts  d id  n o t  o ccu r  c o n t in u o u s ly  but a t  i n t e r v a l s  a s  i f  

ea ch  w ere a s e p a r a te  o c c u r r e n c e . At h ig h  R eyn o ld s num bers, 

th e  fr e q u e n c y  o f  o c c u r r e n c e  was g r e a t e r .  In f a c t  a t  

NRe = 2 0 ,0 0 0  no e v e n t  was p o s i t i v e l y  I d e n t i f i e d .  The p a r t i 

c l e s  w h ich  o r i g i n a l l y  c l o s e l y  ap p roxim ated  th e  c a r r ia g e  

v e l o c i t y  were o f t e n  th e  on es w h ich  d is p la y e d  th e  la r g e  

l a t e r a l  m o tio n s and were m ost v i o l e n t  in  t h e i r  r e v e r s a l s .

A fte r  th e  r e v e r s a l ,  th e  p a r t i c l e s  l e f t  th e  f i e l d  w ith  th e  

h ig h e r  v e l o c i t y  s trea m , e x h ib i t in g  c o n t in u in g  d e p a r tu r e s  

from  th e  a x i a l  f lo w .  The d is t a n c e  o f  c o n n e c te d  movement f o r  

t h e s e  p a r t i c l e s  was a p p r o x im a te ly  0 .0 1 1  in c h e s  l a t e r a l l y  by 

0 .0 4 3  in c h e s  a x i a l l y .  The e v e n ts  d id  n o t  o ccu r  w ith  g r e a t  

fr e q u e n c y , but s in c e  th e  v iew  was n e c e s s a r i l y  c o n f in e d  t o  

th e  r e g io n  ab ou t y+ = 5 t h i s  was t o  be e x p e c t e d .

A secon d  m otion  was a l s o  o b ser v ed  in  th e  r e g io n  y+< 5 .  

I t  was more c o n tin u o u s  but a l s o  l e s s  e n e r g e t ic  th an  th e  o t h e r .  

The m o tio n  was in  th e  form  o f  a sm a ll d e p a r tu r e  from  th e  

a x i a l  f lo w , and d id  n o t  change a b r u p t ly .  O c c a s io n a l ly  th e y  

e x h ib i t e d  a s l i g h t  o s c i l l i t o r y  m o tio n , b u t g e n e r a l ly  th e y  

d e p a r te d  from  th e  a x i a l  f lo w  and c o n tin u e d  on t h a t  t r a j e c t o r y  

u n t i l  th e y  p a sse d  o u t o f  th e  f i e l d .  N e ith e r  d i r e c t i o n  o f  

d e p a r tu r e  from  th e  a x i s  was fa v o r e d . U iey  a re  a p p a r e n t ly  

th e  c o u n te r p a r ts  o f  th e  same ty p e  m o tio n s o b ser v ed  i n  th e  

w a l l  v iew  w it h in  th e  same a r e a . In  th e  to p  v ie w , h ow ever,
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t h e  d e v i a t i o n s  a r e  i n  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  

t h e  d e v i a t i o n s  o f  t h e  w a l l  v ie w .

^6 X  pla n e
r O p l a n e

rx plane
x

F i g u r e  2 7 . — O r i e n t a t i o n  o f  P la n e s  o f  V iew.

T hese d e v i a t i o n s  u s u a l l y  i n v o lv e d  o n l y  a  s m a l l  a r e a ,  i . e . ,  

few p a r t i c l e s  i n  c o n n e c te d  m ovem ent, b u t  many d e v i a t i o n s  

w ere  o b s e r v e d  t o  o c c u r  s i m u l t a n e o u s l y .  T h ere  seem ed t o  be 

a n  i n c r e a s e  i n  i n t e n s i t y  o f  d e v i a t i o n  a s  t h e  y+ v a lu e  

i n c r e a s e d ,  b u t  th e  o b s e r v a t i o n  i s  n o t  c o n c l u s i v e .  A d e f i n i t e  

d e p e n d e n c y  on R e y n o ld s  num ber was o b s e r v e d  f o r  t h e  num ber and 

i n t e n s i t y  o f  t h e  d e v i a t i o n s .  B o th  i n c r e a s e d  g r e a t l y  w i t h  

i n c r e a s e  i n  R e y n o ld s  num ber f ro m  2 0 ,0 0 0  t o  5 0 ,0 0 0 .  T a b le  9 

l i s t s  some m e a s u re d  v a l u e s  o f  t h e  l a t e r a l  a n d  a x i a l  v e l o c i 

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

o f  d e p a r t u r e  f ro m  t h e  a x i s .  The a p p ro x im a te  y+ p o s i t i o n  was 

c a l c u l a t e d  by a s su m in g  t h e  n o rm a l  l o c a l  m ean a x i a l  v e l o c i t y  

was v a l i d  and  c o m p a r in g  t h i s  v a lu e  t o  t h e  m e a su re d  o n e .  I t
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may be c o n c lu d e d  t h a t  i n  a l l  r e s p e c t s  t h e  t o p  v iew  s u b s t a n 

t i a t e s  th e  w a l l  v iew  o b s e r v a t i o n s ,  and  c l e a r l y  shows t h e  

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

r e g i o n .

TABLE 9

LATERAL DEVIATIONS

A c tu a l
v e l o c i t y

A ngle  t o  
a x i s

L a t e r a l
v e l o c i t y

A x ia l
v e l o c i t y

A pp ro x . 
y+ o f  
n o rm a l  
p r o f i l e

P e r  c e n t  o f  
a x i a l

.2 2 9 - 5 ° .036 .2 1 7 3 .4 1 6 .5

.142 1 5 .5 ° .0 3 8 .1 3 7 2 .2 2 7 .7

.183 3 5 ° .105 .1 5 0 2 .4 70

.134 1 1 .5 ° .0 2 6 .1 3 1 2 .1 1 9 .8

.2 1 2 11° .041 .2 0 8 3 .3 1 9 .7

.095 1 8 . 5° .03 .0 9 0 2 .3 3 3 .3

.1 5 2 19° .0 4 9 .144 3*6 34

.134 1 1 .5 ° .0 2 6 .1 3 1 3 .3 1 9 .8

.1 4 6 7 ° .0 1 8 .1 4 5 3 .6 1 2 .4

.2 2 1 1 7 .5 ° .067 .2 1 1 5 .3 3 1 .7

F o r  t h e  r e g i o n  a t  y+> 5 >  th e  d e p t h  o f  f i e l d  p e r 

m i t t e d  a  v iew  o u t  t o  a  l a r g e  y+ p o s i t i o n .  The p a r t i c l e s  i n  

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

i n  a n  a g i t a t e d  s t a t e  t y p i f i e d  by d e p a r t u r e s  f ro m  t h e  a x i a l  

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

p a r t i c l e s  e n c o m p a s s in g  w id th s  ( i n  th e  0X p l a n e )  o f  0 .0 4 3  t o  

O.0 6 5  i n c h e s ,  and  a p p e a r e d  a s  h ig h  sp e e d  sw eeps a t  an  a n g le  

t o  th e  a x i s .  T here  a p p e a r e d  t o  be no p r e f e r r e d  d i r e c t i o n  o f  

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



160
s l i g h t l y  c u rv e d  t r a j e c t o r y .  As t h e  y+ p o s i t i o n  was r e d u c e d ,  

t h e  d im e n s io n s  o f  t h e  d i s t u r b a n c e s  w ere  a l s o  r e d u c e d ,  and 

e v e n t u a l l y  e v e n  t h e  c h a r a c t e r  c h a n g e d .  A t s t i l l  r a t h e r  

l a r g e  y+ p o s i t i o n s  t h e  a r e a  o f  c o n n e c te d  movement was 

a p p r o x i m a t e l y  0 .0 2 2  t o  0 .0 3 3  i n c h e s .  T h e re  was a  d e f i n i t e  

d e c r e a s e  i n  t h e  i n t e n s i t y  an d  d e g re e  o f  d i s t u r b a n c e  w i th  

d e c r e a s i n g  R e y n o ld s  num ber.

Change i n  t u r b u l e n t  c h a r a c t e r  
w i t h  d i s t a n c e  f ro m  w a l l

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

c a t e d  t h a t  t h e  c h a r a c t e r  o f  t h e  t u r b u l e n t  m o t io n  c h an g e d  a s  

t h e  d i s t a n c e  f ro m  th e  w a l l  r e g i o n  i n c r e a s e d .  I n  o r d e r  t o  

ex am in e  t h i s  e f f e c t  more c l o s e l y ,  a  s e r i e s  o f  r u n s  w ere  made 

f o r  f lo w s  a t  a  s i n g l e  R e y n o ld s  num ber, Nr6 = 4 0 ,0 0 0 ,  i n  w h ich  

r e g i o n s  o f  th e  f lo w  a t  s u c c e s s i v e l y  g r e a t e r  d i s t a n c e s  from  

t h e  w a l l  w ere  p h o to g r a p h e d  f o r  a n a l y s i s .  B ecause  t h e  l o c a l  

m ean a x i a l  v e l o c i t y  ch an g e d  g r e a t l y  a c r o s s  t h i s  s p a n ,  i t  was 

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

r a t e  t o  t h e  p a r t i c u l a r  l o c a l e .  T h is  n e c e s s i t a t e  some compen

s a t i o n  d u r i n g  t h e  a n a l y s i s  s t a g e  when c o m p a r is o n s  w ere  m ade.

A m a g n i f i c a t i o n  o f  2X was u s e d  f o r  a  b r o a d  v iew , a n d  4 .3X  

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

W ith  th e  2X m a g n i f i c a t i o n ,  e a c h  r e g i o n  h a d  a  w id th  o f  a p p r o x 

i m a t e l y  t h i r t y - o n e  t im e s  t h e  s u b l a y e r  t h i c k n e s s .  The t o t a l  

s p a n  exam ined  c o v e r e d  a n  a r e a  f ro m  t h e  p i p e  w a l l  t o  a
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y+ = 1055* F o r  4 .3X  m a g n i f i c a t i o n  t h e  s i n g l e  r e g i o n  w id th  

was a p p r o x i m a t e ly  14 t im e s  th e  s u b l a y e r  t h i c k n e s s .  I n  a l l  

c a s e s ,  t h e  w a l l  v iew  was u s e d .

The r e g i o n  v e r y  n e a r  t h e  w a l l ,  y+ = J2 showed t h e  now 

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

The e j e c t i o n s  o r i g i n a t e d  in  t h i s  r e g i o n ,  and th e  d i r e c t i o n  

o f  d e v i a t i n g  f lo w  was p r e d o m i n a t e l y  o u tw a rd .  The f l u i d  m o t io n s  

w ere  i n t e n s e ,  a b r u p t ,  a n d  o f  s m a l l  s c a l e .  A g r e a t  d e a l  o f  

c h a o t i c  i n t e r a c t i o n  was p r e s e n t .  The i n f r e q u e n t  i n t r u s i o n s  

o f  w a l lw a rd  f lo w  e n t e r i n g  th e  r e g i o n  f ro m  w i t h o u t  w ere  

u s u a l l y  o f  a  l a r g e r  s c a l e  and  w ere  l e s s  d i s t u r b e d  w i t h i n  th em 

s e l v e s .  As th e  o u t e r  b o u n d a ry  o f  t h i s  r e g i o n  was a p p ro a c h e d ,  

t h e  c h a r a c t e r  o f  th e  m o t io n s  h a d  a l r e a d y  u n d e rg o n e  a  s i g n i f i 

c a n t  ch an g e  fro m  w hat t h e y  w ere  i n  t h e  i n n e r  r e g i o n s .  Both 

t h e  b ro a d  v iew  o f  from  y+ = 0 t o  155 and t h e  n a r ro w  v iew  o f  

y+ _ j2 t o  144 s u p p o r t e d  t h i s  o b s e r v a t i o n .  The r e g i o n  o f  

72 < . y+ 144 e x h i b i t e d  a  few o f  th e  t r a i t s  o f  t h e  w a l l  

r e g i o n ,  b u t  t h e y  a p p e a re d  w i t h  much l e s s  f r e q u e n c y .  The 

t r e n d  was to w a rd  a  l a r g e r  s c a l e d  d i s t u r b a n c e .  By a p p r o x i 

m a t e l y  y+ = 150, th e  c h an g e  was c o m p le te ,  and  t h e r e a f t e r ,  a t  

g r e a t e r  y + v a l u e s ,  t h e  c h a n g e s  w h ich  d i d  o c c u r  w ere  n o t  a  

m a t t e r  o f  c h a r a c t e r  b u t  o f  d e g r e e .  I n  t h e s e  r e g i o n s ,  t h e  

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

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

w ard  and c e n t e r l i n e  e d g e s ,  and  sw ep t t h r o u g h  i t  w i t h  l i t t l e
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i n t e r a c t i o n .  The i n t e n s i t y  o f  a c t i v i t y  w i t h i n  t h e s e  m asse s  

was a l s o  n o t  v e r y  g r e a t .  The a r e a  o f  c o n n e c te d  movement 

c o n t i n u a l l y  i n c r e a s e d  w i t h  i n c r e a s i n g  y+, b u t  a p p e a re d  t o  

l e v e l  o f f  by y+ = 3 0 0 . The l a r g e ,  sw ee p in g  d i s t u r b a n c e s  

u s u a l l y  had  an  a x i a l  v e l o c i t y  com ponent a p p r o x i m a t e ly  e q u a l  

t o  t h e  l o c a l  mean v e l o c i t y  o f  th e  r e g i o n .  These r e g i o n s ,  

ho w ever, were a t  su c h  l a r g e  d i s t a n c e s  f ro m  t h e  w a l l  t h a t  t h e  

v e l o c i t y  g r a d i e n t  i s  v e r y  s h a l lo w  anyw ay. These l a r g e  s c a l e d  

m o tio n s  were v e r y  d i f f i c u l t  t o  o b s e rv e  p r o p e r l y  b e c a u s e  t h e y  

e x c e e d e d  by a  l a r g e  d e g re e  th e  s i z e  o f  t h e  f i e l d  o f  v iew .

Thus o n l y  a  s m a l l  segm en t o f  a  s i n g l e  ed d y  c o u ld  be o b s e rv e d  

a t  an y  t im e ,  and  t h e i r  i n t e r a c t i o n  w i t h  e a c h  o t h e r  o r  th e  

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

E f f e c t  o f  t r i p  w i r e s  and 
o b s t r u c t i o n s

An i n v e s t i g a t i o n  i n t o  th e  e f f e c t  o f  v a r i o u s  t r i p p i n g  

o b s t r u c t i o n s  on  t h e  f l u i d  m o tio n  was m ade. The p u rp o s e  was 

tw o f o l d .  F i r s t ,  i t  w i l l  be r e c a l l e d  t h a t  t h e  g l a s s  p ip e s  

a r e  j o i n e d  by f l a n g e s ,  and  a l t h o u g h  c a r e  was e x e r c i s e d  t o  

e l i m i n a t e  o b s t r u c t i o n s  a t  th e  j o i n t s ,  t h e r e  r e m a in e d ,  n o n e 

t h e l e s s ,  an  u n a v o id a b le  seam . T h is  seam  was l o c a t e d  a  

minimum o f  t w e n t y - f i v e  p ip e  d i a m e t e r s  u p s t r e a m  o f  t h e  b e g i n 

n in g  o f  t h e  t e s t  s e c t i o n ,  and  from  a l l  c o n s i d e r a t i o n s  s h o u ld  

n o t  h av e  c o n t r i b u t e d  a n y th in g  t o  t h e  m o tio n s  i n  t h e  w a l l  

r e g i o n .  To be c e r t a i n ,  h o w ev er ,  t h i s  s t u d y  was u n d e r t a k e n .
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I n  some o t h e r  i n v e s t i g a t i o n s ,  v i b r a t i n g  r i b b o n s  and 

t h i n  w i r e s  h a v e  b e en  u s e d  t o  t r i p  t h e  f lo w  o r  i n t r o d u c e  

m a rk in g  e l e m e n t s .  I n  many o f  t h e s e  s t u d i e s  a  p a r t i c u l a r  

p a t t e r n  a t  th e  w a l l  was o b s e r v e d .  T h e r e f o r e ,  t h e  se c o n d  

p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  was t o  exam ine  th e  t r i p p e d  

f lo w  i n  th e  p i p e  f o r  e v id e n c e  o f  t h e s e  p a t t e r n s .

The t r i p  c o n s i s t e d  o f  a  w ire  r i n g  p l a c e d  a x i s y m m e t r i -  

c a l l y  i n s i d e  t h e  p ip e  a t  t h e  b e g in n i n g  o f  t h e  t e s t e d  s e c t i o n .  

The r i n g  d i a m e t e r  was t h a t  o f  t h e  i n t e r n a l  p i p e  d i a m e t e r ,  

and  th e  w i r e  d i a m e t e r  was 0 .0 0 3 2  i n c h e s .  The w i r e  was s p r i n g  

s t e e l  and  was h e l d  i n  t h e  p o s i t i o n  i n  c o n t a c t  w i t h  t h e  p ip e  

w a l l  by  i t s  own s p r i n g  t e n s i o n .

The e x p e r i m e n t a l  r u n s  c o v e r e d  a  r a n g e  o f  R e y n o ld s  

num bers from  2300  t o  5 0 ,0 0 0 .  I n  some, th e  c am era  c a r r i a g e  

was h e l d  i n  one  p o s i t i o n  s u c h  t h a t  t h e  w i r e  was j u s t  v i s i b l e  

w i t h i n  t h e  edge  o f  t h e  f i e l d .  F o r  o t h e r s ,  t h e  c a r r i a g e  was 

moved d o w n s tre a m . I n  t h e s e  c a s e s  th e  f i l m i n g  was u s u a l l y  

beg u n  w h i l e  t h e  cam era  was u p s t r e a m  o f  th e  t r i p .  T h is  p h o t o 

g r a p h e d  t h e  f lo w  c o n d i t i o n s  u p s t r e a m ,  a t ,  a n d  d o w n s tre a m  o f  

t h e  t r i p  w i r e ,  and  p e r m i t t e d  e x c e l l e n t  c o m p a r i s o n s .  B o th  

t h e  w a l l  v iew  a n d  th e  t o p  v iew  v a n ta g e  p o i n t s  w ere  u s e d .

T h e re  was no e v id e n c e  i n  a n y  o f  t h e  f i l m s  o f  a  r e g u l a r  

" s p a n w is e "  p a t t e r n  a lo n g  t h e  w a l l .  As d i s c u s s e d  i n  an  

e a r l i e r  s e c t i o n ,  t h i s  r e s u l t  m u s t  be i n c o n c l u s i v e .  A 

r e a l l y  d e t a i l e d  i n v e s t i g a t i o n  o f  t h i s  phenomenon w ou ld
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r e q u i r e  a  means o f  c i r c u m v e n t in g  t h e  p r e s e n t  l i m i t a t i o n s  o f  

t h e  s y s te m  t o  s u c h  an  a n a l y s i s .

The f i l m s  a l s o  showed t h a t  w h i l e  t h e  p r e s e n c e  o f  t h e  

t r i p  had  a n  e f f e c t  on t h e  f lo w  l o c a l l y ,  i t s  e f f e c t  was s m a l l ,  

and  t h e  f lo w  q u i c k l y  r e t u r n e d  t o  i t s  u n a f f e c t e d  s t a t e .  I n  

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

o b s e r v a t i o n s  f o l l o w s .

At NRe = 2 300 , c o m p a r is o n s  w ere  made o f  f i l m s  t a k e n  

w i t h  and w i t h o u t  th e  t r i p .  The c am era  s c a n n e d  th e  f lo w  

b o th  u p s t r e a m  an d  d o w n s tre am  o f  t h e  w i r e .  No d e p a r t u r e  f ro m  

l a m i n a r  f lo w  was o b s e r v e d  a t  d o w n s tre am  p o s i t i o n s .  D i r e c t l y  

a t  t h e  w i r e  and i n  an  a r e a  a p p r o x i m a t e l y  0 . 2  i n c h e s  down

s t r e a m ,  a  p o c k e t  o f  r e t a r d e d  f l u i d  was o b s e r v e d  w h ich  

c a u s e d  a  d i s p l a c e m e n t  o f  f l u i d  and a  c i r c u l a t i o n  o f  m in o r  

p r o p o r t i o n s .  How ever, a t  a d j o i n i n g  p o s i t i o n s  d o w n s tream , th e  

e f f e c t  had  c o m p l e t e ly  d i s a p p e a r e d .

F o r  h i g h e r  R e y n o ld s  num bers  and  t u r b u l e n t  f lo w ,  s i m i 

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

a r e a  n e a r  t h e  t r i p .  T hese  q u i c k l y  f a d e d ,  a n d  no e v id e n c e  o f  

t h e i r  e x i s t e n c e  c o u ld  be s e e n  d o w n s tre a m . F o r  NRe = 2 0 ,0 0 0 ,  

t h e  t r i p  in d u c e d  d i s t u r b a n c e  was f o l lo w e d  d o w n s tre am  and  th e  

d i s t a n c e  r e q u i r e d  f o r  i t  t o  f a d e  was n o t e d ,  H ie re  was 

a b s o l u t e l y  no q u e s t i o n  o f  i t s  d i s a p p e a r a n c e  by  0 .0 8  f t .  

d o w n s tre a m  o f  t h e  t r i p ,  and  i n  a l l  p r o b a b i l i t y  i t  was g on e  

b y 0 .0 4  f t .  H i e r e a f t e r , t h e  f lo w  was no  d i f f e r e n t  f ro m  t h o s e  

w i t h o u t  t h e  t r i p  w i r e .
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One f u r t h e r  q u i t e  d r a s t i c  s t e p  was t a k e n .  I n  a l l  o f  

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

c a l l y  p l a c e d  w i r e .  I t  was f e l t  t h a t  t h i s  t r i p  a p p ro x im a te d  

w h a t  one m ig h t  e x p e c t  f ro m  t h e  p ip e  seam* and a l s o  f ro m  t h e  

r i b b o n s  o r  w i r e s  u se d  by o t h e r s . I n  o r d e r  to  ex am in e  th e  

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

d e v i c e  u se d  t o  p o s i t i o n  t h e  c am era  f o r  t o p  view  s t u d i e s  was 

i n s e r t e d  i n t o  th e  p i p e  and l o c a t e d  a t  t h e  j o i n t  j u s t  up 

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

s c r i b e d  i n  t h e  e q u ip m e n t  s e c t i o n .  The s c a l e  p o r t i o n  c o n s i s t 

i n g  o f  a  b r a s s  p l a t e  0 .1 2  i n c h e s  t h i c k  a n d  1 in c h  lo n g  was 

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

o f  th e  p o s i t i o n  o f  f o c u s  i n  t h e  t e s t  s e c t i o n .  The c am era  was 

f o c u s e d  a t  t h e  w a l l  w i t h i n  t h e  t e s t  s e c t i o n  25 d i a m e t e r s  

d o w n s tre am  o f  th e  t r i p  p o s i t i o n .  The R e y n o ld s  num ber was 

5 2 7 0 .  The f i l m s  show ed no e f f e c t  a t  a l l  o f  th e  p r e s e n c e  o f  

t h i s  o b s t r u c t i o n .  T h is  d e m o n s t r a t e d  t h a t  th e  l e n g t h  o f  25 

d i a m e t e r s  was s u f f i c i e n t  t o  c a u s e  th e  d i s s i p a t i o n  o f  th e  

t r i p  in d u c e d  d i s t u r b a n c e .

C l a u s e r  (2 )  d i s c u s s e d  th e  s t a b i l i t y  o f  s t e a d y  s t a t e  

b o u n d a ry  l a y e r s  t o  In d u c e d  d i s t u r b a n c e s .  He d e m o n s t r a t e d  

t h a t  th e  r e c o v e r y  o f  su c h  l a y e r s  a t  d o w n s tre am  p o s i t i o n s  

from  in d u c e d  d i s t u r b a n c e s ,  su c h  a s  by a  t r i p ,  was q u i t e  

r a p i d ,  and  t h a t  th e  r e g i o n s  n e a r e r  t o  t h e  w a l l  r e c o v e r e d  

much more r a p i d l y  t h a n  t h o s e  f u r t h e r  o u t .  As an e x am p le  he
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p r e s e n t e d  th e  r e c o v e r y  o f  a  b o u n d a ry  l a y e r ,  9*3 In c h e s  t h i c k ,  

f ro m  a  d i s t u r b a n c e  c r e a t e d  by a  1 /2  i n c h  ro d  p l a c e d  a t  a  y  

p o s i t i o n  o f  1 .5  i n c h e s .  The d e c a y  d i s t a n c e  was m e a su re d  a s  

19 i n c h e s  o r  2 . 0 4 8 ( f  Lee (32) a l s o  m ea su re d  th e  e f f e c t  o f  

i n j e c t i o n  a p p a r a t u s  p l a c e d  n e a r  t h e  p ip e  c e n t e r l i n e .  F o r  

f lo w  a t  NRe = 4 1 ,0 0 0 ,  h e  fo un d  t h a t  t h e  mean v e l o c i t y  and  

rms f l u c t u a t i o n  v a l u e s  h ad  a l l  r e c o v e r e d  by 8D.

T h ese  r e s u l t s  d e m o n s t r a t e  t h a t  th e  p ip e  seam  p r e c e d i n g  

t h e  t e s t  zone by a  minimum o f  25D i s  n o t  a  f a c t o r  i n  p r o 

d u c in g  e x t r a n e o u s  m o t io n s  w i t h i n  t h i s  z o n e .

Dye s t u d i e s

S in c e  many o t h e r  r e s e a r c h e r s  h av e  u se d  dye  i n j e c t i o n  

t e c h n i q u e s  t o  s t u d y  th e  m o tio n s  i n  t h e  w a l l  r e g i o n ,  i t  was 

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

p r e s e n t  s y s te m  by i n j e c t i n g  dye a t  th e  w a l l  and  p h o to g r a p h in g  

i t s  m o t io n .  No g r e a t  c a r e  was t a k e n  i n  d e s i g n i n g  th e  dye 

i n j e c t i o n  s y s te m ,  s i n c e  th e  i n v e s t i g a t i o n  was a  p r e l i m i n a r y  

n a t u r e  o n l y .  C o n s e q u e n t ly ,  t h e  a n a l y s i s  o f  t h e  f i l m s  was 

made f o r  b ro a d  g e n e r a l  p r o p e r t i e s  o n ly  and no d e t a i l s  w ere  

e x a m in e d .  In  a l l  c a s e s ,  t h e  dye was I n j e c t e d  t h r o u g h  a  h o l e  

d r i l l e d  i n t o  t h e  p ip e  w a l l .  No i n j e c t i n g  d e v i c e  p r o t r u d e d  

beyond  t h e  edge  o f  t h e  h o l e .  W ith  t h e  l a r g e  h o l e  u s e d ,  a  

l a r g e  q u a n t i t y  o f  dye c o u ld  be i n j e c t e d  w i t h o u t  i m p a r t i n g  a  

s i g n i f i c a n t  r a d i a l  v e l o c i t y  t o  i t .  The dye was i n j e c t e d  a t  

t h e  w a l l .  The i n j e c t i o n  p r o c e s s  was ex am in ed  b o th  v i s u a l l y
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and  p h o t o g r a p h i c a l l y  a t  4 »3X m a g n i f i c a t i o n .  The i n j e c t e d  

dye re m a in e d  i n i t i a l l y  w i t h i n  a  v e r y  n a rro w  r e g i o n  n e a r  t h e  

w a l l ,  and  was a c c e l e r a t e d  do w n stream  b y  th e  f l u i d .  A down

s t r e a m  p o s i t i o n  w i t h i n  t h r e e  i n c h e s  o f  th e  i n j e c t i o n  p o i n t  

t h e  dye was o b s e rv e d  t o  d e v e lo p  a  wavy s u r f a c e ,  and f i l a 

m en ts  moved o u tw a rd  fro m  th e  w a l l .

I n  g e n e r a l  a p p e a ra n c e  t h e s e  dye f i l a m e n t s  com pared 

w e l l  w i t h  t h o s e  t a k e n  a t  a  s i m i l a r  a n g le  by  R u n s t a d l e r  ( 5 0 ) .  

The q u a l i t y  o f  th e  p r e s e n t  m o t io n  p i c t u r e s ,  ho w ever ,  were 

much i n f e r i o r  and no e x t e n s i v e  c o m p a r is o n  was p o s s i b l e .

The l i g h t i n g  t e c h n iq u e  was q u i t e  d i f f e r e n t  from  t h a t  

u se d  f o r  th e  p a r t i c l e  f i l m s ,  so  v e r y  few  p a r t i c l e s  were 

v i s i b l e .  I f  a  l i g h t i n g  m ethod c o u ld  be d e v i s e d  w h ich  w ould  

p e r m i t  b o th  dye and  p a r t i c l e s  to  a p p e a r  s i m u l t a n e o u s l y ,  th e  

r e s u l t i n g  m o tio n  p i c t u r e s  w ould  be q u i t e  v a l u a b l e  f o r  u se  i n  

i n t e r p r e t i n g  th e  v a r i o u s  dye and  p a r t i c l e  s t u d i e s  a v a i l a b l e  

i n  th e  l i t e r a t u r e .

Summary o f  o b s e r v a t i o n s  and 
c o m p o s i te  p i c t u r e

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

n a t u r e  o f  t h e  t u r b u l e n t  m o tio n s  i n  t h e  w a l l  r e g i o n  ha^e, f o r  

t h e  sa k e  o f  c l a r i t y  and  s i m p l i c i t y ,  been  somewhat f r a g m e n te d .  

I n  t h i s  s e c t i o n  t h e s e  d i f f e r e n t  o b s e r v a t i o n s  a r e  c o m p ile d  to  

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

The w a l l  r e g i o n  i s  d e f i n e d  a s  th e  r e g i o n  e x t e n d in g  a p p r o x i 

m a t e l y  from  0 <  y+ ^  3 0 .
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The m ost i m p o r t a n t  and  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  

o f  th e  w a l l  r e g i o n  i s  t h e  e j e c t i o n  o f  f l u i d  e le m e n t s  o u tw ard  

fro m  t h e  w a l l .  T h is  u s u a l l y  o c c u r s  a s  p a r t  o f  a  d e f i n i t e  

s e q u e n c e  o f  e v e n t s .

The f i r s t  o f  t h e s e  e v e n t s  i s  a  d e c e l e r a t i o n  o f  th e  

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

w a l l .  The l i m i t e d  f i e l d  o f  v iew  do es  n o t  p e r m i t  a n  e s t i m a t e  

o f  th e  a x i a l  d im e n s io n ,  b u t  t h e  r a d i a l  d im e n s io n  in v o lv e d  i s  

o f  th e  o r d e r  o f  O ^ g y + ^ 3 0 *  The d e g re e  o f  d e c e l e r a t i o n  and  

th e  a r e a  i n v o lv e d  v a r i e s  ra n d o m ly .  I n  some i n s t a n c e s  th e  

e n t i r e  a r e a  i s  d e c e l e r a t e d  t o  a p p ro x im a te  p lu g  f lo w ,  w h i le  

f o r  o t h e r s  a  v e l o c i t y  g r a d i e n t  i s  s t i l l  e v i d e n t .  D e f i c i e n 

c i e s  a s  g r e a t  a s  50$ o f  th e  l o c a l  mean a x i a l  v e l o c i t y  a r e  

o b s e r v e d .

W h ile  t h e  f i e l d  i s  t h u s  d e c e l e r a t e d ,  t h e  n e x t  s t e p  

o c c u r s .  A m ass o f  f l u i d  from  u p s t r e a m  w i th  a n  a x i a l  v e l o c i t y  

a p p r o x im a t in g  t h a t  o f  th e  l o c a l  mean v e l o c i t y  e n t e r s  th e  

r e t a r d e d  f i e l d  and by i n t e r a c t i o n  b e g in s  t o  a c c e l e r a t e  th e  

f l u i d .  T h is  s t r e a m  u s u a l l y  e n t e r s  above  a  y + = 15 p o s i t i o n ,  

an d  a s  i t  c r o s s e s  th e  f i e l d  i t s  e f f e c t  moves w a l lw a r d .  Most 

o f t e n  t h e  f l u i d  h as  a  d i r e c t i o n  n e a r l y  p a r a l l e l  t o  t h e  p ip e  

w a l l  o r  a t  a  s l i g h t  a n g le  t o  i t .  O c c a s i o n a l l y  i t  w i l l  e n t e r  

w i t h  a  l a r g e  r a d i a l  com ponent o f  v e l o c i t y ,  a s  much a s  20$ o f  

th e  a x i a l  v e l o c i t y ,  a n d  move w a l lw a rd  a t  a n g le s  o f  from  

5 ° - l 8 ° .  I n  b o t h  fo rm s ,  th e  s i z e  o f  t h e  s t r e a m  i s  q u i t e  l a r g e  

w i t h  w i d t h s  ( i n  r x  p l a n e )  o f  t h e  o r d e r  o f  t h e  f i e l d  d im e n s io n
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( . 0 6 8 ’' to  . 0 9 5 " ) ,  and l e n g t h s  to o  g r e a t  to  be m easured. The 

f l u i d  w i t h in  t h i s  s tream  e x h i b i t s  some d eg ree  o f  tu r b u le n c e ,  

but l i m i t a t i o n s  o f  th e  p h otog ra p h ic  te c h n iq u e  p rec lu d ed  any  

d e t a i l e d  a n a l y s i s .  I t  app ears t o  be a p a r t  o f  a la r g e  s c a l e  

d is tu r b a n c e  c a r r ie d  by th e  mean f lo w .  This stream  o n ly  

su c c e e d s  i n  a c c e l e r a t i n g  th e  o u te r  p o r t io n s  o f  th e  r e ta r d e d  

f l u i d  b e fo r e  the  e j e c t i o n  e v e n t  o c c u r s .  This p a r t i a l  a c c e l 

e r a t i o n  imposed upon an a lr e a d y  r e ta r d e d  e le m en t  c r e a t e s  an 

i n t e r f a c e  a c r o s s  which a v e r y  s t e e p  g r a d ie n t  in  a x i a l  v e l o c 

i t y  e x i s t s .

The e j e c t i o n  e v e n t  i s  th e  abrupt movement outward from  

th e  w a l l  a r e a  o f  f l u i d  o r i g i n a l l y  w i t h in  t h i s  r e g io n .  This  

event o ccu rs  im m ed ia te ly  a f t e r  the  a c c e l e r a t i o n  p r o c e s s  has  

begun, and a lw ays o r i g i n a t e s  w i t h in  th e  mass o f  f l u i d  con 

s t i t u t i n g  th e  r e ta r d e d  e le m e n t .  The p a r t i c l e s  which su d d en ly  

e j e c t s  outward a r e ,  j u s t  p r io r  t o  t h i s  o c c u r r e n c e ,  ob served  

t o  be moving much as the  o th e r  p a r t i c l e s  i n  th e  r e g io n .

Other than  the  a c c e l e r a t i n g  stream  d e s c r ib e d  above , no f l u i d  

from o u t s id e  o f  th e  r e g io n  app ears t o  i n f lu e n c e  them. I t  

may be s t a t e d  t h a t  th e  e j e c t i o n  e v e n t  o r i g i n a t e s  w i t h in  th e  

w a l l  r e g io n ,  and i s  not a m a n i f e s t a t io n  o f  Some m otion  

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

n atu re  and random w ith  r e s p e c t  to  tim e and s p a c e .  I t  I s  o f  

s m a l l  s c a l e  and th r e e  d im e n s io n a l .  I n d iv id u a l  e j e c t e d  f l u i d  

e le m e n ts  in v o lv e  d im en sio n s  o f  th e  ord er  o f  0 . 0 3 " to  0 .0 6 "  

m easured a x i a l l y .  The a n g u la r  or 9 d im en sion  in v o lv e d  i s
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d i f f i c u l t  t o  m easure but I s  e s t im a te d  t o  be o f  th e  ord er  o f  

.0 1  to  .0 3  i n c h e s .  O ften  two o r  more e j e c t i o n s  a re  o b ser v ed  

to  occu r  s im u l t a n e o u s ly  but u n c o n n e c te d ly  w i t h in  th e  f i e l d  

o f  v ie w .  The r e g i o n  measured i n  the rX p la n e  where m ost o f  

th e  e j e c t i o n s  o r i g i n a t e  i s  a p p r o x im a te ly  5 <  y + S  15 r e g a r d 

l e s s  o f  R eynolds number. There are some e j e c t i o n s  which  

o r i g i n a t e  o u t s id e  t h e s e  l i m i t s .  There i s  d e f i n i t e  e v id e n c e  

o f  e j e c t i o n s  o r i g i n a t i n g  a t  l e a s t  as n e a r  the  w a l l  a s  

y+ = 2 . 5 .  Below t h i s  p o s i t i o n  th e r e  i s  o f t e n  a c o n n e c te d  

movement o f  p a r t i c l e s  w h ich  o c c u r s  s im u l t a n e o u s ly  w i t h  th e  

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

v e l o c i t y  t o  e s c a p e  from th e  r e g i o n .  T h e ir  m otio n  u s u a l l y  

c o n s i s t s  o f  a s l i g h t  outward movement w hich ap p ears  a s  an 

a x i a l  f lo w  a t  a s l i g h t  a n g le  t o  the w a l l .

The e j e c t e d  f l u i d  moves outward from the  w a l l  toward  

th e  c e n t e r l i n e  a lo n g  a s l i g h t l y  curved path  d i r e c t e d  down

s tr e a m . The c u r v a tu r e  o f  th e  p a th  as w e l l  a s  th e  d i s t a n c e  

outward w hich  i t  i n i t i a l l y  a t t a i n s  depends upon i t s  r a d i a l  

v e l o c i t y  and th e  p o s i t i o n  where the  v e l o c i t y  i n t e r f a c e  o c c u r s .  

T h is  i n t e r f a c e  d o e s  n o t  a lw ays occu r  a t  th e  same p o s i t i o n ,  

b u t u s u a l l y  o c c u r s  i n  t h e  zone 4 «= y+ s * 3 2 .  The e x a c t  p o s i 

t i o n  in  any p a r t i c u l a r  e v e n t  depends upon th e  d e g r e e  o f  

d e c e l e r a t i o n  and a c c e l e r a t i o n ,  and m agnitude o f  th e  r a d i a l  

v e l o c i t y  com ponent. The path  o f  the f l u i d  b e fo r e  i t  i n t e r 

a c t s  t o  any e x t e n t  w ith  th e  s t e e p  g r a d ie n t  i s  a  s l i g h t l y  

cu rv ed  l i n e  a t  a s m a l l  a n g le  t o  th e  w a l l ,  and i s  d i r e c t e d



dow nstream . The a n g le s  o f  e j e c t i o n  have a w ide d i s t r i b u t i o n  

and r ea c h  a maximum v a lu e  o f  2 1 ° .  They have a most common 

v a lu e  o f  8 . 5 °  m easured In th e  r x  p la n e .  The e j e c t i o n  a n g le  

i s  in d ep en d en t  o f  R eynolds number. The in s ta n t a n e o u s  r a d i a l  

v e l o c i t y  components v a ry , but some as  h ig h  a s  3 0$  o f  th e  

a x i a l  component are  o b s e r v e d .  Most, how ever, f a l l  w i t h i n  th e  

ran ge  o f  10$ to  2 0 $ .  T hese , o f  c o u r s e ,  r e p r e s e n t  th e  most 

e n e r g e t i c  e j e c t i o n s .  The m agnitude o f  th e  r a d i a l  v e l o c i t y  

i n c r e a s e s  w ith  R eyn o ld s  number, and t h i s  f a c t o r  makes the  

a n g le  o f  e j e c t i o n  in d ep en d en t o f  R eynolds number. The e j e c 

t i o n  moves n o t  o n ly  in  th e  r x  p la n e ,  but i n  th e  9X p la n e  t o o .  

These movements show a n g le s  a s  la r g e  a s  35°  and an av era ge  

a n g le  o f  15° measured from th e  a x i s .  The in s t a n ta n e o u s  

r a d i a l  v e l o c i t i e s  w i t h i n  t h i s  p la n e  are  o f  th e  order  o f  20$  

t o  3 0$  o f  th e  a x i a l  com ponent.

As th e  e j e c t e d  f l u i d  moves outw ard, i t  i s  a c c e l e r a t e d  

a x i a l l y  to  a s m a l l  e x t e n t .  B ecause  o f  th e  r e ta r d e d  n a tu re  

o f  th e  r e g io n  b e low  th e  i n t e r f a c e ,  t h i s  a c c e l e r a t i o n  i s  

q u i t e  s m a l l  and th e  f l u i d  i s  s t i l l  d e f i c i e n t  i n  a x i a l  v e l o c 

i t y .  Upon r e a c h in g  th e  s t e e p  g r a d ie n t  a t  th e  i n t e r f a c e  i t  

su d d e n ly  e n c o u n te r s  a f l u i d  o f  much g r e a t e r  a x i a l  v e l o c i t y ,  

and a v i o l e n t  i n t e r a c t i o n  o c c u r s .  T h is  i n t e r a c t i o n  c r e a t e s  

a g r e a t  d e a l  o f  t u r b u le n t  m o tio n  and th e  movements o f  th e  

f l u i d  e le m e n ts  w i t h i n  i t  are v e r y  i n t e n s e ,  a b r u p t ,  and c h a o t i c .  

The e n t i r e  s t r u c t u r e  h a s  a v e r y  s m a l l  s c a l e .  T ie i n t e n s i t y  

o f  t h i s  i n t e r a c t i o n  d e s t r o y s  th e  i d e n t i t y  o f  th e  i n d i v i d u a l
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e le m e n t s .  The I n t e r a c t i o n  n o t  o n ly  o ccu rs  betw een  th e  mean 

f lo w  and the  e j e c t e d  e le m e n t ,  but the  c o n t in u a l  e j e c t i o n  o f  

f l u i d  i n t o  t h i s  c h a o t ic  ma,ss by th e  rem ainder o f  th e  o r i g i n a l  

e le m en ts  and o th e r s  which may occur a t  a p p ro x im a te ly  the  same 

tim e c a u se s  In c r e a s e d  i n t e r a c t i o n  and m ix in g .  A l l  t h i s  a g i 

t a t i o n  r e s u l t s  i n  some f l u i d  b e in g  d i r e c t e d  w allw ard and in  

a l l  d i r e c t i o n s .  Hie w allw ard movement e n t e r s  the su b la y e r  

r e g io n  and a g i t a t e s  the  f l u i d  t h e r e .  Some e le m e n ts  r e -em e rg e ,  

but many are cap tu red  w i t h in  t h i s  r e g io n  and p e r s i s t  as  l e s s  

v i o l e n t  d i s t u r b a n c e s .  The d ep th  o f  p e n e t r a t io n  I s  random, 

b u t g e n e r a l l y  g r e a t e r  p e n e t r a t io n  and i n t e n s i t y  occur a t  

h ig h e r  R eynolds numbers. P e n e tr a t io n  to  the  w a l l  i s  

o b s e r v e d .

The p o s i t i o n  o f  th e  zone o f  i n t e r a c t i o n  changes w ith  

th e  p o s i t i o n  o f  th e  i n t e r f a c e .  Most commonly th e  i n t e r a c t i o n  

zone o ccu rs  over  th e  r e g io n  7 S  y * ^ 3 0 .

Once w i t h in  th e  i n t e r a c t i o n  zone, the f l u i d  e x p e r i 

e n c e s  a r a p id  a c c e l e r a t i o n  downstream. However, th e  d i s 

turbed m otio n s  c o n t in u e  to  spread  r a d i a l l y  outward, so  a 

g e n e r a l  d i f f u s i o n  both  a x i a l l y  and toward the c e n t e r l i n e  

o c c u r s .  This g e n e r a l  growth i n  a r e a  I s  accompanied by a 

d e c r e a s e  In  i n t e n s i t y .

The e j e c t i o n  phase ends w ith  th e  e n t r y  from upstream  

o f  a stream  o f  f l u i d  which i s  d i r e c t e d  p r im a r i ly  In  an 

a x i a l  d i r e c t i o n .  T his f l u i d  has an a x i a l  v e l o c i t y  t h a t  

co rresp o n d s  to  t h a t  which a normal v e l o c i t y  p r o f i l e  would
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p r e d i c t .  U s u a l ly  th e  e j e c t i o n s  have su b s id e d  by th e  tim e i t  

a p p e a r s ,  and i t  sweeps the  f i e l d  o f  e le m e n ts  o f  r e ta r d e d  

f l o w  and r e - e s t a b l i s h e s  a sem blance o f  a normal v e l o c i t y  

p r o f i l e .

The e j e c t i o n  p r o c e s s  has the  same b a s ic  c h a r a c te r  fo r  

a l l  R eynolds numbers. The fr e q u e n c y  o f  occu rren ce  and i n t e n 

s i t y  o f  d is tu r b a n c e  d o , how ever, e x h i b i t  a s t r o n g  dependence  

on R eynolds number. The e j e c t i o n s  occu rred  a p p r o x im a te ly  

f i v e  t im e s  more o f t e n  a t  N^e = 5 0 , 0 0 0  than % e = 2 0 ,0 0 0 .

T h is  d ich otom y i n  the  n a tu re  o f  t h i s  b a s ic  e v e n t  i s  i n t e r e s t 

i n g .  In  the  fun dam enta l s t r u c t u r e  and form th e  dependency  

i s  in d ep en d en t o f  mean f lo w  param eter, and seems o n ly  d e 

pendent upon l o c a l  c o n d i t i o n s .  Thus th e  sequence o f  e v e n t s ,  

th e  e j e c t i o n  a n g le s ,  th e  sm a l l  s c a l e ,  and th e  g e n e r a l  random 

b e h a v io r  are d iv o r c e d  from mean f lo w  d epend en cy . However, 

th e  fr e q u e n c y  o f  o c c u r r e n c e ,  th e  e j e c t i o n  v e l o c i t y ,  and the  

p o s i t i o n  o f  th e  d i f f e r e n t  zones show a d i s t i n c t  r e l a t i o n  to  

mean f lo w  p a ra m eters .  I t  would appear th a t  th e  mean f lo w  

s i t u a t i o n  o p e r a te s  t o  p ro v id e  c o n d i t io n s  l o c a l l y  which are  

co n d u c iv e  t o  th e  o ccu rren ce  o f  an e v e n t ,  but th a t  th e  e v e n t  

depends d i r e c t l y  o n ly  upon th e  l o c a l  c o n d i t i o n s .

As the  d i s t a n c e  from th e  w a l l  I n c r e a s e s ,  th e  c h a r a c te r  

o f  the f l u i d  m o tio n s  c h a n g e s .  In th e  w a l l  r e g io n  and ou t  to  

j u s t  beyond th e  i n t e r a c t i o n  zone , i . e . ,  y+ ± 50 , th e  m otions  

a r e  o f  s m a l l  s c a l e ,  I n t e n s e ,  and a b r u p t .  By y+ = 70 th e
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g r e a t e r  p a r t  o f  th e  change t o  c o n d i t i o n s  o f  th e  o u te r  r e g io n  

have o c c u r r e d .  By y+ = 150 th e  change i s  com p leted  and 

t h e r e a f t e r  th e  changes occu r  o n ly  i n  d eg ree  but n o t  in  

c h a r a c t e r .  These o u te r  r e g io n s  have an i n c r e a s i n g l y  l a r g e r  

s c a l e  o f  d i s t u r b a n c e ,  but th e  i n t e n s i t y  i s  r e d u c e d .  The 

d is tu r b a n c e s  appear as la r g e  sw eeps moving a c r o s s  th e  f i e l d  

o f  v iew  a t  a la r g e  a n g le  to  th e  a x i s .  The le n g t h  i s  a lw ays  

much lo n g e r  th an  th e  w id th .  The m otion s  are  so  much la r g e r  

th an  th e  f i e l d  o f  v iew  t h a t  t h e y  are  d i f f i c u l t  to  d e f i n e .

They a l s o  p ass  through  th e  f i e l d  so  s w i f t l y  t h a t  th e  n atu re  

o f  t h e i r  I n t e r n a l  s t r u c t u r e  ca n n o t be s t u d i e d .  Ih e y  appear  

t o  be segm ents o f  a la r g e  s t r u c t u r e  which e x i s t s  in  th e  

o u t e r  r e g i o n .

The "two la y e r  v e l o c i t y "  i s  f e l t  t o  be a r e s u l t  o f  th e  

l o c a l  n a tu re  o f  th e  e v e n t s  i n  th e  w a l l  r e g i o n .  I t  i s  most 

o f t e n  a s s o c i a t e d  w ith  some a s p e c t  o f  th e  e j e c t i o n  p r o c e s s ,  

and r e s u l t s  from th e  l o c a l  movements t h a t  o ccu r  w i t h i n  t h i s  

p r o c e s s .  The h ig h e r  v e l o c i t y  p a r t  o f  th e  "two la y e r  v e l o c 

i t y "  e f f e c t  has a  v a lu e  w hich  ap p ro x im ates  t h a t  o f  th e  l o c a l  

mean v e l o c i t y  i n  th e  a r ea  o f  o c c u r r e n c e .  I t  c o u ld  be p a r t  o f  

a l a r g e r  s t r u c t u r e  w h er e in  l o c a l  e v e n ts  and r e l a t i v e l y  

u n d is tu r b e d  strea m s are  sp a ced  about th e  tub e  w a l l ,  but no 

d e c i s i o n  f o r  or  a g a i n s t  t h i s  id e a  can  be made from th e  e v i 

dence  a t  hand.



DEDUCTIONS AND HYPOTHESIS

The o b s e r v a t io n s  and m easurem ents p r e s e n te d  i n  th e  

p r e v io u s  s e c t i o n s  can be su pp lem en ted  by th e  m easurem ents o f  

o th e r s  to  perm it a  h y p o t h e s i s  t o  be c o n s t r u c t e d  on the  

c h a r a c t e r  o f  t u r b u le n t  p ipe  f lo w  and the  g e n e r a t io n  and 

m ain ten an ce  o f  t u r b u le n c e .

I t  i s  c o n v e n ie n t  to  d i v i d e  th e  r a d i a l  d i s t a n c e  from  

th e  w a l l  t o  the  c e n t e r l i n e  o f  th e  p ip e  i n t o  th r e e  d i s t i n c t  

r e g i o n s ,  ea ch  o f  which d i s p l a y  f l u i d  m otion s  o f  a p a r t i c u l a r  

c h a r a c t e r .  W hile the  c h a r a c t e r  o f  th e  f l u i d  m o tio n  i s  q u i t e  

d i s t i n c t ,  the l i n e s  o f  d em a rca t io n  betw een  r e g io n s  i s  n o t  

sh arp  and a d eg ree  o f  o v e r la p p in g  o c cu rs  b etw een  a d j a c e n t  

z o n e s .

S u b la y e r  0 y+^  5

T h is  may be c a l l e d  th e  s u b la y e r  r e g i o n ,  but the  

a d j e c t i v e  "lam inar" i s  not used  b eca u se  th e  f l u i d  m otion s  

w ith  t h i s  r e g io n  are d e f i n i t e l y  not la m in a r .  The f l u i d  

w i t h i n  i t  c o n t i n u a l l y  e x h i b i t s  d e p a r tu r e s  from  r e c t i l i n e a r  

f lo w  in  t h e  form o f  e x c u r s io n s  o f  s m a l l  m a sses  o f  f l u i d  moving  

a t  some a n g le  t o  the  w a l l  and th e  mean a x i a l  f l o w .  The d i s 

tu r b a n ce s  are t h r e e  d im e n s io n a l .  The amount o f  f l u i d  

in v o lv e d  i n  any s i n g l e  movement i s  q u i t e  s m a l l ,  i n d i c a t i n g  a
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r a th e r  sm a ll  s c a l e  o f  d i s tu r b a n c e .  These d i s tu r b e d  e le m en ts  

r a r e l y  le a v e  th e  r e g io n ,  a lth o u g h  a few w ith  p a r t i c u l a r l y  

s tr o n g  d e v i a t in g  v e l o c i t i e s  do e sc a p e  outw ard . The f l u i d  

m otion s  w i th in  t h i s  zone which d e p a r t  from th e  mean a x i a l  

m o tio n  a r e ,  f o r  th e  most p a r t ,  produced and s u s t a in e d  by th e  

tu r b u le n c e  g e n e r a te d  in  th e  a d ja c e n t  r e g io n ,  a p p r o p r ia t e ly  

c a l l e d  th e  g e n e r a t io n  r e g io n .  A sm a l l  p a r t  o f  the  tu rb u 

le n c e  c r e a te d  i n  the  g e n e r a t io n  r e g io n  i s  t r a n s f e r r e d  t o  the  

su b la y e r  r e g io n  both  by v i s c o u s  t r a n s f e r  and tu r b u le n t  

d i f f u s i o n .  The degree  o f  d is tu r b a n c e  w i t h in  the s u b la y e r  i s  

dep en d en t upon th e  d eg ree  o f  tu r b u len ce  w i t h in  the  g e n e r a t io n  

z o n e .  S in ce  t h i s  l a t t e r  i s  dependent on th e  R eynolds number 

o f  the  f lo w ,  ( th e  range o f  R eynolds numbers covered  was 

1 0 ,0 0 0 - 5 0 ,0 0 0 ) ,  a d e f i n i t e  dependency  on R eynolds number 

e x i s t s  f o r  th e  d is tu r b e d  m otion s w i t h in  th e  s u b la y e r .  This 

m a n i f e s t s  i t s e l f  in  th e  form o f  a g r e a t e r  number o f  d e v i a 

t i o n s  from  a x i a l  f lo w  w ith  in c r e a s in g  R eynolds number. At 

h ig h e r  R eynolds numbers, f l u i d  from th e  g e n e r a t io n  r e g io n  

r e p e a t e d l y  p e n e tr a t e s  d e e p ly  i n t o  t h i s  r e g io n ,  and o c c a s i o n 

a l l y  some p e n e t r a t e s  to  th e  w a l l .  T h is p e n e t r a t io n  i n d i c a t e s  

t h a t  a m ix in g  p r o c e s s  i s  o c c u r r in g  n o t  o n ly  w i t h in  th e  su b la y e r  

r e g io n ,  but betw een  t h i s  r e g io n  and f l u i d  from th e  g e n e r a t io n  

r e g i o n .  Such a m ix in g  and a g i t a t i n g  p r o c e s s  i s  v e r y  impor

t a n t  i n  mass and h e a t  t r a n s f e r  c o n s i d e r a t i o n s .  S in c e  the  

g e n e r a t io n  r e g io n  e x h i b i t s  a  n on regu lar  p e r i o d i c i t y  i n  t im e,  

th e  su b la y e r  r e g io n  d oes t o o .  However, th e  p e r i o d i c i t y
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w i t h i n  th e  s u b la y e r  i s  much l e s s  pronounced due t o  a t t e n u a 

t i o n  and a v e r a g in g  e f f e c t s .

G e n e r a t io n  r e g io n  y* ^  70

T his i s  th e  m ost im p ortan t  r e g io n  s i n c e  w i t h i n  i t  th e  

m ajor g e n e r a t i o n  and d i s s i p a t i o n  o f  tu r b u le n c e  e n e r g y  o c c u r s .  

W hile i t s  l i m i t s  a p p r o x im a te ly  c o in c id e  w i th  the commonly 

d e s c r ib e d  b u f f e r  zon e , i t  ca n n o t  i n  any way be c o n s id e r e d  

su ch  a z o n e . I n s te a d  o f  a  r e l a t i v e l y  p a s s i v e  t r a n s i t i o n a l  

zon e , t h i s  r e g io n  i s  th e  p o s i t i o n  o f  o r i g i n  o f  th e  m a j o r i t y  

o f  th e  f l u i d  e j e c t i o n s ,  and a l s o  c o n t a in s  th e  p o s i t i o n s  

where th e  maximum i n t e r a c t i o n  o f  th e s e  e j e c t i o n s  w ith  the  

h ig h e r  a x i a l  v e l o c i t y  o f  th e  mean s trea m  o c c u r s .  I t  i s  p ro 

posed  t h a t  t h e s e  i n t e r a c t i o n s  o f  th e  e j e c t e d  f l u i d  w ith  th e  

mean f lo w ,  and betw een  the d i f f e r e n t  e j e c t i o n s  w hich may 

occu r  n e a r ly  s im u l t a n e o u s ly  and i n t e r a c t  w i th  one a n o th er  

w i t h i n  th e  same r e g i o n  i s  a mechanism w hereby e n e r g y  i s  

e x t r a c t e d  from th e  mean f lo w  and c o n v e r te d  i n t o  tu r b u le n c e  

e n e r g y .  F urtherm ore, t h i s  r e g i o n  i s  the  so u rc e  o f  m ost o f  th e  

tu r b u le n c e  c r e a t e d ,  and from h ere  i t  d i f f u s e s  or i s  o th e r w is e  

t r a n s f e r r e d  to  o th e r  r e g io n s  o f  th e  p ip e .  The n a tu re  o f  th e  

i n t e r a c t i o n ,  b e in g  o f  h ig h  sh e a r  and in v o lv in g  i n d i v i d u a l l y  

sm a l l  e le m e n ts  o f  f l u i d  r e s u l t s  i n  a sm a l l  s c a l e  o f  tu r b u le n c e  

and a v e r y  d i s o r g a n iz e d  c h a o t i c  m o t io n .  A la r g e  p a r t  o f  th e  

tu r b u le n c e  e n e r g y  c r e a te d  h e r e  i s  a l s o  d i s s i p a t e d  h e r e .  The 

s m a l l  s c a l e ,  e n e r g e t i c  m o tio n s  c r e a t e ,  l o c a l l y ,  v e r y  h ig h



v e l o c i t y  g r a d ie n t s  w hich c a u se  h ig h  r a t e s  o f  s h e a r .  The 

r a t e  o f  d i s s i p a t i o n  o f  th e  tu r b u le n c e  e n e r g y  to  h e a t  i s  a 

f u n c t i o n  o f  th e  l o c a l  sh e a r  r a t e s , so  i f  th e y  a re  l a r g e , 

th e  d i s s i p a t i o n  i s  l a r g e .  The tu r b u le n c e  e n e r g y  w hich i s  

n o t  d i s s i p a t e d  d i f f u s e s  or i s  c o n v e c te d  away to  o th e r  r e g i o n s .  

A s m a l l  p o r t io n  g o e s  to  s u s t a i n  th e  s u b la y e r  d i s t u r b a n c e s ,  

but th e  g r e a t e r  amount d i f f u s e s  outward toward th e  p ip e  

c e n t e r l i n e .  The outward d i f f u s i o n  and r e s u l t i n g  sp read  o f  

th e  tu r b u le n c e  r e s u l t s  i n  an in c r e a s e  in  s i z e  o f  th e  a r e a  

h a v in g  c o n n e c te d  movements, i . e . ,  th e  s c a l e  o f  th e  tu r b u le n c e  

i n c r e a s e s .  The i n t e n s i t y  o f  th e  d i s tu r b a n c e  compared to  th e  

l o c a l  mean v e l o c i t y  d e c r e a s e s .  The most im p o rta n t  f e a t u r e  

o f  t h i s  p r o c e s s  i s  th e  e j e c t i o n  o f  f l u i d  e le m e n ts  outward  

from th e  w a l l  a r e a ,  5 <  y+ 15* t o  o th e r  r e g io n s  where t h e y  

i n t e r a c t .  The r e g io n  o f  most i n t e n s e  i n t e r a c t i o n  i s  

7 t £ y + ^ 3 0 .  The c h a r a c te r  o f  t h e s e  e j e c t i o n s  i s  b a s i c a l l y  

d ep en d en t on l o c a l  c o n d i t i o n s .  The e j e c t i o n s  d o , how ever,  

e x h i b i t  d ep end en cy  on mean f lo w  param eters  w ith  reg a r d  to  

th e  fr e q u e n c y  o f  o c cu rr en ce  and v e l o c i t y  o f  e j e c t i o n .  The 

c o n n e c t io n  betw een  th e  mean f lo w  and th e  l o c a l  c o n d i t i o n s  

w hich c r e a t e s  t h i s  depend en cy  i s  n o t  a p p a ren t from  th e  d a t a .

I t  may be t h a t  some la r g e  s c a l e ,  s lo w  moving eddy w i t h i n  the  

mean f lo w  i n f l u e n c e s  in  a random f a s h io n  c e r t a i n  l o c a l  a r e a s  

o f  th e  w a l l  r e g io n  and p r o v id e s  c o n d i t i o n s  co n d u c iv e  t o  the  

p r o d u c t io n  o f  e j e c t i o n  e v e n t s .  The d e c e l e r a t i o n  and w a l l 

ward d r i f t  se q u e n c e s  m ight be a m a n i f e s t a t i o n  o f  t h i s
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i n f l u e n c e .  Both th e s e  e v e n ts  occu r , but n o t  w ith  the  same 

f r e q u e n c y  a s  the e j e c t i o n  e v e n t .  C e r t a in ly  c o n t i n u i t y  

r e q u ir e s  t h a t  th e r e  be a r e tu r n  f lo w  i n t o  the w a l l  r e g io n ,  

and s in c e  i t  was so  i n f r e q u e n t l y  ob served  i t  prob ab ly  was o f  

a la r g e  s c a l e ,  low v e l o c i t y  n a tu r e .  The e j e c t i o n s  m ight be 

r e l a t e d  to  p r e ssu r e  f l u c t u a t i o n  which must accompany v e l o c 

i t y  f l u c t u a t i o n .  In  f a c t ,  th e  d i f f u s i o n  o f  p r e ssu r e  e n e rg y  

or f lo w  work, which was c a l c u l a t e d  by L aufer  (3 1 )  as th e  

c l o s i n g  term i n  th e  tu r b u le n c e  e n e rg y  e q u a t io n ,  does have a 

maximum in  t h i s  r e g io n ,  and the  d i r e c t i o n  o f  d i f f u s i o n  i s  

w a llw a r d .

Aside from what has been s a id  above , the d a ta  r e v e a l  

n o th in g  more about how or  why th e  e j e c t i o n  e v e n t  o r i g i n a t e s .  

Other a u th o r s ,  F e r r a r r i  (11 )  and Grant ( 1 3 ) ,  have a ttem p ted  

to  e x p l a in  s i m i la r  type  o c c u r r e n c e s  by in tr o d u c in g  the  e f f e c t s  

o f  p r e s su r e  f l u c t u a t i o n s  and g r a d i e n t s ,  and l o c a l  i n s t a b i l i 

t i e s  due to  v o r te x  s t r e t c h i n g .  Grant in  p a r t i c u la r  observed  

j e t s  o f  f l u i d  em anating from the  ed ges  o f  tu r b u le n t  wakes and 

p r o j e c t i n g  i n t o  th e  main s tr ea m . He reason ed  t h a t  the  i n i t i a l  

c o n v e r s io n  o f  the  mean f lo w  e n e r g y  to  tu r b u le n c e  en e rg y  

f a v o r s  c e r t a i n  com ponents, th e  ones a l ig n e d  w ith  the  d i r e c 

t i o n  o f  s t r e t c h i n g  o f  the  v o r te x  e le m e n t .  This r e s u l t s  in  

s t r e s s  b e in g  e s t a b l i s h e d  i n  th e  wake which e v e n t u a l ly  must 

be r e l i e v e d .  He p ro p o ses  t h a t  th e  j e t t i n g  f l u i d  e lem en ts  

r e p r e s e n t  a seco n d a ry  f lo w  caused  by the  s t r e s s  r e l i e v i n g  

p r o c e s s .  This i s ,  o f  c o u r s e ,  s p e c u l a t i v e .  There s im p ly  i s
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n o t  enough in fo r m a t io n  a v a i l a b l e  t o  e x p l a i n  th e  cau se  o f  th e  

e j e c t i o n  phenomenon.

Core r e g i o n  y+ >  70

The e d d ie s  i n  t h i s  r e g io n  have a l l  b een  c r e a te d  i n  

th e  g e n e r a t io n  r e g i o n  and have d i f f u s e d  or b een  c o n v e c te d  to  

t h i s  p o s i t i o n .  T h is p r o c e s s  ten d s  t o  expand th e  o r i g i n a l  

eddy so  th e  s i z e  i n c r e a s e s  w ith  in c r e a s in g  d i s t a n c e  from th e  

g e n e r a t io n  r e g i o n .  The i n t e n s i t y  o f  th e  tu r b u le n c e  d e c r e a s e s  

w ith  i n c r e a s i n g  y+ v a l u e .  Much o f  the  change i n  c h a r a c t e r  

from  th e  g e n e r a t io n  r e g io n  to  t h i s  r e g io n  o c c u r s  w i t h i n  th e  

ap p rox im ate  l i m i t s  50 <  y+ ^  100 , but th e  e n t i r e  zone o f  

5 0 «c y+ ^ 150 may i n  a s e n s e  be c o n s id e r e d  t r a n s i t i o n a l .  

Beyond a p p r o x im a te ly  y+ = 150 th e  changes a r e  l e s s  marked 

and e v en  th e  growth i n  eddy s i z e  p r o ceed s  a t  a  d im in ish e d  

r a t e .  The s i z e  and reduced  r e l a t i v e  m otion s do n o t  c r e a t e  

much t u r b u le n c e .  Nor are  t h e s e  c h a r a c t e r i s t i c s  l i k e l y  t o  

c a u se  much d i s s i p a t i o n ,  a l th o u g h  w i t h i n  th e  l a r g e  s c a l e  

e d d i e s ,  th e  s m a l l  s c a l e  w i l l  produce some.

T h is  e n t i r e  r e g io n  c o n t a in s  e d d ie s  w h ich  o r ig i n a t e d  

w i t h i n  th e  g e n e r a t io n  r e g io n  o f  v a r io u s  upstream  p o s i t i o n s .

I t  i s  more dep en d en t upon what o ccu rred  upstream  th an  what i s  

o c c u r r in g  i n  th e  w a l l  r e g io n  a t  th e  p a r t i c u l a r  tim e or a x i a l  

p o s i t i o n  a t  w hich i t  i s  o b s e r v e d .  T h is i s  a r e s u l t  o f  th e  

f a c t  t h a t  th e  tu r b u le n c e  r e q u ir e s  a  f i n i t e  t im e  t o  d i f f u s e  

outw ard, and th e  v e l o c i t y  p r o f i l e  w h ich  c a u s e s  th e  core



r e g i o n  t o  move much f a s t e r  a x i a l l y  th a n  th e  in n er  r e g i o n s .

The core  r e g io n ,  t h e r e f o r e ,  c o n t a in s  an a v era g e  sam p lin g  o f  

much t h a t  has o c cu rr ed  i n  th e  in n e r  r e g io n s  upstream , and as  

su ch  i s  a h i s t o r y  o f  t h e s e  e v e n t s .  T his p r o c e s s  te n d s  to  

produce an i n t e g r a l  e f f e c t  on th e  n a tu re  o f  th e  m o t io n s  in  

t h i s  r e g io n  w hich e l i m i n a t e s  much o f  th e  p e r i o d i c i t y  and 

l o c a l  c h a r a c t e r  o f  th e  g e n e r a t io n  z o n e .  I t  a l s o  produ ces a 

r a t h e r  s t a b l e  c h a r a c t e r  where the  f l u i d  m otio n s  resp on d  o n ly  

s l o w l y  to  l o c a l  changes which would a f f e c t  th e  g e n e r a t io n  

and s u b la y e r  r e g io n s  v e r y  q u i c k ly .  T his d ep end en cy  on p r e 

c e d in g  e v e n ts  but n o t  t o  e v e n t s  w hich are l o c a l  i n  sp ace  or  

t im e c o u ld  be a f a c t o r  i n  th e  e x p la n a t io n  a s  to  how the  mean 

f lo w  a f f e c t s  the l o c a l  c o n d i t i o n s  w h ich  produce th e  e j e c t i o n  

e v e n t s .  The mean f lo w  s i n c e  i t  i s  an i n t e g r a t e d  r e s u l t  o f  

p a s t  l o c a l  c o n d i t i o n s  i s  somewhat in d e p e n d e n t  o f  th e  i n d i v i d 

u a l  e v e n t s ,  but n o t  o f  th e  o v e r - a l l  p r o c e s s .  Thus l o c a l  

c o n d i t i o n s  from up stream  t r a n s m it  t h e i r  combined e f f e c t  

through  th e  mean f lo w  t o  in f l u e n c e  l o c a l  c o n d i t i o n s  

dow nstream .

A draw ing which shows th e  p o s i t i o n  and n a tu re  o f  th e  

d i f f e r e n t  r e g io n s  su perim posed  on a t u r b u le n t  v e l o c i t y  

p r o f i l e  ap p ears  i n  F ig u re  2 8 .
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DISCUSSION AND COMPARISON WITH OTHER DATA

The r e s u l t s  p r e se n te d  in  th e  p reced in g  s e c t i o n s  w i l l  

now be d i s c u s s e d  and compared to  the  m easurem ents and 

o b s e r v a t io n s  t h a t  o th e r s  have made o f  the n a tu re  o f  th e  w a l l  

r e g io n .  These i n v e s t i g a t o r s  have employed v i s u a l - p h o t o 

g r a p h ic ,  i n d i r e c t ,  and d i r e c t  q u a n t i t a t i v e  e x p e r im e n ta l  

te c h n iq u e s  i n  th e  v a r io u s  s t u d i e s .  Each o f  t h e s e  methods  

r e v e a l s  a s p e c t s  o f  th e  n atu re  o f  t h i s  r e g io n  from a s l i g h t l y  

d i f f e r e n t  v ie w p o in t ,  and th e y  w i l l  be c o n s id e r e d  s e p a r a t e l y  

i n  t h i s  s e c t i o n .

V i s u a l i z a t i o n  s t u d i e s

Fage and Townend (10 )  u s in g  an u ltr a m ic r o s c o p e  t e c h 

n iq u e , s i m i la r  in  some r e s p e c t s  to  th e  tec h n iq u e  employed in  

th e  p r e s e n t  s tu d y ,  exam ined v i s u a l l y  th e  c h a r a c te r  o f  the  

f l u i d  m o tio n  v e r y  near  a s o l i d  boundary f o r  f u l l y  tu r b u le n t  

f lo w  in  a square tu b e .  They used a m a g n i f i c a t io n  o f  200X 

which gave  them a f i e l d  d ia m eter  o f  0 .0 3  i n c h e s .  In the  

r e g io n  o f  0 S  y+ SS 4 th e y  noted  t h a t  the f l u i d  e le m en ts  

c o n t i n u a l l y  e x h i b i t e d  d e p a r tu r e s  from  t r u l y  r e c t i l i n e a r  

f l o w .  These d e p a r tu r e s  were d e s c r ib e d  as d e v i a t io n s  o f  

p a r t i c l e s  o f f  o f  the  r e c t i l i n e a r  path  such t h a t  t h e i r  

t r a j e c t o r i e s  were a t  v a r io u s  a n g le s  to  th e  w a l l .  These
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m o tio n s  o c cu rr ed  i n  both  th e  x y  and x z  p l a n e s .  The p a r t i c l e s  

were a l s o  ob serv ed  to  e x e c u te  o s c i l l a t o r y  movements as th e y  

c r o s s e d  back and f o r t h  over  a h a i r l i n e  in  th e  m icro sco p e  

e y e p i e c e .  They a l s o  o b ser v ed  t h a t  o c c a s i o n a l l y  two d e v i a t 

in g  p a r t i c l e s  s e p a r a te d  by a " larg e  d i s t a n c e "  moved v e r y  

s i m i la r ly . ,  i . e . ,  c o n n e c te d  movement i n  a l a t e r a l  d i r e c t i o n .  

S in ce  t h e i r  f i e l d  o f  v iew  was o n ly  0 .0 3  in c h e s  in  d ia m e te r ,  

t h i s  " la rg e  d i s ta n c e "  c o u ld  a t  m ost have been  o f  t h i s  

m a g n itu d e . Page and Townend m easured the a n g le s  w hich th e  

d e v i a t i n g  p a r t i c l e s  made w ith  th e  tube a x i s  a t  v a r io u s  p o s i 

t i o n s  from th e  w a l l .  In  r e p o r t in g  the  maximum a n g le s  

o b se r v e d ,  th e y  n o ted  t h a t  th e  a n g le s  o c c u r r in g  i n  th e  p la n e  

p a r a l l e l  to  th e  w a l l  (maximum a n g le  = 2 7 ° ) ,  were l a r g e r  than  

t h o s e  o c c u r r in g  i n  th e  p lan e  p e r p e n d ic u la r  t o  the w a l l  

(maximum a n g le  = 1 0 ° ) .  The i n t e n s i t y  o f  tu r b u le n c e  w i t h i n  

th e  r e g io n  exam ined was o b ser v ed  to  be in d ep en d e n t  o f  R eynolds  

number. However, th e  fr e q u e n c y  o f  o c c u r r e n c e  o f  d i s t u r b e d  to  

q u i e s c e n t  p e r io d s  d e f i n i t e l y  in c r e a s e d  w ith  R eynolds number 

o v er  th e  l i m i t e d  ran ge  s t u d i e d .

In  m ost r e s p e c t s  th e  o b s e r v a t io n s  o f  Fage and Townend 

a g r ee  w ith  th e  r e s u l t s  o f  th e  p r e s e n t  s tu d y*  The e v id e n c e  o f  

d is tu r b e d  m o tio n  w i t h i n  th e  s u b la y e r  r e g io n ,  i t s  c h a r a c t e r  

and dependence on R eynolds  number a l l  a g r e e .  The m agnitude  

o f  the la r g e  l a t e r a l  e x c u r s io n s  a g r e e s  q u i t e  w e l l  w ith  th e  

d im e n s io n s  o b serv ed  i n  th e  c o r r e sp o n d in g  v iew  ( t o p  v iew ) in  

t h e  p r e s e n t  s tu d y  f o r  e v id e n c e  o f  e j e c t i o n  e v e n ts  w i t h i n  th e
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s u b la y e r .  T h is  d im en sion  was g iv e n  as 0 .0 1 1  x 0 .0 4 3  i n c h e s .  

The a n g le s  o f  the  d e v i a t i o n  agree  in  both  m agn itu d e , and in  

dependency on th e  p lan e  in  which th e y  are  o c c u r r in g ,  as an 

ex a m in a t io n  o f  T ab les  5 and 9 w i l l  show.

Fage and Townend d id  n o t  r e p o r t  any e v e n t s  which c o r 

resp ond  d i r e c t l y  to  th e  e j e c t i o n  p r o c e s s .  The f a i l u r e  to  

ob serv e  t h i s  e f f e c t  was p rob ab ly  due to  th e  l i m i t a t i o n s  o f  

th e  e x p e r im e n ta l  p r o c e d u r e s .  They had t o  r e l y  e n t i r e l y  upon 

v i s u a l  e x a m in a t io n s ,  and thu s had no way to  compare, ad e

q u a t e ly ,  d i f f e r e n t  p a r ts  o f  the  stream  a f t e r  th e y  had passed  

th e  s m a l l  f i e l d  o f  v ie w . A d d i t i o n a l ly ,  th e y  c o n c e n tr a te d  

m ost o f  the  i n v e s t i g a t i o n  on the  su b la y e r  r e g io n  v e r y  near  

th e  w a l l  where the e j e c t i o n  p r o c e s s  d oes  n ot o c c u r .  When 

t h e y  d id  examine the  r e g io n s  away from th e  w a l l ,  th e  rap id  

p a ssa g e  o f  th e  f lo w  through the  f i e l d  o f  v iew  m ost l i k e l y  

p r o h ib i t e d  any o b s e r v a t io n  o f  th e  p r o c e s s .  The o s c i l l a t i o n s  

t h e y  r e p o r te d  f o r  the  d e v i a t in g  p a r t i c l e s  were n o t  observed  

v e r y  o f t e n  i n  th e  p r e s e n t  s t u d y .  At v e r y  h igh  m a g n i f i c a t i o n s ,  

su ch  as th e y  u sed , th e  sm a l l  movement com p ris in g  th e  o s c i l 

l a t i o n  would be v i s i b l e ,  but a t  th e  much low er m a g n i f i c a t io n  

o f  th e  p r e s e n t  s tu d y  i t  would p ro b a b ly  n o t  be d i s c e r n i b l e ,  or  

a t  l e a s t  n o t a s  an o s c i l l a t i o n .

Fage (9 )  l a t e r  perform ed some s i m i l a r  i n v e s t i g a t i o n s  

i n  a c i r c u l a r  p ip e  and ob serv ed  much th e  same m o tio n s  as i n  

th e  p r e v io u s  s t u d y .  He measured th e  a n g le s  o f  d e v i a t i o n  f o r  

v a r io u s  r a d i a l  p o s i t i o n s  and R eynolds numbers. At any
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p o s i t i o n ,  he o b ser v ed  a d i s t r i b u t i o n  o f  a n g le s  and r e p o r te d  

the  maximum a n g le s  m easured f o r  th e  xy  p la n e .  In  the  w a l l  

r e g io n  th e s e  a n g le s  are  o f  th e  o rd er  o f  11°  t o  2 1 ° .  I n t e r 

e s t i n g l y ,  when the  a n g le s  f o r  NRe = 1 3 ,4 4 0  and NRe = 1 8 ,3 4 0  

are  compared, one f i n d s  t h a t  f o r  th e  same r a d i a l  p o s i t i o n ,  

th e  a n g le s  a r e  a p p r o x im a te ly  the same, i . e . ,  no e f f e c t  o f  

R eynolds  number. The v a lu e  p r e se n te d  f o r  th e  I n t e n s i t y  o f  

f l u c t u a t i n g  v e l o c i t y ,  uy/Ux , near the  w a l l  i s  o f  th e  o rd er  

o f  0 . 2 .  An e x a m in a t io n  o f  Table 5 a t  Nfte = 2 0 ,0 0 0  shows t h a t  

a v a lu e  f o r  t h i s  term  i n  t h e  p r e s e n t  s t u d y  i s  a p p r o x im a te ly

0 .1  t o  0 . 2 .

A g r e a t  d e a l  o f  in fo r m a t io n  c o n c er n in g  th e  n a tu re  o f  

th e  f l u i d  m otion  i n  th e  via11 r e g io n  in  t u r b u le n t  f lo w  has  

been  o b ta in e d  f o r  boundary la y e r  f lo w  o v er  a f l a t  p l a t e .

The r e a s o n  f o r  t h i s ,  i n  a d d i t io n  t o  the  i n t e r e s t  in  t h i s  typ e  

o f  f l o w ,  i s  t h a t  i n  t h i s  f l o w  c o n f i g u r a t io n  th e  s im p le  g eo m etry  

and r e l a t i v e l y  la r g e  d im e n s io n s  p erm it  m easurem ents to  be 

more r e a d i l y  made th a n  In th e  o th e r  ty p e s  o f  f l o w .  I f  th e  

com p arison  i s  r e s t r i c t e d  t o  the  w a l l  r e g i o n s ,  t h e s e  m easure

ments can , t o  a  d e g r e e ,  be a p p l ie d  t o  p ip e  f lo w s  as w e l l .

T h is  s i m i l a r i t y  o f  f l o w  i n  th e  w a l l  r e g io n s  f o r  p ip e s  and 

boundary l a y e r s  o ver  f l a t  p l a t e s  h as  been  c o n s id e r e d  by  

C la u ser  ( 2 ) ,  Townsend ( 6 6 ) ,  and H inze ( 2 0 ) ,  and th e  m easu re

ments o f  K le b a n o ff  (26 )  and L aufer  (20) su p p o rt  th e  c o n c lu 

s i o n s .  S in c e  t h i s  m a tter  i s  a d e q u a te ly  d i s c u s s e d  by t h e s e



187

and o th e r  a u th o r s , I t  w i l l  n o t be c o n s id e r e d  any  f u r t h e r  

h e r e .

K lin e  and R u n s ta d le r  (28) and R u n s ta d le r ,  K lin e ,  and 

R eynolds (51 ) have made e x t e n s i v e  v i s u a l  and p h o to grap h ic  

s t u d i e s  o f  th e  tu r b u le n t  boundary la y e r  by  em ploying dye and 

hydrogen  bubble  i n j e c t i o n  t e c h n iq u e s .  These s t u d i e s  perm it  

an e x c e l l e n t  com parison w i t h  th e  p r e s e n t  work, p rov id ed  one 

remembers t h a t  th e r e  i s  a b a s ic  d i f f e r e n c e  in  th e  two t e c h 

n iq u es  em ployed. T h is d i f f e r e n c e  has* i n  p a r t ,  been d i s c u s s e d  

in  the  s e c t i o n  on e x p e r im e n ta l  p r o c e d u r e s .  In  a d d i t io n  to  

what was s a i d  th e r e ,  th e r e  are  d i f f e r e n c e s  i n  th e  p h otograp h ic  

te c h n iq u e s  o f  the two s t u d i e s  which w arrant some m en tio n .  

R u n sta d ler  e t  a l . d id  n ot m agn ify  t h e i r  images to  any e x t e n t .  

They t h e r e f o r e  had a r a th e r  la r g e  f i e l d  o f  v iew , n e a r ly  100 

t im es  or g r e a t e r  than th e  one o f  th e  p r e s e n t  s tu d y ,  and a l s o  

an enormous depth  o f  f i e l d .  A lthough t h e y  a t  t im es  moved the  

camera downstream, I t  was n o t  matched to  any p a r t i c u l a r  

s trea m  v e l o c i t y .  A lso ,  th e  f i lm i n g  speed  was c o n s id e r a b ly  

s lo w e r  than t h a t  used  in  th e  p r e s e n t  s t u d y .  A l l  th e s e  f a c 

t o r s  c o n tr ib u t e d  to  g iv e  them a l a r g e ,  o v e r - a l l  view  o f  the  

f lo w ,  but th e  h ig h e r  sp e e d , sm a l l  s c a l e  d e t a i l s  cou ld  n o t  be 

o b serv ed  a d e q u a te ly .  The p r e s e n t  s tu d y  p erm its  the  more 

d e t a i l e d ,  h ig h  sp ee d , f i n e  s t r u c t u r e  to  be exam ined, but the  

sm a ll  f i e l d  p r e c lu d e s  a v iew  o f  th e  o v e r - a l l  s i t u a t i o n .

There a r e ,  o f  c o u r s e ,  a r e a s  o f  o v e r la p  betw een  the  two 

t e c h n iq u e s .
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The o b s e r v a t io n s  by R u n sta d ler  e t  a l . ,  o f  th e  g e n e r a l  

f e a t u r e s  o f  the  flow., and ev en  some o f  the d e t a i l e d  s t r u c t u r e ,  

show a s t r i k i n g  s i m i l a r i t y  t o  the  o b s e r v a t io n s  o f  th e  p r e s e n t  

s t u d y .  They d iv id e d  th e  boundary la y e r  i n t o  a number o f  

d i s t i n c t  r e g io n s  m easured from the  p la t e  s u r f a c e .  S in c e  o n ly  

the  in n e r  r e g io n s  n ear  th e  w a l l  can be compared w ith  p ip e  

f lo w  d a ta ,  th e  d i s c u s s i o n  w i l l  be l im i t e d  to  t h i s  a r e a .  In  

the r e g io n  0  *5 y+ ^  1 0 , th e y  r e p o r te d  the p r e sen ce  o f  a v e r y  

r e g u la r  p a t t e r n  d i s t r i b u t e d  i n  a spanw ise  d i r e c t i o n .  T his  

p a t t e r n  c o n s i s t e d  o f  s t r e a k s  o f  low Ux v e l o c i t y  f l u i d  a l 

t e r n a t in g  w ith  h ig h  Ux  v e l o c i t y  f l u i d .  The s t r e a k s  had a 

much g r e a t e r  a x i a l  d im en sion  than  th e  o th er  two d im e n s io n s .  

While the  p a t t e r n  was q u i t e  r e g u la r ,  th e  s t r e a k s  were  

d e s tr o y e d  and r e - e s t a b l i s h e d  w ith  a random d i s t r i b u t i o n  so  

t h a t  t h e i r  e x i s t e n c e  a t  any g iv e n  p o s i t i o n  was l i m i t e d .  The 

s t r e a k  sp a c in g  was found t o  be f u n c t io n  o f  R eynolds number, 

and was c o r r e l a t e d  w ith  th e  mean boundary la y e r  f lo w  param

e t e r s  by th e  r e l a t i o n  7 6 .5  = = ( >^u*)/v. These low Ux

v e l o c i t y  s t r e a k s  were ob served  t o  d e v e lo p  a wavy c o n f ig u r a 

t i o n ,  and th en  were o b serv ed  t o  be su d d en ly  e j e c t e d  or l i f t e d  

outward from  the  w a l l  in  a  t h i n  l o o p - l i k e  f i l a m e n t .  These 

f i la m e n t s  moved outward i n t o  a r e g io n  somewhat f u r t h e r  removed  

from the  w a l l  where th e y  were broken up by i n t e r a c t i o n  w ith  

th e  f lo w .  The r e g io n  0 : 5  y+ ^  10 was r e p o r te d  to  be the  

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

e j e c t i o n  ap p ea red to  them to  be random in  b o th  sp ace  and
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t im e .  The fr e q u e n c y  o f  o c c u r r e n c e , how ever , was found t o  be 

m arkedly  dependent on R eynolds number ( f o r  th e  l im i t e d  range  

s t u d i e d ) ,  but no good c o r r e l a t i o n  w ith  mean stream  or l o c a l  

param eters was fo u n d . The a n g le s  which th e  e j e c t e d  lo o p s  

made w ith  th e  w a l l  were m easured, and showed a wide d i s t r i b u 

t i o n  from a maximum a n g le  o f  a p p r o x im a te ly  2 6 °  downward to  

0 ° .  A l l  were d i r e c t e d  downstream .

The r e g io n  o f  tu r b u le n c e  i n t o  which th e  f i la m e n t s  

were e j e c t e d ,  and where th e y  were d is r u p te d  was lo c a t e d  a t  

10 <  y+ — 4 0 .  T his was r e p o r te d  to  be a r e g io n  o f  g r e a t  

tu r b u le n t  a c t i v i t y .

The a u th o rs  a l s o  r e p o r te d  a g e n e r a l  in c r e a s e  i n  th e  

s i z e  o f  th e  e d d ie s  and a d e c r e a s e  in  i n t e n s i t y  as th e  d i s 

tan ce  from th e  w a l l  in c r e a s e d .  This was su pp orted  by h o t  

w ire  t r a v e r s e s  which a l s o  showed t h a t  i n  the  0  S  y+ i  10  

r e g io n  th e  p u ls e s  caused  by f l u c t u a t i o n s  were p o s i t i v e ,  but  

in  th e  10 y+ ^  40 r e g io n  th e y  were n e g a t i v e .

The agreem ent o f  th e  o b s e r v a t io n s  o f  R u n sta d ler  e t  a l . 

w ith  the  p r e s e n t  s tu d y  i s  e x c e l l e n t .  In n e a r ly  a l l  r e s p e c t s  

where the  d i f f e r e n t  t e c h n iq u e s  p erm it a com parison to  be 

made, the  same r e s u l t s  were o b s e r v e d .  The te c h n iq u e s  used  

in  th e  p r e s e n t  s tu d y ,  how ever, p e r m it te d  a d e t a i l e d  i n v e s t i 

g a t io n  i n t o  the  n a tu re  o f  th e s e  e v e n t s ,  w h i le  th e  dye i n j e c 

t i o n  s t u d i e s  co u ld  o n ly  p rov id e  an o u t l i n e .
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R u n sta d le r  e t  a l . d e s ig n a te d  the  r e g i o n  o f  o r i g i n  o f  

th e  m a j o r i t y  o f  th e  e j e c t e d  lo o p s  as 0 <  y+ ^  1 0 , b u t  n o ted  

t h a t  ev en  w i t h i n  t h i s  r e g i o n  th e  a c t i v i t y  was red u ced  as the  

w a l l  was ap p roa ch ed . Compare t h i s  to  th e  p r e s e n t  s tu d y ,  

where th e  r e g i o n ,  0 ^  y+ <  5 was d e s ig n a t e d  as d i s t u r b e d ,  

w ith  o n ly  in f r e q u e n t  e j e c t i o n s  o r i g i n a t i n g  t h e r e ,  a,nd the  

a ss ig n m en t  o f  th e  r e g io n  5 <  y+ ^  15 as  th e  p o s i t i o n  o f  

o r i g i n  o f  m ost e j e c t i o n s .  A lso ,  th e  p r e s e n t  s tu d y  p ro p o ses  

a g e n e r a t io n  zone o f  major a c t i v i t y  i n  th e  r e g io n  7  ^  y+ ^  30  

w hich compares q u i t e  w e l l  w ith  the h i g h l y  tu r b u le n t  zone o f  

a c t i v i t y  r e p o r te d  by R u n s ta d le r  e t  a l . as  1 0 <  y + ^  4 0 .  The 

s m a l l  d i f f e r e n c e s  i n  r e p o r te d  l i m i t s  o f  th e  zones  i s  more 

l i k e l y  due to  th e  somewhat s u b j e c t i v e  d e c i s i o n s  w h ich  must 

be made, th a n  to  any r e a l  d i f f e r e n c e  in  th e  n a tu re  and p o s i 

t i o n  o f  t h e s e  z o n e s .  The i n t e r e s t i n g  r e s u l t  r e p o r te d  by 

R u n sta d le r  e t  a l . c o n c e r n in g  the  r e v e r s a l  i n  th e  p o l a r i t y  o f  

th e  p u l s e s  o f  f l u c t u a t i n g  v e l o c i t y  a g ree  w i t h  th e  o b s e r v a 

t i o n s  o f  th e  p r e s e n t  s tu d y  t h a t  th e  e j e c t i o n  e v e n t  o r i g i n a t 

in g  a t  a p o s i t i o n  somewhat removed from th e  y'r <  5 r e g io n  

p e n e t r a t e s  i n t o  t h a t  r e g io n  and thus app ears as a p o s i t i v e  

p u ls e  o f  h ig h e r  v e l o c i t y  f l u i d  a g a i n s t  a low er  v e l o c i t y  back

ground . The r e v e r s e  s i t u a t i o n  a l s o  h o ld s  tr u e  f o r  th e  r e g io n  

a t  y + >  5 *

The f r e q u e n c y  o f  e j e c t i o n ,  w h i le  dep en d en t upon 

R eynolds  number i n  a s i m i l a r  f a s h io n  f o r  b o th  s t u d i e s ,  cannot  

be compared in  a b s o lu t e  te r m s .  The r e a s o n  i s  t h a t
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R u n s ta d le r  e t  a l . ob serv ed  a much la r g e r  f i e l d ,  and th e r e b y  

e f f e c t i v e l y  o b ta in e d  an a v era g e  o v er  t h i s  a r e a .  T his  

e l im in a t e d  th e  in f l u e n c e  o f  th e  random b e h a v io r  o f  th e  e j e c 

t i o n s  upon th e  v a l u e .  In th e  p r e s e n t  s tu d y ,  the s m a l l  f i e l d  

o f  v iew  and th e  sc a n n in g  a c t i o n  o f  th e  camera make the o b s e r 

v a t i o n s  o f  o c c u r r e n c e  fr e q u e n c y  v e r y  s u s c e p t i b l e  t o  the  

randomness o f  th e  e j e c t i o n  p r o c e s s .  T h e r e fo r e ,  a n y  e x t r a p o l a 

t i o n  o f  t h e s e  o b s e r v a t io n s  t o  a b s o lu t e  numbers on a b a s i s  

s i m i l a r  to  R u n s t a d le r ' s  would be m ost u n c e r t a in  and perhaps  

i m p o s s i b l e .

T h is  can  be made somewhat more s p e c i f i c  as  f o l l o w s .  

U sin g  u* as a s i m i l a r i t y  f a c t o r ,  th e  R eynolds  numbers o f  

1 .3 5  x lO^ and 3 .4  x  10  ̂ f o r  w hich much o f  th e  d a ta  o f  

R u n s ta d le r  e t  a l . was o b ta in e d  co rresp o n d  t o  p ip e  f lo w  c o n 

d i t i o n s  o f  NRe = 1 3 ,5 0 0  and 1 3 ,0 0 0  r e s p e c t i v e l y .  S in ce  th e  

d a ta  o f  th e  p r e s e n t  s tu d y  seem t o  show a much red u ced  e j e c 

t i o n  f r e q u e n c y  a t  t h e s e  R eynolds numbers th a n  do th e  o th e r  

d a ta ,  i t  m ight seem t h a t  a d isa g r e e m e n t  e x i s t s .  T his i s  n o t  

s o .  I t  has a lr e a d y  been d em on stra ted  t h a t  th e  e j e c t i o n  

p r o c e s s  i s  a s m a l l  s c a l e d ,  l o c a l l y  o c c u r r in g  e v e n t .  With th e  

s m a l l  f i e l d  o f  v iew  o f  th e  p r e s e n t  sy s tem , o n ly  a  v e r y  s m a l l  

a r e a  c o u ld  be exam ined f o r  e v e n t s  a t  any i n s t a n t .  Thus f o r  

an e v e n t  t o  be s e e n  r e q u ir e s  th e  d o u b le  c o in c id e n c e  o f  h a v in g  

i t  occu r  and do so  In  th e  f i e l d  o f  v ie w . S in c e  R u n s ta d le r  

e t  a l . made t h e i r  f r e q u e n c y  co u n t f o r  a l a r g e  number o f  

s t r e a k s  w hich appeared  s im u l t a n e o u s ly  w i t h i n  a l a r g e  a r ea  o f
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o c c u r  f o r  i t  t o  be s e e n .  S in c e  th e  p r o c e s s  o f  e j e c t i o n  i s  

random , ev en  an  a t t e m p t  to  b a s e  th e  f r e q u e n c y  on a  u n i t  a r e a  

w i l l  n o t  be s u c c e s s f u l .  T h e r e f o r e ,  w h i le  th e  f r e q u e n c y  d a t a  

o f  th e  p r e s e n t  s t u d y  a r e  a d e q u a te  f o r  an  i n t e r n a l  c o m p a r is o n ,  

t h e y  c a n n o t  be u se d  t o  o b t a i n  a b s o l u t e  v a l u e s .  The d a t a  o f  

R u n s t a d l e r  e t  a l . a r e  p r o b a b ly  a  more c o r r e c t  r e p r e s e n t a t i o n  

o f  t h e s e  v a l u e s .  S in c e  t h e i r  d a t a  a l s o  showed a  h i g h l y  non

l i n e a r  i n c r e a s e  i n  f r e q u e n c y  w i th  i n c r e a s i n g  R e y n o ld s  num ber, 

th e  above r e a s o n i n g  c a n  a l s o  e x p l a i n  th e  i n f r e q u e n t  o r  t o t a l  

l a c k  o f  d e l e c t i o n  o f  e j e c t i o n  e v e n t s  f o r  NRe ■< 1 0 , 0 0 0 .

The a g re e m e n t  b e tw een  th e  a n g le s  o f  e j e c t i o n  r e p o r t e d  

and th o s e  m easu red  i n  t h i s  s t u d y  i s  e x c e l l e n t .  R u n s t a d l e r  

r e p o r t e d  a  d i s t r i b u t i o n  o f  a n g le s  a b o u t  a m ost  f a v o r e d  

a n g l e .  F o r  th e  two c a s e s  r e p o r t e d  (NRe,, = 1*35 x  10^ and
A

3 .4  x 105) th e  maximum a n g le  was 2 6 ° .  The m ost f a v o r e d  

t r a j e c t o r y  showed a  s l i g h t  d e p e n d e n c y  on R e y n o ld s  num ber,

i . e . ,  13°  f o r  NRe x  = 3 .4  x 105 and 10°  f o r  NRex = 1 .3 5  x  106 , 

b u t ,  a s  c a n  be s e e n ,  t h i s  d e p e n d e n c y  was q u i t e  s m a l l .  The 

p r e s e n t  s t u d y  showed no su ch  d e p e n d e n c y  o v e r  th e  r a n g e  o f  

NRe = 2 x  10^ t o  5 x  10^ . The maximum a n g le  o b s e rv e d  was 

2 1 ° ,  and  th e  a v e r a g e  e j e c t i o n  a n g le  was 8 . 5 °  f o r  p ip e  f lo w .

One m ight q u e s t io n  th e  f a c t  t h a t  th e  p r e s e n t  s tu d y  

d id  not r e v e a l  any "spanwise" s t r u c t u r e .  In  p ip e  f lo w  t h i s  

would be d i s t r i b u t e d  about th e  p e r ip h e r y  o f  th e  in n e r  w a l l .  

T his has been d i s c u s s e d  in  p a r t  i n  th e  s e c t i o n  t r e a t i n g  the
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to p  v iew  a n a l y s i s .  I f  one assumes t h a t  R u n s t a d le r 's  c o r r e l a 

t i o n  f o r  sp a c in g  i s  v a l i d  i n  p ipe  f lo w ,  th e  sp a c in g  f o r  

Nfte = 2 0 ,0 0 0  and 5 0 ,0 0 0  i s  0 .1 3 1  and O. 5 9  in c h e s  r e s p e c t i v e l y .  

In th e  top  v iew  s tu d y ,  the f i e l d  w id th  was 0 .1 4 7  i n c h e s .

Thus, a  maximum o f  o n ly  two s t r e a k s  m ight appear in  th e  f i e l d .  

This l im i t e d  p a t t e r n  would be im p o s s ib le  to  d i s c e r n  a g a in s t  

th e  c o n fu s in g  background o f  th e  top  v ie w . The w a l l  v iew  has 

a s i m i l a r  s i z e  problem . In  t h i s  v iew  the  d ep th  o f  f i e l d  i s  

the  l i m i t i n g  d im en s io n  fo r  o b s e r v a t io n  o f  t h i s  e f f e c t .  At 

4 .3 X a id  2X m a g n i f i c a t io n  t h i s  depth  i s  0 .0 2 7  and 0 .0 4 1  

in c h e s  r e s p e c t i v e l y .  The d e p th s  are c l e a r l y  l e s s  th a n  the  

d im en sio n  o f  a s i n g l e  sp a c in g  i n t e r v a l ,  and one can n ot hope 

to  s e e  a "spanwise" p a t te r n  e x c e p t  when the  fo c u s  f o r t u i t o u s l y  

c o in c i d e s  w ith  the  i n t e r f a c e  between two s t r e a k s  o f  d i f f e r e n t  

v e l o c i t y .  W ith the  u n stea d y  nature  o f  the  s t r e a k  s t r u c t u r e ,  

t h i s  c o in c id e n c e  i s  h ig h ly  u n l i k e l y  to  occur very  o f t e n .  In  

s h o r t ,  one cannot hope to  o b serv e  an u n s te a d y  p a t t e r n  which  

i n  th e  s m a l l e s t  s c a l e  i s  l a r g e r  than th e  f i e l d  o f  v ie w .

The "two la y e r  v e l o c i t y "  r e p o r te d  in  an e a r l i e r  s e c 

t i o n  m igh t be an i n d i c a t i o n  o f  such a "spanwise" p a t t e r n .

One i n t e r e s t i n g  com parison i n  t h i s  reg a r d  can be made between  

the  measured r a t i o  o f  Ux v e l o c i t i e s  f o r  a d ja c e n t  h ig h  and 

low v e l o c i t y  s t r e a k s  measured by R u n s ta d le r ,  and th e  s im i la r  

r a t i o  f o r  "two la y e r  v e l o c i t i e s . "  The f i r s t  gave a v a lu e  o f  

1 .59/ 1 j w h ile  the secon d  had a most common v a lu e  o f  1 .5/ 1 .
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No c o n c lu s io n  on th e  e x i s t e n c e  o f  a "spanwise" ty p e  d i s t r i 

b u t io n  f o r  p ip e  f lo w  can be r e a c h e d .  The "two la y e r  v e l o c 

ity "  d e f i n i t e l y  e x i s t s ,  but w hether  i t  i s  a  p u r e ly  l o c a l  

occu rren ce  or p a r t  o f  a l a r g e ,  ordered s t r u c t u r e  c o u ld  not  

be d e term in ed .

R u n sta d ler  e t  a l . n ev er  r e p o r te d  any. d e c e l e r a t i o n -  

a c c e l e r a t i o n  e f f e c t  s i m i la r  to  t h a t  d e s c r ib e d  in  the  

d e t a i l e d  a n a l y s i s  o f  the  e j e c t i o n  p r o c e s s .  This c o u ld  be due 

to  l i m i t a t i o n s  in  t h e i r  e x p e r im e n ta l  equipm ent which were  

d i s c u s s e d  e a r l i e r .  R u n s ta d le r  e t  a l . a l s o  d i s c u s s  some o f  

th ese  l i m i t a t i o n s  in  t h e i r  p ap er .

Nedderman (40) by a te c h n iq u e  o f  s t i l l  photography,  

and u s in g  sm a l l  a i r  b u b b les  i n  w ater  to  mark the  f l u i d  e l e 

ments, measured in s ta n ta n e o u s  v e l o c i t i e s  i n  the  r e g io n  o f  

0 <  y+ ^  30 i n  p ip e  f lo w .  From th e s e  measurements he d e t e r 

mined mean v e l o c i t i e s  which agreed  w ith  th o s e  o b ta in e d  by 

o th e rs  in  a i r .  For Nrs  = 1200 , he ob served  an e x c e l l e n t  

agreem ent betw een  the  in s ta n t a n e o u s  v e l o c i t i e s  and th o s e  

p r e d ic te d  f o r  a  lam inar p r o f i l e .  However, a t  Nr0 = 1 2 ,0 0 0  

and 1 9 , 0 0 0  he o b ser v ed  a r a th e r  wide d i s t r i b u t i o n  o f  t h e s e  

in s ta n ta n e o u s  v a lu e s  about th e  mean v e l o c i t y  p r o f i l e  f o r  

tu r b u le n t  f l o w .  This he c o n c lu d e s  i s  c l e a r  e v id e n c e  t h a t  th e  

flow  i s  d is tu r b e d  a t  l e a s t  to  y+ = 1 and b e lo w . The m agni

tude o f  the d e v i a t i o n  from th e  mean p r o f i l e  o f  th e  measured  

v e l o c i t i e s  in c r e a s e d  a s  th e  y+ v a lu e  where th e y  were measured  

in c r e a s e d .  The f i e l d  o f  v iew  was 0 .1 9 6  x  O .I 96  in c h e s  sq u a re ,
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and. 0 .0 4  in c h e s  i n  d e p th .  The bubble c o n c e n tr a t io n  was 

q u i t e  " d ilu te "  so  t h a t  i n  any g iv e n  photograph o n ly  s e v e r a l  

b u b b les  were p r e s e n t .  Nedderman n oted  t h a t  a t  no t im e  d id  

any o f  th e  few  bubbles p r e s e n t  appear t o  be moving i n  a 

s i m i l a r  (c o n n e c te d )  f a s h io n  a t  the same in s ta n ta n e o u s  

v e l o c i t y .  From t h i s  he conc lu ded  t h a t  th e  eddy s c a l e  must 

be s m a l le r  than  th e  f i e l d  o f  v iew . F i n a l l y ,  he r e p o r te d  

t h a t  on a few o c c a s io n s  he saw two p a r t i c l e s ,  one d i r e c t l y  

behind the o th e r  ( t h a t  i s ,  a t  a d i f f e r e n t  d ep th  a lo n g  the  

l i n e  o f  s i g h t ) ,  w ith  th e  one a t  a g r e a t e r  y+ p o s i t i o n  moving 

more s lo w ly  than th e  one a t  the s m a l le r  y+ p o s i t i o n .

To th e  e x t e n t  t h a t  a com parison can be made, th e s e  

r e s u l t s  agree  w ith  the  o b s e r v a t io n s  o f  t h i s  p r e s e n t  s tu d y .

The r e p o r t  o f  a d i s tu r b e d  m otion  a t  a y+ = 1 compares w ith  

the ob served  a c t i v i t y  a t  y+ = 2  or l e s s .  A d d i t i o n a l ly ,  the  

in c r e a s in g  d e v i a t io n  o f  th e  in s ta n ta n e o u s  v e l o c i t y  d i s t r i 

b u t io n  w ith  in c r e a s in g  y + p o s i t i o n  o ver  the range 0  ■< y+ :£ 3 0 , 

co rresp o n d s to  th e  in c r e a s e  i n  tu r b u le n t  a c t i v i t y  i n  t h i s  

r e g io n  o b serv ed  i n  the p r e s e n t  s tu d y .  The maximum s c a l e  o f  

the  e d d ie s  w i t h in  t h i s  r e g io n ,  as determ ined  by Nedderman, 

agree  i n  m agnitude w ith  th e  observed  s c a l e  o f  0 . 0 3  t o  0 . 0 6  

in c h e s  wide by 0 .0 1  to  0 .0 3  in c h e s  d e e p .  Of c o u r s e ,  the use  

o f  s t i l l  photography and the  " d i lu te "  bubble c o n c e n t r a t io n  

p rec lu d ed  any m easurem ents by Nedderman o f  a  f i n e  s c a l e d  

m otion  or tim e dependent e f f e c t s .  The u n u su a l b e h a v io r  o f
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th e  two b u b b les  w ith  i n v e r t e d  in s ta n t a n e o u s  v e l o c i t i e s  

r e p o r te d  by Nedderman can e a s i l y  be e x p la in e d  by th e  "two 

l a y e r  v e l o c i t y "  e f f e c t  d i s c u s s e d  p r e v i o u s l y .

A lthough no c o n c lu s io n  r e g a r d in g  th e  e x i s t e n c e  o f  a  

"spanw ise"  or p e r ip h e r a l  p a t t e r n  o f  l o n g i t u d i n a l  v e l o c i t y  

e le m e n ts  c o u ld  be reach ed  i n  th e  p r e s e n t  s tu d y ,  some o th e r  

i n v e s t i g a t o r s  r e p o r t  r e s u l t s  which g i v e  su p p o rt  t o  the c o n c e p t .

R ic h a r d so n  and B e a t ty  (49 ) examined th e  d is p la c e m e n t  

o f  a u n ifo r m ly  dyed l i q u i d  by an undyed l i q u i d  i n  a v e r t i c a l  

tu b e ,  and found a r e g u la r  d i s t r i b u t i o n  o f  l o n g i t u d i n a l  

s t r e a k s  o f  h ig h  and low dye c o n c e n tr a t io n  about t h e  p e r ip h e r y  

o f  the t u b e .  They e s t im a t e d  t h a t  t h e s e  s t r e a k s  o c cu rr ed  

w i t h i n  a y+ = 5 d i s t a n c e  from th e  w a l l .

H opkins, K ea t in g , and B a n d e t t in i  ( 2 1 ) ,  w h i l e  s tu d y in g  

th e  su p e r s o n ic  a i r f l o w  over  a f l a t  p l a t e ,  a l s o  o b ta in e d  

i n d i c a t i o n s  o f  a  sp a n w ise  d i s t r i b u t i o n  in  th e  form  of  

l o n g i t u d i n a l  s t r e a k s .  They o b ser v ed  t h e s e  by p h otograp h in g  

th e  s u r f a c e  o f  th e  p l a t e  in  u l t r a v i o l e t  l i g h t  a f t e r  i t  f i r s t  

had been c o a te d  w ith  a f l u o r e s c e n t  d y e .  The sp a c in g  

d e c r e a s e d  w ith  i n c r e a s i n g  R eynolds number, and was g e n e r a l l y  

o f  th e  o r d e r  o f  2 . 5  t im e s  th e  boundary l a y e r  t h i c k n e s s .

The p r e c e d in g  a r e  e s s e n t i a l l y  a l l  t h e  v i s u a l  s t u d i e s  

w h ich  have a d i r e c t  r e l a t i o n s h i p  t o  th e  p r e s e n t  i n v e s t i g a t i o n .  

There a r e ,  how ever, a  few  s t u d i e s  w h ich , w h i le  n o t  d i r e c t l y  

r e l a t e d ,  a re  o f  i n t e r e s t .  These a re  concerned  p r im a r i ly  

w it h  t r a n s i t i o n .



Hama, Long, and H egarty  (15 )  s t u d ie d  th e  m otio n s  o f  a 

dye stream  which was i n j e c t e d  through a s l i t  on th e  s u r fa c e  

o f  a f l a t  p l a t e  which was towed through  w a te r .  A t r i p  w ire  

a t ta c h e d  to  the  p la t e  was u sed  to  produce a d is tu r b a n c e  in  

an o th e r w is e  lam inar  f lo w .  At f i r s t  o n ly  a tw o -d im e n s io n a l  

v o r te x  l i n e  was shed from th e  w ir e ,  and i t  d id  n o t  d e v e lo p  

f u r t h e r .  Upon in c r e a s in g  th e  tow ing  sp eed , the  tw o-d im en

s i o n a l  d is tu r b a n c e  was ob serv ed  to  d e v e lo p  a sp anw ise  w a v i

n e s s  which i n t e n s i f i e d  as the d is tu r b a n c e  moved downstream.

At s u f f i c i e n t l y  h ig h  tow ing  sp e e d s ,  t h i s  now th r e e -d im e n 

s i o n a l  v o r te x  l i n e  was ob served  to  g r a d u a l ly  d e v e lo p  a lo o p 

l i k e  s t r u c t u r e  w ith  th e  t i p  o f  the  lo o p  u s in g  up o f f  o f  the  

p la t e  s u r f a c e .  The lo o p  c o n t in u ed  to  r i s e  and underwent 

a c c e l e r a t i o n  and s t r e t c h i n g  u n t i l  i t  was caused  to  "neck 

down" j u s t  below the t i p  which by t h i s  tim e e x ten d ed  w e l l  

i n t o  th e  boundary l a y e r .  Prom the r e g io n  o f  th e  necked down 

a r ea , b u r s t s  o f  f l u i d  moving outward from th e  lo o p  o ccu rred  

which d is r u p t e d  the lo o p .  Hama (14 ) fu r th e r e d  the i n v e s t i g a 

t i o n  by s u b s t i t u t i n g  a v i b r a t in g  r ib b o n  f o r  the  w ir e .  H is  

r e s u l t s  were s i m i la r  t o  th e  o th e r  s t u d y .  S in c e  the r ib b o n  

v ib r a t e d  i n  a v e r t i c a l  p la n e ,  two v o r te x  l i n e s  were sh ed ,  

one a t  each  change o f  d i r e c t i o n .  Only th e  one shed i n t o  the  

a r ea  o f  h ig h  sh ea r  showed the  developm ent i n t o  the lo o p  

s t r u c t u r e .  Hama d e v o te s  a number o f  a r t i c l e s  t o  a d i s c u s s i o n  

o f  th e s e  m a t te r s ,  but th e y  w i l l  n o t  be t r e a t e d  h e r e .
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Weske ( 7 1 ) i n v e s t i g a t e d  the deve lop m en t o f  v o r t e x  

s t r u c t u r e s  s i m i l a r  t o  the  above f o r  p ip e  f l o w  by u s in g  a t r i p  

w ire  and dye i n j e c t i o n .  In  g e n e r a l  h i s  o b s e r v a t io n s  were in  

agreem ent w ith  Hama's.

I n d i r e c t  s t u d i e s

The i n d i r e c t  approach  to  d e te r m in in g  th e  n a tu re  o f  the  

f l u i d  m otion  i n  the  w a l l  r e g i o n  was m en tion ed  in  th e  i n t r o 

d u c t io n  s e c t i o n .  At t h a t  tim e the d i f f i c u l t y  o f  d e c id in g  

w hich among th e  many m odels m ost n e a r ly  r e p r e s e n te d  th e  

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

in fo r m a t io n  from a n o th e r  so u r c e  to  a c c o m p lish  t h i s  was men

t i o n e d .  Now t h a t  t h i s  in fo r m a t io n  i s  a v a i l a b l e  from the  

p r e s e n t  s tu d y ,  th e s e  m odels may be d i s c u s s e d .  The d a ta  o f  

t h i s  s tu d y  a r e  n o t o f  a n a tu re  which p r e s e n t s  a q u a n t i t a t i v e  

t e s t  o f  the  agreem ent o f  t h e s e  m odels w ith  th e  r a t e  o f  

t r a n s p o r t .  T h is  typ e  o f  d a ta  i s  n o t what i s  needed s i n c e  

t h e i r  agreem ent w ith  e x p e r im e n ta l  t r a n s p o r t  d a ta  has a lr e a d y  

been d em on stra ted  by th e  v a r io u s  a u t h o r s .  I n s t e a d ,  th e  p r e s 

e n t  d a t a  i n v i t e  a com p arison  betw een th e  p h y s i c a l  s i t u a t i o n  

as r e v e a le d  by i t ,  and the  one assumed in  th e  d i f f e r e n t  

m o d e ls .  This d i s c u s s i o n  i s  n o t  meant t o  be a c r i t i q u e  o f  th e  

e n t i r e  f i e l d  s i n c e  t h a t  i s  beyond th e  sco p e  o f  t h i s  work. 

There are  a number o f  rev iew  a r t i c l e s  by Sherwood ( 5 6 ) ,  

H a r r io t t  ( 1 7 ) ,  P e r lm u tte r  ( 4 3 ) ,  Johnson e t  a l . ( 2 3 ) ,  w hich  

e f f e c t i v e l y  a c c o m p lish  t h i s  a im .
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The a r t i c l e s  t o  be d i s c u s s e d  can a r b i t r a r i l y  be 

d iv i d e d  i n t o  two g r o u p s .  One group g i v e s  r a t h e r  d e t a i l e d  

p h y s i c a l  m odels  from which c e r t a i n  m a th e m a tic a l  r e l a t i o n s  

are  dedu ced , which are  s u b s e q u e n t ly  t e s t e d  a g a i n s t  e x p e r i 

m e n ta l  d a t a .  Hie o th e r  group  g i v e s  no e x p l i c i t l y  s t a t e d  

p h y s i c a l  m odel e x c e p t  t h a t  im p l ie d  by th e  n a tu re  o f  th e  

m a th e m a tic a l  r e l a t i o n s ,  assumed or e m p i r i c a l l y  d edu ced ,  

r e g a r d in g  th e  eddy t r a n s p o r t  c o e f f i c i e n t .

C o n s i d e r in g  t h e s e  l a t t e r  f i r s t ,  t h e  a n a l y s e s  by  

T a y l o r  ( 1 1 ) ,  Van Karman ( 7 ° ) j S u m m e rf ie ld  ( 6 0 ) ,  and  D e i s s l e r  

and  E i a n  (7 )  a l l  g av e  r e a s o n a b l e  a g re e m e n t  w i t h  e x p e r i m e n t a l  

d a t a  p r o v i d e d  th e  N ot v a lu e  i s  n e a r  u n i t y  (Nee I s e i t h e r  t h e  

S c h m id t  o r  P r a n d t l  n u m b e r ) . I f  i t  i s  n o t ,  t h e  r e l a t i o n s  

f a i l .  N e a r l y  a l l  w h ich  f a i l  a t  l a r g e  v a l u e s  o f  N e t d °  n ° t  

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

y+-< 5» They u s u a l l y  assum ed  t h e  t r a n s p o r t  h e r e  was by  

p u r e l y  m o le c u l a r  m eans, and  t h a t  e d d y  d i f f u s i v i t y  o n l y  was a  

f a c t o r  o u t s i d e  o f  t h i s  r e g i o n .  L a t e r  a n a l y s e s ,  u s in g  q u i t e  

s i m i l a r  a p p ro a c h e s  a s  t h e  above  b u t  a l l o w i n g  i n  some f a s h i o n  

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

more s u c c e s s f u l  a t  p r e d i c t i n g  e x p e r i m e n t a l  d a t a  o v e r  a  w ide  

r a n g e  o f  Nat • L in ,  M o u lto n , and  Putnam  (3 4 )  i n t r o d u c e d  an  

a ssu m ed  f u n c t i o n  € =  (y +/ 1 4 . 5 ) ^  f o r  t h e  v a l u e  o f  t h e  ed d y  

d i f f u s i v i t y  i n  t h e  r e g i o n  o f  y+ ^. 5* F o r  t h e  r e g i o n  

5 y+ s£. 33 t h e y  d i f f e r e n t i a t e d  t h e  g e n e r a l i z e d  v e l o c i t y
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p r o f i l e  r e l a t i o n  and u s in g  the  u s u a l  t e c h n iq u e s ,  i . e . ,  where

£ /&* = y+/ 5  -  0 .9 59*  F o r  th e  r e g i o n  o f  y+ 5*33* t h e y  u sed  

R e y n o ld s  a n a lo g y .  The r e l a t i o n  t h e y  o b t a i n e d  gave  r e s u l t s  

w h ich  a g r e e d  w e l l  f o r  g a s e s  w i t h  Ngc = *5^ -  1 .3 6 ,  and  f o r  

l i q u i d s  o f  Ngc = 320 -  3 2 0 0 . They m ea su re d  e x p e r i m e n t a l  

c o n c e n t r a t i o n  p r o f i l e s  w hich  a l s o  a g re e d  w i th  t h e i r  p r e d i c t e d  

p r o f i l e s .

D e i s s l e r  (6 )  used  a s i m i l a r  approach and in tr o d u c e d  an
2

e m p ir ic a l  r e l a t i o n  f o r  6 i n  the  s u b la y e r ,  t  = n2 u y ( l - e —  -u-̂ ) 

w ith  n = 0 .1 2 4 .  H is r e l a t i o n  gave  e x c e l l e n t  agreem ent w ith  

e x p e r im e n ta l  d a ta ,  and a t  la r g e  Ngc i s  one o f  th e  b e s t .  

Murphree (39 ) and Rannie (46) a l s o  d e v e lo p ed  e x p r e s s io n s  

which are  s u c c e s s f u l  a t  h ig h  v a lu e s  o f  Ngc .

Johnson, M arangozis , and Trass (2 3 )  examined th e  

v a r io u s  r e l a t i o n s h i p s  proposed , and upon f i n d in g  t h a t  he 

co u ld  n o t  choose  among them on th e  b a s i s  o f  v e l o c i t y  p r o f i l e  

d a ta  a ttem p ted  a s e l e c t i o n  u s in g  mass t r a n s f e r  d a t a .  He 

found th e  b e s t  agreem ent w ith  D e i s s l e r ' s  r e l a t i o n  f o r  

Ngc ^  100, but n o ted  t h a t  o th e r  t h e o r i e s  based on q u i t e  

d i f f e r e n t  a ssu m p tio n s  a l s o  s a t i s f i e d  th e  d a t a .  They remarked  

th a t  agreem ent o f  th e  r e l a t i o n  w ith  mass t r a n s f e r  d a ta  was 

not a  s a t i s f a c t o r y  c r i t e r i a  f o r  s e l e c t i o n  o f  th e  proper  

r e l a t i o n  or m odel. Part o f  th e  d i f f i c u l t y ,  o f  c o u r s e ,  a r i s e s  

from th e  f a c t  th a t  the  v a lu e  o f  £ i s  u s u a l l y  s e l e c t e d  t o

th e y  o b ta in e d  the  r e l a t i o n
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g i v e  good agreem ent w i th  the d a t a .  V ie t h ,  P o r te r ,  and 

Sherwood (6 8 )  p o in te d  o u t  th a t  th e s e  r e l a t i o n s  g iv e  a v a lu e  

f o r  th e  t r a n s f e r  c o e f f i c i e n t  w h ich  i s  d epend en t on IF, 
w hereas th e  d a ta  are  d epend en t upon f .

The m ost im p o r ta n t  f e a t u r e  o f  ea ch  o f  th e  s u c c e s s f u l  

a n a ly s e s  i s  t h a t  th e y  have p ro v id ed  f o r  the  p r e se n c e  o f  an 

eddy d i f f u s i v i t y  or  tu r b u le n t  f l u c t u a t i o n  w i t h i n  th e  su b la y e r  

r e g i o n .  For la r g e  v a lu e s  o f  N^, , e v e n  a v e r y  sm a l l  f l u c t u a 

t i o n  i n  t h i s  r e g io n  can be v e r y  im p ortan t s i n c e  m o le c u la r  

d i f f u s i v i t y  i s  lo w . The r e s u l t s  o f  th e  p r e s e n t  r e s e a r c h  

c l e a r l y  show th a t  a f l u c t u a t i o n  does e x i s t  w i t h i n  th e  sub

l a y e r  r e g io n ,  and to  t h a t  e x t e n t  th e y  agree  w ith  th e  above 

r e l a t i o n s .  No e s t im a t e  o f  the v a lu e  o r  form o f  6 depend en cy  

on y+ , e x c e p t  t h a t  i t  d e c r e a s e s  as y+ d e c r e a s e s ,  c a n  be 

deduced from  the o b s e r v a t io n s .

The se c o n d  g ro u p  a p p r o a c h in g  t h i s  p ro b le m  a t t e m p t e d  

t o  a v o id  t h e  d i f f i c u l t y  o f  e v a l u a t i n g  an  e d d y  d i f f u s i v i t y  

i n  t h e  w a l l  r e g i o n  by  c r e a t i n g  r a t h e r  d e t a i l e d  p e n e t r a t i o n -  

m ix in g  m o d e ls  a f t e r  t h e  f a s h i o n  o f  D a n c k w e r ts  (5 )  an d  

H ig b ie  (1 9 )  • A l l  t h e s e  m odels  g r e a t l y  s i m p l i f i e d  t h e  f l u i d  

b e h a v io r  i n  th e  w a l l  r e g i o n  i n  o r d e r  t o  o b t a i n  r e l a t i o n s  

w h ic h  w ere t r a c t a b l e .  I t  s h o u ld  be n o t e d  t h a t  t h e s e  m odels  

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

w ere  a  t o o l  f o r  d e v e l o p i n g  u s e f u l  r e l a t i o n s .
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As i n  the  p r e v io u s  c a s e s ,  th e  d i s c u s s i o n  w i l l  n o t  

t r e a t  th e  i n d i v i d u a l  m e r i t s  o f  ea ch  model w ith  reg a rd  to  

t h e i r  a b i l i t y  to  p r e d i c t  t r a n s p o r t  d a t a .  T his h as  been  done  

by th e  a u th o r s  and i n  r e v ie w  a r t i c l e s .  The i n t e n t  h ere  i s  to  

examine the  g e n e r a l  f e a t u r e s  o f  th e  m o tio n s  p r e d ic t e d  by th e  

s u c c e s s f u l  m o d e ls ,  and compare them t o  th e  o b s e r v a t io n s  made 

in  th e  p r e s e n t  s t u d y .  The aim i s  t o  d e c id e  w h ich , i f  any,  

a g r e e ,  and to  s u g g e s t  m o d i f i c a t i o n s  w hich w i l l  c a u se  th e  

m odels t o  co rresp o n d  more c l o s e l y  t o  r e a l i t y .

The e x t e n s i o n  by D anckwerts (5 )  o f  H i g b i e ' s  c o n c e p ts  

r e s u l t e d  i n  th e  s u r f a c e  ren ew a l t h e o r y  w hich was th e  f o r e 

runner o f  many o f  th e  p r e s e n t  m o d e ls .  In  i t  he proposed

t h a t  th e  s u b la y e r  o f  f l u i d  a t  a  boundary, w hich was u s u a l l y

h e ld  to  be d e v o id  o f  t u r b u le n t  f l u c t u a t i o n s  was p e r i o d i c a l l y  

d is t u r b e d  by the  p e n e t r a t i o n  i n t o  th e  boundary o f  f l u i d  

e le m e n ts  o r i g i n a t i n g  w i t h i n  th e  b u lk  s trea m  and p o s s e s s in g  

t h a t  c o n c e n t r a t i o n .  Once a t  th e  boundary, e q u i l ib r iu m  

betw een  th e  boundary and th e  s u r f a c e  o f  th e  e le m e n t  i n  c o n 

t a c t  was assumed t o  o ccu r  im m e d ia te ly ,  and t r a n s f e r  i n t o  th e  

e le m e n t  was to  p roceed  by u n s te a d y  s t a t e  m o le c u la r  d i f f u s i o n .  

A ft e r  a random tim e o f  c o n t a c t ,  th e  e le m e n t  was r e p la c e d  by

a new one, and i t  r e tu r n e d  t o  th e  b u lk  s tr e a m . The r a t e  o f

ren ew a l was d ep en d en t upon hydrodynamic c o n d i t i o n s  and 

geom etry , and a d i s t r i b u t i o n  f u n c t i o n  f o r  th e  r a t e  o f  e le m e n t  

r en ew a l or  age was p r o p o se d .
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H a n r a tty  (16 ) p roceed ed  a lo n g  t h e s e  same l i n e s  and 

t e s t e d  D a n ck w erts1 m odel a g a i n s t  mass t r a n s f e r  d a ta  by 

e v a lu a t in g  th e  r a te  o f  s u r f a c e  ren ew a l term s u s in g  mass t r a n s 

f e r  d a ta  from a d i f f e r e n t  s o u r c e .  He found good agreem ent  

w it h  th e  d a ta  o f  L in , Putnam, and M oulton ( 3 4 ) .  He a l s o  

ex te n d ed  the a n a l y s i s  t o  momentum t r a n s f e r  by making a la r g e  

number o f  s i m p l i f y i n g  a s s u m p t io n s .  D e s p i t e  t h i s ,  he found  

f a i r  agreem ent f o r  th e  v e l o c i t y  p r o f i l e  p r e d ic t e d  by t h i s  

method and e x p e r im e n ta l  p r o f i l e s .

Toor and M a rch e llo  ( 6 3 ) e x te n d ed  t h e s e  c o n c e p ts  t o  

p erm it  a s t e a d y  s t a t e  c o n c e n t r a t io n  g r a d ie n t  to  become 

e s t a b l i s h e d  w i t h i n  s u r f a c e  e le m e n ts  o f  s u f f i c i e n t  a g e .  Thus 

t h e i r  a n a l y s i s  p e r m it te d  m o le c u la r  d i f f u s i o n  t o  p roceed  i n t o  

the  e le m en t  by e i t h e r  the  u n s te a d y  s t a t e  or s t e a d y  s t a t e  

r a t e  dep en d in g  upon th e  age d i s t r i b u t i o n  o f  th e  e le m e n t s .

As b e f o r e ,  t h i s  d i s t r i b u t i o n  was r e l a t e d  to  th e  hydrodynam ics  

o f  th e  sy s te m . For a  g i v e n  geo m etry , th e y  o b ser v ed  l i t t l e  

e f f e c t  on t r a n s p o r t  i f  th e  s u r f a c e  ren ew a l o c cu rr ed  random ly  

or a t  an a v e ra g e  a g e .  U s in g  an av era g e  age approach , t h e y  

found f o r  w a te r  a t  N^e = 1 0 , 0 0 0  and 5 0 , 0 0 0  a  ren ew a l r a t e  o f  

0 . 2 1  s e c - 1  and 3 . 6  s e c  r e s p e c t i v e l y .

The abov e  p r o p o s a l s  a l l  p e r m i t t e d  a  b a s i c a l l y  l a m i n a r  

s u b l a y e r  t o  be p e r i o d i c a l l y  d i s t u r b e d  b y  f l u i d  e le m e n t s  

w h ich  e n t e r e d  i t  f ro m  p o s i t i o n s  f u r t h e r  o u t  i n  t h e  f lo w ,  and 

w h ich  p e n e t r a t e d  t o  t h e  w a l l .  At t h e  w a l l  t h e y  r e p l a c e d  th e
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f l u i d  e le m e n ts  a lr e a d y  t h e r e .  These new e le m e n ts  were  

assumed to  have the  h u lk  stream  c o n c e n t r a t i o n .

These m odels d i f f e r  b a s i c a l l y  from th e  o b se r v e d  s i t u 

a t i o n  i n  two w a y s . F i r s t ,  i t  was ob serv ed  t h a t  th e  f l u i d  

e le m e n ts  d id  n o t  p e n e t r a t e  to  th e  w a l l  a t  a l l  t im e s ,  but p e n e 

t r a t e d  t o  v a r io u s  d e p th s  o f  th e  s u b la y e r .  S e c o n d ly ,  a lth o u g h  

th e  above m odels  p e r m it te d  th e  b u lk  t r a n s p o r t  o f  mass by th e  

e le m e n t  r ep la c em e n t  mechanism, th e  t r a n s p o r t  i n t o  and through  

th e  f l u i d  e le m e n ts  was c o n s id e r e d  to  be by m o le c u la r  means 

o n ly .  In  the  p r e s e n t  s tu d y  i t  was q u i t e  a p p a ren t  t h a t  the  

f l u i d  e le m e n ts  were h i g h l y  d i s tu r b e d  w i t h in  t h e m s e lv e s ,  and 

t h a t  th e  s u b la y e r  f l u i d  i t s e l f  was somewhat d i s t u r b e d .

An approx im ate  com parison  b etw een  th e  ren ew a l r a t e  

r e p o r t e d  by Toor and M a rc h e llo  ( 6 3 ) and th e  e j e c t i o n  f r e 

quency  o f  the  p r e s e n t  s tu d y  may be made. At Nr6 = 5 0 ,0 0 0  

and 2 0 ,0 0 0 ,  th e  e j e c t i o n  fr e q u e n c y  was 4 .3  s e c - "'' and 

O. 8 3  s e c -1  r e s p e c t i v e l y .  H a r r io t t  ( 1 8 ) f e l t  t h a t  Toor and 

M a r c h e l lo fs c o n t a c t  t im e  o f  6 . 2  se c o n d s  was to o  g r e a t  and 

s u g g e s t e d  a much h ig h e r  r a t e  o f  s u r f a c e  r e n e w a l .  S in c e  th e  

c o n t a c t  tim e o f  6 .2  se co n d s  i s  d i r e c t l y  r e l a t e d  to  th e  

r en ew a l r a t e  o f  0 .2 1  s e c - 1  by th e  form  o f  th e  d i s t r i b u t i o n  

f u n c t i o n  assum ed, th e  r e s u l t s  o f  th e  p r e s e n t  s tu d y  ten d  t o  

su p p o r t  Toor and M a r c h e l lo 1s  e s t im a t e  o f  c o n t a c t  t im e i f  

b oth  t h e y  and H a r r io t t  were c o n s id e r in g  s i m i l a r  m o d e ls .  'B iis  

i s  n o t  m eant t o  im p ly  t h a t  th e  m odel i s  s u p p o r te d .
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Many a u th o rs  have n o ted  t h a t  th e  above m o d e ls ,  w h i le  

t h e y  y i e l d  r e l a t i o n s  w hich a g ree  w ith  th e  mass t r a n s f e r  d a ta  

o v e r  a g iv e n  ra n ge , p r e d i c t  f o r  la r g e  Ngc v a lu e s  t h a t  th e  

o v e r - a l l  t r a n s f e r  c o e f f i c i e n t  w i l l  depend on th e  m o le c u la r  

d i f f u s i v i t y  term , D0 or D s, t o  th e  0 .5  power. E x p er im e n ta l  

d a ta  have shown t h i s  dependency  to  be t o  th e  0 . 7  or 0 . 8  

power a t  la r g e  Ngc•

More r e c e n t  a r t i c l e s  have proposed  com plex m odels  

w hich a v o id  t h i s  d i f f i c u l t y  and which i n  some r e s p e c t s  

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

M arch e llo  and Toor ( 3 6 ) proposed  f o r  low tu r b u le n c e  

f l o w s  t h a t  a low o r d e r  o f  tu r b u le n c e  e x i s t e d  i n  th e  s u b la y e r  

r e g i o n  w h ich  ca u sed  l o c a l  m ix in g  r a t h e r  th a n  g r o s s  d i s p l a c e 

ment o f  th e  e le m e n t s .  The fr e q u e n c y  and p o s i t i o n  w i t h i n  th e  

s u b la y e r  o f  th e  m ix in g  was made d ep en d en t upon hydrodynam ic  

c o n d i t i o n s .  The a c t u a l  m ix in g  p r o c e s s  was c o n s id e r e d  to  

o c cu r  random ly. The m ix in g  p r o c e s s  was c o n f in e d  t o  th e  

r e g io n ,  and no b u lk  t r a n s p o r t  by e le m e n ts  moving out o f  the  

r e g i o n  was p e r m it t e d .  T h is  meant t h a t  th e  t r a n s p o r t  from  

t h e  w a l l  t o  th e  m ix in g  r e g io n  and from th e  o u te r  boundary  

o f  th e  m ix in g  r e g io n  to  th e  main s trea m  was by u n s te a d y  s t a t e  

m o le c u la r  means o n l y .  The f u n c t i o n  o f  th e  m ix in g  r e g i o n  was 

t o  s t e e p e n  th e  c o n c e n t r a t io n  g r a d ie n t  l o c a l l y ,  and th u s  

enhance th e  m o le c u la r  t r a n s p o r t .  T h is m ix in g  a l s o  p r e v e n te d  

a s t e a d y - s t a t e  c o n c e n t r a t io n  g r a d ie n t  from fo rm in g .
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The i n c l u s i o n  o f  a random m ix in g  zone w i t h in  th e  sub

la y e r  i s  an improvement over  th e  o th e r  m o d e ls , bu t th e  

e l i m i n a t i o n  o f  th e  bu lk  f l u i d  e le m e n ts  from th e  reg ion *  and 

th e  a ssu m p tion  t h a t  t r a n s p o r t  i s  b a s i c a l l y  by m o le c u la r  

means o n ly  i s  a t  v a r ia n c e  w ith  th e  p r e s e n t  s t u d y .  At low 

tu r b u le n c e  l e v e l s ,  the  l a c k  o f  b u lk  e le m en ts  i s  not to o  

s e r i o u s .

H a r r io t t  (18) proposed a model where th e  f l u c t u a t i n g  

f l u i d  e le m e n ts  d id  not p e n e tr a t e  to  the  w a l l ,  but p e n e tr a te d  

to  v a r y in g  d i s t a n c e s  from the  w a l l  i n  th e  su b la y e r  r e g io n .

He proposed th a t  th e s e  e le m e n ts  swept a l l  th e  f l u i d ,  up to  

th e  maximum depth  o f  p e n e t r a t io n ,  out i n t o  th e  main stream ,  

and r e p la c e d  t h i s  f l u i d  by f l u i d  o f  b u lk  stream  c o n c e n tr a 

t i o n .  Thus, the p e n e tr a t in g  e le m en ts  n o t  o n ly  cau sed  a bu lk  

t r a n s p o r t ,  but s te e p e n e d  the  c o n c e n tr a t io n  g r a d ie n t  and 

t h e r e f o r e  enhanced th e  m o le c u la r  tr a n s p o r t  p r o c e s s . The 

t r a n s f e r  o f  mass i n t o  th e  e le m e n ts  and du rin g  the  i n t e r v a l s  

betw een e le m en ts  was by m o le c u la r  means o n ly  f o r  b o th  the  

w a l l  r e g io n  and ou t to  i n f i n i t y .  The p e n e t r a t in g  e le m en ts  

were th o u g h t to  o r i g i n a t e  from v a r io u s  l o c a t i o n s  beyond  

y+ = 5 , and had un iform  c o n c e n tr a t io n s  eq u a l t o  t h a t  o f  the  

b u lk  strea m .

The order o f  c o m p le x ity  o f  t h i s  model i s  g r e a t .  I t  

n o t  o n ly  a l lo w s  a random d i s t r i b u t i o n  o f  e lem en t  a g e s ,  but  

by h a v in g  th e s e  e le m e n ts  p e n e tr a te  t o  d i f f e r e n t  d e p th s  th e y
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c a u se  d i f f e r e n t *  random ly d i s t r ib u t e d *  changes i n  th e  l o c a l  

c o n c e n t r a t i o n  g r a d i e n t .  In  f i n a l  form* th e  r e l a t i o n s  were 

so  com plex t h a t  an a n a l y t i c a l  s o l u t i o n  was n o t  p o s s i b l e .  A 

n u m e r ic a l  t r i a l  and e r r o r  procedure u s in g  a computer was 

d e v i s e d  w hich produced the  r e s u l t s  f o r  a wide v a r i e t y  o f  

somewhat a r b i t r a r i l y  s e l e c t e d  in p u t  c o n d i t i o n s .  The most  

f a v o r a b le  r e s u l t s  gave  t r a n s f e r  c o e f f i c i e n t s  w hich were c o n 

s i s t e n t  w ith  e x p e r im e n ta l  d a ta  over  an Ngc range o f  1 0 0 -3 0 0 0 .  

For Nsc -  l i  th e  p r e d ic t e d  v a lu e s  were to o  h ig h  by a f a c t o r  

o f  tw o .

In  many r e s p e c t s  t h i s  model a g r e e s  b e s t  w ith  th e  

o b se r v e d  f l u i d  m o t io n s .  The random fr e q u e n c y  and d ep th  o f  

p e n e t r a t i o n ,  th e  v a r y in g  p o s i t i o n  o f  o r ig in *  and th e  b u lk  

t r a n s p o r t  o f  and by th e  f l u i d  e le m e n ts  a l l  are  c o n s i s t e n t .

The d i f f e r e n c e s  a r i s e  m a in ly  i n  th e  u se  o f  m o le c u la r  d i f f u 

s i o n  a s  th e  s o l e  means o f  t r a n s p o r t  w i t h i n  th e  e le m e n ts  and 

w i t h i n  th e  s u b la y e r  when th e r e  are  no e le m e n ts  p r e s e n t .  The 

p r e s e n t  s tu d y  c l e a r l y  shows t h a t  eddy d i f f u s i o n  i s  o c c u r r in g  

w i t h i n  any e le m e n ts  e n t e r i n g  th e  reg ion *  and t o  a l e s s e r  

e x t e n t  w i t h i n  th e  s u b la y e r .  The a ssu m p tio n  t h a t  a l l  f l u i d  

e le m e n ts  o r i g i n a t i n g  beyond y+ = 5 have b u lk  s trea m  c o n c en 

t r a t i o n  was based  upon Lin* Putnam* and M o u lto n 's  (3^) d a ta  

w h ich  showed t h i s  to  be tr u e  f o r  l i q u i d s  ( i . e . *  h ig h  Ngc ) 

b u t  n o t  so  f o r  g a s e s  or  low Ngc s i t u a t i o n s .  For t h e s e  l a t t e r *  

a s i g n i f i c a n t  c o n c e n tr a t io n  g r a d ie n t  e x i s t e d  a t  l e a s t  o u t  t o
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y+ = 1 0 . The r e s u l t  o f  such an assu m p tion  in  H a r r i o t t s  

p r o p o s a l  would be to  g i v e  to o  g r e a t  a t r a n s f e r  c o e f f i c i e n t  

f o r  low Nsc j b ecau se  th e  e le m e n ts  o r i g i n a t i n g  w i t h i n  y+ = 10 

would have a h ig h e r  c o n c e n tr a t io n  th a n  the  bu lk  s trea m .

R u c k e n ste in  (52 )  proposed  a model where th e  randomly  

o c c u r r in g  f l u i d  e le m e n ts  o n ly  o c c a s i o n a l l y  p e n e tr a te d  t o  the  

w a l l .  At o th e r  tim es th e  new e le m e n ts  s im p ly  s t r ip p e d  o f f  

th e  o u te r  p o r t io n s  o f  th e  o ld e r  e le m en ts  w hich rem ained in  

c o n t a c t  w ith  th e  w a l l .  E v e n tu a l ly ,  a new e lem en t  p e n e tr a te d  

t o  'the w a l l  and removed the o ld  e le m e n t .  As in  m ost o f  the  

p r e v io u s  c a s e s ,  the t r a n s p o r t  t o  and through the e le m e n ts  

was by m o le c u la r  p r o c e s s e s ,  and f o r  the  o ld  w a l l  e lem en t s e c 

t i o n ,  a s t e a d y - s t a t e  g r a d ie n t  i s  p e r m itted  to  become 

e s t a b l i s h e d .

E i n s t e i n  and L i (3 )  proposed  a q u i t e  d i f f e r e n t  m odel.  

They e n v i s io n e d  a p e r io d ic  grow th and d eca y  o f  th e  lam inar  

s u b la y e r .  They c o n s id e r e d  t h a t  a t  th e  b e g in n in g  o f  a c y c l e  

th e  tu r b u le n t  f lo w  ex ten d ed  t o  the w a l l ,  and as a r e s u l t  

t h a t  a v e r y  h ig h  sh ear  e x i s t e d  a t  th e  w a l l .  T his caused  the  

f l u i d  n ear  the w a l l  t o  be d e c e l e r a t e d ,  and th a t  t h i s  c o n s t i 

t u t e d  the  lam in ar  su b la y e r  w hich  c o n t in u ed  to  grow w ith  t im e .  

A f t e r  some t im e , due t o  in h e r e n t  i n s t a b i l i t i e s  and the  a c t i o n  

o f  the  t u r b u le n t  ou ter  l a y e r s ,  t h i s  su b la y e r  su d d en ly  d eg en 

e r a t e d  i n t o  tu r b u le n c e ,  and r e - e s t a b l i s h e d  the tu r b u le n t  f lo w  

t o  th e  v e r y  w a l l .  The c y c le  th e n  was r e p e a te d .  They
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attem p ted  to  measure t h i s  p e r i o d i c i t y  by m easuring p r e ssu r e  

f l u c t u a t i o n s  a t  the  w a l l .  They r ea so n ed  t h a t  t h e s e  would  

n e c e s s a r i l y  accompany any v e l o c i t y  f l u c t u a t i o n s ,  and th a t  

th e  p e r i o d i c i t y  would be more e a s i l y  ob served  i n  th e  p r e ssu r e  

than  in  th e  v e l o c i t y  f l u c t u a t i o n s .  T h eir  r e s u l t s  were not  

c o n c l u s i v e .  They o b served  a r e g u la r  p e r i o d i c i t y  i n  th e  a u t o 

c o r r e l a t i o n  curve  o f  p r e s s u r e  f l u c t u a t i o n s  f o r  one run, but 

th e y  were not a s  e v id e n t  i n  a se c o n d .

There are  d isa g r e e m e n ts  betw een  t h i s  proposed model 

and the r e s u l t s  o f  the p r e s e n t  s tu d y .  The model im p l ie s  t h a t  

la r g e  a r e a s  a re  in v o lv e d  i n  a c o n n e c te d  f a s h io n  d u rin g  the  

tu r b u le n c e  g e n e r a t io n ,  but th e  p r e s e n t  o b s e r v a t io n s  in d ic a t e  

t h a t  the  g e n e r a t io n  i s  b a s i c a l l y  l o c a l  and o f  sm a l l  s c a l e .  

A d d i t i o n a l ly ,  th e  model p ro p o ses  a d i s i n t e g r a t i o n  o f  the  

e n t i r e  s u b la y e r ,  but i t  was o b served  t h a t  th e  su b la y e r  u s u a l l y  

rem ains i n t a c t  and i s  p e r i o d i c a l l y  d i s t u r b e d .

As was s t a t e d  e a r l i e r ,  one o f  th e  p u rp oses  o f  th e s e  

com parisons was t o  a s s i s t  i n  s e l e c t i n g  th e  e x i s t i n g  model 

which m ost n e a r ly  approxim ated the p h y s i c a l  s i t u a t i o n .  I t  

would appear t h a t  H a r r i o t t ' s  (18 ) i s  i n  th e  b e s t  agreem ent,  

but ev en  i t  d i f f e r s  i n  some b a s ic  r e s p e c t s  from th e  observed  

s i t u a t i o n .  I t  i s  o f  v a lu e  t h e r e f o r e  t o  s u g g e s t  some f e a t u r e s  

t h a t  a new m odel sh ou ld  h a v e .  T his new model would in c o r p o r 

a t e  many o f  th e  b e t t e r  f e a t u r e s  o f  H a r r i o t t ' s .  In a l l  the  

p r e v io u s  m od e ls ,  the s u b la y e r  was c o n s id e r e d  to  be b a s i c a l l y



la m in a r , and t h e r e f o r e  th e  r e g io n  o f  major r e s i s t a n c e .  This  

c o n c e p t  i s  p a r t i a l l y  t r u e .  S in c e  the  prim ary r e g io n  o f  

tu r b u le n c e  g e n e r a t io n ,  and t h e r e f o r e  o f  ex trem e m ix in g ,  was 

o b ser v ed  to  be a p p r o x im a te ly  i n  th e  r e g io n  4 <■ y+ ^  3 2 , the  

r e g i o n  below  y+ = 5, a l th o u g h  somewhat d i s tu r b e d  by t h i s  

g e n e r a t i o n ,  i s  s t i l l  one o f  major r e s i s t a n c e  to  t r a n s f e r .

The d i f f e r e n c e  a r i s e s  i n  th e  f a c t  t h a t  th e  s u b la y e r  i s  n o t  

lam in ar  but i s  d i s t u r b e d ,  and t h e r e f o r e  some eddy t r a n s f e r  

w i l l  occu r  in  p a r a l l e l  w i th  th e  m o le c u la r  d i f f u s i o n .  S in c e  

th e  r e s i s t a n c e  here  i s  so  g r e a t ,  any c o n t r i b u t i o n  w hich e n 

h a n ces  t r a n s f e r  must be im p o r ta n t .  A p o in t  sh o u ld  be made 

a l s o  on th e  s i g n i f i c a n c e  o f  th e  o b s e r v a t io n  t h a t  th e  r e g io n  

o f  tu r b u le n c e  g e n e r a t io n  o c cu rs  somewhat removed from th e  

w a l l .  I f  tu r b u le n c e  were g e n e r a te d  a t  the  w a l l ,  or  t o  any  

g r e a t  e x t e n t  w i t h in  th e  s u b la y e r  r e g io n ,  th e  r e s i s t a n c e  o f  

t h i s  r e g io n  t o  t r a n s p o r t  would be d i f f i c u l t  to  e x p l a i n .  The 

new model t h e r e f o r e  would r e t a i n  th e  s u b la y e r  c o n c e p t ,  but  

would in tr o d u c e  a d e g r ee  o f  eddy d i f f u s i v i t y ,  d e c r e a s in g  w ith  

y+ , t o  promote t r a n s p o r t  in  p a r a l l e l  w ith  th e  u n ste a d y  s t a t e  

m o le c u la r  p r o c e s s .  The c o n c e p t  o f  f l u i d  e le m e n ts  from  

beyond y+ = 5 p e n e t r a t in g  t o  w i t h i n  random d i s t a n c e s  from  

th e  w a l l  would be r e t a in e d  s i n c e  I t  a g r e e s  v e r y  w e l l  w i th  

th e  o b s e r v a t i o n s .  These e le m e n t s ,  how ever, would c o v e r  

s m a l le r  r e g i o n s  o f  th e  s u b la y e r ,  so  t h a t  a t  any t im e a l a r g e r  

p o r t io n  o f  th e  s u b la y e r  would be f r e e  o f  e le m e n ts  than  t h a t
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s i z e  and l o c a l  nature  o f  the  e j e c t i o n  e le m e n t s .  In  t h i s  

r e s p e c t  th e y  d i f f e r  from th e  o th e r  s u r fa c e  ren ew a l e le m en ts  

which i n  t o t o  were r e q u ir e d  to  cover  th e  e n t i r e  s u r f a c e .

The d i f f u s i o n  through th e  e le m en ts  would be by eddy d i f f u 

s i o n  because  o f  th e  h i g h l y  a g i t a t e d  s t a t e  e x i s t i n g  w i t h in  

them. This d i f f u s i o n  would th e r e f o r e  be q u i t e  r a p id .  The 

e le m e n ts  would n ot r e t a i n  t h e i r  i d e n t i t y  f o r  any le n g t h  o f  

tim e once t h e y  p e n e tr a te d  the s u b la y e r ,  but would g r a d u a l ly  

d e c r e a s e  i n  i n t e n s i t y  o f  m otion  u n t i l  th e y  were absorbed  by 

the  s u b la y e r .  As b e fo r e ,  th e s e  e le m en ts  would a c t  to  

s t e e p e n  the  c o n c e n tr a t io n  g r a d ie n t  i n  the l o c a l  a rea  by 

b r in g in g  i n t o  i t  f l u i d  o f  much lower c o n c e n tr a t io n  from  

o u te r  r e g i o n s .  I f  n e c e s s a r y ,  th e  model c o u ld  even  perm it a 

dependency o f  the  c o n c e n tr a t io n  o f  th e s e  e le m e n ts  on p o s i t i o n  

o f  o r i g i n .  T h is would be i n  k eep in g  w ith  th e  o b s e r v a t io n  t h a t  

the  p o s i t i o n  v a r ie d  over  th e  range 5 <  y+ 1 5 , and f o r  

s u f f i c i e n t l y  low Ngc c o n d i t io n s  a c o n c e n tr a t io n  g r a d ie n t  

m ight be o p e r a t i v e .  However, in  view  o f  th e  a g i t a t e d  c o n d i

t i o n s  and th e  v a r io u s  sweeps t h a t  precede the  e j e c t i o n ,  i t  

may be t h a t  such a c o n s id e r a t io n  i s  u n n e c e s s a r y .  The e le m e n ts  

which p e n e t r a t e  th e  su b la y e r  m ight be look ed  upon as "short  

c i r c u i t s "  through  th e  r e s i s t a n t  su b la y e r  because  o f  th e  com

p a r a t i v e l y  r a p id  t r a n s p o r t  through them due t o  eddy d i f f u 

s i v i t y .  I n d i c a t i o n s  are t h a t  th e  fre q u en cy  o f  p e n e t r a t io n  

o f  e le m e n ts  I n to  th e  su b la y e r  i s  n o t v e r y  h ig h ,  and c e r t a i n l y
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l e s s  than  th e  e j e c t i o n  fr e q u e n c y .  The d u a l  t r a n s f e r  path s  

by eddy and m o le c u la r  p r o c e s s e s  through th e  s u b la y e r  c o u p led  

w it h  the  " sh o rt  c i r c u i t s "  would ten d  to  i n c r e a s e  th e  t r a n s 

p o r t  r a t e  o v er  t h a t  o f  th e  o th e r  m o d e ls .  However, s i n c e  th e  

e le m e n ts  occupy a s m a l le r  a r e a  than p r e v io u s l y ,  much more o f  

th e  t o t a l  q u a n t i t y  t r a n s f e r r e d  must do so  through  th e  su b 

l a y e r .  T h is  c o u ld  e f f e c t i v e l y  red uce  th e  r a t e  o f  t r a n s f e r .  

Taken t o g e t h e r  th e n ,  i t  d oes  n o t  seem u n re a so n a b le  t o  e x p e c t  

t h a t  the  t r a n s f e r  r a t e  which su ch  a m odel would p r e d i c t  

c o u ld  a g r ee  w ith  th e  a c t u a l  t r a n s f e r  r a t e s .  In  su ch  a m odel, 

th e  fr e q u e n c y  o f  p e n e t r a t io n  and not th e  age o f  th e  e le m e n ts  

(a l th o u g h ,  o f  c o u r s e ,  th e  two can be r e l a t e d  in  o th e r  m od e ls)  

would be th e  more im p o rta n t  v a r i a b l e .

T h is  m odel would u n f o r t u n a t e ly  in c lu d e  the v e r y  t h in g  

th e  p r e v io u s  m odels  so u g h t  to  a v o id ,  and t h a t  i s  th e  eddy  

d i f f u s i v i t y  c o n c e p t .  In  f a c t ,  i t  r e q u ir e s  two eddy d i f f u 

s i v i t y  c o e f f i c i e n t s ,  b u t a s  a f i r s t  a p p ro x im a tio n  one c o u ld  

c o n s id e r  th e  c o e f f i c i e n t  w i t h in  th e  e le m e n t  t o  be a c o n s t a n t .

Any m odel a t te m p t in g  to  in c lu d e  a l l  th e  above s u g g e s 

t i o n s  would be e x tr e m e ly  com plex, and i n  a l l  p r o b a b i l i t y  

t o t a l l y  i n t r a c t a b l e .  The s u g g e s t i o n s ,  how ever, are  o f  v a lu e  

b eca u se  t h e y  i n d i c a t e  th e  n a tu re  t h a t  any m odel h o p in g  to  

r e f l e c t  th e  tru e  n a tu re  o f  s u b la y e r  r e g io n  m ust h a v e .

W hile m ost o f  th e  d i s c u s s i o n  has been i n  term s o f  mass 

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

e v e r ,  the  e x t e n s i o n  o f  t h e s e  id e a s  to  momentum t r a n s f e r
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r e q u i r e s  s p e c i a l  c o n s i d e r a t i o n s .  H a n r a t t y  (1 6 )  and H in z e  

(20 )  d i s c u s s  some o f  t h e s e  c o n s i d e r a t i o n s .

R e i s s  and  H a n r a t t y  (43) and  more r e c e n t l y  VanShaw and 

H a n r a t t y  ( 6 7 ) m e a su re d  th e  f l u c t u a t i o n  i n  c o n c e n t r a t i o n  a t  

th e  w a l l  o f  a  p i p e  i n  t u r b u l e n t  f lo w .  They u s e d  p r o b e s  

b u r i e d  i n  th e  w a l l  s u r f a c e ,  and  a  d i f f u s i o n  c o n t r o l l e d  e l e c 

t r o c h e m i c a l  r e a c t i o n .  The s m a l l e s t  p ro b e  was 0 .0 2 5 9  i n c h e s  

i n  d i a m e t e r ,  and was m o st  s e n s i t i v e  t o  f l u c t u a t i o n s  p e r p e n 

d i c u l a r  t o  th e  w a l l .  I n  e f f e c t  t h e s e  m e a su re m e n ts  w ere  

d e s i g n e d  t o  p e r m i t  some d e d u c t i o n s  c o n c e r n in g  v e l o c i t y  

f l u c t u a t i o n s .  The i n t e n s i t y  o f  m ass t r a n s f e r  c o e f f i c i e n t  

f l u c t u a t i o n  was g i v e n  a s  k V ^ / K .  They d e f i n e d  k a s  th e  

f l u c t u a t i n g  and K i s  t h e  l o c a l  mean t r a n s f e r  c o e f f i c i e n t .

T h is  r a t i o  was fo u n d  t o  be a p p r o x i m a t e l y  0 .4 7 ,  and  n e a r l y  

i n d e p e n d e n t  o f  R e y n o ld s  num ber. S in c e  i n  f u l l y  t u r b u l e n t  

p ip e  f lo w  t h e r e  i s  no l o c a l  mean v e l o c i t y  p e r p e n d i c u l a r  t o  

t h e  w a l l ,  t h i s  e x p r e s s i o n  h as  no e x a c t  c o u n t e r p a r t  i n  th e  

p r e s e n t  s t u d y .  However, i f  one assum es  t h a t  t h e  mass t r a n s 

f e r  f l u c t u a t i o n  i s  due i n  l a r g e  m ea su re  t o  t h e  v e l o c i t y  

f l u c t u a t i o n  p e r p e n d i c u l a r  t o  t h e  w a l l ,  some c o m p a r is o n s  a r e  

p o s s i b l e .  F i r s t ,  t h e  p r e s e n c e  o f  su ch  a  f l u c t u a t i o n  a t  th e  

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

r i n g  a t  t h e  w a l l .  S e c o n d ly ,  t h e r e  i s  t h e  in d e p e n d e n c e  o f  t h i s  

i n t e n s i t y  w i t h  r e g a r d  t o  R e y n o ld s  num ber. S in c e  th e  l o c a l  

mean r a t e  o f  t r a n s f e r  m u s t  i n c r e a s e  w i t h  i n c r e a s i n g  R e y n o ld s
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number, th e  ind ep en dence  o f  th e  term  k ^ /2/K  t o  t h i s  number 

i m p l ie s  t h a t  k ^ /2 i s  in c r e a s i n g  p r o p o r t i o n a t e l y .  S in c e  i t  

h as a lr e a d y  been assumed by the  above a u th o r s  t h a t  th e  f l u c 

t u a t i o n  in  k"*"/2 i s  a  r e f l e c t i o n  o f  ur  f l u c t u a t i o n s ,  t h i s  th e n  

a l s o  means t h a t  ur  i s  in c r e a s i n g  w ith  R eynolds number. This 

i s  e x a c t l y  th e  same r e s u l t  t h a t  was o b ta in e d  f o r  the  p r e s e n t  

i n v e s t i g a t i o n ,  and by v e r y  s i m i l a r  r e a s o n in g .

They a l s o  r e p o r te d  t h a t  the  fr e q u e n c y  o f  f l u c t u a t i o n  

was q u i t e  low , and p r e s e n te d  a co m p o site  p l o t  o f  mass t r a n s 

f e r  c o e f f i c i e n t ,  v e l o c i t y ,  and p r e s s u r e  s p e c t r a  to  su p p o rt  

t h i s .  Of more p a r t i c u l a r  i n t e r e s t  were th e  two o s c i l lo g r a m s  

o f  th e  r a t i o  o f  l o c a l  in s ta n t a n e o u s  mass t r a n s f e r  c o e f f i c i 

e n t ,  K, to  K. One t r a c in g  was f o r  NRe = 1 9 ,7 0 0 ,  and th e  

o th e r  f o r  Njje = 4 3 ,1 0 0 .  Upon comparing th e  fr e q u e n c y  o f  

p o s i t i v e  peaks i n  th e  t r a n s f e r  c o e f f i c i e n t  o s c i l l o g r a m s  w ith  

th e  fr e q u e n c y  o f  e j e c t i o n  o c c u r r e n c e s  o f  th e  p r e s e n t  s tu d y ,  

one f i n d s  a v e r y  good a g reem en t . The o s c i l l o g r a m s  showed  

th e  peaks t o  be n o n r e g u la r  i n  o c c u r r e n c e .  More im p o r ta n t ,  

th e  fr e q u e n c y  o f  p eak in g  i n c r e a s e s  w ith  NRq, and a t  com parable  

NRe a b s o lu t e  m agnitude o f  th e  f r e q u e n c y  o f  p eak in g  

a g r e e s  r a th e r  w e l l  w ith  th e  m agnitude o f  th e  f r e q u e n c y  o f  

e j e c t i o n  and the  r a t i o  compares w e l l  w i th  t h a t  o b ta in e d  by 

th e  t im in g  a n a l y s i s  o f  th e  p r e s e n t  s t u d y .  In  i n t e r p r e t i n g  

t h i s  agreem en t, i t  must be n o te d  t h a t  a u th o r s  d em o n stra ted  a 

d i s t i n c t  e f f e c t  on th e  m easurem ents due to  e l e c t r o d e  d ia m e te r .
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The l a r g e r  th e  d ia m e te r ,  th e  low er  th e  r e s o l v i n g  power o f  th e  

sy s te m .  For th e  above m easurem ents th e  e l e c t r o d e  d ia m e te r  

was 0 .0 2 5 9  i n c h e s .  T h is compares i n  m agnitude to  th e  s i z e  o f  

c o n n e c te d  movement in  an e j e c t i o n  e v e n t ,  but i s  f a r  g r e a t e r  

than  the  s c a l e  o f  th e  l e s s e r  d i s tu r b a n c e s  i n  th e  s u b la y e r .  

Thus i t  would appear t h a t  th e  e l e c t r o d e  c o u ld  r e a l l y  "see"  

o n ly  th e  l a r g e r  s c a l e d  e v e n t s  s i m i l a r  to  an e j e c t i o n .

L i (33 )  r e p o r te d  w a l l  c o n c e n t r a t io n  f l u c t u a t i o n s  

m easured w ith  a c o n d u c t i v i t y  p ro b e . S a l t  s o l u t i o n s  were 

i n j e c t e d  a t  th e  p ip e  c e n t e r l i n e  upstream  o f  th e  p ro b e . The 

probe had a w orking d im e n sio n  o f  a t  l e a s t  0 .0 1 6  i n c h e s .  He 

r e p o r te d  c o n c e n t r a t io n  f l u c t u a t i o n s  i n  th e  fr e q u e n c y  range  

o f  100 s e c  \  These r e s u l t s  are  c o n tr a r y  t o  th e  above  

m easurem ents and to  th e  r e s u l t s  o f  th e  p r e s e n t  s t u d y .

D i r e c t  s t u d i e s

I t  can  be s e e n  t h a t  as  v a lu a b le  as i n d i r e c t  a p p roach es  

may b e , i n  the  f i n a l  a n a l y s i s ,  the i n v e s t i g a t i o n  o f  th e  

n atu re  o f  th e  w a l l  r e g io n  must r e l y  upon d i r e c t  o b s e r v a t io n  

and m easurem ent. The im p ortan t  v i s u a l  s t u d i e s  have a lr e a d y  

been d i s c u s s e d .  The number o f  i n v e s t i g a t i o n s  r e p o r t in g  

q u a n t i t a t i v e  m easurem ents o f  tu r b u le n t  c h a r a c t e r i s t i c s  

w i t h i n  th e  s u b la y e r  r e g io n  i s  v e r y  l in  c d e s p i t e  th e  

acknow ledged  Im portant o f  t h i s  r e g i o n .  t?h ŝ i s  mute t e s t i 

mony t o  the  d i f f i c u l t y  o f  o b t a in in g  such  m easu rem en ts .
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Ludwieg and T illm a n  ( 3 6 ) measured l o c a l  mean v e l o c i 

t i e s  i n t o  y+ = 15 f o r  f lo w  o v er  a f l a t  p l a t e ,  and R e ic h a r d t  

(4 7 )  d id  th e  same f o r  c h a n n e l  f lo w  t o  y+ = 2 .  However, th e  

o n ly  two m easurem ents f o r  t u r b u le n t  c h a r a c t e r i s t i c s  w i t h in  

th e  su b la y e r  were made by K le b a n o ff  (26 ) i n  boundary la y e r  

f lo w ,  and L aufer  (31 ) in  p ip e  f l o w .  Both u sed  a i r  as th e  

f l u i d ,  and h ot w ir e  probes f o r  th e  m easurem ents . The 

s i m i l a r i t y  o f  t h e s e  two f lo w s  i n  th e  w a l l  r e g io n  has a lr e a d y  

been  m en tioned , and th e  r e s u l t s  o f  th e s e  s t u d i e s  c o n f irm s  i t .

L aufer  p r e s e n t e d  i n t e n s i t i e s  o f  th e  tu r b u le n t  f l u c t u 

a t i o n s  as  shown i n  F ig u r e s  29  and 3 0 .  I t  I s  c l e a r  from t h e s e  

t h a t  f l u c t u a t i n g  v e l o c i t i e s  f o r  a l l  th r e e  components occu r  

w e l l  w i t h i n  th e  s u b la y e r .  F ig u re  29  shows t h a t  a  maximum in  

th e  u ' / u *  d i s t r i b u t i o n  o c cu rs  a t  a p p r o x im a te ly  y+ = 15.

Even a t  y+ = 1 .5  th e  r e p o r te d  û . v a lu e  i s  n e a r ly  5 0$  o f  th e  

u* v a lu e  a t  NRe = 5 0 ,0 0 0 .  The o th e r  com ponents, w h i le  

s m a l l e r ,  a l l  have f i n i t e  v a lu e s  w e l l  w i t h in  y+ = 3 which was 

th e  n e a r e s t  p o s i t i o n  t o  the  w a l l  r e p o r t e d .  F ig u re  30 shows 

t h a t  the  term u-£/Ux  h as a v a lu e  o f  a p p r o x im a te ly  5 $  from  

y+ = 10 outward to  y+ = 7 0 .  W ith in  y+ = 10 , i t s  v a lu e  

d e c r e a s e s  toward z e r o .  S in c e  t h i s  i s  the r a d i a l  component, 

i t  may be compared w i t h  the  in s ta n ta n e o u s  r a d i a l  v e l o c i t y  

f l u c t u a t i o n s  o b serv ed  i n  th e  p r e s e n t  s t u d y .  In t h i s  c a s e  

th e  v a lu e s  are o f  the  o rd er  o f  10$ t o  20$ o f  U , and some 

are  c o n s id e r a b ly  l a r g e r .  A lthou gh  t h i s  may f i r s t  appear t o  

be i n  d is a g r e e m e n t ,  i t  i s  n o t  n e c e s s a r i l y  s o .  The ob serv ed
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v a l u e s  a r e  i n s t a n t a n e o u s  v e l o c i t i e s  w h i le  t h e  u^ v a l u e s  a r e  

t im e  a v e r a g e d  v a l u e s ,  w h ich  means t h e y  i n c l u d e  t h o s e  p e r i o d s  

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

t i o n s  .

K l e b a n o f f ‘ s d a t a  a r e  s i m i l a r  t o  L a u f e r ' s  i n  a l l  

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

A lth o u g h  th e  d a t a  s u p p o r t  t h e  o b s e r v e d  p r e s e n c e  o f  

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

th e  s i g n i f i c a n c e  o f  th e  a p p e a ra n c e  o f  a  maximum i n  th e  u '
A

i n t e n s i t y  a t  y + = 15 i s  i n v i t i n g .  This maximum f a l l s  n e a r ly  

midway in  th e  r e g io n  p r e se n te d  as th e  g e n e r a t io n  zone i n  the  

p r e s e n t  s tu d y ,  7 ^  y+ ! E 3 0 .  The maximum, o f  c o u r s e ,  o ccu rs  

o n ly  i n  the  u 1 term . The o th e r  components are  d e c r e a s in g
X

a t  t h i s  p o i n t ,  and  show a s l i g h t  i n c r e a s e  w i t h  i n c r e a s i n g  

y+ p o s i t i o n .  I t  w ould  n o t  be a m iss  t o  s u g g e s t  t h a t  th e  

n a t u r e  o f  th e  i n t e r a c t i o n s  w i t h i n  t h e  g e n e r a t i o n  zone m ig h t  

c a u s e  t h e  maximum i n  t h e  u^  v a l u e ,  and  t h a t  l a t e r  a s  a  

r e s u l t  o f  th e  a c t i o n  o f  th e  acco m pany in g  p r e s s u r e  f l u c t u a 

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

com pon en ts  a s  w e l l .  H inze  (20 ) c o n s i d e r s  a  s i m p l i f i e d  c a s e ,  

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

v e l o c i t y  g r a d i e n t  c o r r e l a t i o n s  m ig h t  o c c u r  i n  j u s t  su c h  a  

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

m echan ism  f o r  th e  o r i g i n a l  g e n e r a t i o n  o f  t u r b u l e n c e .
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A n o th e r  a r e a  w here  th e  d a t a  o f  L a u f e r  and  K le b a n o f f  

and th e  o b s e r v a t i o n s  o f  th e  p r e s e n t  s t u d y  show good a g re e m e n t  

i s  i n  th e  d e c r e a s e  i n  e d d y  s i z e  w i t h  d e c r e a s i n g  d i s t a n c e  

fro m  th e  w a l l .  L a u f e r  p r e s e n t e d  a n  e n e r g y  s p e c t r u m  on a 

wavenum ber b a s i s  f o r  b o t h  t h e  ux and  ur  c o m p o n e n ts .  I n  b o th  

c a s e s  a s  t h e  r a d i a l  p o s i t i o n  o f  m ea su re m e n t  was moved to w a rd  

th e  w a l l ,  t h e r e  was a  d e f i n i t e  s h i f t  i n  t h e  w avenum ber r a n g e  

to w a rd  l a r g e r  v a l u e s ,  i . e . ,  s m a l l e r  ed d y  s i z e s .  K l e b a n o f f 1s 

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

c o n t r i b u t i o n  t o  t u r b u l e n t  e n e r g y  by t h e  low wavenum ber r a n g e  

a s  th e  w a l l  was a p p r o a c h e d .  A d d i t i o n a l  e v id e n c e  o f  t h e  same 

e f f e c t  was r e p o r t e d  by H in ze  (2 0 )  who u se d  L a u fe r* s  d a t a  f o r  

p ip e  f lo w  and c a l c u l a t e d  th e  i n t e g r a l  and  d i s s i p a t i o n  l e n g t h  

s c a l e s .  B oth  s c a l e s  showed an  I n c r e a s e  w i t h  i n c r e a s e d  d i s 

t a n c e  f ro m  th e  w a l l .

I t  m ig h t  a l s o  be n o te d  t h a t  th e  c o n c e p t  o f  i n c r e a s i n g  

ed d y  s i z e  w i th  d i s t a n c e  from  t h e  w a l l  i s  t a c i t l y  assum ed  i n  

P r a n d t l ' s  m ix in g  l e n g t h  t h e o r i e s .

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

d i s t a n c e  from  t h e  w a l l  o f  t h e  te rm s  o f  t h e  t u r b u l e n t  e n e r g y  

e q u a t i o n .  The o n l y  t e r m  he  c o u ld  n o t  m ea su re  o r  e s t i m a t e  was 

t h e  one f o r  p r e s s u r e  e n e r g y ,  and  he c a l c u l a t e d  i t  by  t h e  

d i f f e r e n c e .  Townsend (6 6 )  c o r r e c t e d  t h e s e  p l o t s  f o r  th e  e f 

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

r e s u l t i n g  c u r v e s  f o r  t h e  b a la n c e  n e a r  th e  w a l l  a r e  p r e s e n t e d
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i n  F i g u r e  31* T h ese  c u r v e s  d r a m a t i c a l l y  i l l u s t r a t e  th e  

im p o r ta n c e  o f  t h e  r e g i o n  5 S  y+ S  2 0 .  W i th in  t h i s  r e g i o n ,  

a t  a p p r o x i m a t e l y  y+ = 1 1 .5  * t h e  p r o d u c t i o n  o f  t u r b u l e n t  

e n e r g y  i s  a  maximum a s  i s  t h e  d i s s i p a t i o n  o f  t h i s  e n e r g y .  

A d d i t i o n a l l y ,  t h e  r e g i o n  shows a  l o s s  o f  e n e r g y  by  d i f f u s i o n  

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

s i o n  o f  p r e s s u r e  e n e r g y  i n t o  i t .  A ls o ,  t h e r e  i s  a  l o s s  f ro m  

th e  r e g i o n  due t o  th e  v i s c o u s  t r a n s f e r  o f  k i n e t i c  e n e r g y  

e s p e c i a l l y  to w a rd s  th e  w a l l  i n  t h e  r e g i o n  y+ <  5* A s i m i l a r  

p l o t  f o r  t h e  r e g i o n  rem oved from  t h e  w a l l  shows t h a t  th e  

p r o d u c t i o n  and d i s s i p a t i o n  o f  t u r b u l e n t  e n e r g y  b o th  d e c r e a s e  

r a p i d l y  w i t h  i n c r e a s i n g  y+. T hese  r e g i o n s  a l s o  show a c o n 

s i s t e n t  l o s s  due t o  t h e  d i f f u s i o n  o f  p r e s s u r e  e n e r g y ,  an d  a  

c o n s i s t e n t  g a i n  due  to  t h e  d i f f u s i o n  i n t o  t h e  r e g i o n  o f  

k i n e t i c  e n e r g y  f ro m  t h e  w a l l  a r e a .  F a r  o u t  i n  th e  c o re  o f  

t h e  p i p e ,  t h e  l o s s  by d i s s i p a t i o n  i s  j u s t  v a la n c e d  by  th e  

i n f l u x  o f  k i n e t i c  e n e r g y .  The above  b a l a n c e s  a l l  p e r t a i n  t o  

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

w h i l e  p o s i t i v e  i n  t h e s e  b a l a n c e s  w ould  a p p e a r  a s  a  n e g a t i v e  

t e r m  i n  a  b a la n c e  f o r  t h e  mean f lo w  e n e r g y .  L a u f e r  o f f e r e d  

a  p l o t  show ing  how th e  l o s s  o f  t h e  mean f lo w  e n e r g y  i s  d i s 

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

s i p a t i o n ,  a n d  t h a t  w h ic h  g o e s  t o  t u r b u l e n c e  p r o d u c t i o n .  T h is  

i s  r e p r o d u c e d  a s  F i g u r e  3 2 .  The c u rv e  f o r  th e  l o s s  t o  t u r b u 

l e n c e  p r o d u c t i o n  h a s  a  maximum a t  y+ = 11.5> w h ich  n a t u r a l l y
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m ust a g r e e  w i t h  t h e  maximum p r o d u c t i o n  p o s i t i o n  f o r  t h e  

t u r b u l e n t  e n e r g y  b a l a n c e .

A q u a l i t a t i v e  c o m p a r is o n  o f  t h e  r e s u l t s  o f  L a u f e r ' s  

i n v e s t i g a t i o n  and t h o s e  o f  th e  p r e s e n t  s t u d y  show th e  two 

t o  a g r e e  v e r y  w e l l .  The r e g i o n  w here  L a u f e r  m e a su re d  t h e  

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

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

o f  t h e  p r e s e n t  s t u d y .  A d d i t i o n a l l y ,  i t  s h o u ld  be n o te d  t h a t  

th e  i n t e n s e ,  c h a o t i c  n a t u r e  and  s m a l l  s c a l e  o f  t h e  m o tio n s  

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

s i p a t i o n  o f  t h e  t u r b u l e n c e ,  and a g a i n  L a u f e r ' s  d a t a  show t h i s  

t o  be t h e  c a s e . The low r a t e  o f  t u r b u l e n c e  p r o d u c t i o n  an d  

d i s s i p a t i o n  a s  m e a su re d  by L a u f e r  f o r  th e  r e g i o n s  away from  

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

r e g i o n s  a s  o b s e r v e d  i n  th e  p r e s e n t  s t u d y .

H inze  (20 )  a f t e r  a n a l y z i n g  L a u f e r ' s  r e s u l t s ,  p ro p o s e d  

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

g r a p h i c a l  r e p r e s e n t a t i o n  i s  r e p r o d u c e d  a s  F ig u r e  33* The 

a g re e m e n t  w i t h  n a t u r e  and c o n t r i b u t i o n s  t o  t u r b u l e n c e  o b s e r v e d  

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

Some m e n t io n  s h o u ld  be made o f  K o lm o g o r o f f ' s  p r o p o s a l s  

c o n c e r n i n g  t h e  r e l a t i o n s h i p  b e tw e e n  th e  w avenum ber o f  t u r b u 

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

t h a t  t h e  l a r g e  s i z e d  e d d i e s  ( s m a l l  wavenum ber) do  n o t  l o s e  

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

o f  t h e i r  e n e r g y  t o  s m a l l e r  s c a l e  e d d i e s  by  i n e r t i a l  i n t e r a c -
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t i o n .  The t r a n s f e r  o f  e n e r g y  p r o c ee d s  down th e  s c a l e  o f  

t u r b u le n c e  t o  e d d ie s  o f  i n c r e a s i n g l y  g r e a t e r  wavenumber u n t i l  

e v e n t u a l l y  a s c a l e  i s  r ea c h e d  where th e  l o s s  o f  e n e r g y  by  

v i s c o u s  d i s s i p a t i o n  becomes s i g n i f i c a n t .  T h e r e a f t e r ,  as  th e  

wavenumber i n c r e a s e s ,  an i n c r e a s i n g l y  g r e a t e r  p o r t io n  o f  th e  

t u r b u le n t  e n e r g y  i s  d i s s i p a t e d  and l e s s  i s  t r a n s f e r r e d  t o  

th e  s m a l le r  s c a l e d  e d d i e s .  Prom t h e s e  c o n c e p t s ,  i t  i s  p o s 

s i b l e  to  d i v i d e  th e  tu r b u le n c e  s t r u c t u r e  i n t o  d i f f e r e n t  

wavenumber ra n g es  each  o f  w h ich  are d ep en d en t upon d i f f e r e n t  

p a r a m e te r s .  Thus the  v e r y  low wavenumber ra n g e s  i s  d epend en t  

upon the  f o r c e s  and c o n d i t i o n s  which produce the  la r g e  s c a l e  

e d d i e s ,  w h i le  th e  h ig h e r  wavenumber ra n g e s  a r e  i s o l a t e d  from  

t h e s e  i n f l u e n c e s  by th e  e n e r g y  t r a n s f e r  c h a in  and are  in d e 

pendent o f  them. T h is  p e r m its  th e  o b s e r v a t io n  t h a t ,  f o r  

s u f f i c i e n t l y  h ig h  Nrqj th e  h ig h  wavenumber range o f  tu r b u le n c e  

apprceches i s o t r o p y  even  though th e  a c t u a l  f lo w  may be 

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

S in c e  a p o s s i b l e  r e l a t i o n s h i p  b etw een  v e l o c i t y  f l u c t u 

a t i o n s  and p r e s s u r e  f l u c t u a t i o n s  has been  m en tio n e d , a b r i e f  

n o te  c o n c e r n in g  some m easurem ents i n  t h i s  f i e l d  i s  i n  o r d e r .

A num ber o f  a u t h o r s  h a v e  m e n t io n e d  p r e s s u r e  f l u c t u a 

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

p ip e  f lo w ,  and  s u g g e s t e d  t h a t  a  c o r r e l a t i o n  b e tw e e n  f l u c t u 

a t i n g  v e l o c i t y  a n d  p r e s s u r e  s h o u ld  e x i s t .  H ow ever, u n t i l  

S e r a f i n i  (5 5 )  no m e a su re m e n ts  o f  t h i s  c o r r e l a t i o n  w ere  m ade . 

U s in g  a i r  a t  Mach 0 .6  i n  b o u n d a ry  l a y e r  f lo w ,  S e r a f i n i
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m easured the u * -  P c o r r e l a t i o n .  He commented t h a t  the  

a*, f l u c t u a t i o n  p ro b a b ly  c o n tr ib u te d  most t o  the  w a l l  p r e s 

su r e  f l u c t u a t i o n ,  but due t o  equipm ent l i m i t a t i o n s  was unable  

t o  measure t h i s .  Of most i n t e r e s t  a l l  h i s  f i n d in g s  t h a t  

th e r e  were two d i s t i n c t  r e g io n s  o f  th e  boundary la y e r  which  

c o r r e l a t e d  b e s t  w ith  th e  w a l l  p r e ssu r e  f l u c t u a t i o n s .  One o f  

t h e s e  was the  o u te r  l i m i t s  o f  the  boundary la y e r  where i n t e r -  

m it te n c y  o c c u r r e d .  T h is  would not be a f a c t o r  f o r  p ipe  f lo w .  

The o th e r ,  and b e s t  c o r r e l a t e d  r e g io n ,  was lo c a t e d  v e r y  n ear  

th e  w a l l .  No c o n c lu s io n  r eg a r d in g  t h i s  r e s u l t  can be r ea ch ed ,  

but i t  i s  not c o n t r a d ic t o r y  to  any p r o p o s a ls  o f  th e  p r e se n t  

s tu d y .

R e la te d  ex p er im en ts

There are  some ex p er im en ts  t r e a t i n g  the t r a n s i t i o n  

from lam in ar  t o  t u r b u le n t  f lo w  f o r  boundary la y e r  f lo w s  

which show some v e r y  i n t e r e s t i n g  r e s u l t s .  These w i l l  be 

m en tioned  o n ly  b r i e f l y  b ecau se  t h e i r  b ea r in g  upon the  p r e s e n t  

s tu d y  cannot be d em on stra ted , nor i s  any im p l ie d .  The d i f 

f e r e n c e s  betw een the  two p h y s i c a l  s i t u a t i o n s  are to o  g r e a t .  

For exam ple, t h e s e  e x p e r im en ts  by K le b a n o ff ,  T idstrom , and 

S argen t (27 )  and Kovasznay, Komoda, and Yasudeva (29 ) 

examined the  e a r l y  s t a g e s  o f  t r a n s i t i o n  by d i s t u r b in g  a 

b a s i c a l l y  lam inar  f lo w  w ith  a v i b r a t in g  r ib b o n . Both groups  

o b serv ed  th e  same phenomena, which was the developm ent o f  a 

sp anw ise  d i s t r i b u t i o n  i n  the form o f  h igh  and low ILA
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v e l o c i t i e s ,  and e v e n tu a l  a m p l i f i c a t i o n  and d i s t r u p t i o n  o f  

t h i s  p a t t e r n .  At th e  p o s i t i o n  c a l l e d  the  breakdown th e  wave 

m otion  o f  th e  d is tu r b a n c e  was observed  t o  undergo an abrupt  

change accom panied by the appearance o f  a "sp ike"  or sudden  

n e g a t i v e l y  d i r e c t e d  p u ls e  i n  the h o t  w ire  m easurem ents. The 

f lo w  a t  t h i s  tim e was s t i l l  b a s i c a l l y  a d i s tu r b e d  la m in a r .  

Kovasznay e t  a l . ,  were a b le  t o  dem onstra te  th a t  t h i s  "spike"  

was r e a l l y  th e  i n t r u s i o n  o f  low v e l o c i t y  f lo w  i n t o  th e  

h ig h e r  v e l o c i t y  sh e a r  la y e r  i n  the form o f  a bump or k in k  in  

th e  sh ea r  l a y e r .  Thus the appearance o f  a n e g a t iv e  v e l o c i t y  

p u ls e  was o n ly  the  r e s u l t  o f  the probe b e in g  a l t e r n a t e l y  

exp osed  t o  a h ig h  v e l o c i t y ,  a low v e l o c i t y  bump a t  th e  same 

y+ p o s i t i o n ,  and th en  h igh  v e l o c i t y  a g a in  a s  the  f l u i d  flow ed  

p a s t  i t .  T h is  in tr u d in g  e lem en t was observed  t o  have a very  

la r g e  v e l o c i t y  outward from the p la n e ,  and to  be r a th e r  sm a ll  

i n  i t s  d im e n s io n s .  The f l u i d  ahead o f  and behind th e  upward 

moving f l u i d  was ob served  to  be moving toward th e  p lan e  but 

much more s l o w l y  and over  a la r g e r  a r e a .

There i s  o b v io u s ly  a s i m i l a r i t y  i n  th e  d e s c r i p t i o n  o f  

th e  above o c cu rr en ce  and th e  o b s e r v a t io n s  o f  th e  p r e s e n t  

s t u d y .  However, t h i s  s i m i l a r i t y  may v e ry  w e l l  be o n ly  a 

r e s u l t  o f  s u p e r f i c i a l  c o in c id e n c e s  and may n o t  r e f l e c t  any  

d eep er  r e l e v a n c y .  At p r e s e n t  the in fo r m a t io n  about e i t h e r  

p r o c e s s  i s  to o  meager to  p erm it any c o n c lu s io n s ,  and i n  view  

o f  the  v a s t  d i f f e r e n c e s  betw een the two p h y s i c a l  s i t u a t i o n s  

any f u r t h e r  s p e c u l a t i o n  would be m ost h a za rd o u s .



RECAPITULATION

The p re ce d in g  d i s c u s s i o n  has dem onstrated  th a t  the  

n atu re  o f  th e  -wall r e g io n  i n  t u r b u le n t  p ip e  f lo w  as r e p o r te d  

i n  t h i s  s tu d y  i s  co m p a tib le  w ith  th e  r e s u l t s  r e p o r te d  by 

numerous o th e r  i n v e s t i g a t o r s  who used  q u i t e  d iv e r s e  methods 

o f  s tu d y .  In  many c a s e s  where a com parison o f  s p e c i f i c  

f e a t u r e s  or measurements was p o s s i b l e ,  th e r e  was good  

agreem en t. I t  i s  p a r t i c u l a r l y  im p ortan t t o  note  th a t  the  

agreem ent q u i t e  o f t e n  occu rred  betw een  m easurem ents, f o r  th e  

same f e a t u r e ,  t h a t  were ob ta in ed  by v e r y  d i f f e r e n t  m eans.

Thus in  c o n s id e r in g  th e  s c a l e  o f  d i s tu r b a n c e ,  the observed  

I n c r e a s e  in  s i z e  w ith  i n c r e a s in g  d i s t a n c e  from th e  w a l l  

ag reed  q u a n t i t a t i v e l y  w ith  th e  v i s u a l  s t u d i e s  o f  R u n sta d ler  

e t  a l . ,  and Nedderman, q u a l i t a t i v e l y  w ith  th e  h o t  w ire  

m easurem ents o f  L au fer , and w ith  th e  i n d i r e c t  measurements  

o f  Van Shaw and H a n ra tty . The n atu re  and p o s i t i o n  o f  c e r t a i n  

d i s t i n c t  zones in  th e  w a l l  r e g io n  a greed  w ith  the  v i s u a l  

o b s e r v a t io n s  o f  o t h e r s ,  and w ith  th e  q u a n t i t a t i v e  m easurements  

o f  L a u fer . The p o s i t i o n  o f  th e s e  r e g io n s  corresp ond ed  approx

im a te ly  t o  th e  t r a d i t i o n a l  d i v i s i o n  o f  s u b la y e r ,  t r a n s i t i o n  

and c o r e ,  but th e  n a tu re  o f  th e  r e g io n s  was o b served  to  be 

q u i t e  d i f f e r e n t  from th e  t r a d i t i o n a l  v iew .
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The v e r y  f a c t  t h a t  no one has b e fo r e  made v i s u a l  

s t u d i e s  o f  the w a l l  r e g io n  w hich  would have r e v e a le d  th e  

d e t a i l s  o f  the  r e g i o n  on a par w ith  th e  p r e s e n t  s tu d y ,  p r e 

c lu d e d  any p o s s i b l e  com p arison  in  t h i s  r e g a r d .  The v a r io u s  

a s p e c t s  o f  such s t u d i e s  as  were perform ed w hich d id  r e l a t e  

i n  some f a s h io n  t o  th e  p r e s e n t  s tu d y ,  were found t o  be c o n 

s i s t e n t  w i t h  th e  p r e s e n t  o b s e r v a t i o n s .  In  some c a s e s ,  c e r 

t a i n  u n e x p la in e d  e f f e c t s  o b ser v ed  w i t h i n  th o s e  s t u d i e s  co u ld  

be e x p la in e d  by th e  more d e t a i l e d  knowledge g a in e d  from th e  

p r e s e n t  s t u d y .

F i n a l l y ,  o f  the  v a r io u s  m odels s u g g e s t e d  f o r  the  c a l 

c u l a t i o n  o f  t r a n s p o r t  r a t e s ,  th e  ones t h a t  were c o n s id e r e d  to  

be most s u c c e s s f u l  in  a l l  a s p e c t s  f o r  t h a t  purpose were 

found to  c o n t a in  v a r io u s  f e a t u r e s  o f  th e  w a l l  r e g io n  as  

r e v e a le d  by  t h i s  s t u d y .  S in c e  none o f  them were t r u l y  r e p r e 

s e n t a t i v e  o f  th e  w a l l  r e g io n ,  s u g g e s t io n s  were made f o r  a  

new m od e l.  W ith  su ch  a m od e l,  th e  s u b la y e r  (y + ^  5)  would  

r e t a i n  i t s  r o l e  a s  th e  pr im ary  so u rc e  o f  r e s i s t a n c e  to  t r a n s 

f e r .  However, th e  t r a n s p o r t  through  th e  s u b la y e r  would p ro 

ceed  both  by u n s te a d y  s t a t e  m o le c u la r  and ed d y  d i f f u s i o n .

The l a t t e r  wouH d e c r e a s e  i n  m a g n i t u d e  a s  t h e  w a l l  was 

a p p r o a c h e d .  The r e g i o n  5 <  y *  15 would  be i n  a  h i g h l y  

a g i t a t e d  s t a t e ,  and  would  a t  random s e n d  f l u i d  e l e m e n t s  i n t o  

t h e  s u b l a y e r .  T h ese  e l e m e n t s  w ou ld  be s m a l l  i n  s i z e  r e l a t i v e  

t o  t h e  a r e a  a t  t h e  w a l l ,  and  would  p e n e t r a t e  t h e  s u b l a y e r  t o  

v a r i o u s  d e p t h s .  T r a n s p o r t  t h r o u g h  t h e  e l e m e n t s  would  be by
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eddy  d i f f u s i o n ,  and would be v e r y  r a p id  compared to  t r a n s f e r  

through  th e  s u b la y e r  i n  g e n e r a l .  The o th e r  f u n c t i o n  o f  such  

e le m e n ts  would be to  c a u se  the  d i s t u r b a n c e s  w i t h in  th e  sub

l a y e r  w hich c a u se  th e  eddy t r a n s p o r t ,  and to  d i s t u r b  th e  

c o n c e n t r a t io n  g r a d i e n t ,  w hich d e te r m in e s  th e  r a t e  o f  m o lecu 

l a r  t r a n s f e r .  In  su ch  a model th e  f r e q u e n c y  o f  o c cu rr en ce  

o f  th e  p e n e t r a t in g  e le m e n ts  would be an im p o r ta n t  f a c t o r ,  

b u t th e  age or c o n t a c t  t im e  would n o t .  S in c e  th e  s p a t i a l  

d i s t r i b u t i o n  o f  th e  e le m e n ts  w i th  regard  t o  th e  p e r ip h e r a l  

l o c a t i o n  was a p p a r e n t ly  random, as a f i r s t  a p p r o x im a t io n  i t  

m ight be assumed t h a t  t h e y  are u n ifo r m ly  d i s t r i b u t e d .  The 

fr e q u e n c y  o f  o c cu rr en ce  c o u ld  a l s o  be assumed a s  some fu n c 

t i o n  o f  R eyn o ld s  number. The p e n e t r a t io n  d ep th  i n t o  th e  su b 

l a y e r  i s  v e r y  im p o r ta n t ,  and p ro b a b ly  th e  b e s t  f i r s t  a p p r o x i 

m a t io n  would be to  assume a G aussian  typ e  d i s t r i b u t i o n  

d i s t r i b u t e d  about th e  th e  p lan e  y+ = 3» These are  s u g g e s t e d ,  

o f  c o u r s e ,  o n ly  a s  p o s s i b l e  s t a r t i n g  p o in t s  f o r  th e  d e v e lo p 

ment o f  a m a th e m a tic a l  m odel.

I f  one e s t a b l i s h e d  the  m a th e m a tic a l  r e l a t i o n s  f o r  

su ch  a m odel, i t  would be p o s s i b l e  t o  e v a lu a t e  a l l  th e  

f a c t o r s  i n  th e  model e x c e p t  m o le c u la r  d i f f u s i v i t y  w ith o u t  

u s in g  mass t r a n s f e r  d a t a .  The m o le c u la r  d i f f u s i v i t y  c o u ld  

be measured in d e p e n d e n t ly  o f  th e  Im portant f a c t o r s  under  

c o n s i d e r a t i o n .  The o th e r  f a c t o r s  su ch  a s  o c c u r r e n c e  f r e 

quency  and p e n e t r a t io n  d ep th  c o u ld  be e v a lu a t e d  from



hydrodynam ic d a ta  a l o n e .  T his m odel th e n  c o u ld  be checked  

a g a i n s t  e x p e r im e n ta l  mass t r a n s f e r  d a ta  w ith  th e  knowledge  

t h a t  i t  had been e s t a b l i s h e d  w ith o u t  any  dependence on t h a t



CONCLUSIONS

The f o l l o w in g  c o n c lu s io n s  can be drawn from th e  e x 

p e r im e n ta l  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .

1) In tu r b u le n t  p ip e  f lo w  the  t u r b u le n t  m o t io n s  have  

a d i s t i n c t i v e  c h a r a c te r  which I s  a f u n c t i o n  o f  th e  d i s t a n c e  

from th e  w a l l .  W ith in  th e  d i s t a n c e  o f  y+<  5 th e  f lo w  I s  n o t  

la m in a r , but i s  d i s t u r b e d  by v e l o c i t y  f l u c t u a t i o n s  o f  sm a ll  

m agn itu d e , and by th e  i n t r u s i o n  o f  b u lk  e le m e n ts  o f  f l u i d  

from th e  a d ja c e n t  r e g i o n .  The r e g io n  5 < y +< 7 0  c o n t a in s  the  

p o s i t i o n  o f  o r i g i n  o f  f l u i d  e j e c t i o n s ,  5 < y + s£15 , and the  

p o s i t i o n  o f  i n t e r a c t i o n  o f  t h e s e  e le m e n ts  w ith  the  main  

f lo w ,  7 < y + < 3 0 ,  t o  c r e a t e  t u r b u le n c e .  The r e g io n  beyond  

y+ >  70  has red u ced  i n t e n s i t y  o f  v e l o c i t y  f l u c t u a t i o n s ,  and a 

l a r g e r  s c a l e  o f  tu r b u le n c e  than  th e  p r e c e d in g  r e g i o n .

2) The most im p o rta n t f e a t u r e  o f  the  w a l l  r e g io n  i s  

th e  e j e c t i o n  o f  f l u i d  e le m e n ts  which o c cu rs  t h e r e .  These  

e j e c t i o n s  are th r e e  d im e n s io n a l  d i s tu r b a n c e s  w hich occu r  

l o c a l l y ,  and random ly w i t h  r e s p e c t  to  tim e and a x i a l  p o s i 

t i o n .  They have a w e l l  d e f in e d  c h a r a c t e r  w hich i s  in d ep en d e n t  

o f  mean f lo w  p a r a m e te r s .  Tlie I n t e n s i t y  and fr e q u e n c y  o f  

o c c u r r e n c e  a r e ,  how ever, a  m easurab le  f u n c t i o n  o f  t h e s e  

p a r a m e te r s .  The i n t e r a c t i o n  o f  th e s e  e le m e n ts  w ith  th e  mean 

f lo w  c r e a t e s  t u r b u le n c e .
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3) An h y p o t h e s i s  i s  p r e s e n te d  w h ich  d e f i n e s  th e  f u n c 

t i o n  and im portance  o f  th e  o b serv ed  f l u i d  m o tio n s  i n  proper  

c o n t e x t  w ith  th e  known p r o p e r t i e s  o f  t u r b u le n t  f l o w .  To 

th e  e x t e n t  t h a t  a com p arison  i s  p o s s i b l e ,  the  o b ser v ed  c h a r 

a c t e r  o f  th e  w a l l  r e g io n  i s  n o t  c o n t r a d ic t e d  by any e x i s t i n g  

e v id e n c e ,  and i n  a number o f  c a s e s  i s  su p p o r te d  by r e s u l t s  

o b ta in e d  by q u i t e  d i f f e r e n t  m eans.

4) The r o l e  o f  the  w a l l  r e g io n  w i t h  reg a rd  t o  mass 

and h e a t  t r a n s f e r  p r o c e s s e s  was e x p lo r e d ,  and s u g g e s t io n s  

f o r  a p h y s i c a l  model from w hich a m a th e m a tic a l  r e l a t i o n  t o  

p r e d i c t  th e s e  t r a n s f e r  r a t e s  m ight be d e r iv e d  are  p r e s e n t e d .

5) The a p p l i c a t i o n  o f  a h o t  f i l m  anemometer t o  a 

l i q u i d  hydrocarbon  sy s te m  was a c c o m p lish e d ,  and probe s t a b i l 

i t y  com parable t o  t h a t  o b ta in e d  i n  g a s e s  was o b s e r v e d .  The 

r a d i a l  d i s t r i b u t i o n  o f  u^ was measured and found  to  compare 

i n  g e n e r a l  c h a r a c t e r  to  th e  d i s t r i b u t i o n  measured i n  a i r .

6 ) An e x p e r im e n ta l  te c h n iq u e  was d e v e lo p e d  w hich  p e r 

m it te d  a d e t a i l e d  q u a l i t a t i v e  and somewhat q u a n t i t a t i v e  

i n v e s t i g a t i o n  o f  the  f l u i d  m otion s  in  th e  w a l l  r e g i o n .  T h is  

t e c h n iq u e  e l i m in a t e d  the  n e c e s s i t y  o f  in tr o d u c in g  any  m easur

in g  or i n j e c t i o n  d e v ic e  i n t o  the  f l o w .



RECOMMENDATIONS

1) A c o n t in u in g  i n v e s t i g a t i o n  o f  th e  w a l l  r e g io n  and 

t u r b u le n t  f lo w  u s in g  th e  e s t a b l i s h e d  t e c h n iq u e  sh o u ld  be con 

d u c te d  to

(a )  o b t a in  a c c u r a te  v a lu e s  f o r  th e  fr e q u e n c y  

o f  o c c u r r e n c e  o f  e v e n t s  on a u n i t  a r e a  b a s i s .

(b) O b ta in  f u r t h e r  in fo r m a t io n  w hich m igh t  

r e v e a l  th e  u n d e r ly in g  c a u se  o f  the  e j e c t i o n  e v e n t s ,  

and how th e  e v e n t  w hich i s  l o c a l  i n  c h a r a c t e r  i s  c o n 

n e c te d  to  mean f lo w  p a r a m e te r s .  T h is m ight be under

ta k e n  in  p ip e  f lo w  or f lo w  o ver  a f l a t  p l a t e .  The 

l a t t e r  geo m etry  would p r o v id e  a l a r g e r  w a l l  r e g io n  

w hich  c o u ld  p erm it  o b s e r v a t io n s  and m easurem ents to  

be more e a s i l y  made. I t  would be n e c e s s a r y  t o  d e t e r 

mine i f  th e  d e t a i l e d  f l u i d  m o tio n s  i n  th e  two g e o 

m e t r ie s  were th e  same.

2 ) S im u lta n eo u s  h o t  f i l m  and p h o to g ra p h ic  i n v e s t i g a 

t i o n s  o f  th e  e n t i r e  t u r b u le n t  f lo w  f i e l d  would be v a lu a b le  

i n  fo r m u la t in g  a d e t a i l e d ,  q u a n t i t a t i v e  p h y s i c a l  p i c t u r e  o f  

th e  s t r u c t u r e ,  and an a id  in  r e s o l v i n g  some o f  th e  q u e s t io n  

p osed  in  ( l )  above and i n  i n t e r p r e t i n g  h o t  f i l m  s i g n a l s .

3)  The e x c e l l e n t  s t a b i l i t y  o f  t h e  h o t  f i l m  p r o b e  i n  

t r i c h l o r o e t h y l e n e  c a n  be  u s e d  t o  o b t a i n  a  c o m p le t e  s u r v e y  o f
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th e  s t a t i s t i c a l  s t r u c t u r e  o f  tu r b u le n t  sh e a r  f l o w  i n  l i q u i d s  

s i m i l a r  t o  L a u fe r ’s s tu d y  i n  a i r .  By u s in g  t r i c h l o r o e t h y l e n e  

as  the  l i q u i d ,  th e  s t a b i l i t y  problem s w h ich  have p la gu ed  such  

m easurem ents i n  w a te r  would be e l i m i n a t e d .  T h is  su r v e y  would  

p erm it a  com parison  betw een  the m easurem ents i n  a i r  and 

l i q u i d s  t o  r e s o l v e  th e  q u e s t io n  o f  s i m i l a r i t y .

4) A new t r a n s p o r t  m odel w hich  in c o r p o r a t e s  th e  su g 

g e s t i o n s  p r e s e n te d  i n  t h i s  s tu d y  sh o u ld  be fo rm u la ted  

m a t h e m a t ic a l ly .  With t h i s  m odel, an a t tem p t  sh o u ld  be made 

t o  e v a lu a t e  a l l  param eters from hydrodynam ic d a t a  o n ly .

T h is  would e l i m in a t e  the  p r e s e n t  common usage  o f  h e a t  and 

mass t r a n s f e r  d a ta  f o r  t h i s  p u r p o se .  Comparing the p r e d i c 

t i o n s  o f  t h i s  model w ith  e x p e r im e n ta l  t r a n s f e r  d a ta  would  

th e n  p r o v id e  an in d ep en d e n t  t e s t .

5 ) A m o d if ie d  form o f  the  e x p e r im e n ta l  t e c h n iq u e  and 

s im u lta n e o u s  h o t  f i l m  measurements would make i t  p o s s i b l e  

t o  s tu d y  the problem s o f  d i l u t e  s o l i d - l i q u i d  f lo w s  and t o  

c o n s id e r  e x p e r im e n t a l ly  th e  p a r t i c l e - w a l l  i n t e r a c t i o n  prob

lem  (Appendix 1 and Soo and T ien s ( 5 3 ) ) .  P a r t i c l e s  o f  d i f 

f e r e n t  d im e n s io n s  c o u ld  be used  and the r e s u l t s  compared.



APPENDIX I

HInze (2 0 )  p r e s e n t s  and d i s c u s s e s  T ch en 's  (62)  

t h e o r e t i c a l  tr e a tm e n t  f o r  a sm a l l  p a r t i c l e  suspended i n  a 

t u r b u le n t  f l u i d .  The assu m p tion s made by Tchen are  th a t

1) The tu r b u le n c e  o f  th e  f l u i d  i s  homogeneous 

and s t e a d y .

2) The domain o f  the  tu r b u le n c e  i s  i n f i n i t e  in  

e x t e n t .

3 )  The p a r t i c l e  i s  s p h e r i c a l  and so  sm a l l  t h a t  

i t s  m otion  r e l a t i v e  to  the  am bient f l u i d  f o l lo w s  

Stok es*  law o f  r e s i s t a n c e .

4) The p a r t i c l e  i s  sm a l l  compared w ith  the  

s m a l l e s t  w a v e len g th  p r e s e n t  in  th e  tu r b u le n c e .

5) During th e  m otion  o f  the p a r t i c l e  th e  n e ig h b o r 

hood w i l l  be formed by the  same f l u i d  p a r t i c l e s .

6 ) Any e x t e r n a l  f o r c e  a c t i n g  on th e  p a r t i c l e s  

o r i g i n a t e s  from a p o t e n t i a l  f i e l d ,  such  as g r a v i t y .

For th e  p r e s e n t  c a se  o f  p ip e  f lo w ,  n e i t h e r  a ssu m p tion  (1 )  nor

(2 )  are  v a l i d  b ecau se  the  f lo w  i s  d e f i n i t e l y  c o n f in e d ,  and 

th e  p resen ce  o f  the sh ea r  due t o  th e  c o n f in in g  b ou n d aries  

d oes n o t  perm it homogeneous t u r b u le n c e .  Number (3 )  a p p l i e s  

r a th e r  w e l l  a l th o u g h  th e  p a r t i c l e s  are n o t  s p h e r i c a l ,  th e y  

have a s i g n i f i c a n t  th r e e  d im e n s io n a l  s t r u c t u r e  and are
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c e r t a i n l y  s m a l l  enough t h a t  th e  r e l a t i v e  m otion  betw een  them 

and th e  f l u i d ,  i f  any, would ob ey  S t o k e s '  law . A ssum ption  

(4 )  i s  a l s o  q u i t e  v a l i d ,  a s  i s  a ssu m p tio n  ( 6 ) .  As t o  assump

t i o n  ( 5 ) ,  a s  H inze  p o in t s  o u t ,  s i n c e  th e  f l u i d  e le m e n ts  are  

deform ed and s t r e t c h e d  due to  th e  t u r b u le n t  m o t io n s ,  i t  i s  n o t  

l i k e l y  t h a t  th e  same e le m e n ts  o f  f l u i d  w i l l  rem ain  w i t h  th e  

p a r t i c l e s  f o r  lo n g  p e r io d s  o f  t im e .  However, i n  th e  p r e s e n t  

c a s e  th e  p a r t i c l e s  are  e x tr e m e ly  s m a l l ,  much s m a l le r  than  

th e  s c a l e  imposed on th e  f l u i d  e le m e n ts  by  th e  s h e a r in g  and 

s t r e t c h i n g  p r o c e s s .  Thus i t  i s  n o t  u n re a so n a b le  t o  e x p e c t  

t h a t  th e  p a r t i c l e s  w i l l  rem ain  i n  th e  v i c i n i t y  o f  l o c a l  

f l u i d  e le m e n ts  f o r  r e l a t i v e l y  lo n g  p e r io d s  o f  t im e .  T his  

w ould n o t  be so  f o r  p a r t i c l e s  o f  la r g e r  d im e n s io n s .  As 

s t a t e d  b e f o r e ,  the  tre a tm e n t  i s  f o r  a s i n g l e  p a r t i c l e  which  

means t h a t  i f  o t h e r  p a r t i c l e s  are  p r e s e n t  th e y  do n o t  cau se  

a n y  e f f e c t  on th e  p a r t i c l e  c o n s id e r e d  or  th e  f l u i d  su rrou n d 

in g  i t .  To be v a l i d  f o r  a f l u i d  s u s p e n s io n ,  i t  r e q u ir e s  

t h a t  the  volume c o n c e n t r a t io n  i s  v e r y  d i l u t e .  T h is  i s  c e r 

t a i n l y  t r u e  i n  th e  p r e s e n t  e a s e .  Thus th e  o n ly  demands n ot  

r e a s o n a b ly  met are  th o se  which th e  p r e se n c e  o f  c o n f in in g  

w a l l s  p r e v e n t s .  The e f f e c t  o f  th e  p r e se n c e  o f  w a l l s  was 

c o n s id e r e d  i n  th e  t e x t  when th e  work by Soo and T ien s  ( 5 8 ) 

was d i s c u s s e d .

An o u t l i n e  o f  th e  d eve lop m en t l e a d in g  t o  th e  e q u a t io n  

p r e s e n t e d  i n  th e  t e x t  w i l l  now be p r e s e n te d  as g i v e n  by
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1H in ze .  The s t a r t i n g  p o in t  i s  th e  e q u a t io n  f o r  s lo w  m o tio n  

o f  a s p h e r i c a l  p a r t i c l e  i n  a  f l u i d  moving w i t h  v a r ia b le  

v e l o c i t y .  The c o o r d in a t e  sy s tem  i s  assumed t o  move w i t h  th e  

p a r t i c l e ,  and th e  e x t e r n a l  f o r c e  f i e l d  i s  n e g l e c t e d .

I n  t h i s  e q u a t io n  th e  o p e r a to r  i s  th e  s u b s t a n t i a l  d e r i v a -
D u

t i v e  w r i t t e n  f o r  the  c o o r d in a te  sy s tem  m oving w ith  th e  

p a r t i c l e ,  i . e . ,
s u b s c r i p t s  i ,  j , k  are

D _ d , , J)  used f o r  d i f f e r e n t
Dt = Jt + tVP 'k <)Xk components and c o o r 

d i n a t e s  .

where th e  r e c t a n g u la r  c o o r d in a t e s  are  X^ = X]_, Xg, X3 . 

S u b s c r ip t  f  r e f e r s  t o  th e  f l u i d  and P to  th e  p a r t i c l e .

Term I  i s  th e  f o r c e  r e q u ir e d  t o  a c c e l e r a t e  the  

p a r t i c l e ,  or  th e  p a r t i c l e  mass t im e s  a c c e l e r a t i o n .  Term I I  

I s  the  f o r c e  on th e  p a r t i c l e  due t o  I t s  movement r e l a t i v e  t o  

th e  f l u i d  and I s  S t o k e ' s  law o f  r e s i s t a n c e .  Term I I I  i s  the  

f o r c e  e x e r t e d  on th e  p a r t i c l e  by th e  su rro u n d in g  p r e s s u r e  

f i e l d  w h ich  i s  c r e a te d  by th e  a c c e l e r a t i o n  o f  th e  am bient  

f l u i d  p a s t  th e  p a r t i c l e .  Term IV i s  the  f o r c e  needed t o

^Hinze ( 2 0 ) ,  pp . 3 5 ^ -3 6 1 .
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a c c e l e r a t e  r e l a t i v e  to  the  am bient f l u i d  th e  mass o f  f l u i d  

d i s p l a c e d  by the  p a r t i c l e .  Term y  a c c o u n ts  f o r  th e  e f f e c t  

o f  th e  d e v i a t i o n  o f  th e  f lo w  p a t t e r n  from s t e a d y  s t a t e .  

C o r r s in  and Lumley (4 )  p o in te d  o u t  t h a t  Term I I I  must be 

m o d if ie d  when the  e q u a t io n  i s  a p p l ie d  t o  t u r b u le n t  f lo w  where  

th e  v e l o c i t y  i s  a f u n c t i o n  o f  sp ace  and t im e .  T h is  i s  tr u e  

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

c o o r d in a t e s  make th e  p a r t i c l e  v e l o c i t y  a f u n c t i o n  o f  tim e  

o n ly .  They argued t h a t  s i n c e  th e  f o r c e  in  Term I I I  I s  due to  

th e  p r e s s u r e  f i e l d ,  i t  can  be m o d if ie d  by w r i t i n g  th e  

N a v ie r -S to k e s  e q u a t io n  f o r  th e  f lo w  o ver  th e  p a r t i c l e .  T h is  

i s  in  g e n e r a l  terms

2 p _ „ | > f ) i  i i i 3 (vf h  , o
9 x i  f  L i t  ( J X k j  2 X j  Xj

S u b s t i t u t i n g  t h i s  f o r  the  p r e s s u r e  terra in  A - l  g i v e s  f o r  th e  

1 th  component o f  th e  p a r t i c l e  v e l o c i t y

However, th e  e q u a t io n  A-2 was w r i t t e n  f o r  th e  f l u i d  w i th o u t  

r e g a r d  to  th e  p a r t i c l e  c o o r d in a te  sy s te m , so  i t  can be
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m o d if ie d  by the i d e n t i t y

JZ (V f)j . + (v f ) k x k"' " D§ (v f > i  + t ( v f ) k  ■ ( v p )k l  -y - ! —  

t o  y i e l d

* l^ r  (#& *-(•#] rfrjfrk-m)

/ -  ~ m ] /ir? a - 4

At t h i s  p o in t  a  number o f  a d d i t i o n a l  a ssu m p tion s  are  n e c e s 

s a r y  i n  o rd er  t o  p r o c e e d .  These are  

9 v f
(X) Pf TIC ^

d 2 
9  Vf

(2 )  Vp J T - 7 7  y x 2

(3 )  That th e  l a s t  term  i n  A-4 i s  n e g l i g i b l e

(4 )  That the  p a r t i c l e  and f l u i d  v e l o c i t y  may be 

r e p r e s e n t e d  by a F o u r ie r  i n t e g r a l
tO

vf  = /  dm) ( flCcos lt>t + ^  s i n  <ot) 

P = / w i  r o  os  t*) t  + £7 s i n ^ t )VD =

(5 )  A form  o f  th e  L agrangian  c o r r e l a t i o n  c o e f f i c i e n t  

i s  assumed f o r  th e  f l u i d ,  and the  e n e r g y  d i s t r i 

b u t io n  f u n c t i o n  EfL  c a l c u l a t e d  from  i t  and (4 )
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and E q uation  A-4 to  y i e l d

 ̂ ffL / (i + w2 rfL)

EpL(n)  = 4 v f
i + «>2 rFLs

where a = 36 \i

and rfL = L agrangian  i n t e g r a l  time s c a l e

Assum ption ( l )  i s  v a l i d  f o r  v e r y  sm a ll  p a r t i c l e s .  Number (2 )  

cannot be commented on one way or  a n o th e r .  Assum ption (3)  

i s  th o u gh t to  be a c c e p t a b le  s in c e  Item  V o f  e q u a t io n  A - l  was 

s t a t e d  to  be s u b s t a n t i a l  when th e  e x t e r n a l  f o r c e  f i e l d  

c r e a t e s  la r g e  a c c e l e r a t i o n s  o f  th e  p a r t i c l e  which d oes  not  

occu r  i n  the  p r e s e n t  c a s e .  Assum ptions (4) and (5 )  are based  

on a homogeneous tu r b u le n t  f i e l d .

The r e s u l t i n g  e q u a t io n  i s

component

A-5



APPENDIX II

The i n d i v i d u a l  p a r t i c l e  v e l o c i t i e s  were c a l c u l a t e d  by 

d i v i d i n g  t h e  d i s t a n c e  t h e y  t r a v e l e d  by  a  m easu re d  p e r i o d  o f  

t i m e .  The d i s t a n c e  t r a v e l e d  was m ea su re d  d i r e c t l y  f rom  t h e  

p r o j e c t e d  image by p r o j e c t i n g  t h e  f i l m s  a t  a  known m a g n i f i 

c a t i o n  o n to  a  r e c t a n g u l a r  g r i d  w i t h  s p a c i n g s  draw n t o  th e  

s c a l e  o f  t h e  m a g n i f i e d  im a g e .  Thus t h e  g r i d  d i s t a n c e s  c o r 

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

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

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

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

Prom t h e  t i m i n g  m arks  on t h e  f i l m ,  and t h e  e l a p s e d  f ram e  

c o u n t  t h e  r e a l  t im e  c a n  be c a l c u l a t e d .  T h is  w i l l  be made 

c l e a r e r  by a n  e x a m p le .  I n  what  f o l l o w s ,  i t  i s  e s s e n t i a l  t o  

remember t h a t  t h e  cam era  was moving a x i a l l y  r e l a t i v e  t o  t h e  

f l u i d ,  so  t h e  m o t i o n s  o b s e r v e d  on  t h e  f i l m  a r e  t h o s e  o f  a n  

o b s e r v e r  moving w i t h  t h e  c am e ra .  These m o t io n s  a r e  c a l l e d  

" a p p a r e n t "  i n  t h e  d i s c u s s i o n .  L a t e r  t h e  r e a l  v a l u e s  a r e  

c a l c u l a t e d .  I n  t h e  e x a m p le ,  t h e  w a ^ l  v iew  i s  c o n s i d e r e d .

A l l  c a l c u l a t i o n s  a r e  t h e  same f o r  t h e  t o p  v iew  e x c e p t  t h e  

p l a n e  o f  m o t i o n  i s  t h e  0X p l a n e  i n s t e a d  o f  t h e  rX p l a n e  

be lo w .

243
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mean f lo w

r

p i p e  w a l l

c a r r i a g e  v e l o c i t y

P i g .  3 4 . — A n a l y s i s  G r i d .

The l i n e  m arked  (X - j^ i ) ,  (X2^2 ) r e p r e s e n t s  t h e  o b s e r v e d  o r  

a p p a r e n t  p a r t i c l e  t r a j e c t o r y .  The m e a su re m e n ts  t a k e n  a r e

Xx = .0 4 5 "  r 2 = . 0 1 1 "

Xg = . 0 0 5 "  r 2 = . 0 3 0 "

f r a m e s  e l a p s e d  = 24 

t i m i n g  mark  l e n g t h  = 52 mm. 

c a r r i a g e  s p e e d  0 .3 3 2  f t / s e c .

Ot = a p p a r e n t  a n g l e  o f  e j e c t i o n  m e a su re d  f ro m  w a l l  

e = a p p a r e n t  l e n g t h  o f  t r a v e l  o f  p a r t i c l e  

t  = t im e  o f  t r a v e l  

g = a p p a r e n t  e j e c t i o n  v e l o c i t y

c = m a g n i tu d e  o f  c a r r i a g e  v e l o c i t y ,  o p p o s i t e  d i r e c t i o n  

b = a c t u a l  e j e c t i o n  v e l o c i t y  

i f  = a c t u a l  e j e c t i o n  a n g l e  

ur  = a c t u a l  r a d i a l  v e l o c i t y

Prom t h e  m e a su re m e n ts
a X

AT

= 2 5 °  2 5 '
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cos  Ot- O.903

s i n OC, - 0 .4 2 9

e ffl. . = = 0 .0 4 4 4 "
cosdfi. .903

t  = f r a m e s  e l a p s e d  
f r a m e s / s e c

S i n c e  120 t i m i n g  marks  p e r  s e c o n d  a r e  p r i n t e d  on t h e  f i l m ,  

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

.00833 s e c o n d s ,  t h e  f r a m e s / s e c o n d  can  be c a l c u l a t e d .  Each

fram e  i s  7.6 mm. w id e .  T h e r e f o r e ,

t M f A V : rko o ^ T  -  ■ P f a -  - 8 2 2

Oil
t  = -ggg = .0292  s e c o n d s .

g — e / 12t  — ( 0^ 9 2 ) *126 f t . / s e c .

I n  o r d e r  t o  d e t e r m i n e  t h e  a c t u a l  v e l o c i t i e s  and e j e c 

t i o n  a n g l e s ,  t h e  m o t i o n  o f  t h e  cam era  m us t  be a c c o u n te d  f o r .  

C o n s i d e r  t h e  f i g u r e  b e lo w .

f lo w o<
C

Prom t r i g o n o m e t r y ,  b^ = c 2 + g^ -  2gc cosOC-

b2 = ( . 3 3 2 ) 2 + ( . 1 2 6 ) 2- 2 ( . 1 2 6 ) ( . 3 3 2 ) ( . 9 0 3 )  = .0504 

b = .224 f t / s e c .
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sin r  = g - .241

r =  1 3 ° 5 7 '  

u r  = b s i n j f  = .054 f t / s e c .

Note t h a t  t h e  a p p a r e n t  a n g l e  was n e a r l y  tw ic e  t h e  v a l u e  o f  

t h e  r e a l  a n g l e  o f  e j e c t i o n .  The e n h an cem en t  o f  t h e  o b s e r v e d  

a n g l e  by t h e  u se  o f  a  moving cam era  p e r m i t t e d  s m a l l  d e v i a 

t i o n s  t o  be o b s e r v e d  and a c c u r a t e l y  m e a s u r e d .

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

t h a t  t h e  p a r t i c l e  t r a j e c t o r y  was a  s t r a i g h t  l i n e ,  and  t h a t  

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

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

f o r  m easu re m e n t  was u s u a l l y  o n l y  s l i g h t l y  c u r v e d .  The s e c o n d  

a s s u m p t i o n  i s  q u i t e  w rong .  Both  t h e  w a l l  and t o p  v iew s  

c l e a r l y  showed t h a t  th e  t r a j e c t o r i e s  were  t h r e e  d i m e n s i o n a l .  

An e s t i m a t e  o f  t h e  p o s s i b l e  e r r o r  c a n  be made. I t  w i l l  be 

r e c a l l e d  t h a t  t h e  a v e r a g e  e j e c t i o n  a n g l e  i n  t h e  rX p l a n e  was 

8 . 5  and t h e  a v e r a g e  a n g l e  f o r  t h e  9X p l a n e  was 15 . When 

t h e  c a l c u l a t i o n  i n  t h e  rX p l a n e  a r e  made, t h e  movement i n  t h e  

QX p l a n e  a r e  th e  on es  w h ich  c a n n o t  be s e e n  b u t  w h ich  c a u se  

t h e  e r r o r .  T h is  i s  c l e a r  f rom  t h e  f i g u r e  be low w h ich  i s  

d raw n  f o r  t h e  a p p a r e n t  a n g l e s  and  t r a j e c t o r i e s .
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C

.012

.02
x

Pig* 3 5 * — A p p a re n t  E j e c t i o n  T r a j e c t o r y .

L in e  AB i s  t h e  o b s e r v e d  o r  a p p a r e n t  t r a j e c t o r y  a s  s e e n  i n  t h e  

t o p  view., but l i n e  AC i s  t h e  t r a j e c t o r y  w h ic h  would  be o b 

s e r v e d  by  t h e  moving cam era  i f  t h r e e  d i m e n s i o n a l  v i s i o n  were 

p o s s i b l e .  At f i r s t  t h e  e r r o r  due t o  movement i n  t h e  9X 

p l a n e  would  seem t o  be q u i t e  l a r g e ,  b u t  i t  must  be r e c a l l e d  

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

t r u e  X d i m e n s i o n  i s  many t i m e s  g r e a t e r  t h a n  t h e  o t h e r  d im e n 

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

a c c u r a t e l y  known. S i n c e  t h e  c a r r i a g e  m o t io n  i s  p u r e l y  a x i a l , ,  

n e i t h e r  t h e  r  n o r  t h e  9 movements a r e  a f f e c t e d  by  i t .  The 

c a r r i a g e  v e l o c i t y  f o r  t h e  c a s e  shown i s  0 .1 1 3  f t . / s e c .  By 

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

t h e  a c t u a l  e j e c t i o n  a n g l e  i s  9°* I f  t h i s  i s  so ,  t h e n  t h e  

r e a l  X d i m e n s i o n  i s  .0 7 6  i n c h e s ,  w h i l e  t h e  r  and © d i m e n s i o n

r
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r e m a i n  t h e  sam e.  Thus t h e  a c t u a l  p i c t u r e  i s

.012
.076

x

P i g .  3 6 . - - A c t u a l  E j e c t i o n  T r a j e c t o r y .

The a n g l e  f o r  t h e  d e v i a t i o n  i n  t h e  9X p l a n e  was s e l e c t e d  as

15°  b e c a u s e  t h i s  was t h e  a v e r a g e  o b s e r v e d .  Now t h e  m e a su re d

l e n g t h  o f  t r a v e l  i s  r.9J§.—  = 0 . 0 7 7 "
c o s  9°

The m ea su re d  v e l o c i t y  i s  0 . 1 4 1  f t . / s e c .

The a c t u a l  l e n g t h  o f  t r a v e l  i s  -l2Z1------  = . 0 7 9 "
c o s  15°

t h e  a c t u a l  v e l o c i t y  i s  0 . 1 4 6  f t . / s e c .  The e r r o r  i s  3*42^  o f

t h e  a c t u a l  v e l o c i t y .  For  t h i s  exam ple  t h e  c a s e  o f  r a t h e r

low c a r r i a g e  v e l o c i t y  was s e l e c t e d .  T h is  w i l l  g i v e  a  l a r g e r  

e r r o r  i n  t h e  c a l c u l a t i o n  t h a n  t h e  h i g h e r  c a r r i a g e  v e l o c i t y  

b e c a u s e  i t  d o e s  n o t  e x t e n d  t h e  X d i m e n s i o n  as  s u c h .  The 

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

% e  = 2 0 , 000.  F o r  h i g h e r  l a r g e r  v a l u e s  w ere  u s e d .

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

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

W hile  t h e  e r r o r  i n  a b s o l u t e  v e l o c i t y  i s  s m a l l ,  t h e  

v a l u e s  where  a  d i f f e r e n c e  b e tw e e n  a b s o l u t e  v e l o c i t i e s  i s
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t a k e n  a r e  s u b j e c t  t o  g r e a t e r  e r r o r .  F o r  t h e s e  c a s e s  t h e  

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

r e s u l t s  were  d i s c u s s e d  a t  t h e  t im e  t h e  r e s u l t s  were p r e s e n t e d .



APPENDIX III

C a l c u l a t i o n  o f  V e l o c i t y  D i f f e r e n c e  Due t o  D ep th  o f
F i e l d

The o b s e r v e d  p r e s e n c e  o f  "two l a y e r  v e l o c i t y "  i n  w a l l  

view f i l m s  r a i s e d  t h e  q u e s t i o n  as  t o  w h e t h e r  t h e  o b s e r v e d  

v e l o c i t y  d i f f e r e n c e  m ig h t  n o t  be due  t o  t h e  f i n i t e  d e p t h  o f  

f i e l d  and  t h e  c u r v a t u r e  o f  t h e  p ip e  w a l l .  R e f e r r i n g  t o  t h e  

d r a w in g  be low ,  c o n s i d e r  t h a t  HD r e p r e s e n t s  th e  d e p t h  o f

A

F i g .  37*—D ep th  o f  F i e l d  a t  W a l l .

f i e l d ,  and t h a t  AC i s  t h e  p l a n e  o f  f o c u s .  I t  I s  c l e a r  t h a t  

i n  t h e  w a l l  view a l l  t h e  p a r t i c l e s  w i l l  a p p e a r  t o  be I n  a  

s i n g l e  p l a n e  p a r a l l e l  t o  AB. However,  a  p a r t i c l e  a t  B and 

one a t  D w h i l e  t h e y  w i l l  a p p e a r  t o  be  i n  t h e  same p l a n e  and 

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

and  a t  d i f f e r e n t  d i s t a n c e s  f rom  t h e  w a l l .  S i n c e  a  s t e e p  

v e l o c i t y  g r a d i e n t  e x i s t s  i n  t h e  w a l l  r e g i o n ,  t h e  q u e s t i o n  

p o se d  i s  w h e t h e r  t h e  d i s t a n c e  BC i s  g r e a t e r  enough  t o  c a u s e

250
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t h e  two l a y e r  v e l o c i t y  e f f e c t .  I n  o r d e r  t o  g i v e  t h e  g r e a t e s t  

p o s s i b l e  d i m e n s i o n  t o  BC, t h e  d e p t h  o f  f i e l d  i s  assum ed t o  

o c c u r  t o t a l l y  on  one s i d e  o f  t h e  p l a n e  o f  f o c u s .  I n  a c t u a l 

i t y  i t  i s  d i s t r i b u t e d  e q u a l l y  on b o th  s i d e s  o f  t h e  p l a n e  so 

i s  e f f e c t i v e l y  o n l y  o n e - h a l f  o f  t h e  v a l u e  u s e d .  At 4 .3 X  t h e  

d e p t h  o f  f i e l d  was 0 . 0 2 7 4 " .  By s i m p l e  geometry*

AB2 + DC2 = AD2

AB2 = 1 .0 0 0 0 0  -  .000751  = -99925 

AB = .999598

a nd  BC = 0 .0 0 0 4 0 2 "  w h ic h  i s  t h e  maximum r a d i a l  

d i s p l a c e m e n t .  C o n s i d e r i n g  th e  v a l u e  o f  dux  i n  th e  w a l l  a r e a
d y

a s  c a l c u l a t e d  f ro m  P a i ' s  e q u a t i o n  f o r  N^e = 20*000 one f i n d s  

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

( 4 . 0 2  x  10“ 4 ) , ,
^ ------ 12---------- ( . 9 3 9 )  = 3 . 1 2  x  10 5

T h is  d i f f e r e n c e  i s  i n s i g n i f i c a n t *  and c a n n o t  a c c o u n t  

f o r  t h e  "two l a y e r  v e l o c i t y "  d i f f e r e n c e s  o b s e r v e d .
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