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m e c h a n i s m )  w i t h  t h e  m i c r o t h e r m o m e t r y  f i n d i n g s  o f  C o o p e r  a n d  

L l o y d  [ 9 9 ,  1 0 0 ] .  T h i s  f a c t  a p p e a r s  t o  h a v e  i n f l u e n c e d  

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

r e s u l t s  a n d  t o w a r d s  t h e  r e j e c t i o n  o f  J u d d ' s  e a r l i e r  w o r k .

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

a r g u e d .  The  p h r a s e  ’ f a i l u r e  o f  t h e  o p t i c a l  f i l t e r  t o  

p r o p e r l y  i s o l a t e  t h e  ( m e r c u r y  y e l l o w )  s p e c t r a  1 l i n e s  

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

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

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

t i o n  i n  t h e  n u m b e r  o f  f r i n g e s , b u t  i t  s e e ms  u n l i k e l y  t h a t  

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

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

( a s  s hown  i n  S e c t i o n  6 . 3 . 4 )  w o u l d  h a v e  g i v e n  s u c c e s s i v e l y  

w e a k e r  f r i n g e s  i n  t h e  i n n e r  ( t h i n n e r )  m i c r o  l a y e r  r e g i o n  

o n l y ;  no s u c h  e f f e c t  w a s ,  h o w e v e r ,  o b s e r v e d .

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

a b s e n t  i n  t h e  p r e s e n t  s t u d y .  S i d e - h a n d s  i n  t h e  f i l t e r  w e r e  

b l o c k e d  t o  l e s s  t h a n  0 , 0 0 1  p e r  c e n t  t r a n s m i t t a n c e ,  a n d  t h e  

b a n d w i d t h  ( a s  a n a l y s e d  i n  S e c t i o n  6 . 3 . 4  and  A p p e n d i x  9) 

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

u n d i m i n i s h e d  c o n t r a s t  up  t o  a m i c r o  l a y e r  t h i c k n e s s  o f  1 gm 

a n d  t o  be  d e t e c t a b l e  u p  t o  a t h i c k n e s s  o f  a p p r o x i m a t e l y  4 urn.

I f  t h e  ' r ’ l a y e r  i n  t h e  p r e s e n t  s t u d y  had  h a d  an  e d g e  

t h i c k r . v  , • f t h e  o r d e r  o f  10 urn ( a s  V o u t s i n o s  a n d  J u d d ' s  

r e m a i )- i m p l y ) ,  t h e n  s i x  f u l l y  b r i g h t  f r i n g e s  w o u l d  h a v e  

o c c u r . e d  c l o s e  t o  t h e  i n n e r  m i c r o  l a y e r  e d g e , a f u r t h e r  18 of  

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

t h e  i n n e r  r e g i o n  ( l e s s  t h a n  h a l f - w a y  t o  t h e  e d g e ) ,  a n d  n o n e  

w o u l d  h a v e  b e e n  v i s i b l e  i n  t h e  o u t e r  r e g i o n .  S t r o n g  a n d  r o u g h l y  

e q u a l l y  s p a c e d  f r i n g e s  ( t y p i c a l l y  f o u r  ma x i ma )  w e r e , h o w e v e r ,  

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

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

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

s t u d y  o f  K a t t o  a n d  S h o j i  [  175J . The  s t u d y  d e a l t  w i t h  l i q u i d
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l a y e r s  f o r m e d  b e n e a t h  i n j e c t e d ,  f l a t t e n e d  a i r  b u b b l e s  a n d  

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

a p p e a r e d  t o  s t a n d  o u t  m o r e  c l e a r l y  t h a n  o t h e r s . I t  o c c u r r e d  

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

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

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

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

( w i t h  a now t h i c k  l a y e r !  s t i l l  h a v e  b e e n  l i m i t e d  t o  t h e  

r e g i o n  n e a r  t h e  i n n e r  m i c r o  l a y e r  e d g e .  S i n c e  t h i s  was  n o t  

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

No o t h e r  r e a s o n s  f o r  a r e d u c t i o n  i n  t h e  n u mb e r  o f  maxi mum-  

r c f l e c t a n c e  f r i n g e s  f r o m 6(1 ( t h e  f i g u r e  r e q u i r e d  f o r  a 

m i c r o i u y e r  t h i c k n e s s  o f  10 urn) t o  f o u r  c a n  he  I o u n d  t o  a p p l y  

i n  t h e  p r e s e n t  s t u d y .

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

t o  an  o p t i c s  c o n s u l t a n t ,  Dr .1 11 T a l b o t  [ - 0 7 ]  . T a l b o t ,  

a f t e r  a b r i e f  e x a m i n a t i o n  o f  t h e  p r e s e n t  wor k  c o u l d  s i m i l a r l y  

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

s u g g e s t e d  e r r o n e o u s l y  l ow f r i n g e  c o u n t  . C o n c e r n i n g  t h e  

s t u d y  o f  V o u t s i n o s  a n d  J u d d , h o w e v e r ,  he  e x p r e s s e d  r e s e r v a ­

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

o m i s s i o n  o f  a s p a t i a l  f i l t e r .  The  l a s e r  u s e d  by V o u t s i n o s  

a n d  J u d d ,  t h e  S p e c t r a  P h y s i c  Model  1 2 5 A, wa s  i n  h i s  e x p e r i e n c e  

i n c a p a b l e  o f  u n i m o d a 1 o p e  r a t  t u n  , i r r e s p e c t i v e  o f  t u n i n g ;  

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

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

f r i n g e s  c o u l d  h a v e  b e e n  p r e s e n t  ( s e e  F i g u r e  . 1 4 ) . The  

c o r r e c t  p r o c e d u r e  f o r  o b t a i n i n g  a c l e a n  i n t e r  I e r o m c t r y  beam 

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

o u t p u t  i n  t h e  a x i a l  mo d e ,  t h e  c o n v e r g i n g  o f  t h e  o v e r a l l  beam 

o n t o  a s p a t i a l  f i l t e r  ( a  p i n h o l e  o f  a few am d i a m e t e r ! ,  t h e  

t u n i n g  o f  t h e  f i l t e r  s o  a s  t o  b l o c k  t h e  o f f - a x i s  m o d e s , a n d  

t h e  r e c o 1 1 i m a t i o n  o f  t h e  c l e a n  o u t p u t .  T h i s  p r o c e d u r e  was  

c l e a r l y  o m i t t e d  by V o u t s i n o s  a n d  J u d d ;  no m e n t i o n  o f  i t  

a p p e a r s  i n  t h e i r  t e x t ,  a n d  no  m o d i f i c a t i o n  o f  t h e  l a s e r  o u t p u t
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( o t h e r  t h a n  beam e x p a n s i o n )  i s  s hown i n  t h e  a p p a r a t u s  s k e t c h .

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

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

h a d  b e e n  t u n e d  f o r  maxi mum p o w e r ,  t h e n  f o u r  o f f - a x i s  mo d e s  

o f  e q u a l  s t r e n g t h  ( a n d  a w e a k e r  a x i a l  mode )  w o u l d  h a v e  b e e n  

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

T h e s e  r e m a r k s  a r e  n o t  i n t e n d e d  t o  s u g g e s t  t h a t  t h e  w o r k  o f  

V o u t s i n o s  a n d  J u d d  i s  i n v a l i d ,  b u t  r a t h e r  t h a t  i t  i s  n o t  

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

9 . 6  CLOSURU

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

a n a l y s i s  o f  t h e  r a t e  o f  e v a p o r a t i o n  o f  ' b i n  m i c r o l a y c r s  ( a s  

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

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

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

C h a p t e r  8 ,  a n d  f u r t h e r , s h o we d  t h a t  t h e  e v a p o i a t ; o n  o f  t h e  

r e p l e n i s h e d  m i c r o  1 a v e r s  m i g h t  w e l l  h a v e  b e e n  a s i g n i f i c a n t  

c o n t r i b u t o r  t o  t h e  t o t a l  v a p o u r  f l o w  i n t o  b u b b l e s .  T h u 1 

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

w i t h  t h e  m t c r o t h c r m o m c t r y  f i n d i n g s  oi  Co o p e r  a n d  L l o y d  

[ 9 9 ,  1 0 0 ] .

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

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

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

p a t t e r n  o f  b u b b l e  f o 1 c s  was  t h u s  d e m o n s t r a t e d  a s  b e i n g  

c o m p a t i b l e  w i t h  a n c r o l a y c r  i n i  low o r  r e p l e n i s h m e n t  m e c h a n i s m .

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

w e r e  t h e n  c c m p a r cd w i t h  t h o s e  o f  J u d d  [ l  5()] a n d  o f  V o u t s i n o s  

a n d  J u d d  [ l  5 i j  . The  w o r k  o f  J u d d  was  s hown t o  h a v e  b e e n  

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

w o r k  [15 2] a n d  t o  h a v e  g i v e n  e s s e n t i a l l y  t h e  s ame  r e s u l t s .

T h e  s t u d y  o f  V o u t s i n o s  a n d  J u d d , h o w e v e r ,  d e r i v i n g  f r om l a s e r
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r a t h e r  t h a n  c o n v e n t i o n a l  i n t e r f c r o m c t r y , was  f o u n d  t o  g i v e  

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

e x c e e d i n g  b y  an  o r d e r  o f  m a g n i t u d e  t h o s e  h e r e  r e p o r t e d .  The  

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

J u d d ' s  e a r l i e r  w u r k  wa s  s hown  t o  h a v e  b e e n  u n s a t i s f a c t o r i l y  

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

o c c u r r e d  i n  t h e  a u t h o r ' s  p u b l i s h e d  wo r k  [ 1 5 2 ]  ( a n d  t h u s  i n  

t h i s  t h e s i s ) was  a n s w e r e d .  No m o n o c h r o m a t i c i t y  e r r o r , n o r  

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

s u g g e s t e d  l ow f r i n g e  c o u n t  c o u l d  b e  f o u n d . Th e  e x a m i n a t i o n  

o f  V o u t s i n o s  a n d  J u d d ' s  w o r k , h o w c w . r ,  r e v e a l e d  i m p e r f e c t i o n s  

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

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

wa s  n o t e d , on  t h e  o t h e r  h a n d , t h a t  t h e  m e a s u r e m e n t s  o f  

V o u t s i n o s  a n d  J u d d  w e r e  i n  mo r e  d i r e c t  a g r e e m e n t  ( w i t h o u t  

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

o f  s u r f a c e  m i c r o t h e r m o m e t r y  s t u d i e s .

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

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

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

a u t h o r  i s ,  f o r  r e a s o n s  a l r e a d y  s t a t e d , i n  no  p o s i t i o n  t o  

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

V o u t s i n o s  a n d  J u d d  be  p r o v e d  c o r r e c t , t h e n  t h e  p r e s e n t  s t u d y  

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

e x p e r i m e n t a l  a p p r o a c h .
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CHAPTER 10

SUMMARY AND CONCLUSIONS

I n t e r i m  s u m m a r i e s  a n d  c o n c l u d i n g  c o mme n t s  h a v e  b e e n  g i v e n  

a t  v a r i o u s  p o i n t s  t h r o u g h o u t  t h i s  w o r k . I t  w o u l d  now he  

w e l l ,  e v e n  a t  t h e  r i s k  o f  some r e p e t i t i o n ,  t o  g a t h e r  t h e  

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

c o n t r i b u t i o n s  m a d e .

P a r t  1 o f  t h i s  t h e s i s  p r o v i d e d  a b r o a d  o v e r v i e w  o f  t h e  

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

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

t r a n s f e r .

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

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

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

q u a n t i t a t i v e l y .  The  t r e a t m e n t  wa s  l a r g e l y  c o n f i n e d  t o  

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

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

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

I t  wa s  s hown  t h a t  i n  t h e  r e g i o n  o f  i s o l a t e d  b u b b l e s  e a c h  

b u b b l e  h a s  a s s o c i a t e d  w i t h  i t  a n  ' a r e a  o f  b u b b l e  i n f l u e n c e 1 

a nd  t h a t , a s  a n  a p p r o x i m a t i o n ,  t h e  b o i l i n g  p r o c e s s  may 

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

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

n a t u r a l  c o n v e c t i o n .

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

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

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

p h a s e s . Mean r a t e s  o f  h e a t  t r a n s f e r ,  q , w e r e  d e f i n e d  f o r
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e a c h  t r a n s f e r  p r o c e s s  o r  f o r  r e l a t e d  g r o u p s  o f  s u c h  p r o ­

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

r e l a t i o n  w e r e :

( a )  q j , , t h e  t o t a l  a r c a - o f - i n f l u e n c e  h e a t  t r a n s f e r  r a t e ,  

i s  r e s o l v e d  i n t o  , t h e  h e a t  f l o w  i n t o  t h e  l i q u i d  

m i c r o l a y e r  ( t h e r e  c a u s i n g  m i c r o  l a y e r  e v a p o r a t i o n )  a nd  

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

w h i c h  b u i l d  up  t h e  t h e r m a l  l a y e r .

( b )  T h e s e  l a t t e r  h e a t  f l o w s  a r e  r e d i s t r i b u t e d  i n t o  q g WI:> 

t h e  h e a t  t r a n s f e r r e d  du e  t o  e v a p o r a t i o n  a t  t h e  w a l l s  

o f  a t t a c h e d  b u b b l e s , a n d  q j  . ,  t h e  h e a t  t r a n s f e r r e d  

f r o m t h e  t h e r m a l  l a y e r  i n t o  t h e  l i q u i d  b u l k  by b u b b l e -  

i n d u c e d  c o n v e c t i o n .

( c )  q^ j  a n d  q j ^  t o g e t h e r  c o n s t i t u t e  t h e  l a t e n t  h e a t  

t r a n s p o r t  q ^ , ,  t h a t  i s ,  t h e  h e a t  t r a n s f e r  d u e  t o  

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

( d )  The  p r i m a r y  s u r f a c e - t o - 1 i q u i d  h e a t  t r a n s f e r  p r o c e s s e s  

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

s e l v e s  p a r t l y  a s  l a t e n t  h e a t  t r a n s p o r t  a n d  p a r t l y

a s  b u b b l e - i n d u c e d  c o n v e c t i o n :

<' t  •  <>LH * 4 bc: ( 1 0 ' n

( e ) I n  s u b c o o l e d  b o i l i n g  qj1 ^  i s  r e d i s t r i b u t e d  i n t o  q^oNDbNS ’ 
t h a t  p o r t i o n  o f  q ^  w h i c h  r c c o  n d e n s o :  f r o m a t t  tic hod

h u b b i e s ,  a n d  , t h e  r e m a i n i n g  p o r t i o n  o f  q ^ H w h i c h

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

The  r e v i e w  s h o we d  t h a t  t h e  c o n c e p t  o f  n e g l i g i b l e  l a t e n t  

h e a t  t r a n s p o r t  ( q ^  f < q.|, 1 d e r i v e s  f r om e a r l y  b o i l i n g  s t u d i e s  

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

w e r e  m e a s u r e d . I n  p a r t i c u l a r  i t  d e r i v e s  f r om s u b c o o l e d  b o i l i n g
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s t u d i e s  i n  w h i c h  q [ , | v i s  wa s  f o u n d  t o  b e  n e g l i g i b l e .  N e g l e c t  

o f  the  term qcoNDI-NS' 1 ° ° ^  semant ics  and a r b i t ra r y  e x tr a -
p o l a t i o n  l e d  t o  t h e  w i d e s p r e a d  a p p l i c a t i o n  o l  t h e  c o n c e p t  

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

I t  wa s  s ho wn t h a t  w i t h  qj , . ,  c o n s i d e r e d  n e g l i g i b l e ,  b u b b l e -  

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

d o m i n a n t  t h e r m a l - l a y e v - t o - b u l k  h e a t  f l o w  ( q j u:  ' q.j-) . Some

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

w e r e  r e v i e w e d  and t h e i r  l i m i t a t i o n s  and ( whe n p r e s e n t )  v a l i d  

f e a t u r e s  n o t e d .

A r e v i e w  o f  e x p e r i m e n t a l  s t u d i e s  on t h e  t h e r m a l  b o u n d a r y  

l a y e r  wa s  g i v e n .  T h i s  i n d i c a t e d  ( a t  l e a s t  f o r  s a t u r a t e d  

a nd  n e a r - s a t u r a t e d  b o i l i n g )  t h a t  q^p» w h i l e  s i g n i f i c a n t ,  

d o e s  n o t  c o n s t i t u t e  t h e  p r e d o m i n a n t  f r a c t i o n  o l  q-r . I he  

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

l a y e r  in t h e  a r e a  o f  b u b b l e  i n f l u e n c e  w e r e  1 mi nd t o  b e  c o n ­

v e c t i v e  and de  pen de n  * ( i n  a c o m p l e x  ma i i n e i )  on b u b b l e  mov e me nt  .

D e t e r m i n a t i o n s  o f  t h e  l a t e n t  h e a t  t r a n s p o r t  i n  t h e  a r e a  o f  

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

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

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

f act  the major mode cl  heat t r a n s f e r  f r o m the thermal l ayer  
i n t o  t h e  b u l k .  The  m e a s u r e m e n t s  c o v e r  a w i d e  r a n g e  o f  

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

a t  t e r r e s t r i a l  and r e d u c e d  g r a v i t i e s  g e n e r a l l y  i n d i c a t e  a 

l a t e n t  h e a t  t r a n s p o r t  c o n t r i b u t i o n  o f  at  l e a s t  70 p e r  c e n t :

s L l  *  4

At  m u l t i - g  a c c e l e r a t i o n s ,  h o w e v e r ,  t h e  c o n t r i b u t i o n  l u l l s  o i l .

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

t h e  t e r n .  qJoNDF.NS W(' rc'  s hown t o  SUKRCSt W r o n g l y ,  i f  n o t
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c o n c l u s i v e l y ,  t h a t  q*, ,  ( -  q y i v i s  + q CONDL:NS) i s  c o m p a r a b l e  

m a g n i t u d e  t o  q j .

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

b o i l i n g  h e a t  f l u x  wa s  shown t o  b e  a p p r o x i m a t e d  c l o s e l y  by 

t h e  sum o f  t h e  l a t e n t  h e a t  f l u x  a n d  o f  t h e  u n d i s t u r b e d  

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

( q / A ) T - m / A ) U | ♦ (m / a >n c  ( '0 '3)

Thus  t h e  me an  h e a t  f l o w  due  t o  i n t e r m i t , e a t  b u b b l e -

c o n v e c t i o n ,  i s  ol  a p p r o x i m a t e l y  t h e  s ame  m a g n i t u d e  a s  t h e  

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

o v e r  t h e  e n t i r e  a r e a  o f  b u b b l e  i n f l u e n c e .

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

i d e a l l y  he  b a s e d  on t h e  p r i m a r y  s u r l a c c - t o - 1 i q u i d  h e a t  

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

p r o c e s s e s  w e r e  s hown t o  be  o f  s u c h  i n t r i c a c y  t h u . t h e i i  

m o d e l s  h a v e  b e c o me  a n a l y s a b l e  o n l y  when s i m p l i f i e d  t o  t h e  

p o i n t  w h e r e  t h e y  no l o n g e r  r e l a t e  t o  r e a l i t y .  An e x a m i n a ­

t i o n  o f  t h e  ' b u l k  c o n v e c t i o n ' c o r r e l a t i o n s  i l l u s t r a t e d  

this d i f f i c u l t y .

An a l t e r n a t i v e  a p p r o a c h  was  s u g g e s t e d . I t s  b a s i s  was  

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

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

c o n v e c t i o n  by n a t u r a l  c o n v e c t i o n  ( e q u a t i o n s  1 0 . 2  a n d  1 0 . a ) .

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

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

c h a r a c t e r i s a t i o n  s i m i l a r  t o  t h a t  o f  M i k i c  a n d  Uo h s e n o w [ 4 7~\ , 

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

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

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

a l l o w s  t h e  p r e d i c t i o n  o f  b o i l i n g  c u r v e s  q / A  v e r s u s  ATs n t
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a t  a n y  p r e s s u r e , p r o v i d e d  t h a t  a t  l e a s t  o n e  b o i l i n g  c u r v e  

f o r  t h e  same  s u r f a c e ,  o r  p r e f e r a b l y  t h e  s ame  s u r f a c e - l i q u i d  

c o m b i n a t i o n ,  i s  a v a i l a b l e  a s  a r e f e r e n c e .  A l t h o u g h  d e r i v e d  

i n  t e r m s  o f  i s o l a t e d  b u b b l e s ,  t h a t  i s ,  low h e a t  f l u x ,  t h e  

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

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

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

l i q u i d s .

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

1 a r t  Z o f  t h e  t h e s i s  t o o k  a d e t a i l e d  v i e w o f  o n e  o l  t h e  

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

l a y e r  e v a p o r a t i o n .

A r e v i e w  o f  p r e v i o u s  m i c r o  l a y e r  wo r k  was  g i v e n .  T h i s  

r e v e a l e d  t h e  e x i s t e n c e  o f  o n l y  on e  s e t  oi  d i r e c t  m e a s u r e ­

m e n t s  o f  m i c r o l a y e r  g e o m e t r y ,  by S h a r p  [ i n f ]  , h u t  t h e s e  

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

unknown  g r o w t h  r a t e .  The  r e v i e w  t h u s  p o i n t e d  t o  a n e e d  f o r  

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

n o r m a l  b o i l i n g ,  o f :  ( a  I m i c r o l a y e r  s h a p e  a n d  t h i c k n e s s

v e r s u s  t i m e ,  a n d  ( b )  o v e r a l l  b u b b l e  g r o w t h  a n d  d e t a c h m e n t .

S u c h  m e a s u r e m e n t s ,  i t  wa s  a r g u e d ,  w o u l d  l e a d  t o  a n  a s s e s s ­

me n t  o f  t h e  m i c r o l a y e r  c o n t r i b u t i o n  -

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

d e s c r i b e d .  I t s  m a i n ,  a n d  l a r g e l y  n o v e l ,  f e a t u r e s  w e r e :  a

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

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

p h o t o g r a p h y  I . om b e l o w  w h i c h  p r o v i d e d  d e t a i l s  of m i c r o l a y e r  

g e o m e t r y ,  and  an  i mage  r e f l e c t i o n  s y s t e m  w h i c h  c a u s e d  t h e  

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

by s i d e  a n d  on t h e  same f r a me  o f  f i l m .  Some u n u s u a l  

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

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

An a n a l y s i s  o f  t h e  o p t i c s  o f  t h e  i n t  e r f e r e n e e  s y s t e m  was
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g i v e n .  I t ' s  m o s t  i m p o r t a n t  f i n d i n g s  w e r e  t h a t  o n l y  a 

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

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

w e r e  s u i t a b l e ) , a n d  t h a t  t h e  maxi mum m e a s u r a b l e  m i c r o l a y e r  

t h i c k n e s s  was  a p p r o x i m a t e l y  4 urn.

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

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

R e s u l t s  f o r  s e v e n  b u b b l e  c y c l e s  w e r e  p r e s e n t e d . T h e s e  

c o v e r e d  t h e  l i q u i d s  m e t h a n o l  a n d  e t h a n o l ,  p r e s s u r e s  o f  24 t o  

4 3 k N/ m7 , o v e r  1 h e a t  f l u x e s  o f  3(1 t o  7(1 klV/m7 a n d  b u l k  

s u b c o o l i n g  o f  0 t o  20 K. The  b u b b l e s  d i s p l a y e d  i n v o l u t i o n  

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

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

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

The  ma i n  r e s u l t s  c o n s i s t e d  o f  h i s t o r i e s  o f  mi c r o l a y c r  

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

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

o f  s u b m i c r o n  t h i c k n e s s ;  m i c r o l a y e r  t h i n n i n g  ( v i s i b l e  e v a p o r a  

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

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

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

v a p o u r  f l o w  i n t o  b u b b l e s  ( t h a t  i s ,  t o  l a t e n t  h e a t  t r a n s p o r t )  

wa s  f o u n d  t o  be  n e g l i g i b l e .  Th e s e  f i n d i n g s  a r e  i n  a p p a r e n t  

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

a n d  i n  p a r t i c u l a r  w i t h  t h o s e  o f  C o o p e r  a n d  l . l o y d  Q) 9 ,  10 ( Q.  

The  m i c r o l a y e r  t h i c k e n i n g ,  h o w e v e r ,  d e m o n s t r a t e d  t h a t  

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

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

T h i s  r e p l e n i s h m e n t  was  i n v e s t i g a t e d  f u r t h e r  by  me a n s  o f  a 

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

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

H x t e n s i o n s  t o  t h e  C r a n k - N i c o 1 s o n  t e c h n i q u e  t o  c o v e r  m o v i n g -  

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

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

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

( q i  ) m i g h t  w e l l  h a v e  b e e n  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  

t o t a l  v a p o u r  f l o w  i n t o  b u b b l e s  ( q ^ , )  • The  o p t i c a l  m e a s u r e ­

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

s u r f a c e  t h e r m o m e t r y  f i n d i n g s  o f  C o o p e r  a n d  L l o y d  [ 9 9 ,  1 0 d ] .

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

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

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

a r e  o f  t h e  s a me  o r d e r  o f  m a g n i t u d e  a s  t h o s e  a s s o c i a t e d  w i t h  

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

The  o v e r a l l  f o r c e s  o f  i n e r t i a ,  s u r f a c e  t e n s i o n ,  v i s c o s i t y  

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

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

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

o f f  t h e i r  mi c  r o 1a y c r s , w e r e  f o u n d  t o  p r e d o m i n a t e .  I h e  p a t t e r n  

o f  b u b b l e  f o r c e s  was  t h u s  s hown t o  b e  c o m p a t i b l e  w i t h  m i c r o -  

l a y e r  r e p l e n i s h m e n t .

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

c o m p a r e d  w i t h  t h o s e  o f  J u d d  [ l 5 0 ]  a n d  o f  \ o u t s  i n o s  and  

J u d d  ( j  51 ] . The  s t u d i e s  w e r e  f o u n d  t o  h a v e  d e r i v e d  f r o m 

p u b l i s h e d  p o r t i o n s  o f  t h e  p r e s e n t  wo r k  [ j  9 2]  a n d  when em­

p l o y i n g  c o n v e n t i o n a l  i n t e r  f c r o m c t  r y  [,15 0] t o  h a v e  g i v e n  

e s s e n t i a l l y  t h e  same  r e s u l t .  Wi t h  l a s e r  i n t e r ( c r o m e t r y  0 ^  0 » 

h o w e v e r ,  v e r y  much t h i c k e r  m i c r o  l a y e r s  h a d  r e s u l t e d .  The  

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

s t u d y  o r  i n  t h e  l a s e r  s t u d y  o f  V o u t s i n o s  a n d  J u d d  was  

a n a l y s e d  i n  some d e t a i l  , b u t  c o u l d  n o t  he  f i n a l l y  r e s o l v e d .



1 0 . 1  SUGGESTIONS FOR FUTURE WORK

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

r e q u i r i n g  a t t e n t i o n .  On l y  t h o s e  c o n s i d e r e d  m o s t  u r g e n t  

and.  l i n k e d  m o s t  c l o s e l y  w i t h  t h e  m a i n  c o n c l u s i o n s  a r e  h e r e  

mc n t  i o n e d :

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

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

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

The  h e a t  t r a n s f e r  c o r r e l a t e e n  o f  C h a p t e r  3 s h o u l d  b e  f u r t h e r  

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

f o u l i n g  on t h e  s u r f a c e - c h a r a c t c r i  s a t  i o n  c o n s t a n t s  K a n d  m 

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

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

m i c r o l a y e r  s h o u l d  be  a n a l y s e d .

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

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

i n t o  a c c o u n t .

Mos t  i m p o r t a n t , t h e  c o n  1 1 i c t  b e t w e e n  t h e  m i c r o  l a y e r  m e a s u r e ­

m e n t s  o f  t h e  p r e s e n t  s t u d y  a n d  t h o s e  o f  V o u t s i n o s  a n d  J u d d  

[ l 5 l ]  s h o u l d  be  r e s o l v e d  by s i m i l a r  wor k  e m p l o y i n g  a 

c o r r e c t l y  o p e r a t e d  l a s e r .

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

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

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

a n d  f l o w  c o n d i t i o n s .
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APPENDIX 1

VAPOUR CAVITY COLLAPSE WITH LIQUID J ET 

FORMATION

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

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

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

s p e c u l a t e  on t h e  m e c h a n i s m  o f  s l u g  e j e c t i o n ,  by  d r a w i n g  u p o n  

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

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

e x p e r i m e n t a l  w o r k  r e l e v a n t  t o  t h e  p r e s e n t  p r o b l e m  i s  p r o v i d e d  

by  B e n j a m i n  a n d  E l l i s  [ 6 0 ] ,  T h e y  s how t h a t  c a v i t a t i o n  b u b b l e s  

i m p l o d i n g  s p h e r i c a l l y  i n  a n  i n f i n i t e  f i e l d  ( R a y l e i g h  i m p l o s i o n ) , 

t y p i c a l l y  p r o d u c e  p r e s s u r e  p u l s e s  o f  t h e  o r d e r  o f  10 6k N/ m2 .

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

r a p i d l y  w i t h  r a d i a l  d i s t a n c e .  I f  now a w a l l  i s  p r e s e n t  a t  s u c h  

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

i s  no l o n g e r  s p h e r i c a l  a n d  p o w e r f u l  e f f e c t s ,  a d d i t i o n a l  t o  

n o r m a l  R a y l e i g h  i m p l o s i o n ,  c a n  a r i s e :  F o r  i m p l o d i n g  v a p o u r

c a v i t i e s  i n  c o n t a c t  w i t h  o r  c l o s e  p r o x i m i t y  t o  a w a l l ,  t h e  

l i q u i d  i n f l o w  c a n  b e c o me  d i s t o r t e d  s u c h  t h a t  a l i q u i d  j e t , 

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

S u c h  j e t s  c a n  b e  c l e a r l y  s e e n  i n  t h e  h i g h - s p e e d  p h o t o g r a p h s  o f  
B e n j a m i n  a n d  E l l i s  [b o ] .

P l e s s c t  a n d  Chapman [ 2 1 2 ]  h a v e  p r e s e n t e d  a t h e o r e t i c a l  

a n a l y s i s  o f  s u c h  c o l l a p s e .  F i g u r e  A1. 1  , t a k e n  f r o m t h e i r  

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

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

f b )  a b u b b l e  i n i t i a l l y  h a l f  i t s  r a t l i n s  f r om t h e  w a l l  a t  t h e  

c l o s e s t  p o i n t .  P l e s s c t  a n d  Chapman p r o v i d e d  t h e o r e t i c a l  

maxi mum j e t  t i p  v e l o c i t i e s  a s  a f u n c t i o n  o f  t i m e  ( a n d  h e n c e  

c a v i t y  s h a p e )  f o r  a p a r t i c u l a r  v a l u e  o f  A P / p 1 . (AP i s  t h e  

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

a n d  t h e  v a p o u r  i n s i d e  t h e  b u b b l e ) . F u r t h e r  t h e y  s h o we d  t h a t
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F I G .  Al  l SUCCESSIVE STAGES OF COLLAPSE OF 

CAVITATION BUBBLE
( a )  in contact  w i th  wal l
(b )  in clos# prox imity to wal l  
( T h e o r y  of < ' ! ts§e t  and Chapm an [212])
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t h e  j e t  v e l o c i t i e s  s c a l e  w i t h  ( A P / p ^ ) * ,  t h u s  a l l o w i n g  t h e  

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

A s s u m i n g  f o r  t h e  mome nt  t h a t  t h e  a b o v e  c o l l a p s e  m e c h a n i s m  

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

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

<.ne c o n d i t i o n s  o f  G u n t h e r ' s  f o r c e d  c o n v e c t i o n  b o i l i n ' ;  s t u d y  

o f  w a t e r  ["74] . The  r e q u i r e d  AP v a l u e s  a r e  o b t a i n a b l e  

f r om B a n k o f f  and M i k v s v l l ' s  a n a l y s i s  [()P] o f  v . t . t b e r ' s  d a t a .  

The a n a l y s i s  s h o w s  t h a t  AP i s  e s s e n t i a l l y  c o n s t a n t  t h r o u g h ­

out  e a c h  b u b b l e  l i f e ,  and t h a t  i n  t h e  s u b c o o l i n g  r a n g e  

o f  4 5 t o  100 k i t s  v a l u e  f o r  a l l  b u b b l e s  l i e s  b e t w e e n  2 , 9  

and 4 , 5  k. N/m' .  The  j e t  v e l o c i t y  i s  h e r e  d e t e r m i n e d  f o r  

t h e  i n t e r m e d i a t e  v a l u e  o f  5 , 7  k.N/m? . P l e s s e t  and C h a p ma n ' s  

d a t a  [ 2 1 2 j  s ho w t h a t  f o r  an a t t a c h e d  b u b h i u  t h e  j e t  v e l o c i t y ,  

a t  t h e  i n s t a n t  i t  s t r i k e s  t h e  s u r f a c e ,  i s  128 m / s  f o r  a 

v a l u e  o f  AP / , ^  o f  ( 1 0 0  k N / m: l / ( l  g / c m 1) .  Wi t h  an a s s u m e d  

f j  o f  1 g / c m '  f o r  G u n t h e r ' s  w o r k ,  t h e  j e t  v e l o c i t y  i s  

128 x ( 0  , 05" ) 11 ’ 1 , t h a t  i s  24, (> m / s .  I b u s  b u b b l e s  c o l l a p s i n g  

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

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

s u r f a c e .  The  o b s e r v e d  s l u g s  o f  l i q u i d  e j e c t e d  f r o m t h e  

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

j e t s .

I t  i s  n o t  p o s s i b l e ,  e v e n  f r om t h e  d e t a i l e d  p h o t o g r a p h s  

o f  Btihr [5 7 ] ,  t o  a s c e r t a i n  w h e t h e r  o r  n o t  j e t - t y p e  c o l l a p s e  

I oc s  o c c u r  i n  s u b c o o l e d  b o i l i n g .  The  e l o n g a t i o n  o f  t h e  

b u b b l e  p r i o r  t o  i n v o l u t i o n  ( s t a g e  5 ,  f i g u r e  A l . l a )  c e r t a i n l y  

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

o u t .  f i g u r e  5 i n  B e n j a m i n  and 1:11 i s '  p a p e r  [(>()] s h o w s  

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

y e t  an i n v o l u t i o n  j e t  i s  d e f i n i t e l y  p r e s e n t .

S t r i c t l y  s p e a k i n g ,  t h e  c o l l a p s e  j e t  a n a l y s i s  i s  v a l i d  o n l y  

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

a s y m m e t r i c  e f f e c t s  ( e . g .  g r a v i t y ,  t a n g e n t i a l  l i q u i d  

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

a n a l y s i s .  E v e n  i f  i t  d o e s , t h e r e  e x i s t  f u r t h e r  p o s s i b i l i t i e s , 

r e v i e w e d  b y  B e n j a m i n  a nd  E l l i s ,  w h e r e b y  e f f e c t s  a d d i t i o n a l  

t o  p u r e  R a y l e i g h  c o l l a p s e  m i g h t  a r i s e .

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

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

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

p r o f i t a b l e .
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APPENDIX 2

SATURATED-BOILING STUDY OF RALM S  AND JAWIIRP.K

T h i s  a p p e n d i x  r e p r o d u c e s  t h e  p u b l i s h e d  s a t u r a t c d - b o i  1 inj;  

s t u d y  o f  R a i l  i s  and  J a w u r c k  [ 2 ] .  I t  p r o v i d e s , f i r s t  1 ) ,

t h e  e x p e r i m e n t a l  d e t a i l s  oI t h e  l a t e n t  h e a t  t r a n s p o r t

m e a s u r e m e n t s  d i s c u s s e d  i n  S e c t i o n  2 , 6 . 3 ,  s e c o n d l y ,  a s t u d y  

on t h e  i n t e r r e l a t i o n  o t  b u b b l e  1 r e q u c n c y  and  d e p a r t u r e  

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

r e l a t i o n  g i v e n  i n  S e c t i o n  3 . 2 . 1 .

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

c o r r e c t e d  i n  F i g u r e  2 . 1 9 ,  C h a p t e r  2.

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

r e m a i n d e r  o f  t h e  t h e s i s .
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LA TE NT H E A T T R A N S P O R T  IN S A T U R A T E D  NUCLEATE 

BOILING

(  . J .  R Xl 1 IS* and M. II .  .1 W M  HI K:

IVp. i r lmcnl  of  Mixh.inii. . il  I iiyiiH-vnnp.
I nnvrMiN ol  llie \> iln. ileisr. irnl.  loh.innevlv •„ S mili Mri r . i

I Ht'i't'tft'il 4 Oi't t-mht’r l l>h I Whl in n' t  not /  /iirrrr I  ̂ l/'i il

Ab*lracl  I 'xix' firnem.il  work .-n ihe mir le.ile pool  hoi lnin ol » j i e r  .il ' . imi . t i ion r\ rep< l ied I ho  
indiwle^ lhal  lale.H heal  i r a i v p o n .  (</ 4 1/ n.  i '  at all siagei  Mgnilie.m!. I lie rat io it/ . I Iz zz !</ Ilr r 
i tKfcaee'  steadils with nivie. i ' inv ‘lea! lltr\ ami  appear^ to lerul to t i ini '  .t'  tr/ II. . t ends towards 
burnout  I a u n t  heat t ranspor t  and c o m  cel ion U ’get her .ire. niiit lot t lie I ota! Iln\  in sal ut aled boil ing 

I he hasie parameter s  enter ing into the tormi i lal ion ol i</ 11; zz. hat is. the prodttei ol huhhle  Ire- 
queues  and bubble v d u m e  at depar ture  f  I i. ami  the huhble s o u n e  eoneent ra t i on  N, ate  furl her 
investigated

It IS shown that  most  publ i shed findings on the parameter  I I , are mappl te. ihle to lieat- transtcr  
eot relat ions due  to the incorrect  defini t ion ol means  I x i xnmcn t ul  results show that  t i l  the (etitli- 
metis l mean product  /  I , increases with Hux. and m l  a I a par la  alar  II ux the pr.nl tie I /  I i t s  approx i- 
malelv live same lor  each bubble  source

Tlie data lor  V on  water  and  on orgames  boil ing at var ious pressures indicate that  the relat ion

li/ 4) constant  \

where n '  0  5  appears  to hold onl> in the region ol isolated bubbles
\  hvpol lwsis is evolved ar.d e onh t me d  expct imenlal lv . 'Ccoiiling to winch the curve o f  .V vs 

Af„, ,  takes the form of  a cumula t ive  frequeitc.v dist r ibut ion.
Analysis and conl i rmatory exper imcntx show that  nuclcal ion and mu  leate boi l ing cannot  he made 

t o  proceed indefinitely at lower  and  lower p r e ss ures . for a par t icular  surface licpud combina t ion  a 
pressure exists which mar ks  the threshold o f  a  hi ther to unrecogm/ cd  regime ol  uns t able  nucleate 

boi l ing At lower  pressures the nucleate regime is a l together  absent .

S O M F N f  I ATI  RK n. c o n s t a n t ;

« . c o n s t a n t ; n. n u m b e r  o f  b u b b l e  s o u r c e s  o n

.4, h c a t - t r a n s f c r  a r e a  | f t  | ; h c a t - t r a n s f c r  s u r f a c e .

h, c o n s t a n t ; \  n  1 . b u b b l e  s o u r c e  c o n c e n t i  d i o n  [ft  *’];

<. C . c o n s t a n t s ; ■ » . n u c l c a l i o n  s i t e  c o n c e n t r a t i o n

/;, /. e q u i v a l e n t  s p h e r i c a l  h u h h l e  ili.t- [It '1:
m e t e r  a t  d e p a r t u r e  ( f t ] ; Si/ . N u x x e l t  n u m b e r ;

r. h u h h l e  f r e q u e n c s  (s 1 o r  h  1 1 ; P i .. l i q u i d  p r e s s u r e  ( a t m ) ;

A . b u b b l e  f r e q u e n c y  of  i n d i v i d u a l h . I ' i . m d t l  numbi . - r ;
s o u r c e  [s 1 o r  h  ' ] : e i V h a l p v  o f  f o r m a t i o n  o f  b u b b l e

/ . m e a n  ( a r i t h m e t i c ,  u n l e s s  o t h e r ­ [ H l n ] ;  '
w i s e  s t a t e d )  o f  A ; (</ I),  (i/ D i . , , .  t o t a l  hc. i t  f l ux  [ B u t  h  f t - ] ;

/ " . a r i t h m e t i c  m e a n  o f  p r o d u c t s  A I ; l<i f ) i  ii. l a t e n t  h e a t  t r a n s p o r t ,  d e l i n e d  b y

c . g r a v i t a t i o n  a c c e l e r a t i o n  [ft h - | ; e q u a t i o n  (2)  [ B l u  It IV] ;

f/z/. m a s s  v e l o c i t y  o f  v a p o u r  in d e p a r t ­ (</ I I X I . n a t u r a l  c o n v e c t i o n  f l ux  [Blu.  h  f t - ] ;
i n g  b u b b l e s  [lh,„ h f t ’| ; / . n u c l c a l i o n  c a v i t y  m o u t h  r a d i u s

m , c o n s t a n t ; i n  A

t  Professor  of  f luid Mcehumes m o u t h  r a d i u s  o f  l a r g e s t  p o t e n t i a l l y

J Sou th  African Atomic  I ncrgy Board Bursar. a c t i v e  c a v i t y  [ f t ] ;

IOM
H M. - 1R
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r * m o u t h  r i u l n i s  ot  l . o u c s l  -u U hmm' .
c a \ i t >  ( I I I :
n i ' U l h  r . u l i i i s  ol  m u .i IIvnI a v l i w

nun ’ , ,  ,
c a > n y  | i t l :

/?,•. R e y n o l d s  n:  m i  h e r ;
y  , ,  s a t u r a t i o n  l e n i . x ' v a i u r e  o t  ! k | u h 1

I R).
/ • , ,  h c a t e v  w a l l  t v m | ' e i . H i r e  | R l .

A7;,„. (/< / ,.,i) [iieeR|:
1 h u h h l e  x o l u m e  ( I t ']■
1 rf< b u b b l e  \ o l u m e  a t  i l e i v m i u i e  [ I t 1!.
I' rti,  b u b b l e  x o l u m e  a t  d e p a r t u r e  f o r  a

p a r t i c u l a r  s o u r c e  l t t  ' 1 - 
P., .  m e a n  ( a r i t h m e t i c ,  u n i . -  • t i c r -

xx i se s t a t e d ) ot  I ;
i f _ s p e e i l i c  x i d i i u i e  o t  x a p o i o  |U ih, t r | .

( i r e e k  s y m b o l s
rt. l i m i t i n g  t h e r m a l  b o u n d a r y  l a y e r

t h i c k n e s s  [ f t ) ;
V l a t e n t  h e a t  o l  x a p o r i / a t i o n

[ B tu  I b m | ;

,,, x a p o u r  a n d  l iquid  dens i tx
[lb„ IV):

s u r f a c e  t e n s i o n  (lb,  I t )

1. I N T R O D l  CT I O N

1.1 D e fin itio n  o f  la te n t  h e a t tra n sp o r t  
T h i s  p a p e r  d e a l s  p r i m a r i l y  w i t h  t h e  t r a n s p o r t  

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

s a t u r a t e d  n u c l e a t e  p o o l  b o i l i n g .
I t  h a s  b e e n  s h o w n  | l .  2 ] t h a t  t h e  e n e r g y  Q>, 

r e q u i r e d  t o  f o r m  a  b u b b l e  o f  x o l u m e  1 1 . a n d  o l  
r a d i u s  l a r g e r  t h a n  a b o u t  It) ■ I t .  is g i x e n ,  t o  a 

g o o d  a p p r o x i m a t i o n ,  b y

Qh  I h l'> h (II

w i t h  p r o p e r t i e s  e v a l u a t e d  a t  t h e  . a t m a t e d  s t a t e  

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

d e p a r t u r e  f r o m  a  h e a t e d  s u r f a c e  e x c e e d s  1 0  • ft 
b y  s e v e r a l  o r d e r s  o f  m a g n i t u d e ,  t h e  e n e r g y  
c a r r i e d  a w a y  f r o m  s u c h  a s u r f a c e  by b u b b l e s  

m a y  h e  f o r m u l a t e d  as

h i  I  A )  i . n  i >i  > V b ,  / '  * * (2)

E v i d e n t l y  e q u a t i o n  ( I )  o n l y  r e p i e s e n l s  t h e  
l a t e n t  h e a t  o f  f o r m a t i o n  o f  a  b u b b l e ,  o t h e r

t e r m s  b e i n g  n e g l i g i b l e  I h u - t h e  l lux  c o n t r i b u -  
l i o n  g i x e n  by e c | i i a i i o n  ( 2 ) is lei  m o d  L iicn t heiit 
t r a m i ' o r t

I n a s m u c h  a s  o u r  u l t i m a t e  a i m  is t h e  c o r r e l a ­
t i o n  o f  n u c l e a t e  b o i l i n g  h e a t  t l io . es .  I h e  c h o i c e  ol
I t h e  b u b b l e  x o l u m e  a l  t h e  i n s t a n t  ol  d e p a r t u r e  
f r o m  t h e  h e  a '  m g  s u r f a c e ,  is t he  < mix  l o g i c a l  o n e
II h a s  b e e n  s l ioxxn by J a k o b  | J | .  a n d  is \ e r i l i e d  
m  t h e  p r e s e n t  s i u d x  (a!  least  l o r  t h e  c a s e  o f l o x x -
i .ux b o i l i n g i .  t h a t  b u b b l e s  m  s a t u r a t e d  b o i l i n g  
c o n t i n u e  t o  groxx a f t e r  d e p a r t u r e  u n t i l  t he y  
r e a c h  the'  t r e e  l i q u i d  s u r f a c e .  T h e  h e a t  r e q u i r e d  
f o r  t i n s  groxx l b  m u s t  o r i g i n a l l y  h a x e  l e l t  t h e  
h e a t i n g  s u i t  a c e  bx s o m e  c o n x  e c t i o n  m e c h a n i s m ,  
a n d  m u s t  b e  c o r r e l a t e d  o n  t h a t  b a s i s

It is l u r t h c r  a c c e p l c d  t h a t  t h e  b u l k  o f  t h e  h e a t  
i c q u u e d  ' o r  a itu i In ,I b u b b l e  g ro x x t h  m u s t  a l s o  
be  li a n s l e i  r e d  I r o m  t h e  h e a t i n g  s i i r l a ce .  x i a  t h e  
l i q u i d  s u b - l a y e r ,  by s o n .  ■ c o n d u c t i o n  c o n x c c l i o n  
p r o c e s s .  I xulei i i lx t h e  e b u l ' u i o n  m e c h a n i s m  is 
m x o k e d  a n d  b e c o m e s  r a t e  v o n i r o l l m g .  xxiien t h e  
n o r m a l  c o n x c c l i o n  p i o c c s s e s  t e n d  t o  “ s a t u r a t i o n  
a n d  a r e  n o  l o n g e r  a b l e  t o  c o p e  xxith t h e  r a t e  o l  
h e a t  s u p p l y .  I h e  e x a c t  d i s t r i b u t i o n  o f  h e a l  lloxx 
h e l i x c c n  t h e s e  ' xxo p o s s i b l e  p a t h s ,  t h a t  is c o n -  
x e c t i o n  a n d  e b u l l i t i o n ,  c l ea r ly  xxill h e  l l ux -  
d e p e n d e n t  It t h e r e f o r e  a p p e a r s  p r e l e r a b l e  t o  
c o r r e l a t e  t h e  l l ux  c o n t r i b u t i o n  o f  t h e  h e a t  o l  
f o r m a t i o n  o l  a t t a c h e d  b u b b l e s  s e p a r a t e l y  a n d  m  

t e r m s  o f  e q u a t i o n  ( 2 ).
I o  s i , m  u p  t h e r e f o r e  I he  l a t e n t  h e a t  t r a n s p o r t  

d c l i n c d  bx e q u a t i o n  1 2 1 a c c o u n t s  f o r  t h e  h e a t  
t h a t  I cuxcx  t h e  s u r f a c e  b y  c o n d u c t i o n  a n d  c o n ­
x c c l i o n  t o  l o t m  b u b b l e s  u p  t o  t h e  p o i n t  o l  t h e i r  
d e p a r t u r e ;  t h e  d i l l c r c n c c  b e t w e e n  t h e  t o t a l  l lux  
a n d  t h e  l a t e n t  h e a t  I r a i i s p o i t  r e p r e s e n t s  t h e  h e a t  
t h a t  l e a x e s  t h e  s u r t a c e  by  v o n x c c t i o i i .  t h e r e a l t c i  
t o  m a n i f e s t  i t se l f  p a r t l y  m  t h e  f u r t h e r  g r o w t h  o f  
r i s i n g  b u b b l e s  a n d  p a r t l y  m  e v a p o r a t i o n  w i t h o u t  

e b u l l i t i o n  a t  I h e  f r e e  l i q u i d  x u t l a c c

I 2 /Ycf h*//s h 1A on /1/1'<’ < ot iii.spot t
It h a s  u n t i l  i v c c n t lx  b e e n  ■ m  i. illy h e l d  t h a t  m

n u c l e a t e  b o i l i n g  w l w 1 . s u b - c o o l e d  o t
s a t u r a t e d ,  l a t e n t  h e a l  t r a n s p o ,  is d e f i n e d  a b o v e  
c o n t r i b u t e s  i i i s i g i u l i c a n t l y  t o  t h e  t o t a l  h e a t
l lux.  Th i s  n o t i o n  a p p e a r s  t o  h a x e  b e e n  b a s e d  o n  
t h e  s u b - c o o l e d  b o i l i n g  s t u d i e s  o l  C i i m l h c r  a n d  
K r e h h  | 4 ]  a n d  R o l i s e m  xx . uu l  t  l a r k  [1].

A s  a  r e s u l t  t he  h i g h  h e a t  t r a n s f e r  r a t e s  t y p i c a l
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o f  n u c l e a t e  b o i l i n g  h a w .  in  t h e  m a i n ,  b e e n  
a t t r i b u t e d  t o  b u b b l e  i n d u c e d  a g i t a t i o n  n e a r  t h e  
h e a t i n g  >Ui lace .  T h i s  h a s  l e a d  t o  c o r r e l a t i o n  

e q u a t i o n s  o f  t h e  g e n e r a l  f o r m :

Ai ,  c o n s t .  AIi "' . I 'i " t ' I

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

v i e w e d  bv / u b e r  a n d  I r i e d  | 5 |
A t  a  p a r t i c u l a r  p r e s s u r e  a n d  f o r  a  g i v e n  

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

m a t e l y  t o :

I,/ l i  c o n s t  ( V - . i V  l-T*

C l e a r l y  s i n c e  t h e  n u c l c a t i o n  . h u i M c i c n d i c '  of  t h e  
h e a t i n g  s u r f a c e  a r e  i g n o r e d ,  s u c h  e q u a t i o n s  
c a n n o t  a d e q u a t e l y  c o r r e l a t e  n u c l e a t e  b o i l i n g  
d a t a  A t t e m p ' . s  l o  a c c o m m o d a t e  n u c l c a t i o n  
e l l c e i s  by t h e  i n c l u s i o n  o f  a c t i v e  s i t e  c o n c e n t r a ­
t i o n  t e r m s  h a v e  l e a d  t o  e q u a t i o n s  o l  t h e  I n r m  

|ft 'I |
(ry 11 const \ t A / . i t  I f l̂

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

R e c e n t  i n d i r e c t  e v i d e n c e  |l<> 12| .  I n n v e v e r ,  
s u g g e s t s  t h a t  l a t e n t  h e a t  t r a n s p o r t  c a n n o t  h e  
i g n o r e d  in  s a t u r a t e d  b o i l i n g  I r r e s p e c t i v e  o f  t h e  
h e a t - t r a n s f e r  m e c h a n i s m  o p e r a t i n g  in n u c l e a t e  
b o i l i n g ,  a  s t u d y  o f  t h e  p a r a m e t e i s  e n t e r i n g  i n t o  
e q u a t i o n  ( 2 ). a s  wel l  a s  I h e i r  i n t e r - r e l a t i o n ,  

w o u l d  a p p e a r  t o  he  n e c e s s a r y .
In o u r  r e p o r t s  o f  IW > 11 h I -I | a t t e m p t s  at  t h e  

p h o t o g r a p h i c  d e t e r m i n a t i o n  of  S.  I a n d  I ,• a n d  
a t  t h e  e v a l u a t i o n  o f  l . i tvn h e a t  t r a n s p o r t  in 
s a t u r a t e d  b o i l i n g  w e r e  ri p o r t e d  It w a s  s h o w n  
t h a t  f o r  w a t e r  a n d  e t h y l  a l c o h o l  b o i l i n g  a t  
a t m o s p h e r i c  p r e s s u r e  l a t e n t  h e a l  t r a n s p o r t  
i n c r e a s e s  s t e a d i l y  w i t h  i n c r e a s i n g  f l ux ,  u n t i l  in t h e  
v i c i n i t y  o f  t h e  p e a k  f l ux  it a l o n e  a c c o u n t s  f o r  t h e  
t o t a l  f l ux .  A t  n o  s t a g e  w a s  i t s  c o n t r i b u t i o n  
n eg l i g i b l e .  D u e  t o  s l n n i c o n u n g s  o l  t h e  p h o t o ­
g r a p h i c  t e c h n i q u e  t h e  b u b b l e  v o l u m e  a t  d e p a r t u r e  
c o u l d  n o t  I k  a c c u r a t e l y  d e t e r m i n e d  Al so ,  
b u b b l e  f r e q u e n c i e s  c o u l d  o n l y  b e  m e  ' o i r c d  a t  
r e l a t i v e l y  l ow f luxes ,  l u g h - f l u x  v a l u e s  b e i n g  
o b t a i n e d  by e x t r a p o l a t i o n  u s i n g  a n  e m p i r i c a l  
e q u a t i o n  l i l t ed  t o  t h e  lovv-f lux d a t a .  1 h i t s  t h e r e

w a s  s o m e  d o u  >t a s  t o  t h e  a c c u r a c y  o f  t h e  l a t e n t  
h e a l  t r a n s p o r t  d c t e r m i n a t h  i. T h e  m a i n  c o n ­
c l u s i o n s  r e a c h e d  a r e .  h o w e v e r ,  st i l l  c o n s i d e r e d  

va l i d

I T I ’l irp u s f iiiid in illiiw  o f th is  stiu lv  
S u m m a r i z i n g  t h e n : O n e  is l a c e d  w i t h  a  

s i t u a t i o n  in w h i c h  e v e r y  b e t t e r  k n o w n  h e a t -  
t r a n s f e r  c o r r e l a t i o n  f o r  s a t u r a t e d  n u c l e a t e  
b o d i n g  is b a s e d  o n  t h e  e x p e r i m e n t a l l y  u n v e r i f i e d  
a s s u m p t i o n  t h a t  t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  
f l ux  by l a t e n t  h e a t  t r a n s p o r t  is n e g l i g i b l e .  R e c e n t  
w o r k  i n d i c a t e s  t h a t  t h i s  c o n c e p t  is a l m o s t  c e r ­

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

t r a n s p o r t  in s a t u r a t e d  b o i l i n g  o l  w a t e r  a t  
a t m o s p h e r i c  p i c s s u r v  a r e  r e p o r t e d .  F u r t h e r  
i n v e s t i g a t i o n s  i n t o  t h e  b a s w  p a r a m e t e r s  e n t e r i n g  
i n t o  i h e  l a t e n t  h e a t  t r a n s p o r t  e q u a t i o n ,  t h a t  is 

e q u a t i o n  ( 2 l. a r e  p r e s e n t e d .
In  S e c t i o n  2 e x p e r i m e n t a l  w o r k  o n  l a t e n t  h e a t  

t r a n s p o r t  is d e s c r i b e d .  S e c t i o n  3 d e a l s  w i t h  
b u b b l e  f r e q u e n c i e s  a n d  b u b b l e  v o l u m e s  a t  
d e p a r t u r e  a n d  t h e i r  i n t e r - r e l a t i o n .  S e c t i o n  4  
p r o v i d e s  d a t a  o n  t h e  c o n c e n t r a t i o n  o f  b u b b l e  
p r o d  i c i n g  s i t es  a n d  is a  s t u d y  o l  n u c l c a t i o n .

2. ( O V T R t tU  H O N  TO T H E  T O T A L  F l .V X  BY 
L A T E N T  H E A T  T R A N S P O R T

2 . 1  l / y w u h / v  uih l ' m ' t /w/ r / mr  t e i h t i q u c
The  a p p a r a t u s  u s e d  p e r m i t t e d  d e t e r m i n a t i o n  

o f  t h e  h e a t  f lux a n d  t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  t l v  h e a t i n g  s u r f a c e  a n d  t h e  l i q u i d  b u l k :  
a  m e a n s  o f  m e a s u r i n g  V. I a n d  I a w a s  a l s o  

p r ov  ideal.
/Jn/Vi/ig M Wi / t /  rg. 11. I h i s  c o n t a i n e d  a  h o r i ­

z o n t a l ,  e l e e l i i v a l l y  h e a t e d  n i c k e l  w i r e .  ( H ) 2  i n  
i l i a . . w h i c h  a c t e d  b o t h  a s  a  h e a t i n g  e l e m e n t  
a n d  a s  a  r e s i s t a n c e  t h e i m n m e t e r .  ( A  w i r e  
r a t h e r  t h a n  a  f lat  pi  " c  w a s  u s e d  b e c a u s e  o f  
t h e  g r e a t e r  e a s e  in  i n t e r p r e t i n g  t h e  r e s u l t a n t  
p h o t o g r a p h s .  A l s o  e d g e  e l l e e t s  w e r e  t h e r e b y  
a v o i d e d  ) A n  a u x i l i a r y  h e a t e r  m a i n t a i n e d  
t h e  l i q u i d  h u l k  a t  t h e  s a t u r a t i o n  t e m p e r a ­
t u r e  c o t  r e s p o n d m v  t o  a m b i e n t  a t m o s p h e r i c  
p r c s s u i e  t '  1 2  p s i a ) .  \  m e r c t u y - i n - g l a s s  t h e r ­
m o m e t e r  m c a s u t e d  t h e  l i q u i d  b u l k  t e m p e r a t u r e .  
1 h e  t e s t  w i r e  w a s  p l a c e d  in  a n  i n n e r  t a n k .  T h i s  
h a s  b e e n  s h o w n  t o  b e  n e c e s s a r y  il s t a g n a n t  p o o l  
c o n d i t i o n s  a r e  t o  b e  m a i n t a i n e d  i n  t h e  t e s t



I. A T T  N T  I I I  A T  T R A N S P O R T  I N  S A T  U R A T I  I) N I C  IT A T I  B O I L I N G 1053

o f  n u c l e a t e  b o i l i n g  h a v e ,  in  t h e  m a i n ,  b e e n  
a t t r i b u t e d  t o  b u b b l e - i n d u c e d  a g i t a t i o n  n e a r  t h e  
h e a t i n g  s u r f a c e .  T h i s  h a s  l e a d  t o  c o r r e l a t i o n  
e q u a t i o n s  o f  t h e  g e n e r a l  f o r m :

A h  c o n s t ,  fii'" ' . / V '  ( ' )

w h e r e  t h e  d i m e n s i o n l e s s  p a r a m e t e r s  a r e  e v a l u ­
a t e d  in  t e r m s  o f  b u b b l e  c h a r a c t e r i s t i c s .  I he  
b e t t e r  k n o w n  o f  t h e s e  h a v e  r e c e n t l y  b e e n  r e ­
v i e w e d  by Z u b e r  a n d  f  r i e d  15| .

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

m a t e l y  t o :

( 1/ 11  c o n s t  i A / V . i l '  |4>

C l e a r l y  s i n c e  t h e  n u c l e a t i o n  c h a r a c t e r i s t i c s  o f  t he  
h e a t i n g  s u r f a c e  a r e  i g n o r e d  s u c h  e q u a t i o n s  
c a n n o t  a d e q u a t c l  c o r r e l a t e  n u c l e a t e  b o i l i n g  
d a t a  A t t e m p t s  t o  a c c o m m o d a t e  n u c l e a t i o n  
e f f e c t s  by t h e  i n c l u s i o n  o f  a c t i v e  si te c o n c e n t r a ­
t i o n  t e r m s  h a v e  l e a d  t o  e q u a t i o n s  o l  t h e  l o r m  

|* 91
(,/ I) c o n s t  (51

I n a s m u c h  a s  t h e s e  r e l a t i o n s  d o  n o t  t a k e  a c c o u n t  
o f  l a t e n t  h e a t  t r a n s p o r t ,  A r e p r e s e n t s  t h e  n u m b e i  

o f  l i q u i d  H o w - i n d u c i n g  s o u r c e s .
R e c e n t  i n d i r e c t  e v i d e n c e  (I t )  121. h o w e v e r ,  

s u g g e s t s  t h a t  l a t e n t  h e a t  t r a n s p o r t  c a n n o t  he  
i g n o r e d  in  s a t u r a t e d  b o i l i n g  I r r e s p e c t i v e  o l  t he  
h e a t - t r a n s f c r  m e c h a n i s m  o p e r a t i n g  i n  n u c l e a t e  
b o i l i n g ,  a  s t u d y  o f  t h e  p a r . u n e l e i s  e n t e r i n g  i n t o  
e q u a t i o n  ( 2 ). a s  we l l  a s  t h e i r  i n t e r - r e l a t i o n ,  

w o u l d  a p p e a r  t o  b e  n c c e s s n r v
I n  o u r  r e p o r t s  o f  I9M1 (I T  | - l |  a t t e m p t s  a t  t h e  

p h o t o g r a p h i c  d e t e r m i n a t i o n  o f  V  / a n d  I,.' a n d  
a t  t h e  e v a l u a t i o n  o f  l a t e n t  h e a l  t r a n s p o r t  in 
s a t u r a t e d  b o i l i n g  w e r e  r e p o r t e d .  It w a s  s h o w n  
t h a t  f o r  w a t e r  a n i l  e t h y l  a l c o h o l  b o i l i n g  a t  
a t m o s p h e r i c  p r e s s u r e  l a t e n t  h e a l  t r a n s p o r t  
i n c r e a s e s  s t e a d i l y  w i t h  i n c r e a s i n g  l li ix.  u n t i l  in t he  
v i c i n i t y  o f  t h e  p e a k  l lux  it a l o n e  a c c o u n t s  l o r  t h e  
t o t a l  l lux.  A t  n o  s t a g e  w a s  its c o n t r i b u t i o n  
n e g l i g i b l e .  D u e  t o  s h o r t c o m i n g s  o l  t h e  p h o t o ­
g r a p h i c  t e c h n i q u e  t h e  b u b b l e  v o l m n e  a t  d e p a r t u r e  
c o u l d  n o t  b e  a c c u r a t e l y  d e t e r m i n e d  A l s o  
b u b b l e  f r e q u e n c i e s  c o u l d  o n l y  be  m e a s u r e d  at  
r e l a t i v e l y  l ow l luxes ,  h i g h - l l u x  v a l u e s  b e i n g  
o b t a i n e d  b y  e x t r a p s d a t i o n  u s i n g  a n  e m p i r i c a l  
e q u a t i o n  f i t t ed  t o  t h e  l o w - l l u x  d a t a .  1 T h i s  t h e r e

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

v a l i d .

1. 3 I 'u rp u sc  tiiu l o u llin c  <>! th is  vZ/h/v
S u m m a r i z i n g  t h e n :  O n e  is f a c e d  w i t h  a

s i t u a t i o n  m  w h i c h  e v e r y  b e t t e r  k n o w n  h e a t -  
i r a n s f e r  c o r r e l a t i o n  f o r  s a t u r a t e d  n u c l e a t e  
b o d i n g  is b a s e d  o n  t h e  e x p e r i m e n t a l l y  u n v e r i f i e d  
a s s u m p t i o n  t h a t  t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  
f l ux  by l a t e n t  h e a t  t r a n s p o r t  is n e g l i g i b l e .  R e c e n t  
w o r k  i n d i c a t e s  t h a t  t h i s  c o n c e p t  is a l m o s t  c e r ­

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

t r a n s p o r t  in s a l i n a t e d  b o i l i n g  o l  w a t e r  a t  
a t m o s p h e r i c  p i c s s u r c  a r e  r e p o r t e d ,  f u r t h e r  
i n v e s t i g a t i o n s  i n t o  t h e  b a s i c  p a r a m e t e r s  e n t e r i n g  
i n t o  t h e  l a t e n t  h e a t  t r a n s p o r t  e q u a t i o n ,  t h a t  is 
e q u a t i o n  ( 2 l. a r e  p r e s e n t e d .

I n S e c t i o n  2 e s p c .  i m e n  l a  I w o r k  o n  l a t e n t  h e a t  
t r a n s p o r t  is d e s c r i b e d .  S e c t i o n  3 d e a l s  w i t h  
b u b b l e  f r e q u e n c i e s  a n d  b u b b l e  v o l u m e s  a t  
d e p a r t u r e  a n d  t h e i r  i m e r - r e l u t i o n .  S e c t i o n  4 
p r o v i d e s  d a t a  o n  t h e  c o n c e n t r a t i o n  o f  b u b b l e  
p r o d u c i n g  s i t e s  a n d  is a s t u d y  o l  n u c l e a t i o n .

2 . f O N T R I B l  I I O N  r o  Tin- :  T O T A L  FI . VX BY
L A T E N T  I f f v U  T R A N S P O R T  

2 . 1  i / ’p u r titu s  iiin l H'l UVHHi.g Ict h n iq iu '
I lie a p p a r a t u s  u s e d  p e r m i t t e d  d e t e r m i n a t i o n  

o f  t h e  h e a t  l lux  a n d  t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  t h e  h e a l i n g  s u r f a c e  a n d  t h e  l i q u i d  b u l k ; 
a  m e a n s  o f  m e a s u r i n g  V. t a n d  I a w a s  a l s o  

p r o v  i d e d .
Hull in.; i c v w / ( / i . e .  11. Mi l s  c o n t a i n e d  a  h o r i ­

z o n t a l .  e l ec t r i c , i l l y  h e a l e d  n i c k e l  w i r e .  0 0 2  in 
d m . ,  w i n c h  a c t e d  b o t h  a s  a  h e a l i n g  e l e m e n t  
a n d  a s  . r e s i s t a n c e  t h c i m o m e t e r .  ( A  w i r e  
r a t h e r  t h a n  a  flat  p l a ' e  w a s  u s e d  b e c a u s e  o f  
t h e  g r e a t e r  e a s e  in m t e i  pi  cl ing,  t h e  r e s u l t a n t  
p h o t o g r a p h s .  A l s o  e d g e  e l l e c t s  w e r e  t h e r e b y  
a v o i d e d  I A n  a u x i l i a r y  h e a t e r  m a i n t a i n e d  
t h e  l i q u i d  b u l k  a t  t h e  s a t u r a t i o n  t e m p e r a ­
t u r e  c o i  r e s p o n d i n g  t o  a m b i e n t  a t m o s p h e r i c  
p i c s s u r c  ( '  1 2  p s i a ) .  \  m e r c u r y - i n - g l a s s  l: er -  
m o m e l e r  m e . i s u i e d  t h e  l i q u i d  b u l k  t e m p e r a t u r e .  
1 h e  t e s t  v i n e  w a s  p l a c e d  m  a n  i n n e r  t a n k .  1 h i s  
h a s  b e e n  s h o w n  t o  b e  n e c e s s a r y  it s t a g n a n t  p o o l  
c o n d i t i o n s  a r e  t o  b e  m a i n t a i n e d  i n  t h e  t es t
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l i q u i d  [ 1 5 ] ;  i t s  o m i s s i o n  r e s u l t s  i n  v a r i a t i o n  o f  
t h e  h e a t  t r a n s f e r  f r o m  t h e  w i r e  w i t h  t h e  p o w e r  
l evel  o f  t h e  a u x i l i a r y  h e a t e r .

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

E le c tr ic a l s y s te m  ( /Yg.  2).  T h e  w i r e  r e s i s t a n c e  
w a s  m e a s u r e d  b y  m e a n s  o f  a  K e l v i n  d o u b l e  
b r i d g e ,  w h e r e a s  t h e  h e a t i n g  c u r r e n t  w a s  d e t e r ­
m i n e d  I r o m  t h e  v o l t - d r o p  a c r o s s  a  s t a n d a r d  
r e s i s t a n c e  i n  s e r i e s  w i t h  t h e  h e a t i n g  w i r e .

P h o to g ra p h ic  tech n iq u e .  T h i s  c o n s i s t e d  o f  
t a k i n g  a  f ixed  n u m b e r  o f  s u c c e s s i v e  p h o t o ­
g r a p h s  o f  t h e  t e s t  s e c t i o n  a n d  b u b b l e  f i e l d .  A  
v a r i a b l e - s p e e d  d r u m  c a m e r a ,  p r o v i d i d  w i t h  a  
c o m m u t a t o r  l o r  t r i g g e r i n g  a  H a s h i n g  l i g h t  
s o u r c e ,  w a s  u s e d .  T i m i n g  m a r k s  w e r e  p r o v i d e d  
b y  a  n e o n - l a m p .  I h e  c o n t r o l  c i r c u i t  u s e d  is 
s h o w n  d i a g r a m m a t i c a l l y  in  t ig.  3.  W i t h  t h i s  
s y s t e m  If) s u c c e s s i v e  f r a m e s  c o u l d  b e  o b t a i n e d ,  a

t  i i ,  I B o i l i n g  vc %m :I
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t a k i n g  s p e e d  o f  a b o u t  X5 f r a m e s  s b e i n g  g e n e r a l l y  
u s e d .  I h i s  a l l o w e d  a t  l ea s t  o n e  c y c l e  o f  t h e  l o w  
f r e q u e n c y  b u b b l e s  t o  a p p e a r  o n  e a c h  l o o p .  
S p e c i m e n  p h o t o g r a p h s  a r e  s h o w n  in F i g .  4.

2  2  l e s t  p ro cc ilu rc
A f t e r  t h o r o u g h  c l e a n i n g  t h e  b o i l i n g  l a n k  w a s  

f i l led w i t h  t h e  t e s t  l i q u i d  d c - i o n i / e d  w a t e r .  
I ' e - a e r a i i o n  o f t h e  l i q u i d  a n d  t h e  h e a t i n g  s u r f a c e  
w a s  e l f e c t e d  b y  h i g h - l l u x  b o i l i n g  f o r  a p p r o x i ­

m a t e l y  b  h.
T h e  t e s t  p r o p e r  w a s  t h e n  c o m m e n c e d .  

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



F m .  4(a)  Spec im en  p h o t o g r a p h  H im  lo o p  3 I n. h h )  S p v u m v n  p h o to g r a p h  l a lm  l o o p  0
(</ 4 ) 3 X f, 1 0 ' I hu  h It ' .  I‘( | s 7  HI* Bln h ft

H.M.
ftii itiit p  I054|
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t a k e n .  A  l o o p  o f  f i lm  w a s  e x p o s e d  in t h e  m a n n e r  
d e s c r ib e d  a b o v e .  This p r o c e d u r e  w a s  r e p e a te d  
at  p r o g r e s s iv e ly  l o w e r  t lu x e s .  s o m e  f o u r  to  l ive  
m i n u t e s  b e in g  a l l o w e d  fo r  c o n d i t i o n s  to  se tt le  
a f t e r  e a c h  c h a n g e  in h e a t in g  c u r r e n t .  D e t e r ­
m i n a t i o n  o f  t h e  b o i l i n g  c u r v e  w ith  11 i n  p r o ­
g r e s s iv e ly  d e c r e a s i n g  h a s  b e e n  s h o w n  b y  se v era l  
w o r k e r s  to  g iv e  th e  m o s t  r e p r o d u c i b l e  resu lts .  
M e a s u r e m e n t s  w e r e  e x t e n d e d  in to  the  r e g io n  o f  
n a tu r a l  c o n v e c t i o n .

2 .3  C o m p u ta tio n s , errors a n ti in te rp re ta tio n  o f  
p h o to g ra p h s

H e a t  f lu x e s  a n d  t e m p e r a t u r e  d i f f e r e n c e s  (w ir e  
s u r f a c e  t o  l iq u id  b u lk )  w e r e  c a l c u l a t e d  f r o m  
e le c t r ic a l  a n d  t h e r m o m e t r i c  m e a s u r e m e n t s .  K o k  
(1 5 ]  u s in g  th is  a p p a r a tu s ,  e s t i m a t e d  the  m a x i m u m  
e r r o r  in h ea t  f lux  d e t e r m in a t i o n s  a s  1 p er  cen t  
a n d  th e  e r r o r  in th e  t e m p e r a tu r e  d i f f e r e n c e  a s  

: 5 p er  c e n t  u n d e r  w o r s t  c o n d i t i o n s
T h e  n e g a t iv e s  o f  th e  f i lm  l o o p s  o b t a i n e d  w ere  

e x a m i n e d  u n d e r  m a g n i f i c a t i o n  b y  p r o j e c t in g  
t h e m  o n t o  a s c r e e n .  B u b b l e  s o u r c e s ,  f r e q u e n c ie s  
a n d  v o l u m e s  at  d e p a r t u r e  w e r e  d e t e r m in e d

A t  low f lu x e s  'h e  n u m b e r  •>! b u b b le  s o u r c e s  
c o u l d  be  c o u n t e d  w i th  e a s e  i se e  Tig. 4 ( a ) |  At  
h i g h e r  f luxe s  a d ja c e n t  g r o w i n g  b u b b l e s  c o a l e s c e d  
t o  f o r m  larg er  v a p o u r  g l o b u l e s  [ sec  F ig .  4 ( b ) ] . 4,

T h e  p h o t o g r a p h s  o f  S ^ m c i i a  [16 .  17] a n d  
G a e r t n e r  ( I I ]  c l e a r ly  s h o w  la r g e  a p o u r  g l o b u l e s  
a t t a c h e d  to  th e  h e a l i n g  s u r fa c e  b y  se v e r a l  
s t e m s .  S u c h  la rg e  g l o b u l e s  a i e  m a d e  u p  o f  
v a p o u r  e m a n a t i n g  f r o m  se v e r a l  n u c l e a t io n  s i tes .  
B u b b l e  v o l u m e  at d e p a r t u r e  c a n  on ly  h e  d e f in e d  
a s  t h e  v o l u m e  o f  a v a p o u r  g l o b u l e  l e a v in g  the  
s u r f a c e ,  i r r e s p e c t iv e  o f  w h e t h e r  th e  g l o b u l e  
a r i s e s  f r o m  o n e  o r  m o r e  n u c l e a t io n  s i t e s .  T h u s  
t o  m a in t a in  th e  m e a n i n g  o f  e q u a t i o n  ( 2 ) ,  .V. the  
n u m b e r  o f  b u b b l e  s o u r c e s  per  unit  a r e a ,  m u s t  he  
d e f in e d  a s  th e  n u m b e r  o f  r e g io n s  p er  unit  
a r e a  f r o m  w h i c h  v a p o u r  g l o b u l e s  e m a n a t e ,  
i r r e s p e c t iv e  o f  w h e t h e r  s u c h  r e g io n s  c o n t a i n  o n e  
o r  m o r e  n u c l e a t io n  si tes .  A t  lo w  flux in the  
r e g i o n  o f  i s o la t e d  b u b b l e s  th e  b u b b le  s o u r c e  
c o n c e n t r a t i o n  e q u a l s  th e  n u c le a t io n  s i t e  c o n -

t  Evidently I he flux ul which discrete bubbles nr 
g lobules m.cur is m uch higher with thin wires than  with 
flat plates [ I I .  IS. I1)]. V onlim unis  vapour  co lum ns or  
je ts  were not observed even at the highest heat flux 
investigated, 157 000 Btu/h f t1.

c c n t r a t io n ;  a f te r  b u b b le  c o a l e s c e n c e  th i s  r e la t io n  
c e a s e s  to  h o ld .  The er r o r  in d e t e r m in i n g  N  is  
r o u g h ly  the  s a m e  a s  that in th e  m e a s u r e m e n t  
o f  th e  h e a t in g  su r f a c e  a r e a ,  that is I p e r c e n t .

P r e l im in a r y  t e s t s  c o n d u c t e d  at v a r io u s  c a m e r a  
s p e e d s  s h o w e d  th a t ,  w i th  th e  o p t i m u m  s p e e d  o f  
a p p r o x im a t e ly  X5 f r a m e s  s  u s e d ,  th e  m a x i m u m  
er r o r  in d e t e r m in i n g  the  b u b b le  f r e q u e n c y  is  
a b o u t  2 p er  c e n t .

B e c a u s e  o f  t h e  r e la t iv e ly  lo w  c a m e r a  s p e e d  it 
w a s  rarely  p o s s i b l e  to  o b t a i n  a  p h o t o g r a p h  o f  a  
b u b b l e  at  th e  in s ta n t  o f  d e p a r tu r e .  J a k o b  [3],  
h o w e v e r ,  h a s  f o u n d  th a t  at  a b o u t  the  t im e  o f  
d e p a r t u r e  a b u b b l e  g r o w s  r e la t iv e ly  s l o w l y ,  
f i g u r e  5 s h o w s  th r ee  h u h h l e - v o l u m e  v s  t im e

I 0

10

t 0

1 o

101

0

I n. < Hiihhlv groNsth v u r x w

c u r v e s  d e t e r m in e d  w i th  t h e  a p p a r a tu s  d e s c r ib e d  
a b o v e .  F o r  a l l  t h r e e  ty p e s  o f  b u b b le  c o n s i d e r e d  
the  g r o w t h  c u r v e s  f la tten  o u t  in the  v i c in i ty  o f  
d e p a r t u r e  I he  in s ta n t  o f  d e p a r t u r e  w a s  c a u g h t  
o n ly  for  the  la rg e  i so la t e d  b u b b le .  T h u s  th e  first 
p ic tu r e  s h o w i n g  a b u b b le  d e t a c h e d  c a n  b e  s a t i s ­
f a c to r i ly  u se d  fo r  th e  d e t e r m in a t i o n  o f  b u b b l e  
v o l u m e  at d e p a r t u r e ,  w h e n e v e r  d e p a r t u r e  is  n o t  
p h o t o g r a p h e d ; th is  p r o c e d u r e  w a s  a d o p t e d  
t h r o u g h o u t .

B u b b le  v o l u m e s  w e r e  c a l c u la t e d  o n  the  
a s . u m p t i  >n that  b u b b l e s  a re  s p h e r o id s .  A t  l o w  
flux th is  a s s u m p t i o n  h o l d s  w e l l :  at h ig h  f lux  its  
v a l id i ty  is d u b i o u s .  I o r  th i s  a n d  o t h e r  r e a s o n s  
m e a s u r e m e n t s  w e r e  n o t  e x t e n d e d  to  v e r y  h ig h  
f luxes .
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W h e n  b u b b le  d i m e n s i o n s  w e r e  m e a s u r e d  u n d e r  
m a g n i f i c a t i o n  s o m e  er r o r  w a s  in t r o d u c e d  d u e  t o  
b lu r r in g  o l  th e  o u t l in e s .  T h e  r e s u l t in g  er r o r  in 
b u b b l e  v o l u m e  is e s t i m a t e d  at ■ 2 0  p er  c e n t  i o r  
th e  s m a l l e s t  b u b b l e s  o b s e r v e d  a n d  le s s  th a n  

5 p e r  cen t  fo r  th e  larges t .  T a k i n g  b u b b le  s iz e  
d i s t r i b u t i o n  in to  a c c o u n t ,  th is  l e a d s  to  an  e r r o r  
in  la t e n t  heat  t r a n s p o r t  o f  K p er  c e n t  at  b o t h  
th e  h ig h e s t  a n d  th e  l o w e s t  h ea t  l l i u e s  m e a s u r e d .

T h e  o v e r a l l  e r r o r  in th e  d e t e r m i n a t i o n  o f  la t e n t  
h e a t  t r a n s p o r t  m a y  th u s  be  t a k e n  a s  12 p er  

c e n t .

r«.
/V

. . #T.trfo •'■ror
bou >d%

2 .4  R e su lts  a n d  d iscu ssio n  
T h e  b o i l i n g  c u r v e ,  l o g  (q  .11 v s  A a n d  

t h e  la t e n t  heat  t r a n s p o r t ,  a s  c a l c u l a t e d  f r o m  
q u a t i o n  (21. are  p l o t t e d  in T ig .  <\ T h e  n a tu r a l  

v m v c c t io n  d a ta  arc  c o r r e la t e d  a n d  e x t r a p o l a t e d  
by a n  e q u a t i o n  o f  th e  f o r m  (</ - O w  C - V / . ; ,1

e
1
5

,v « m n  to , i v. is 

*'«.i "•« i
Fhi.  6. Bulling curve lur water aN n shnw mg lalenl 
heat  i ranspiTi  and  extrapula ied  natu ra l  convectii>n 

curve.

F u .  7 I a t c n t  h e a t  t r a i w u u r t  a n d  c u n v c c t m n  a s  p e r ­
c e n t a g e s  n l  t . i t a l  h e a t  f lu s

113. I 4 | .  T h e  p e r c e n t a g e  c o n t r i b u t i o n  o f  la t e n t  
heat  t r a n s p o r t  to  th e  to ta l  l lux  is p lo t t e d  a g a in s t  
((/ ,T) th i  in Tip. 7. C lea r ly  th i s  c o n t r i b u t i o n  is 

n o w h e r e  in s ig n i f ic a n t .
T h e  e r r o r - b o u n d s  o n  T ig .  7 a r c  b a s e d  o n  

v a lu e s  o f  12 p er  c e n t  in la t e n t  h ea t  t r a n s p o r t
a n d  1 per  c e n t  in to ta l  l lu x .  E v id e n t ly  the
la ten t  h e a t  t r a n s p o r t  c o n t r i b u t i o n  i n c r e a s e s  
s m o o t h l y  w i th  f lux ;  a t  th e  p e a k  f lux  ( n o t  d e t e r ­
m in e d  in th is  s t u d y  b u t  g e n e r a l ly  in th e  v i c i n i t y  
o f  4  t o  6  ■ It) ' Htu h f t-)  it a l o n e  m ig h t  r e p r e s e n t  
the  t o t a l  flux .  It is a l s o  n o t e w o r t h y  t h a t  th e  

r e la t io n

(</ 1 1 /at  c o n s t .  («/ l l i  „i (h)

s t a l e d  o r  im p l ie d  in se v e r a l  s t u d ie s  d o e s  n o t  

h o ld .
It w a s  s t a l e d  e a r l ie r  that  la te n t  h ea t  t r a n s p o r t  

a n d  c o n v e c t i o n  ( n a tu r a l  a n d  b u b b l e - i n d u c e d )  
are  th e  p r e d o m i n a n t  m e c h a n i s m s  o p e r a t i v e  
d u r in g  s a tu r a te d  b o i l in g .  O t h e r  p o s s ib le
m e c h a n i s m s ,  e .g .  m a s s  tr a n s fe r  t h r o u g h  b u b b le s ,  
w e r e  c o n s i d e r e d  n e g l ig ib le .  T h e  f o l l o w i n g  s u b ­
s t a n t ia t e s  th is  v iew  : H s u  a n d  G r a h a m  [2 0 ]  h a v e  
s h o w n  th a t ,  w i th  re s p e c t  to  th e r m a l  b o u n d a r y  
layer  d i s t u r b a n c e ,  t h e  a rea  o f  in f lu e n c e  o f  o n e  
b u b b l e  s o u r c e  is s m a l l  a n d  c o r r e s p o n d s  to  a b o u t  
t w o  b u b b l e  d ia m e te r s .  It s e e m s  r e a s o n a b l e  to  
a s s u m e  i h c r c f o i e  th a t  in th e  r e g i o n  o f  v e r y  l o w  
h u b b l c - s o u r c e  c o n c e n t r a t i o n  th e  co n vectio n  
m e c h a n i s m  f r o m  a h e a t in g  s u r f a c e  m a y  be
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a p p r o x i m a t e d  b y  o n e  o f  u n d is t u r b e d  n a tu ra l  
c o n vec tio n . T h u s  fo r  t h e  first t w o  d e t e r m in a t i o n s  
at l o w  f lux  th e  p e r c e n t a g e  c o n v e c t i o n  c o n t r n u -  
t io n  ( o b t a i n e d  f r o m  e x t r a p o l a t e d  n a tu r a l  c o n ­
v e c t i o n  d a ta )  is p lo t t e d  in F ig .  7. T h e  s u m  o f  the  
p e r c e n t a g e  la tent  h e a t  c o n t r i b u t i o n  a n d  the  
p e r c e n t a g e  c o n v e c t i o n  c o n t r i b u t i o n  is v ery  
n e a r ly  100 p er  c e n t  w i t h i n  the  e s t i m a t e d  er r o r  
b o u n d s .  It is felt  th a t  the  sm a l l  d i s c r e p a n c y  
s h o w n  is d u e  to  th e  n e g le c t  o f  b u b b l e - i n d u c e d  
f lo w .

3. R E L A T IO N  B E T W E E N  B l  BBl.E  E R K U I T M  Y 
A N D  BUB BLE V O L U M E  AT D E P  X R T l 'R E

3.1 Review  o f  p re v io u s  w o rk
T h e  p r o d u c t  o f  b u b b l e  f r e q u e n c y ,  / ,  a n d  

b u b b l e  d i a m e t e r 4 (or  b u b b l e  v o l u m e )  a t  d e p a r ­
tu r e ,  Dd. e n te r s  in to  m a n y  a n a l y s e s  o f  n u c le a t e  
b o i l i n g  a n d  a l s o  in to  th e  e x p r e s s i o n  f o r  la ten t  
h e a t  t r a n s p o r t ,  e q u a t i o n  (2 )  A s  s u c h  th e  in te r ­
r e la t io n  b e t w e e n  fr e q u e n c y  a n d  d i a m e t e r  at  
d e p a r t u r e  h a s  b e e n  th e  su b je c t  o f  se v era l  
in v e s t i g a t io n s ,  b o t h  a n a ly t i c a l  a n d  e x p e r im e n t a l .  
A  b r i e f  s u r v e y  o f  t h e se  is  g iv e n  h ere .

J a k o b  a n d  L in k c  [2 1 ]  a n d  F r i tz  a n d  F n d e  
[2 2 ]  p r e s e n te d  th e  first  e x p e r i m e n t a l  s t u d ie s  o f  
b u b b l e  d e t a c h m e n t .  In th e  l im i t e d  f lux ran ge  
in v e s t ig a t e d  in c a n  f r e q u e n c ie s  a n d  b u b b l e  d i a ­
m e te r s  at  d e p a r t u r e  w e r e  f o u n d  to  be  i n d c p c n d c r  
o f  f lux .  T h u s  t h e  p r o d u c t  o f  m e a n  d i a m e t e r .  /),# 
a n d  m e a n  f r e q u e n c y ,  f. w a s  a c o n s t a n t ,  tha t  is.  
at a p a r t ic u la r  p r e s s u r e

A / . /  c o n s t .  (7;

M o r e  r e c e n t ly  P e r k in s  a n d  W e s t w a t e r  [23]  
p r e s e n te d  a s im i la r  s t u d y  fo r  th e  m e d i u m  a n d  
h ig h  flux b o i l i n g  o f  m e t h a n o l .  I h e y  f o u n d  that  
fo r  f lu x e s  u p  to  HO p e r  c e n t  o f  th e  p ea k  flux  
th e  m e a n  f r e q u e n c ie s  a n d  m e a n  d e p a r t u r e  d i a ­
m e te r s  r e m a in e d  c o n s t a n t ;  h e n c e  th e ir  p r o d u c t  
w a s  a l s o  a  c o n s t a n t .

T h e  s a m e  resu lt  w a s  o b ta in e d  by  Y n m a g a t a  
e t al. [18 ]  fo r  th e  b o i l i n g  o f  w a te r  in th e  re g io n  
o f  i s o la t e d  b u b b le s .  A f t e r  the  o n  .e l o f  c o a l e s ­
c e n c e  th e  d a ta  s h o w e d  a  larger  sc a t te r .

In th e  r e g io n  o f  the  p e a )  heat  f lux a n  a n a ly s i s

f F o r  noi ,-spher ical  bubbles  ilviiivxl as  equivalent 
spherical diameter.

b y  D e i s s l e r  [24]  s u g g e s t s  th e  r e la t io n  b e t w e e n  
m e a n  d e p a r t u r e  d i a m e t e r  a n d  f r e q u e n c y  as

Ai1' ' /  c o n s t .  (8)
C o l e  [23]  w a s  a b le  t o  o b t a i n  s o m e  e x p e r i m e n t a l  
s u b s t a n t i a t i o n  o f  D e i s s l e r ' s  a n a ly s i s .

A  r e c e n t  a n a ly s i s  b y  M c F a d d c n  a n d  G r a s s -  
m a n n  [2 6 ]  a l s o  l e a d s  to  e q u a t i o n  (8 )  a n d  is s u p ­
p o r te d  b y  l im i t e d  d a ta  o n  th e  b o i l i n g  o f  l iq u id  
n i tr o g e n .

Z u b e r  [2 7 ]  h a s  p r o p o s e d  an  e q u a t i o n  y i e l d i n g  
th e  p r o d u c t  o f  m e a n  b u b b l e  f r e q u e n c y  a n d  
m e a n  d e p a r t u r e  d i a m e t e r  in t e r m s  o f  p h y s ic a l  
p r o p e r t i e s  o f  l iq u id  a n d  v a p o u r .

A /  f  (F59  [-Tgf/)/. p , )  pj’ ]0 - 5 (9 )

A t  c o n s t a n t  p r e s su r e  th i s  r e la t io n  r e d u c e s  to  
J a k o b ’s e q u a t i o n  (7) .

T h e  f o l l o w i n g  s e c t i o n  c o n s i d e r s  th e  s ig n i f i c a n c e  
o f  t h e s e  resu lts .

3 .2  D e fin itio n  o f  m e a n  lu h b /c  fre q u e n c y  a n d  m e a n  
h u h N c  vo lu m e  (o r d ia m e te r )  a t d e p a rtu re

T h e  p u r p o s e  o f  s t u d y i n g  b u b b l e  f r e q u e n c ie s  
a n d  v o l u m e s  at  d e p a r t u r e ,  a s  w e l l  a s  the ir  
p r o d u c t ,  is th e  o h t c n t i o n  o f  th e  m a s s  v e l o c i t y  o f  
b u b b l e s  l e a v in g  the  h e a t i n g  su r fa c e .

C o n s i d e r  a  h e a t in g  s u r f a c e  o f  a r e a  A  h a v i n g  
n  b u b b l e  p r o d u c i n g  s i t e s  o f  in d i v id u a l  fre­
q u e n c i e s  ft  a n d  in d i v id u a l  b u b b l e  v o l u m e s  at  
d e p a r t u r e  I w  h ere  /  1. 2. . . . .  n. T h e  f u n d a ­
m e n ta l  d e f in i t i o n  o f  th e  m a s s  v e l o c i t y  o f  d e p a r t ­
in g  b u b b l e s .  (/,#. is

O',/ £ ( / ' ,  I , , , )  r ,  ' A  (10)
i i

C c a n  a l s o  he  e x p r e s s e d  m  te r m s  o f  m e a n  fre­
q u e n c i e s  a n d  v o l u m e s  s u c h  that

C," (// I ) /" .  I",, £ (  /; IT/,) pr/.4 ( I I )
. i

T h e  l e f t - h a n d  s id e  o f e q u a t i o n  ( 1 1) is t h e  g e n e r a l ly  
u s e d ,  t h o u g h  n o t  f u n d a m e n t a l ,  d e f in i t io n  o f  the  
m a s s  v e l o c i t y  o f  d e p a r t i n g  b u b b le s .

It is the  g e n e r a l  p r a c t i c e  to  s u b s t i t u t e  in to  th e  
l e f t - h a n d  s id e  o f  e q u a t i o n  (1 1 )  th e  a r ith m e tic  
m e a n s  o f  b u b b le  f r e q u e n c ie s  a n d  d e p a r tu r e  
v o l u m e s  in a n  a t t e m p t  t o  o b t a i n  O'*. T h i s  p r o ­
c e d u r e  is c le a r ly  in v a l id  [28].
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E v i d e n t l y  e q u a t i o n  (1 1 )  p e r m i t s  a n y  d e f in i t i o n  
o f  o n e  o f  t h e  p a r a m e te r s  /  o r  f , , :  t h e  d e f in i t io n  
o f  lh e  o t h e r  is  th e n  f ixed .  T h u s ,  fo r  e x a m p l e ,  i f  
w e  d e f in e  m e a n  b u b b l e  v o l u m e  a t  d e p a r tu r e  
a s  th e  a r i t h m e t i c  m e a n  o f  b u b b le  v o l u m e s  o v e r  

all s o u r c e s ,  t h a t  is.

r„ ( I2j )

th e n  t h e  n e c e s s a r y  d e f in i t io n  o f  m e a n  f r e q u e n c y  
f o l l o w s  f r o m  e q u a t i o n  (1 1 )  as

/  £ ( / .  r „ )  V  r ,„  ( 1 2 b )
# 1 I I

F o r  p u r p o s e s  o f  o b t a i n i n g  th e  m a s s  v e lo c i t y
it is u n n e c e s s a r y  t o  s e p a r a te  th e  p r o d u c t  /  I ,i
i n t o / a n d  f , i .  W e  th e r e f o r e  d e f in e  t h e  m e a n  o f  the  
p r o d u c t  o f  f r e q u e n c y  a n d  d e p a r t u r e  v o l u m e  a s

7T,i ^  ( A ( in) a
i i

an d  G'j a s .

( 1? )

(1 4 )Cw («  4 ) /  1 ,1 f ,  // 1 '/ ( )  Pi ■ I
I |

E q u a t i o n  ( 1 3 )  is c o n s i s t e n t  w i th  t h e  t w o  e x p r e s ­
s i o n s  f o r  Gd in e q u a t i o n  (14).

3 .3  E x p e c te d  b e h a iio u r  o f  ft V,i, a n d  f T 't
F o r  a c o n s t a n t  Mux f r o m  a h c . . l i n g  s u r f a c e ,  it is 

p o s s i b l e  t o  p r o d u c e  v a r io u s  a r g u m e n t s  w h i c h  
s u g g e s t  tha t  at  a n y  p a r t ic u la r  s u r f a c e  t e m p e r a ­
tur e  th e  p r o d u c t / /  I s h o u l d  be  t h e  s a m e  fo r  all  
s o u r c e s .  C o n s i d e r ,  for  e x a m p l e ,  t h e  f o l l o w in g :  
A  b u b b l e  in g r o w i n g  e x tr a c t s  h e a t  f r o m  the  
t h e r m a l  b o u n d a r y  la y e r  a n d  in d e p a r t i n g  l e a v e s  
b e h in d  a n  a r e a  o f  d e s t r o y e d  b o u n d a r y  la y er  
[20 .  2 9 ) .  B u b b l e s  o f  la rg e  d e p a r t u r e  v o l u m e s  
w ill c a u s e  la rg e  a r e a s  o f  d e s t r u c t io n .  N o w  b u b b le  
f r e q u e n c y  is d e t e r m in e d  b y  the  w a i t i n g  p e r io d  
( th e  t im e  re q u ir e d  fo r  th e  r e c o v e r y  o f  the  
b o u n d a r y  la y er )  a n d  b y  th e  b u b b l e  g r o w t h  
p e r io d .  T h e  w a i t i n g  p e r io d  a n d  th e  g r o w t h  
p e r i o d  arc  g e n e r a l ly  o f  c o m p a r a b l e  m a g n i t u d e .  
A  l a r g e  a r e a  o f  d e s t r u c t io n  w il l  h a v e  a l o n g  
w a i t i n g  p e r io d  a n d  a large  d e p a r t u r e  v o l u m e  
w il l  r e q u ire  a l o n g  g r o w t h  p e r io d .  T h u s  a large  
d e p a r t u r e  v o l u m e  is a s s o c i a t e d  w i t h  a l o w  fre ­
q u e n c y  a n d  v i c e -v e r s a .  T h i s  d e s c r i p t i o n  is o v e r ­
s i m p l i f i e d -  s e e  fo r  e x a m p l e  [2 0 ] ;  h o w e v e r  it

d o e s  s u g g e s t  t h e  p o s s ib i l i t y  o f  a n  in te r r e la t io n  

o f  th e  ty p e

f t  I ,// c o n s t .  (1 5 )

w h e r e  i 1 . 2  n ,  a n d  n is th e  n u m b e r  o f
b u b b le  s o u r c e s .  S o m e  s ta t is t ic a l  s c a t t e r  is t o  

be e x p e c t e d .
D e a l i n g  n o w  w i t h  th e  v a r ia t io n  o f  t h e  m e a n  

p r o d u c t  J T . t  w it h  f lux  (o r  t e m p e r a t u r e  d i f ­
f e r e n c e )  t h e  d e f in i t i o n  o f  la ten t  h e a t  t r a n sp o r t  

is reca l led

(f? -4) / . / /  N J  I' ll A,, p,, ( 1 6 )

X  a n d  / T a  a r e  th e  o n l y  t e r m s  t h a t  v a r y  w i th  
fiux.  I f  (</ ,•()/.„ a n d  X  are  p l o t t e d  a g a in s t  

( < / / . 4 ) t „ i  a n  id e a  o f  t h e  v a r ia t io n  o f / T r f  c a n  b e  
o b t a i n e d  f r o m  th e  s l o p e s .  In F ig .  8 t h e  d a t a  o f  
th e  p r e s e n t  s t u d y  are  r e p r e s e n te d  in t h i s  f a s h io n .  
T h e  X  v s  (</ / D i m  c u r v e  w il l  b e  d i s c u s s e d  

in  S e c t i o n  4 .  It is i m m e d i a t e l y  c l e a r  th a t  / T i t  

c a n n o t  h e  in d e p e n d e n t  o f  fiux s i n c e  t h e  s lo p e s  

o f  t h e se  c u r v e s  are  n o t  e q u a l ;  a l s o  th a t  / T i t  

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

5

B t u / h  n 1

I j o .  8 Latent  heat t ransport  ami bubble  source co n ­
cen tra t ion  versus to tal  heal fiux, show ing difference 

in slopes.
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a s  t h e  f lux ( o r  th e  t e m p e r a tu r e  d i f f e r e n c e )  
in c r e a s e s .

3 .4 .  E x p e r im e n ta l  r e u ih x  a m i d iscu ssio n
T h e  p ro d u c t ft I 'm . F o r  p u r p o s e s  o f  t e s t in g  the  

h y p o t h e s i s  th a t  a t  a p a r t ic u la r  f lux  f ,  K n  
c o n s t ,  it is c o n v e n i e n t  to  w r i t e  th i s  r e la t io n  a s

Krfi c o n s t .  ( l / / i )  (1 7 )

o

 1 1 66 Std deviation i

0 5 0  80 4
aft

tc)
I k . si. Rc la tinnsh ip  heiween bubble  frequency and 
volume at  depar tu re .  A'ofr In (c) tw o  bubbles  o f  
large vo lum e an d  unm easured  frequency a re  no t  
shown. I o r  t a u n t  heat  t ranspor t  p u rposes  I heir  
con tr ibu tion  u a .  included by es t im at ing  their  

frequency f rom  7  F,i

T h u s  w h e n  p l o t t i n g  K i t  a g a i n s t  ( I f f t )  a  s t r a ig h t  
l in e  t h r o u g h  th e  o r ig in  is o b t a i n e d  i f  t h i  h y p o ­
t h e s i s  h o l d s .  In F ig .  9  t h r e e  se ts  o f  d a t a ,  t w o  a t  
h ig h  f lux  a n d  o n e  at  l o w  f lux ,  a r c  s h o w n .  T h e  
full  l in e  o n  e a c h  r e p r e s e n t s  th e  a r i t h m e t i c  m e a n  

o f  th e  p r o d u c t s  f ,  I ,/ /.  th a t  is /  I a. at  th a t  f lux .  
S im i la r  p l o t s  w e r e  o b t a i n e d  fo r  all  s ix  f ilm  
l o o p s  e x p o s e d ,  w i t h  t h e  d a ta  o f  l o o p  5 (a t  th e  
l o w e s t  f lux )  s h o w i n g  a  m u c h  h i g h e r  sc a t te r .  
T h u s  th e  p r o p o s e d  r e la t io n ,  e q u a t i o n  (1 5 )  o r
(1 7 )  h o l d s  w i t h in  c e r t a in  s c a t t e r  l im i t s .

It is o f  in te res t  t o  d e t e r m in e  th e  c o r r e la t i o n  
c o e f f ic ie n t  fo r  I'd, a n d  (I / , )  f o r  t h e  s ix  t e s t s .  
A  c o r r e la t i o n  c o e f f i c ie n t ,  r. m a y  b e  c o m p u t e d  
fo r  a n y  t w o - d i m e n s i o n a l  set o f  o b s e r v a t i o n s ,  
b u t  u n le s s  th e  u n d e r l y i n g  p o p u l a t i o n  is t w o -  
d i m c n s i o n a l l y  n o r m a l ly  d i s t r ib u te d  t h e  Inter­
p r e t a t io n  o f  r is u n c e r ta in .  T h u s  o n l y  i f  b o t h  
l i t ,  a n d  ( I / / , )  arc  n o r m a l ly  d i s t r ib u te d  fo r  
a  se t  o f  o b s e r v a t i o n s  c a n  t h e  c o r r e la t io n  
c o e f f ic ie n t  b e  r e g a r d e d  a s  a m e a s u r e  o f  the ir  
in te r r e la t io n ,  w i th  |r |  I i n d i c a t i n g  l in ear  

d e p e n d e n c e  [30].
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F o r  the  o b s e r v a t i o n s  h e r e  r e p o r t e d  th e  
d i s t r i b u t i o n s  o f  t ,n a n d  (1 ' h )  w e r e  g e n e r a l ly  
n o t  n o r m a l .  H o w e v e r ,  th e  d e p a r t u r e  f r o m  
n o r m a l i t y  w a s  n o t  large ,  e s p e c ia l ly  fo r  the  d a ta  
at h ig h e r  t i m e s .  A s  a n  e x a m p l e .  F ig .  10 s h o w s  the

?
r  im  loop I

r

1101 1100 0*
K « 10* , f t ’

Fl«, 10 Histogram  t<fdeparture vo lum esI t i lm  loop  I) 
with Miperimposod norm al dislrihution.

h i s t o g r a m  o f  t ,n for  f i lm  l o o p  I c o m p a r e d  
w it h  th e  n o r m a l  d i s t r ib u t io n  o f  m e a n  a n d  
v a r i a n c e  e q u a l  t o  that  o f  th e  h i s t o g r a m .  I h u s  
s o m e  s i g n i f i c a n c e  m a y  h e  a t ta c h e d  t o  th e  
c o r r e la t i o n  c o c f l i c i c n l s  for th e  te s t s  here  r e p o r te d .

T h e  c o e f f i c ie n t s  o b t a i n e d  r a n g e d  f r o m  IVH.I 
t o  0  9 2  for  f i lm  l o o p s  0  t o  4 .  w i th  l o o p  5 at th e  
l o w e s t  Hux y i e ld in g  (H '7 .  I h is  r e p r e s e n t s  
s ig n i f i c a n t  s u p p o r t  for  th e  h y p o t h e s i s  th a t  at  
a  p a r t ic u la r  l lux  (w h ic h  is n o t  t o o  l o w )  the  
v o l u m e t r i c  v a p o u r  flow rate  is th e  s a m e  f r o m  

e a c h  s o u r c e .
C o n s i d e r  th e  s c a t t e r  in th e  v .du  -s o f  th e  p r o ­

d u c t  I, Frf, at  a p a r t ic u la r  l lux.  A t  l o w  ( lu x e s  
w h e r e  b u b b le  f o r m a t i o n  fr e q u e n t ly  o c c u r s  in 
b u r s t s  th is  s c a t t e r  is to  h e  e x p e c t e d .  D i f f i c u l t i e s  
in  m e a s u r in g  b u b b l e  v o l u m e s ,  e s p e c ia l ly  a f te r  
t h e  o n s e t  o f  c o a l e s c e n c e ,  h a v e  a l s o  b e e n  m e  ti­

l l . I I .  J A W U R L K

t in n e d .  In a d d i t i o n ,  b e c a u s e  o f  th e  l im i t e d  
n u m b e r  o f  f r a m e s  in e a c h  l o o p ,  it w a s  n e c e s s a r y  
t o  a s s u m e  that  at any  f lux s u c c e s s iv e  b u b b l e  
p e r i o d s  a n d  d e p a r t u r e  v o l u m e s  f r o m  a  p a r ­
t ic u la r  s o u r c e  w e r e  e q u a l .  H s u  a n d  G r a h a m  
[20 ] .  w h e n  s t u d y i n g  th e  e b u l l i t i o n  c y c l e  f r o m  
a s in g le  s o u r c e  d u r in g  s t e a d y  b o i l in g ,  f o u n d  
la rg e  v a r ia t io n s  in b o t h  w a i t i n g  a n d  g r o w t h  
p e r io d s .  T h e  v a r ia t io n  o f  'h e ir  s u m ,  th e  b u b b l e  
p e r io d  ( 1 / , )  w a s  le s s  but  st il l  s ig n i f i c a n t
U n f o r t u n a t e l y  th e  f i lm  l o o p s  o f  th e  tes ts  r e p o r t e d  
h e r e  w e r e  n o t  su f f ic ie n t ly  l o n g  t o  a l l o w  a  
r e a s o n a b l e  d e t e r m in a t i o n  o f  f )  a n d  I -,-/ v a lu e s  
w h e r e  e a c h  is a n  a v e r a g e  o v e r  a p e r i o d  o f  
l i m e  f r o m  a p a r t ic u la r  s o u r c e .  I h is is p r o b a b ly  
r e s p o n s ib le  fo r  m o s t  o f  th e  o b s e r v e d  s c a t t e r .

I'hc  p n x lm  i 7 T „ .  T h e  v a r ia t io n  o f  the  p r o d u c t  

" ,  w i t h  b o t h  l lux  a n d  A T.. , ,  is s h o w n  in F i g .  11.

A
i- . .

' O 10 v
» . I'O I

f  t ' )

I n, II \ . i i i , il i i 'i i  ill mean proiluci ul bubble  Ire- 
iiuenvv .uni i lvl '.ulure  volume vviih Ml he.il llux and 

(h |  wall Mipvihcat
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A s  a n t i c ip a t e d  f r o m  F ig .  8 th is  p r o d u c t  is n o t  
c o n s t a n t .  T h e  ‘’k n e e "  in F ig .  11(h)  is a s s o c i a t e d  
w ith  th e  o n s e t  o f  c o a l e s c e n c e .

4. N l  ( l .K V T IO N  SITI  S \ \ I )  1)1 BHI.I-: S O I  R< I S
4.1 P rclin iiiH iiy  c o m it/c it i iio n  tiiitl p rv tlit lion.s 

/ . / / c l  I n t icm p i'ra tu rv  t/ilh  ii'in  c.  N u c l e a l i o n  
p r o c e e d s  f r o m  s u r f a c e  c a v i t i e s  o f  c e r ta in  
g e o m e t r y  [31.  32 .  33 .  34] .  T h e  m e a n  m o u t h  s i / e  
o f  t h e s e  c a v i t i e s  w il l  in  g e n e r a l  h e  d is t r ib u te d  
in s o m e  w a y  for  a r g u m e n t ’s s a k e  a s  in F ig .  12.

ac t  v e

e

I
o

#n
E

Co v i  t y  m o u t h  r a d i u s  , r

Flo. 12. H>p.'llicln..il M/v-Ui 'trihuiinii u f  nuele.iln it 
envitiev.

U n d e r  g i v e n  c o n d i t i o n s  a  p a r t ic u la r  s iz e  r a n g e  
o f  t h e s e  c a v i t i e s  w il l  he  a c t iv e .  T h e  s iz e  o f  th e  
larges t  a c t iv e  c a v i ty .  m a y  h e  b o u n d a r y -
layer  c o n t r o l l e d ;  the  s iz e  o f  th e  s m a l l e s t  a c t iv e  
c a v i ty .  r ’m r. is t h e r m o d y n a m i c a l l y  c o n t r o l l e d .

F o r  th e  t im e  b e in g  c o n s i d e r a t i o n  is l im i t e d  to  
" s m o o t h "  su r fa c e s ,  that  is. to  c o n d i t i o n s  s u c h  
that  t h e  largest  c a v i t y  p r e s e n t  o n  th e  s u r fa c e  
( o f  m o u t h  ra d iu s  / is a lw a y s  a c t i v e  tha t  is.

'm ix  c o n s t .  ( 1 8 a )

T h i s  is e q u i v a l e n t  t o  s a y i n g  that  th e  l im i t in g
th e r m a l  b o u n d a r y - l a y e r  t h i c k n e s s e s ,  n, w h ic h  
is flux a n d  p r e s su r e  d e p e n d e n t ,  m u s t  at al l  
s ta g e s  b e  g rea t  e n o u g h  to  c o n t a i n  th e  v a p o u r  
n u c le u s  f r o m  the  largest  c a v i t y ,  that  is.

8 - A,mx (I8h)
N u c l e a l i o n  m ay he  th e n  c h a r a c t e r i z e d  t o  a 

reaxr ,a h lc  a p p r o x i m a t i o n  [ I I .  5 7 |  by

’ 2-F/;,,, z,;'A, A / hl„ (14)

N o w  it is  r eca l led  tha t  in th e  s t u d y  o f  G rif f i th  
a n d  W a l l i s  [33]  it w a s  s h o w n  that  an  e q u a t i o n  v ir ­
tu a l ly  id e n t ic a l  t o  c q u  i t io i i  (1 9 )  d id  n o t  h o ld  fo r  
art if ic ia l  c a v i t i e s  p u n c h e d  in to  a s u r fa c e  f r o m  
w h ic h  b o i l i n g  t o o k  p la c e .  It a p p e a r s ,  h o w e v e r ,  
that w i th  the  re la t ive ly  large  c a v i ty  s iz e  e m ­
p lo y e d  (/■ 2 7 III ■'m )  the  s i t u a t i o n  a r o s e
w h e r e  r ft. T h u s  th e  p u n c h e d  c a v i t i e s  w e r e  
n o t  a c t iv e  at all  a n d  s m a l l e r  n a tu r a l  c a v i t i e s  
led  t o  s u p e r h e a t s  h ig h e r  th a n  t h o s e  p r e d ic te d .  
In a c o n s t a n t  t e m p e r a tu r e  Meld [33 ]  a n d  u n d e r  
c o n d i t i o n s  w h e r e  th e  l i m i t a t io n  o f  e q u a t i o n  (1 8 )  
w a s  sa t i s f i e d  [35]  e q u a t i o n  (1 9 )  d id  h o ld .

A t  c o n s t a n t  p r e s su r e  a n d  w i t h  p h y s ic a l  
p r o p e r t i e s  e v a l u a t e d  at  th e  s a t u r a t i o n  t e m p e r a ­
ture  e q u a t i o n  (1 9 )  r e d u c e s  to

c o n s t .  A / , , , ,  (2 0 )

Thus th e  rate  o f  c h a n g e  o f  th e  a c t iv e  c a v i t y  
( n u c l e a l i o n  s i te)  c o n c e n t r a t i o n  w i th  A 7U „  
d. I ' d(A7x,ul m a y  b e  d r a w n  a g a in s t  A7Li as  
in F ig .  13(a).  that is. a p p r o x i m a t e l y  a s  th e  la tera l  
in v e r s io n  o f  the  c a v i t v  s iz e  d i s t r i b u t i o n  o f  F ig .  
1 2 .

C o n s i d e r  now  a l iq u id  at s a t u r a t i o n  t e m p e r a ­
ture  a n d  e v e n t s  a c c o m p a n y i n g  a g r a d u a l  
r a is in g  o f  th e  w a l l  s u p e r h e a t .  A / V u .  M  a  t e m ­
p e r a tu r e  d  life  re n ee  ( A 7 ; :,i),„in th e  first c a v i t y  o f  
r a d iu s  rmax is a c t iv a te d .  A s  ATUu is ra ised ,  
s m a l l e r  c a v i t i e s  b e c o m e  a c t iv e  a n d  th e  n u c le a -  
t i o n  s i t e  c o n c e n t r a t io n .  . I . o n  th e  s u r fa c e  in ­
c r e a s e s .  F ig u r e  17(b)  s h o w s  th e  v a r ia t io n  o f  . 1" 
w ith  A 7 . . , i. that  is, th e  c u m u l a t i v e  d i s t r ib u t io n  
c o r r e s p o n d i n g  to  that  o f  F ig .  13(a).  At s o m e  
p o in t ,  say A .  b u b b le  c o a l e s c e n c e  o n  th e  su r fa c e  
w il l  c o m m e n c e .  It n o w  b e c o m e s  n e c e s s a r y  to  
d i s t in g u i s h  b e t w e e n  th e  n u c l e a l i o n  s i te  c o n ­
c e n t r a t io n  . I a n d  th e  b u b b l e  s o u r c e  c o n c e n t r a ­
t io n .  V. In th e  in terva l  A( V / . u ) .  A l c a v i t i e s  are  
a c t iv a te d .  I f  b u b b le s  g r o w i n g  f r o m  t h e se  w e r e  
all t o  c o a l e s c e  w i th  a lr e a d y  e x i s t i n g  b u b b le s  
th e n  th e  V v e r s u s  A7'.„i c u r v e  w o u l d  b r a n c h  o u t  
h o r i z o n t a l l y  to  p o in t  B in I ig. 13(h) .  T h i s  is an  
e x t r e m e  c a s e .  In a c t u a l  fact  o n l y  a  f r a c t io n ,  
sa y  v. o f  A I will  he lo s t  as b u b b le  so u r c e s .  At  
the  o n s e t  o f  c o a l e s c e n c e  \ is e x p e c t e d  to  he  
s m a l l ; th u s  the  A v s  A / mi c u r v e  m o v e s  to  
p o in t  A ' ,  x w il l  he  h ig h e r  in e a c h  in te rv a l  o f  
p r o g r e s s iv e ly  g r ea ter  A/x.-u. I b u s  th e  X  vs  
A 7 mi c u r v e  wil l  t a k e  th e  s h a p e  s h o w n  in F ig .
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13(h ) .  T h i s  c u r v e  r e p r e s e n t s  th e  m l e p r u lm n  o f  
th e  t l i s l r ih u l io n  t l . \  i l (A / . .„ i )  v e r s u s  A / s h o w n  

in I ig. 13(a).
C o n s i d e r a t i o n  w a s  o r ig in a l ly  l im i t e d  to  s y s ­

t e m s  w h e r e  is in d e p e n d e n t  o f  f lux a n d

II.  11. J A W U R E K

A 7 k, i . T h i s  i m p o s e d  th e  c o n d i t i o n  t h a t  the  
r e la t io n  a .  r ,„„s m u s t  h o ld  a t  al l  s ta g e s .  
D e p e n d i n g  o n  th e  m i c r o - r o u g h n e s s  o f  a s u r fa c e  
th is  c o n d i t i o n  m a y  o r  m a y  n o t  he  sa t is f ie d .  I f  it 
is n o t  th e n  x is b o u n d a r y - l a y e r  c o n t r o l l e d .  
T h e  l im i t in g  b o u n d a r y - l a y e r  t h i c k n e s s  is e x ­
p e c te d  t o  d e c r e a s e  w i th  in c r e a s in g  f lux  a n d  
AT;,,i [ l b ] .  T h u s  w i th  s u f f ic ie n t ly  r o u g h  s u r fa c e s  
r ’miy w i l l  d e c r e a s e  w i th  in c r e a s in g  Ar»at- T h i s  
w o u l d  c a u s e  a l o w e r i n g  o f  th e  N  v e r s u s  A T .a i  
c u r v e .  In th e  c o a l e s c e n c e  r e g im e  th e  d e c r e a s e  in  
N  d u e  t o  th i s  e f fe c t  m ig h t  w e l l  b e  c o m p e n s a t e d  
b y  a c o r r e s p o n d i n g  r e d u c t i o n  in c o a l e s c e n c e .  
U n f o r t u n a t e l y  n o  q u a n t i t a t i v e  i n f o r m a t i o n  o n  
,S a n d  its v a r i a t i o n  w i th  f lu x ,  in th e  v i c in i ty  o f  a  
b u b b l e  s o u r c e ,  is a v a i la b le .

W h a t e v e r  t h e  s u r fa c e ,  th e  e x p e r i m e n t a l l y  
o b t a i n a b l e  A’ v e r s u s  A T., , ,  c u r v e  is e x p e c t e d  to  
a s s u m e  t h e  s h a p e  o f  s o m e  c u m u l a t i v e  f r e q u e n c y  
d i s t r ib u t io n .  T h i s  m ig h t  n o t  b e  r e a d i ly  r e c o g ­
n i z a b le .  e s p e c i a l ly  i f  a v a i l a b l e  d a ta  c o v e r  a 
l im i t e d  r a n g e  o n l y  D i f f e r e n t ia t io n  a n d  p l o t t i n g  
o f  th e  d V d ( A r . „ ,  v c i s u s  AT;,,, d i s t r ib u t io n  

s h o u l d  y ie ld  m o r e  in fo r m . ,  o n .
In S e c t i o n  4 .2  e x p e r i m e n t a l  d a ta  w i l l  be  

e x a m i n e d  in the  l ight i f  t h e s e  p r e d ic t io n s .
T he e ffe c t  o j  p re ssu re .  S e m e r i a  [16]  h a s  p o i n t e d  

o u t  th a t  th e  e l f c c t  <- p r e s s u r e  o n  e q u a t i o n  (1 9 )  is  

s u c h  a s  to  p e r m it  .h e  u s e  o f

r*,,, c o n s t .  A n , , ,  (2 1 )

fo r  v . . e r  in th e  p r e s su r e  r a n g e  I t o  5 0  a tm .  
T h i s  la t io n  is a l s o  a p p l i c a b le ,  t o  a  r o u g h e r  
a p p r o x i m a v o n .  t o  s e v e r a l  o t h e r  s u b s t a n c e s  i f  
/ ’/. o  s u b s ta n t ia l ly  b e lo w  the ir  c r i t ica l  p r e s su r e  

( s e e  I ig. 14)
T h u s  i f  th e  p r e s su r e  is r e d u c e d  o n  a b o i l i n g  

s y s t e m  in c r e a s e s .  D u r i n g  o p e r a t i o n  a t  s o m e  
low  p r e s s u r e  th e  ( n a t io n  w il l  a r i s e  w h e r e

. tha t  is. w h e r e  the  s i z e  r a n g e  o f
m m  m ,» x  *

a c t iv e  c a v i t i e s  i* z e r o .  N u c l e a t i o n .  a n a  h e n c e  
n u c le a t e  b o i l i n g ,  m u s t  th e n  he e x p e c t e d  to  
c e a s e ,  o r  o t h e r w i s e  to  p r o c e e d  by s o m e  m c e h -  
a m  m o t h e r  th a n  the  n o r m a l .  It is s e e n  f r o m  
e q u a t i o n  (2 1 )  that  th is  c r i t ica l  s i t u a t i o n  m a y  be  
r e a c h e d  (at  s o m e  low  p r e s su r e )  in t h e  m id d le  
o f  a b o i l i n g  c u r v e  a s  AT„,„ is p r o g r e s s iv e ly  
lo w e r e d  A t  s o m e  e v e n  lo w e r  p r e s s u r e  the  
AT;„, r e q u ir e d  fo r  n o r m a l  n u c l e a t io n  is g r e a te r  
t h a n  that  a s s o c i a t e d  w i t h  th e  p ea k  f lu x ;  b e l o w
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th i s  p r e s s u r e  th e  n o r m a l  n u c le a t e  r e g im e  is 

a l t o g e t h e r  a b s e n t .
In  S e c t i o n  4 . 2  e x p e r i m e n t a l  w o r k  a i m e d  at the  

v e r i f i c a t io n  o f  t h e s e  p r e d ic t io n s  is r e p o r te d .

4 . 2  E x p e r im e n ta l  w o rk  a n d  d iscu ssio n
E ffe c t  o f  te m p era tu re  d iffe re n ce  a n d  f lu x .  

In F ig .  15 t h e  d a t a  o f  t h e  p r e s e n t  s t u d y  are  
h a n d l e d  in th e  m a n n e r  u g g c s t c d  in S e c t i o n  4 .1 .  
T h e s e  res u l ts  a p p e a r  to  s u p p o r t  th e  p r o p o s e d  
h y p o t h e s i s  s u r p r is in g ly  w e l l .  T h e  fact  th a t  the  
d i s t r i b u t i o n s  N  v* a n d  d /V ,d (A 7
v s  A T . . ,  r o u g h l y  a p p r o x i m a t e  to  n o r m a l  is 
o f  n o  p a r t ic u la r  s ig n i f i c a n c e  a n d  a r i s e s  f r o m  
t h e  m i c r o - s t r u c tu r e  o f  th e  h e a l i n g  su r fa c e  
e m p l o y e d .  In fa c t ,  o t h e r  d a t a  [15 ]  w h i c h  w ere  
a n a l y s e d  in t h i s  f a s h io n  s h o w e d  t h e s e  tr e n d s  
l e s s  c le a r ly .  H o w e v e r ,  th e  a p p r o a c h  a p p e a r s  
t o  b e  p o t e n t i a l l y  v a lu a b le .  B e fo r e  s ig n i f ic a n t  
a d v a n c e s  c a n  b e  m a d e  a l o n g  t h e s e  l in e s  m o r e  
q u a n t i t a t i v e  i n f o r m a t i o n  o n  c o a l e s c e n c e  m u s t  be  
o b t a i n e d .  S e m c r ia  [16.  17] h a s  r e c o g n iz e d  this  

n e c e s s i t y .
B u b b le  so u rce s  a n d  flu x .  It is m o r e  c o m m o n  to  

p r e s e n t  d a ta  o n  b u b b le  s o u r c e  c o n c e n t r a t i o n  as  
l o g  (</M ) vs l o g  A' p lo ts .  In F ig .  16 d a ta  o f  
th e  p r e s e n t  s t u d y  arc  p l o t t e d  in th is  m a n n e r .  
In  a d d i t i o n ,  d a t a  o n  lo w  p r e s su r e  b o i l i n g  o f

e t h a n o l  a n d  b e n z e n e  [35]  are  a l s o  g iv e n .  T h e s e  
d a t a  w e r e  o b t a i n e d  b y  v isu a l  c o u n t i n g  w i t h  an  
a p p a r a t u s  v e r y  s im i la r  to  th e  o n e  d e s c r ib e d  
e a r l ie r ,  b u t  a l l o w i n g  p r e s su r e  v a r ia t io n s .  T h e  
h e a t i n g  w ire  d i a m e t e r  w a s  (E 0 0 7 6  in.

In th e  low a n d  in te r m e d ia t e  l lux  r a n g e  the  

r e l a t i o n s h i p

(</ c o n s t .  A " ' ( 2 2 )

p r o p o s e d  by  s e v e r a l  w o r k e r s  e v i d e n t ly  h o ld s .  
A t  h ig h e r  f lu x e s  h o w e v e r .  N  in c r e a s e s  m o r e  
s l o w l y  w i th  f lux ,  w i t h  th e  in d e x  r e a c h in g  2-6  fo r  
f o r  t h e  w a te r  d a t a .  T h e  v i s u a l  d a ta  o n  o r g u n ic s  
c o u l d  n o t  b e  e x t e n d e d  t o  su f f ic ie n t ly  h ig h  
f lu x e s .  T h e  " k n e e s "  o f  t h e  c u r v e s  c o r r e s p o n d  

to  th e  o n s e t  o f  c o a l e s c e n c e .
E ffe c t  o f  p re ssu re .  T h e  p r e d i c t i o n s  o f  S e c t i o n

4.1 s u g g e s t  th e  n e c e s s i ty  o f  c o n d u c t i n g  b o i l i n g  
r u n s  [(</ .1) d e c r e a s in g ]  at v a r i o u s  lo w  p r e s s u r e s  
w i t h  a  p a r t ic u la r  su r fa c e  l iq u id  c o m b i n a t i o n .  
S u c h  te s t s  w e r e  p e r f o r m e d  [35 ]  at  s a t u r a t i o n  
t e m p e r a tu r e ,  g r e a t  c a r e  b e i n g  t a k e n  to  a v o i d  the  
w e l l - k n o w n  “ h y s te r e s i s "  e f fe c t  a n d  to  m a in t a in
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Ftu. IV OhscrwU variation o f  hubhl ■ sourue co n ­
centration ami its rate ol change with wall superheat.
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•Fk . 16 Variation o f  bnhhlv source coiKcntrat ion  
with heat  l luv

r e p r o d u c ib i l i t y .  R e s u l t s  o b t a i n e d  fo r  e t h a n o l  
are  prese;'. - d  in F ig .  17.

D u r i n g  run  F .I  (I t) a t m )  a n d  run F .2  ( ( H 7 7  
a t m )  t h e  w e l l - k n o w n  b o i l i n g  c u r v e s  w e r e  
tr a c e d .  T h i s  a l s o  a p p l i e s  t o  run  F .3  ( 0 -3 9 6  a t m )  
iu th e  h ig h  l lux  ra n g e .

A t  lo w  l lu x .  run  L..t e x h ib i t s  a h ig h ly  u n u s u a l  
c h a n g e  in d i r e c t io n .  I h is  b e h a v i o u r  a p p e a r s  to  
he  a s s o c i a t e d  w i t h  th e  c e s s a t i o n  o f  o p e r a t i o n  o f  
th e  n o r m a l  m e c h a n i s m  o f  n u c l e a t io n .  I n s p e c t io n  
o f  F ig .  16 in w h i c h  th e  ,Y \ s  (i/ A I d a ta  fo r  
th is  r u n  arc  r e p o r t e d  s h o w s  t h a t  n o  d r a m a t i c  
c h a n g e  in th e  b u b b l e  s o u r c e  c o n c e n t r a t io n  
o c c u r r e d  a t  th i s  p o i n t .  H o w e v e r ,  n u c l e a t io n  
s e e m e d  t o  b e c o m e  u n s t a b l e ;  b u b b l e s  n o  l o n g e r  
e m a n a t e d  f r o m  f ixed  s o u r c e s  in c o l u m n - f o r m a -  
t io n .  b u t  a p p e a r e d  t o  he  f o r m e d  a t  p o i n t s  
s h i f t in g  o n  th e  su r fa c e .  I h is  e f fe c t  w a s  p a r ­
t ic u la r ly  n o t i c e a b le  in run  F .4  ( 0 -2 9 4  a t m )  w h e r e  
b u b b l e - p r o d u c i n g  s o u r c e s  j u m p e d  a r o u n d  o n
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thn s u r f a c e  in a rapii l  a tn i  a p p a r e n t ly  r a m l o m  
m a n n e r .  A  c u r s e  <'l th e  s h a p e  nl run  I . . 3 l ias  
b e e n  o b t a i n e d  b y  v a n  S tr a lc n  | 3 h |  l.»r the  
b o i l i n y  o f  a s o l u t i o n  o f  w h e y  in w a t e r  at 0  
a tm  p ressu re .  H o il inv  as in run I .4 d o e s  not  
a p p e a r  to  h a v e  b e e n  h i th e r to  r e p o r te d

T h e  p h e n o m e n a  o f  ru n s  1 3  a n d  I .4 c a n n o t  
h e  a t tr ib u t e d  to  " h y s t e r e s i s  e l l e v l s "  o r  " t e m ­
p e r a tu r e  o ' c r s h o o t "  s in c e :  (i )  r u n s  w e r e  p e r ­
f o r m e d  at d e c r e a s i iu '  f lux ,  tu t  I lie test  p r o c e d u r e  
in  o b t a i n i n g  ru n s  I .3 a n d  I 4  w a s  id e n t ic a l  to  
tha t  a d o p t e d  for  th e  s t a b le  ru n s  t .1 a n d  I 2. 
a n d  ( iii )  th e  b e h a v i o u r  d id  n o t  d ie  a w a y  w i th  
t i m e ;  in fact  o n  o n e  o c c a s i o n  d u r in g  o p e r a t i o n  
in th e  u n s t a b le  r e g io n  the  l lux  w a s  m a i n t a i n e d  
at th e  s a m e  se t t in g  fo r  o v e r  an  h o u r ,  b u t  the  
b u b b l e  p a tte r n  r e m a in e d  irreg u la r ;  in th e  s a m e  
run  a t  h ig h e r  Ihix n o  irreg u la r i ty  w a s  o b s e r v e d

R u n  1 3  (0  136 a t m )  i l lu s tra te s  th e  c o m p l e t e  
c e s s a t i o n  o f  n u c l e a t m n .  A t  a l lu x  s l igh t ly  
h ig h e r  t h a n  tha t  o f  th e  last p o in t  r e c u r v e d  the  
s u r f a c e  b u rst  in to  h i m  b o i l in g .  I h e  n u c le a t e  
r e g im e  w a s  e n t ir e ly  a b s e n t  V a n  S tr a lc n  (37 ]  a n d  
I . i e n h a r d  a n d  S c h r o c k  |3X] h a v e  o b s e r v e  I the  
s a m e  p h e n o m e n o n .

R u n  T .6  (1 (1  a t m l  is a s a t i s f a c t o r y  c h e c k  o n  

r e p r o d u c ib i l i ty .
S im i la r  r e s u l 's  t o  th e  a b o v e  w ere  o b t a i n e d  fo r  

b e n z e n e ,  b r o m o b c n / c n e .  n -h e x a n o !  a n d  b o t h  

m i x e d  a n d  p u re  i s o m e r s  o f  x y le n e .
T h e  p r e d i c t i o n s  o f  S e c t i o n  4 .1  t h u s  a p p e a r  to  

b e  ver if ied .  A t  s o m e  lo w  p r e s su r e  th e  c e s s a t i o n  o f  
n u c l e a t io n  b y  th e  n o r m a l  m e c h a n i s m  o c c u r s .  
T h i s  c a n  t a k e  p la c e  in th e  m id d le  o f  a b o i l i n g  
c u r v e .  A  h i th e r to  u n r e c o g n i z e d  r e g im e  o f  u n ­
s t a b le  n u c le a t e  b o i l i n g  e x i s t s  at l o w  p r e s su r e .  
A t  e v e n  l o w e r  p r e s s u r e  the  n u c le a t e  r e g im e  is 

a l t o g e t h e r  a b s e n t .
F o r  th e  c a s e  w h e r e  th e  l im i t a t io n  o f  e q u a t i o n

( 1 8 )  is o b e y e d  it a p p e a r s  p o s s i b le  to  p r e d ic t  the  
o n s e t  o f  t h e  u n s t a b le  b o i l i n g  r e g i o n  (57].  T h i s  
w il l  b e  fu l ly  d e a l t  w i t h  e l s e w h e r e .

T h e  c c s s a t i o n - o f - n u c l c a t i o n  p h e n o m e n o n  h a s  
b e e n  k n o w n  fo r  m a n y  y e a r s  in th e  g u i s e  o f  
“ b u m p i n g " .  G e n e r a t i o n s  o f  o r g a n i c  c h e m i s t s  
p e r f o r m in g  " v a c u u m - d i s t i l l a l i o n s "  in g l a s s  a p p a ­
r a tu s  h a v e  a d d e d  a n y t h i n g  f r o m  c h u n k s  o f  c o a l  
to  t a l c u m  p o w d e r  [3 9 ]  in a n  e f fo r t  t o  p r e v e n t  
t h e s e  m i n o r  e x p l o s i o n s .  S o m e t i m e s  t h e s e  d e v ic e s  
w e r e  h e lp fu l ,  s o m e t i m e s  n o t ,  d e p e n d i n g  u p o n

w h e t h e r  th e y  d id  or  d id  n o t  p r o v id e  th e  n u c l e a ­
t io n  s i t e s  p r e v i o u s l y  a b s e n t .

It is felt  tha t  low p r e s s u r e  w o r k  o f  th e  ty p e  
d e s c r ib e d  a b o v e  is p o te n t ia l l y  a n  e x t r e m e ly  
p o w e r f u l  t o o l  m the  g e n e r a l  s tu d y  o f  n u c l e a t io n

5. ( ON< I t SKINS,

( 1 ) l a t e n t  h ea t  t r a n s p o r t  a n d  c o n v e c t i o n  
t o g e t h e r  a c c o u n t  for  the  to ta l  l lu x  in  
s a t u r a t e d  n u c le a t e  b o i l in g .  o!

(2 )  L a te n t  h ea t  t r a n s p o r t  is at  s t a g e s  s ig n i f i ­
c a n t :  it is  p r o b a b l e  th a t  at  b u r n o u f i t  a l o n e  
r e p r e s e n t s  th e  to ta l  l lux .

(3 )  T h e  m e a n  p r o d u c t  o f  b u b b l e  f r e q u e n c y  

a n d  d e p a r t u r e  v o l u m e .  H  ,/• H c o r r c t i lv  
J i lm i i l .  in c r e a s e s  t h r o u g h o u t  th e  l lux  

ra n g e .
( 4 |  A t  f ixed  l lux  a n d  p res su re  th e  p r o d u c t  

/  I t ,  the s a m e  fo r  e a c h  b u b b l e  so u r c e  
w it h in  r e a s o n a b l e  s ta t is t ic a l  sc a t te r .

(5 )  I he  r e l a t i o n s h i p  b e t w e e n  h e a t  l lux  (t/ .1) 
a n d  n u m b e r  o f  b u b b l e  s o u r c e s  p er  u n it  

a r e a .  \ .

(</ -1) c o n s t .  \ "

w h e r e  n '  0  5 h o l d s  o n ly  in th e  a b s e n c e  o f  

c o a l e s c e n c e .
(6 )  It a p p e a r s  p o s s i b l e  I.- d e t e r m in e  t h e  s iz e  

d is tr ib u tio n  o f  p o te n t ia l  n u c l e a t io n  c a v i t i e s  
o n  a s u r f a c e  i f  th e  f o l l o w i n g  a r e  a v a i l a b l e ;  

(a )  T h e  d i s t r ib u t io n  o f  d ,V .d (A r ,n i )  vs
A / ; , , ,  t o g e t h e r  w i th  d a ta  o n  c o a l e s c e n c e ,  
th u s  a l l o w i n g  th e  d e t e r m in a t i o n  o f  th e  
d . l d ( A 7 ; „ i l  v s  A / ; , , !  d i s t r ib u t io n .  

( h ) A  c r i t e r io n  o f  n u c le a t io n  in n o n -  
u n i f o r m  f ie lds .

(7 )  T h e  a p p r o x i m a t e  e q u a t i o n

2ir7»i i i i ' ,  A,. A / m i l

b e i n g  a  n e c e s s a r y  but  n o t  su f f ic ien t  
c r i t e r io n  o f  n u c l e a t io n  u n d e r  b o i l i n g  c o n ­
d i t i o n s  c a n .  h o w e v e r ,  y ie ld  p r e d i c t i o n s  o n  
th e  s iz e  r a n g e  o f  n u c l e a t io n  c a v i t i e s .  
T h e s e  h a v e  b e e n  ver if ied  b y  e x p e r i m e n t s  
an ti  lead  to  th e  f o l l o w i n g  g e n e r a l  c o n ­
c l u s i o n s :

(a )  T he  elTect o f  l o w e r i n g  th e  p r e s su r e  o n  a  
b o i l i n g  s y s t e m  is su c h  us  to  d e c r e a s e  
th e  s i z e  r a n g e  o f  a c t iv e  c a v i t i e s .
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( b )  F o r  a  p a r t i c u l a r  s u r f a c e  l i q u i d  c o m ­
b i n a t i o n  a  p a r t i c u l a r  l o w  p r e s s u r e  
e x i s t s  b e l o w  w h i c h  t h e  b o i l i n g  c u r s e  
e x h i b i t s  i n s t a b i l i t y .

(c )  T h i s  t h r e s h o ld  is r e a c h e d  w h e n  the  
s i / e  r a n g e  o f  c a v i t i e s  a c t i v e  in th e  
n o r m a l  s e n s e  b e c o m e s  z e r o .  B e y o n d  
th is  t h r e s h o ld  t h e r e  e x i s t s  a  h i th e r to  
i m r c c o g m / e d  r e g im e  o f  u n s t a b l e  n u c l e ­
a te  b o i l i n g  In th i s  u n s t a b l e  r e g im e  
n u e l e a t io n  a n d  b o i l i n g  p r o c e e d  by  
m e c h a n i s m s  o t h e r  t h a n  th e  n o r m a l .  
A t  e v e n  lo w e r  p r e s s u r e s  th e  n u c l e a t e  
r e g im e  is a l t o g e t h e r  a b se n t .

U  KNOVW K I X i K M K M S  
Messrs S. H ym an  and  I) J ( urlivll assisted in oh- 

lam ing  da ta  on water
T hanks  arc extended In the South  Xfne.m I 'm in ed  lor 

Scientific and Industr ia l Re-eareh  for their  faith in 
financially support ing  t in- p rog ram m e over the sea ts  

II H Jawurck at present holds a bursary  from lhe 
Sou th  African Atomic I nergv Board He was formerly 
suppor ted  by a jun ior  lectureship at the I  mserstly of  
C ape  Town, D epar tm ent  of  Chemical  Engineering, to 
whose Head. Dr A D  ( arr,  sincere thanks  are  offered
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APPENDIX 3

DETERMINATION OF q ^ / q ^  FROM ( q / A J L[I/  ( q / A ) ^

DATA OF JUDD AND MERTF

Juclu a n d  M c r t c  [ lJ5]  d e t e r m i n e d  t h e  f o l l o w i n g  h e a t  f l u x  

r a t i o :

( q / A l y ^ / ( q / A l ^ B  = ( q / A J u i /  W Ah  " (^ A)NC (ANc / ' S ' *  i ns t .  CA.->.1)

w h e r e

= 1 - A ; \ \ n s t

The  a r e a - o f • i n f l u e n c e  r a t i o  h e r e  r e q u i r e d  i s

qUl / ^  = (q / A)U l /  ( q / X ) NB = ^ / A)1J|y ^ < i / A ) T- ( ( i / Al NCf/\N(y ' A r l ]  ( A 3 . 3 )  

w h e r e

“ 1 " Ai N

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

Ai * S ( ” / 4 )  T ) ^ x ( A 3 . 5 )

T e r r e s t r i a l  g r a v i t y  v a l u e s  o f  ( q / A )  j | j ^ / ( q / A )  a n d  t h e  

a d d i t i o n a l  d a t a  n e c e s s a r y  t o  c o n v e r t  t h i s  r a t i o  t o  q j \ |  / q j  

a r e  s hown  i n  T a b l e  A 3 . 1 .  The  d a t a  a r e  a p p r o x i m a t e  a n d  

d e r i v e  f r om f i g u r e s  i n  J u d d  a n d  M e r l e ' s  p a p e r .
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TABLE A3.1

DATA OF JUDD AND MERTE

( At  t e r r e s t r i a l  g r a v i t y , g / g  “ 1)

( q / A ) T

kW/ m3

ATs a t

k

^max

m

^ i n s t  

m ' 2

N

m" 2

( q / A ) LH 

( q / A) jJjb

1 1 , 5 1 5 , 6 5 x 1 0 ' 4 6 , 5  x 1 0 s 1 , 2  x 1 0 () 0 , 7 8

2 1 , 1 1 6 , 6 5 x 1 0 " 4 1, 1 x 106 2 , 2  x 106 0 , 7 8

4 1 , 6 1 7 , 8 5 x i n " 4 1 , 8  x 1 0 f) 3 , 3  x 106 0 , 7 8

S o u r c e  
i n  [ 95] F i g . " F i g . 6 F i g . 4 F i g .  4 F i g .  10

S t e p s  i n  t h e  c a l c u l a t ’ f 1 , v i a  e q u a t i o n s  A3 .1 t c

A3. . 5,  a r e  summar i se*. '  . c A3.  2 .

TABLE A3 . 2

CALCULATION OF q L l l / q T

(q/A)

i n s t

kW/nrktV/nvklv’/mkW/m kW/m

10,24 0, 67

0, 72

0, 78

4,31

41, 641, 6
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APPENDIX 4

CHOICE OF ACTIVATION CRITERION FOR

NUCLEATION CAVITIES

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

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

t o  a  s l i g h t  m o d i f i c a t i o n  o f  t h e  t r e a t m e n t  o f  G r i f f i t h  a n d  

W a l l i s  [4 8] g i v e n  a s  f o l l o w s :

f r * = r  ) .  F u r t h e r  i n c r e a s e  o f  AF c a u s e s  a c t i v a t i o n
i max max . , ,
o f  p r o g r e s s i v e l y  s m a l l e r  c a v i t i e s  w h i l e  a l l  l a r g e r  c a v i t i e s

r e m a i n  a c t i v e .

E q u a t i o n  A4. 1 g i v e s  t h e  e q u i l i b r i u m  c o n d i t i o n  o f  a v a p o u r  

n u c l e u s  s i t t i n g  c a p - w i s e  on a c a v i t y  w i t h  t h e  c a p  r a d i u s  

e q u a l  t o  t h e  c a v i t y  m o u t h  r a d i u s .  The  e q u a t i o n  was  o r i g i n a l l y  

d e r i v e d  f o r  a _ o n s t a n t - t e m p e r a t u r e  f i e l d ,  w i t h  t h e  AT t e r m  

s i g n i f y i n g  t h e  w a l 1 - u n d - 1 i q u i d  s u p e r h e a t  a t  a p a i t i c u l a r  

p i c s s u r c . U n d e r  uch  c o n d i t i o n s  t h e  e q u a t i o n  wa s  t e s t e d  

on a r t i f i c i a l  c a v i t i e s  a n d  was  f o u n d  t o  h o l d  [ 4 8 ] .  I n  t h e  

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

c i a l  c a v i t i e s ,  t h e  a g r e e m e n t  c e a s e d  [ 4 8 ,  1 1 8 - 1 2 0 ] .  F o r  

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

[ 3 ,  48]  i n d i c a t e d  t h a t  r * i n i s  a t  l e a s t  p r o p o r t i o n a l  t o  t h e  

t e r m s  on t h e  r i g h t - h a n d  s i d e  of e q u a t i o n  A 4 . 1 .

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

l i q u i d  c o m b i n a t i o n ,  h a v e  some f r e q u e n c y  d i s t r i b u t i o n .  or

g i v e n  c o n d i t i o n s  a r a n g e  o 1 t h e s e  ' i v i t i e s  w i l l  b e  a c t i v e .

mi n

T h u s  a s  ATs t i s  r a i s e d  f r om z e r o , t h e  l a r g e s t  p o t e n t i a l l y  

a c t i v e  c a v i t y  on t h e  s u r f a c e  i s  t h e  f i r s t  t o  b e c o me  a c t i v e

( A 4 . 1)

D i r e c t  s i z e  m e a s u r e m e n t s  o 1 n a t u r a l  a c t i v e  s i t e s  w e r e  p r o v i d e d  

by  S h o u k r i  a n d  J u d d  [ l  2 1] . The  h e a t e r  was  a c o p p e i  b l o c k  

h a v i n g  s u r f a c e  f i n i s h e s  v a r y i n g  f r o m a m a c h i n e d  f i n i s h  o f
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0 , 4  x 1 0 “ 6 m c e n t r e - 1 i n e - a v o r a g e  r o u g h n e s s  t o  a m i r r o r  p o l i s h  

o f  0 , 1  x 1 0 “ 6 m c e n t r e - l i n e - a v e r a g e .  The  t e s t  l i q u i d  wa s  

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

f r o m  60 t o  200 kW/ m2 . I n  a l l  c a s e s  t h e  m e a s u r e d  v a l u e  o f  

. was  i n  g o o d  a g r e e m e n t  w i t h  e q u a t i o n  A 4 . 1 .

Hsu [ 12 2] a n d  Han a n d  G r i f f i t h  [4 2] h a v e  p r o p o s e d  n u c l e a t i o n  

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

e q u a t i o n  A 4 . 1 ,  t a k e  a c c o u n t  o f  t h e  t i m e - v a r y i n g  l i q u i d  

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

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

o v e r  c a v i t y  m o u t h )  c a n  o n l y  g r ow i f  t h e  t r . „ ,  c r a t u r e  i n  t h e  

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

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

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

t o  t h e  d u b i o u s  h u l k  c o n v e c t i o n  mo d e l  ( s e e  S e c t i o n  2 . 3 . 2 ) .

Bo t h  a mi n i mum a n d  a maximum a c t i v e  c a v i t y  mo u t h  r a d i u s  

a r e  t h u s  p r e d i c t e d .

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

a n d  t h e  p r e d i c t e d  m o u t h  r a d i u s  s i c e  r a n g e  a p p e a r e d ,  on 

c a s u a l  e x a m i n a t i o n ,  t o  b e  s a t i s f a c t o r y  [ 1 1 8 - 1 2 0 ] .  A c t i v e  

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

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

l i m i t  [ 1 1 8 ,  111)] .  f o r  n a t u r a l  c a v i t i e s  o c c u r r i n g  on h e a t e r s  

o f  v a r i o u s  s u r f a c e  f i n i s h e s  S h o o k r i  a n d  J u d d  [ l 2 l ]  i o u n d  t h e  

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

t o w a r d s  t h e  l o w e r  s i z e  l i m i t .  The  l a r g e s t  a c t i v e  ( a : d  t h u s  

v a p o u r - e n t r a p p i n g )  c a v i t y  w a s , i n  a l l  t e s t s ,  s m a l l e r  t h a n  

t h e  maximum s i z e  p r e d i c t e d  by t h e  Hsu  m o d e l .

The  mor e  e l  a ' " . ' a t e  n u c l e a t i o n  c r i t e r i a  ol  Hsu [ 1 2 - ]  a n d  

o f  Han a r i f f i t h  [ 12]  t h u s  a p p e a r  t o  o f f e r  no  a d v a n t a g e  

o v e r  eqi  - i o n  A 4 . 1 .  F u r t h e r m o r e  t h e  a s s u m p t i o n  g o v e r n i n g  

t h e  e x i s t e n c e  o f  an  u p p e r  a c t i v e  c a v i t y  s i z e  l i m i t  may be  
q u e s t i o n e d :  S u r e l y  a n u c l e u s  w i t h  c o n d e n s a t i o n  a t  t h e  a p e x  c a n

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

c o n d e n s a t i o n ?  H o we l l  a n d  S i e g e l  [ l l f Q  h a v e  i n  f a c t  d e r i v e d  a

J1I

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

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

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

A 4 .1 .

E q u a t i o n  A 4 . 1 ,  w i t h o u t  a n  a d d i t i o n a l  u p p e r  c a v i t y  s i z e  

l i m i t ,  i s  t h u s  a d o p t e d  i n  t h e  p r e s e n t  t r e a t m e n t .  T e s t s  

o f  i t s  v a l i d i t y  a r e  p r e s e n t e d  i n  S e c t i o n  3 . 2 . 1 .
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APPENDIX 5

PHYSICAL PROPERTIES REQUIRED FOR T E S T I NG

NUCLEATION CRITERION AGAINST DATA OF

ANDERSON

Tne  n u c I c a t  i o n  c r i t e r i o n  r e q u i r e d  t o  be  t e s t e d  a g a i n s t  t h e  

d a t a  o f  A n d e r s o n  [ 1 2 3 ]  w a s :

' : l n  * i T , a t « / » , . v AT,at  ( A5. 1)

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

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

c o m p o u n d s  a n d  c o n d i t i o n s  s hown i n  T a b l e  A 5 . 1 .

TABLE AS.  1

CONDITIONS OF ANDERSON' S STUDY

p T ^s a t
Test  Li qui d kN/m'' °c

Freon 113 CF,Cl .CFCl ,L L i n: •17,?

Freon 113 CF2C1.CFCl2 157 61,1

Carbon t e t r a c h l o r i d e CCl, inn 76,8

Chloroform CIIC1- in: (1(1,6

1,2 Di chl oroc t hanc a i ^ c i  . (ni ,ci mi 82, 3

1 , 1 , 2  Tr i c h l o r o c t h a n c a i c i 2 . a i 2ci inn 114

_________

Remarks

atm.  B.P.

atm.  B.P.  

aim.  B.P.  

atm.  B.P.  

atm.  B.P.
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A 5 .1 PRIMARY DATA

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

f r o m  t h e  l i t e r a t u r e :

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

c a r b o n  t e t r a c h l o r i d e  [ 5 l ] , c h l o r o f o r m  a n d  t r i c h l o r o e t h a n e  

[2 1 0].

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

t o  r e a d  a c c u r a t e l y )  f o r  F r e o n  113 a n d  c a r b o n  t e t r a c h l o r i d e  

[ 5 1 ]  a n d  i n  t a b l e s  f o r  c h l o r o f o r m  [ 2 1 3 ]  .

S u r f a c e  t e n s i o n :  a t  r oom t e m p e r a t u r e  f o r  F r e o n  113 [ 2 1 4 ]

a n d  d i c h l o r o c t h a n c  [2 1 Oj .

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

l i n e d  b e l o w .

A S . 2 CALCULATj ■ I) DAT A

V a p o u r  d e n s i t y

T h i s  was  c a l c u l a t e d  f r om t h e  I d e a l  Gas  Law w i t h  c o m p r e s s i ­

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

b y  Ho u g e n  e t  a 1 [2 1 5 ] .  The  n e c e s s a r y  c r i t i c a l  c o n s t a n t s  

w e r e  a v a i l a b l e  f r o m t h e  l i t e r a t u r e  [ 2 1 4 ,  2 1 b ,  217]  f o r  a l l  

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

t e m p e r a t u r e  a n d  p r e s s u r e  w e r e  c a l c u l a t e d  by I . y d c r s o n ' s  

m e t h o d  [ 2 1 3 ]  a n d  r i t i c a l  v o l u m e  by  t h e  S c h u s t c r - I . y d e r s o n  

m e t h o d  [ 2 1 3 ] .  The  w h o l e  p r o c e d u r e ,  i n c l u d i n g  c r i t i c a l  

c o n s t a n t  e s t i m a t e s ,  was  c h e c k e d  f o r  F r e o n  113 ;  t h e  c a l ­

c u l a t e d  d e n s i t y  d i f f e r e d  f r om an  e x p e r i m e n t a l  v a l u e  [ 2 1 4 ]  

by  l e s s  t h a n  3 p e r  c e n t .
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L a t e n t  h e a t  o f  v a p o r i s a t i o n

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

m e t h o d  o f  G i a c o l o n e  [ 2 1 3 ]  a n d  a g a i n  f r o m c r i t i c a l  p r o p e r t i e s  

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

[ 2 1 3 ] .  The  l a t t e r  m e t h o d  a p p l i e s  o n l y  a t  a t m o s p h e r i c  

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

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

t h a n  4 p e r  c e n t . f o r  d i c h l o r o c t h a n e  a n d  t r i c h l o r o e t h a n c  

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

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

w e r e  u s e d .

S u r f a c e  t e n s  i o n

f o r  F r e o n  113 a n d  d i c h l o r o c t h a n e  s u r f a c e  t e n s i o n  a t  t h e  

b o i l i n g  p o i n t  w e r e  c a l c u l a t e d  f r o m p u b l i s h e d  [ 2 1 4 ]  room 

t e m p e r a t u r e  v a l u e s .  M c L e o d ' s  e q u a t i o n  [ 2 1 8 ]  was  u s e d .
n i c

T h i s  s t a t e s  t h a t  t h e  r a t i o  o ’ “ ‘ ( i j ■t y ) i s  e q u a  1 t o  a 

c o n s t a n t , C 1 , i n d e p e n d e n t  o f  t e m p e r a t u r e  f o r  e a c h  s u b s t a n c e ,  

f o r  e x a m p l e , i n  t h e  t e m p e r a t u r e  r a n g e  20 t o  200 ° C , C 1 

v a r i e s  by  l e s s  t h a n  1 p e r  c e n t  f o r  b e n z e n e  a n d  by  3 p e r  

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

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

p u b l i s h e d  r oom t e m p e r a t u r e  v a l u e s  b y  t h e  m e t h o d  o f  Be n s o n  

[ 2 1 3 ] .  B e n s o n ' s  m e t h o d  i t s e l f  was  c h e c k e d  a g a i n s t  a 

p u b l i s h e d  v a l u e  o f  t h e  l i q u i d  d e n s i t y  o f  f r e o n  113 a t  

- 1 5  0 t: [ 2 1 7 ]  a n d  f o u n d  t o  be  i n  e r r o r  by l e s s  t h a n  1 , 5  p e r  

c e n t .

AS.  3 SUMMARY Of  RLQUIRLD PROI’LRT I LS

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

v a l u e s )  r e q u i r e d  i n  e q u a t i o n  A5. 1  f o r  t h e  c o n d i t i o n s  o f  

A n d e r s o n ' s  r u n s  a r c  s u m m a r i s e d  i n  T a b l e  A S . 2.
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TABLE A5.2

SUMMARY OF PHYSICAL PROPERTIES;  EQUATION AS . 1 ,  

ANDERSON' S RUNS

Tes t  Liquid
sa t

0 nv \

A|,v

K d/m ky/m1 kd/kg m K

Freon 113 320,8 0,0104 7,465 145 9,721 x 10"6

Freon 113 334, 3 0,015(1 11 ,36 143 6, 174 x 10“ 6

Carbon t e t r a c h l o r i d e 340,0 0,0108 5,446 188 1,353 x 10-5

Chloroform 333,7 0,0104 4,550 240 1,186 x 10" 5

1,2 Di ehl oroc t hane 3.35,1 0,0182 3,140 322 1,166 x i o " 5

1, 1, 2 Tr i c h l o r o e t h a n e 38“' ,  5 0,0220 4, 100 260 1,487 x 10-5
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APPENDIX 6

TEST FOR OPTICAL THICKNESS OF ' ELECTROPANE1

COAT INKS

1E l e c t r o p a n c ' s h e e t s  w e r e  s u p p l i e d  w i t h  s t a n n i c  o x i d e  

c o a t  i ny s o i s l i g h t l y  u n e v e n  o p t i c a l  t h i c k n e s s  . I li i s c o u l d  be  

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

w e r e  v i e w e d  i n  w h i t e  l i j ^ h t .  I t  was  r e p u i i e d  t o  e s t a b l i s h  

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

t h i c k n e s s  o f  X / 2 1 o r  X = 4 37 n m.

T h e  f o l l o w i n g  a p p r o x i m a t e  t e s t  was  u s e d : \  n u m b e r  o f

s m a l l  p i e c e s ,  e a c h  o t  r c c o g n  i s n h 1y d i l i e r e n t  i n t e r f e r e n c e  

c o l o u r ,  w e r e  c u t  f r om t h e  ' E l e c t r o p a n e ' s h e e t s .  On o n e  h a l f  

o f  e a c h  p i e c e  t h e  c o a t i n g  was  r e mo v e d  c h e m i c a l l y  ( s e e  

S e c t i o n  5 . 2 . 5 ) ,  w h i l e  on  t h e  o t h e r  h a l f  t h e  c o a t i n g  r e m a i n e d  

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

i n  c o l l i m a t e d  m o n o c h r o m a t i c  l i g h t  of w a v e l e n g t h  437 nm.  S i n c e  

g l a s s  c a r r v i n g  a t h i n  l i l m  o 1 o p t i c a l  t h i c k n e s s  X/  ̂ h a s  t h e  

s a me  r e f l e c t a n c e  a s  b a r e  g l a s s  [ 1 7 3 ] ,  t h e  r e q u i r e d  c o a t i n g  

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

t h i s  c o n d i t i o n  wa s  k e p t  a s  an  i n t e r f e r e n c e  c o l o u r  r e f e r e n c e .
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APPENDIX 7

DETERMINATION OF MEAN MEAT FLUX FROM BOILING

SURFACE

I n  o r d e r  t o  c a l c u l a t e  t h e  mean b o i l i n g  h e a t  f l u x  f r o m  m e a ­

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

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

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

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

a r e  d e a l t  w i t h  i n  t u r n  b e l o w  a n d  a r e  f o l l o w e d  by an  e s t i ­

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

A7 . 1  CONVECTIVE LOSSES FROM BOTTOM OF 

HEA'l INC DISC

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

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

c o n v e c t i o n  f r o m t h e  b o t t o m  o 1 t h e  d i s c  t o  t n c  s u r r o u n d i n g  

a i r  i s  g i v e n  [ 51]  a s  f o l l o w s :

h L / k  -  0 , 2 7  [ ( L  V 8 A T / V )  ( C u / k ) -]  0 ' 2 5 (A7 . 1 )

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

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

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

p r o p e r t i e s  r e f e r  t o  a i r  a t  t h e  mean f i l m  t e m p e r a t u r e .

To c h e c k  on  l a m i n a r i t y  t h e  t e r m  i n  s q u a r e  b r a c k e t s , t h a t  

i s ,  t h e  p r o d u c t  G r . P r ,  was  e v a l u a t e d  f o r  a AT o f  50 K ( a n  

o v e r e s t i m a t e ) , an  a i r  t e m p e r a t u r e  o f  45 °C a n d  an L o f  

30 mm. The  r e s u l t i n g  p r o d u c t  Gr .  P r  was  9 x 10 1* , t h a t  i s ,  

wel l  b e l o w  2 x 10 7 , t h e  v a l u e  m a r k i n g  t h e  o n s e t  o f  t u r b u l e n c e .  

The  c o r r e s p o n d i n g  h e a t  t r a n s f e r  c o e f f i c i e n t  was  3 , 7  W/m2K,
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By r e t a i n i n g  t h e  o v e r e s t i m a t e d  AT o f  50 K t h e  h e a t  l o s s , 

h AT , was  185 W/m2 .

The  l o w e s t  b o i l i n g  f l u x e s  s t u d i e d  w e r e  o f  t h e  o r d e r  o f  

3 x 1 0 11 W/m2 . The  e s t i m a t e d  l o s s e s  f r o m t h e  b o t t o m  o f  t h e  

d i s c  w e r e  t h u s  some 0 , 5  p e r  c e n t  o f  t h e  s u r f a c e  f l u x .

l i q u a t i o n  A7. 1  r e f e r s  t o  a p l a t e  f r e e  a t  t h e  e d g e s .  Wi t h  

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

b o u n d a r y  l a y e r  v e r y  much t h i c k e r  t h a n  t h a t  i m p l i c i t  i n  

e q u a t i o n  A 7 .1 mu s t  h a v e  b u i l t  up  b e n e a t h  i f . L o s s e s  w e r e  

t h u s  v e r y  much s m a l l e r  t h a n  t h e  0 , 5  p e r  c e n t  e s t i m a t e d

f r o m e q u a t i o n  A7 . 1  a n d  may be n e g l e c t e d  a l t o g e t h e r .

A 7 . 2 CORKLCT H ' \  I OR L LAI'S RLS i STAN til:

The  w a t t m e t e r  m e a s u r e d  t h e  p o w e r  d i s s i p a t e d  i n  t h e  he. ,  t i n g  

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

The  l e a d s  r e s i s t a n c e  was  m e a s u r e d  (on a W h e a t s t o n e  b r i d g e )  

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

( o f  n e g l i g i b l e  r e s i s t a n c e )  s o l d e r e d  i n  i t s  p l a c e .  The  

l e a d s  r e s i s t a n c e , AR, was  0 , 3 9 7  7.  The r e s i s t a n c e  o f  t h e  

h e a t i n g  s u r f a c e s  t h e m s e l v e s ,  R,  was  a p p r o x i m a t e l y  6 0 U .

At  a c u r r e n t  f l o w  o f  1 t h e  m e a s u r e d  p o w e r  d i s s i p a t i o n ,  ,

was  12 ( R + AR) a n d  t h e  r e q u i r e d  p o w e r  d i s s i p a t i o n  o v e r  t h e

b o i l i n g  s u r f a c e ,  W| t , was  I ' R.  T h u s

KV WM = h 0 /  , 0 , 3 9  7  = 0 , 0 0 3  ( A 7 . 2 )

A c o r r e c t i o n  f a c t o r  o f  0 , 0 0  was  t h u s  a p p l i e d  t o  a l l  w a t t ­

m e t e r  r e a d i n g s .

A 7 . 3  (1L0MLTRY Of  1ILAT1 NO f  ILM

The  g e o m e t r y  o f  t h e  h e a t i n g  f i l m  i s  s hown  i n  f i g u r e  A 7 . 1 .
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FIG. A 7. 1 HEATING FILM
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O v e r  t h e  c e n t r a l  ( s p e c k l e d )  p o r t i o n  o f  t h e  f i l m  t h e  p o w e r  

d i s s i p a t i o n  wa s  u n i f o r m  w i t h i n  ± 3 p e r  c e n t  ( s e e  S e c t i o n

5 . 2 . 5  a n d  F i g u r e  5 . 2 ) .  The  h e a t  f l u x  o v e r  t h i s  c e n t r a l

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

o b t a i n e d  h a d  t h e  f i l m  b e e n  a s i m p l e  r e c t a n g l e  o f  15 mm 

w i d t h  a n d  2 0 mm l e n g t h  b e t w e e n  c o n t a c t s .

A c c u r a t e  m e a s u r e m e n t s , u s i n g  a N i k o n  p r o f i l e  p r o j e c t o r ,  

s h o w e d  t h e  l e n g t h  b e t w e e n  c o n t a c t s  t o  be  2 0 , 1 5  mm. The  

r e c t a n g u l a r  s e c t i o n  t h u s  h a d  an  a r e a  o f  3 0 2 , 2  mm2 a n d  t h e  

mean  u n i f o r m  h e a t  f l u x ,  i n  W/m2 , wa s  g i v e n  by

( q / A )  = Wr / ( 3 0 2 , 5  x H ) " ()) = 3308 Wj, ( A 7 . 3 )

w h e r e  WR was  t h e  t o t a l  w a t t a g e  d i s s i p a t e d  i n  t h e  h e a t i n g  

f i l m .

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

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

e q u i p o t e n t i a  1 l i n e s  on t h e  T c l e d e l t o s  p l o t .  In F i g u r e  5 . 2  

t h e s e  w e r e  t h e  l i n e s  c o r r e s p o n d i n g  t o  30 a n d  70 p e r  c e n t  

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

l i n e s  m u l t i p l i e d  b y  t h e  w i d t h  o f  t h e  f i l m  f 15 mm) t h u s  

g a v e  t h e  a r e a  o v e r  w h i c h  40 p e r  c e n t  o f  t h e  t o t a l  p o w e r  

i n p u t  was d i s s i p a t e d .  T h i s  m e t h o d  r e s u l t e d  i n  a f l u x  

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

A 7 . 3 .  The  l e n g t h  m e a s u r e m e n t  b e t w e e n  t h e  e q u i p o t e n t i a l  

l i n e s  i s ,  h o w e v e r , l e s s  r e l i a b l e  t h a n  t h a t  b e t w e e n  t h e  

c o n t a c t s .

A 7 . 4  OVhRAI.L CONVliRSION FACTOR

From t h e  f o r e g o i n g  t h e  o v e r a l l  c o n v e r s i o n  f a c t o r  f r o m t h e  

w a t t m e t e r  r e a d i n g s .  W^,  t o  mean h e a t  f l u x ,  i n  W/m2 , f o l l o w s  

a s

q / A  -  0 , 9 9  x 3308  = 3 2 7 5  WM ( A 7 . 4 )
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A 7 . 5  ACCURACY OF HEAT FLUX DETERMINATIONS

Wi t h  a g u a r a n t e e d  w a t t m e t e r  a c c u r a c y  o f  0 , 2  p e r  c e n t  o f  

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

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

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

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

l o s s e s  f r o m t h e  e d g e  o f  t h e  f i l m .

Th e  d i s t a n c e  b e t w e e n  t h e  c o n t a c t s  o f  t h e  h e a t  i .ig f i l m  

( 2 0 , 1 5  mm) was  known a c c u r a t e l y  a n d  was  f i x e d  by  t h e  w i d t h  

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

The  w i d t h  o f  t h e  f i l m  ( 15  mm) w a s ,  h o w e v e r ,  d e t e r m i n e d  

d u r i n g  t h e  c h e m i c a l  f i l m  r e m o v a l  ( s e e  S e c t i o n  5 . 2 . 5 )  a n d  

was  u n c e r t a i n  w i t h i n  * 0 , 5  mm. The  i i l m  a r e a  was  t h u s  

a c c u r a t e  t o  t 3 p e r  c e n t .

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

a r e a  i n  f i g u r e  A 7 . 1 )  t h e  d i s t r i b u t i o n  o f  t h e  h e a t  f l u x ,  

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

was  e v e n  w i t h i n  * 3 p e r  c e n t . T h i s  e s t i m a t e  n e g l e c t e d  

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

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

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

c o l o u r  a n d  an, .  ad t o  b e  n e g l i g i b l e .  R a d i a l  l o s s e s  c o u l d  

n o t  r e a d ' ,  l y  b e  e s t i m a t e d ,  b u t  m i g h t  h a v e  b e e n  s i g n i f i c a n t  

n e a r  t h e  ^ d g c  o f  t h e  f i l m .

The  o v e r a l l  a c c u r a c y  o f  t h e  r e p o r t e d  h e a t  f l u x  v a l u e s  was  

t h u s  e s t i m a t e d  a s  4 7 p e r  c e n t  f o r  t h e  c e n t r a l  r e c t a n g u l a r  

a r e a  o f  10 x 2 0 mm, s hown s p e c k l e d  i n  f i g u r e  A 7 . 1 .  Be y o n d  

t h i s  a r e a , n e a r e r  t h e  e d g e  oI t h e  f i l m ,  t h e  h e a t  f l u x  was

l o w e r  t h a n  t h e  r e p o r t e d  v a l u e ,  p o s s i b l y  by a s  much a s  10

p e r  c e n t .
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APPENDIX 8

MEAN TEMPERATURE OF BOILING SURFACE

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

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

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

a t t a c h e d  a s  s h o wn  i n  f i g u r e  '  Q a n d  f i g u r e  A8 . .  The  

f o l l o w i n g  s e c t i o n s  show t h a  "C t h e r m a l  c r a t a c t  r e s i s t a n c e ,  

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

t h e r m o c o u p l e  w e r e  a l l  n e g l i g i b l e .  An e x p e r i m e n t a l  v e r i ­

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

a s s e s s m e n t  o f  a c c u r a c y  f o l l o w .

A8 . 1  THERMAL CONTACT

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

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

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

a t t a c h e d  by a d h e s i v e  t u p v  a s  u s u a l )  was  i n d i u m - s o l d e r e d  

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

c o n d i t i o n s  f r o m t h e  u p p e r  d i s c  s u r f a c e  ( q / A  = '() kW/ m2 ,

P - 25 k N/ m2 ) t h e  same t e m p e r a t u r e s  w e r e  r e c o r d e d  w i t h  

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

A 8 . 2 FIN LOSSES PROM THERMOCOUPLE

A p p e n d i x  7 s h o we d  t h e  c o n v e c t i v e  h e a t  l o s s e s  f r o m t i n '  f l a t  

b o t t o m  o f  t h e  b o i l i n g  d i s c  t o  h a v e  b e e n  n e g l i g i b l e .  The  

a x i a l l y  a t t a c h e d  t h e r m o c o u p l e , h o w e v e r ,  c o u l d  b e  r e g a r d e d  

a s  c o n s t i t u t i n g  an  e x t e n d e d  s u r f a c e ,  o r  f i n ,  w h i c h  m i g h t  

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

e r r o n e o u s l y  l ow t e m p e r a t u r e . To c h e c k  t h i s  e r r o r  t h e  t h e r ­

m o c o u p l e  was  t r e a t e d  a s  e q u i v a l e n t  t o  t wo r e c t a n g u l a r  f i n s ,  

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



3 6 7 .

THERMOCOUPLE

EQUIVALENT FINS 

[ 1 1 1  in su la t io n

FIG. A8 . 1 THERMOCOUPLES TREATED AS FINS.
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l e n g t h  a n d  f o l d i n g  t h e  t wo h a l v e s  s t r a i g h t ,  s e e  F i g u r e  A 8 . 1 .

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

f i n ,  i n s u l a t e d  a t  t h e  t i p ,  i s  g i v e n  a s  f o l l o w s  [ 2 0 9 ]  :

( I  -  Tt  1 = ( T q -  Th ) c o s l i f  m(I.  - x)  } / c o s h  (mL) (A8 . 1)

w h e r e  T i s  t h e  t e m p e r a t u r e  o f  t h e  f i n  a s  a f u n c t i o n  o f

l e n g t h  x ,  T i s  t h e  f i n  r o o t  t e m p e r a t u r e  (x = 0 ) ,  L i s  t h e  

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

m -  ( h / 2 k  y o ) 2 ( A 8 . 2 )

w h e r e  h i s  t h e  c o n v e c t i o n  c o e f f i c i e n t  f r om t h e  f i n  s u r f a c e , 

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

h a l f  t h e  f i n  t h i c k n e s s ,  a n d  t h e  f a c t o r  2 a c c o u n t s  f o r  

c o n v e c t i o n  f r o m o n l y  o n e  f a c e  o f  t h e  t i n  ( F i g u r e  A 8 . 1 ) .

K i t h  a t h e r m o c o u p l e  s h e a t h  t h i c k n e s s  o f  I), Oh mm, y was  

3 x 10 • m; k ,  f o r  s t a i n l e s s  s t e e l ,  was  1 0 , 5  K/m K; and  h ,

f r om A p p e n d i x  7 ,  was  3 , 7  K/mr K. T h u s  m was  0 1 , 5  m " 1 .

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

t h a t  i s ,  a s  0 , 7 8 5  mm. The  t e m p e r a t u r e  was  r e q u i r e d  a t  t h e  

p o s i t i o n  o f  t h e  t h e r m o c o u p l e  j u n c t i o n ; t h i s  was  t a k e n  a s  

mi dwa y  a l o n g  t h e  l e n g t h  o f  t h e  f i n ,  o r  a t  x « 0 , 3 0 3  mm.

Wi t h  t h e s e  v a l u e s  e q u a t i o n  A8 . 1  g a v e

(T -  Th)  -  0 , 9 0 0 1  ( T^  -  Th)  ( A 8 . 3 )

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

was  i d e n t i c a l  w i t h  l ’o , t h e  t e m p e r a t u r e  o f  t h e  g l a s s  s u r f a c e ,  

an d  e x t e n d e d  s u r f a c e  l o s s e s  w e r e  t o t a l l y  n e g l i g i b l e ,

A 8 . 3  AXJAL CONDUCTION l .OSSHS IN TIIFRMOCOUI’l.i;

Axia l  c o n d u c t i o n  l o s s e s  in t h e  t h e r m o c o u p l e  were ch ec ke d  by
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l e n g t h  a n d  f o l d i n g  t h e  t wo  h a l v e s  s t r a i g h t ,  s e e  F i g u r e  A 8 . 1 .

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

f i n ,  i n s u l a t e d  a t  t h e  t i p ,  i s  g i v e n  a s  f o l l o w s  [ 2 0 9 ] :

(T -  ) = (T -  Tj ,) c o s h < m ( L  -  x)  } / c o s h  (ml.) ( A 8 . 1 )

w h e r e  T i s  t h e  t e m p e r a t u r e  o f  t h e  1 i n  a s  a J u n c t i o n  ol

l e n g t h  x ,  T i s  t h e  f i n  r o o t  t e m p e r a t u r e  (x = 0 1 , 1  i s  t h e  

r o o t - t o - 1  i p  l e n g t h  o f  t h e  t i n  a n d  m i s  g i v e n  by

m = ( h / 2 k  y 0 ) 2 ( A8 . 2 1

w h e r e  h i s  t h e  c o n v e c t i o n  c o e f f i c i e n t  f r o m t h e  J i n  s u r f a c e , 

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

h a l f  t h e  f i n  t h i c k n e s s , a n d  t h e  f a c t o r  2 a c c o u n t s  f o r  

c o n v e c t i o n  f r om o n l y  o n e  f a c e  o f  t h e  f i n  ( f i g u r e  A 8 . 1 ) .

Wi t h  a t h e r m o c o u p l e  s h e a t h  t h i c k n e s s  o f  0 , 0 b  mm, y Q was  

3 x 10™5 m; k ,  f o r  s t a ' n l e s s  s t e e l  , wa s  1 6 , 3  W/m K; a n d  h ,

f r o m A p p e n d i x  7 ,  was  3 , 7  W/nV k .  T h u s  m was  6 1 , 3  m" .

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

t h a t  i s ,  a s  0 , 7 8 3  mm. The  t e m p e r a t u r e  was  r e q u i r e d  a t  t h e  

p o s i t i o n  o f  t h e  t h e r m o c o u p l e  j u n c t i o n ; t h i s  wa s  t a k e n  a s  

mi dwa y  a l o n g  t h e  l e n g t h  o f  t h e  f i n ,  o r  a t  x « O . oOj  mm.

W i t r  t h e s e  v a l u e s  e q u a t i o n  A 8 . 1 g a v e

(T -  T b ) = 0 , 9 9 9 1  ( T q - T h ) ( A 8 *31

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

was  i d e n t i c a l  w i t h  T0 , t h e  t e m p e r a t u r e  o f  t h e  g l a s s  s u r f a c e ,  

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

A8 . 3  AXIAL CONDUCT I ON LOSSLS IN _  Tl UlRMpCOU P LI.

Axi a l  c o n d u c t i o n  l o s s e s  in t h e  t h e r m o c o u p l e  were  c h e c k e d  by
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t i u p e r a t u r e  m e a s u r e m e n t s  i n  w h i c h  t h e  l e n g t h  o f  t h e r m o c o u p l e  

i n  c o n t a c t  w i t h  t h e  s u r f a c e  was  v a r i e d  f r o m  5 t o  20 mm ( t h e  

s t a n d a r d  l e n g t h  was  a b o u t  10 mm).  I d e n t i c a l  b o i l i n g  c o n ­

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

v a r i e d  by s ome  3 °C a n d  s h o we d  no  t r e n d  w i t h  t h e  a t t a c h m e n t  

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

n e g l i g i b l e .

Afi . 4  EXPER I MENTAL _ V E RI F J CATION

Fr om t h e  f o r e g o i n g  i t  w o u l d  a p p e a r  t h a t  t h e  t e m p e r a t u r e  

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

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

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

d e s i r a b l e .

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

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

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

t h e  t h e r m o c o u p l e  was  p e r i o d i c a l l y  e n v e l o p e d  ‘i n  v a p o u r  a n d  

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

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

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

mo r e  c l o s e l y .  The  t o p  t h e r m o c o u p l e ,  h o w e v e r ,  c o n t i n u e d  t o  

r e a d  2 t o  3 °C l o w e r  t h a n  t h a t  a t t a c h e d  t o  t h e  b o t t o m .

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

E q u a t i o n  A 8 .1 a n d  A H . 2 w e r e  a g a i n  a p p l i e d ,  b u t  t h e  f i n  

c o n v e c t i o n  c o e f f i c i e n t ,  h ,  was  a p p r o x i m a t e d ,  by  r e g a r d i n g  

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

c o n v e c t i o n ,  a s  f o l l o w s  [5 1 ] :

h D / k  -  0 , S 3 [ ( D  V h A T / u ' ) ( C u / k ] 0 ’ *^ ( A 8 . 4 )

Wi t h  U t a k e n  a s  n , 5  mm ( t h e  s h e a t h  d i a m e t e r ) ,  AT a s  30 K and  

p h y s i c a l  p r o p e r t i e s  e v a l u a t e d  f o r  m e t h a n o l  a t  50 ° C , a
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c o e f f i c i e n t  h o f  689  W/m2 K r e s u l t e d .  E q u a t i o n  A 8 .1 t h e n  

r e d u c e d  t o

(T -  T b ) -  0 , 8 6 1  (T0 -  Tb ) ^ 8 - 5 )

F o r  a s u r f a c e  t e m p e r a t u r e  o f  65 °C a n d  a b u l k  l i q u i d  t e m ­

p e r a t u r e  o f  35 °C ( t y p i c a l  t e s t  c o n d i t i o n s )  t h e  p r e d i c t e d  

t h e r m o c o u p l e  t e m p e r a t u r e  was  6 1 ° C ,  o r  i n  e r r o r  by  - 4  ° C.

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

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

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

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

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

A8 . 5  ACCURACY OF REPORTED SURFACE _TEMPERA}URES

I n  v i e w  o f  t h e  r a n d o m t e m p e r a t u r e  v a r i a t i o n s  o f  3 C i n  

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

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

d i s c u s s e d ,  i t  was  felt t h a t  t h e  a c c u r a c y  o f  t h e  r e p o r t e d  ^ 

mean  b o i l i n g  s u r f a c e  t e m p e r a t u r e s  wa s  o f  t h e  o r d e r  o f  t  5 C
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APPENDIX 9

MAXIMUM MEASURABLE MICROLAYER T HI CKNESS— AND 

beam m o n o c u r o m a t i c i t y

I n  C h a p t e r  6 ,  S e c t i o n  6 . 3 . 4 ,  a n  a n a l y s i s  was  g i v e n  o f  t h e  

i n t e r r e l a t i o n  o f  f r i n g e  v i s i b i l i t y  a nd b e a m  m o n o c h r o m a -  
t i c i t y .  I t  was  s hown  t h a t  w i t h  t h e  i l l u m i n a t i o n  e m p l o y e d , 

n a m e l y  a beam o f  G a u s s i a n  s p e c t r a l  d i s t r i b u t i o n  o f  b a n d -  

w i d t h  18 nm a n d  p e a k  w a v e l e n g t h  137 nm, f r i n g e s  w o u l d  be 
v i s i b l e  up t o  a m i c r o l a y c r  t h i c k n e s s  o f  3 , 8  am.  f o r  

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

r e l a t i o n ,  d u e  to G a t e s  [179], is e x a m i n e d  b e l o w .

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

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

o b t a i n e d  f o r  an  o p t i c a l  p a t h  d i f f e r e n c e  o f  x i f  t h e  

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

\ }j  x . I n  o t h e r  w o r d s , f o r  an  i n c i d e n t  beam ot  p e a k  w a v e ­

l e n g t h  X a n d  b a n d w i d t h  d X , t h e  maxi mum o p t i c a l  p a t h  

d i f f e r e n c e  i n  a f i l m  f o r  w h i c h  f r i n g e s  w i l l  b e  v i s i b l e  i s

g i v e n  by

x -  X ' / dA
(A9.  n

F o r  t h e  c a s e  c o n s i d e r e d  f X o  =  4 3 7  n m ,  d X  -  1 8  n m l  

x  =  2 4 , 3  X
[ A O . 2

o

F r i n g e s  w i l l  t h u s  be  v i s i b l e  up t o  an  o p t i c a l  t h i c k n e s s , 

n d ,  o f  1 2 , 1 5  X, o r ,  f o r  m e t h a n o l  f n = 1 , 3 3 ) ,  up t o  a m i c r o -  

l a y e r  t h i c k n e s s  of 4 ,0 urn. T h e  two e s t i m a t e s  a r c  t h us  ih 
a g r e e m e n t .

T h e  c o m p a r i s o n  of e q u a t i o n  A0.1 w i t h  e q u a t i o n s  0 . 27  a n d  6 . 28
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o f  C h a p t e r  6 s h o ws  t h a t  f o r  a b e a m o f  G a u s s i a n  d i s t r i b u t i o n  

G a t e s '  r u l e  i m p l i e s  a l i m i t i n g  c o n t r a s t  f o r  f r i n g e  

v i s i b i l i t y  o f  0 , 1 5 .  T h i s  i s  i n  a p p r o x i m a t e  a g r e e m e n t  w i t h  

F r a n c o n ' s  v a l u e  o f  0 , 2  ( s e e  \_\12\ p 7 9 ) ,
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APPENDIX 10

CINE FILM AND PROCESSING

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

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

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

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

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

a n  e m u l s i o n  o f  r e a s o n a b l e  s e n s i t i v i t y  ( t h a t  i s ,  s p e e d ) .

S p e e d , c o n t r a s t  a n d  r e s o l v i n g  p o w e r  a r e  a l l  t o  s ome  e x t e n t  

d e p e n d e n t  on  d e v e l o p m e n t .  I n  t h i s  s t u d y  d e v e l o p m e n t , 

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

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

Th e  r a p i d  p r o c e s s o r , a m a c h i n e  m a n u f a c t u r e d  by J o h n  H a d l a n d  

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

r a t e  o f  a p p r o x i m a t e l y  0 , 6  m e t r e s  p e r  m i n u t e  t h r o u g h  f o u r  

h e a t e d  t a n k s , e a c h  o f  2 , 5  l i t r e s  c a p a c i t y ,  t h e  f i r s t  

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

w a t e r ,  a n d  f r om t h e r e  t h r o u g h  a h o t - a i r  h e a t i n g  t u n n e l  

o n t o  t h e  t a k e - u p  s p o o l .  The  f j 1m r e s i d e d  some 50 s e c o n d s  

i n  e a c h  t a n k .  P r o c e s s i n g  i n  s ,i ch s h o r t  t i m e s  was  p o s s i b l e  

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

a n d  w i t h  h i g h - e n e r g y  o r  v ay  d e v e l o p e r s . T h i s  f o r c e d  

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

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

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

r e s o l u t i o n ,  an e m u l s i o n  g i v i n g  e x t r e m e  1y f i n e  g r a i n  u n d e r  

n o r m a l  d e v e l o p m e n t  was  r e q u i r e d .  f u r t h e r , t h e  e m u l s i o n  

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

w i t h o u t  u n d u e  s o f t e n i n g .

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

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

D e v e l o p m e n t

F i x i n g

Wa s h i n g

G e v a e r t  S c i e n t i a  4 5 C 6 2 ,  a s c i e n t i f i c  e m u l s i o n  

n o r m a l l y  g i v i n g  a n  ASA s p e e d  o f  12 t o  2 5 ,  a 

gamma o f  2 t o  3 a n d  a r e s o l u t i o n  o f  180 l i n e s

p e r  mm;

50 s e c o n d s  a t  35 0 C i n  May a n d  B a k e r  ' E x p r o l ' 

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

1 p a r t  t o  1 p a r t  o f  w a t e r ;

T w i c e  f o r  50 s e c o n d s  a t  3:. °C i n  May a n d  B a k e r  

' A m f i x 1 , d i l u t e d  i n  t h e  r a t i o  1 p a r t  t o  1 , 5  

p a r t s  o f  w a t e r ,  no  h a r d n e r  a d d e d ;

, j  „ v c o n d s  a t  3 5 °C i n  w a t e r  c o n t a i n i n g  6 

d r o p s  o f  Kodak T h o t o f l o '  w e t t i n g  a g e n t  p e r

2 , 5  l i t r e  t a n k .

The  r e s u l t i n g  n e g a t i v e  1 i 1 m wa s  s u i t a b l e  ( o r  p r e l i m i n a r y  

i c w i n g ,  b u t  was  i n c o m p l e t e l y  w a s h e d . Th u s  a t  t h e  e n d  o f  

a d a y ' s  wo r k  a l l  s u c c e s s f u l  f i l m s  w e r e  r e w a s h e d ,  w i t h  a l l  

f o u r  t a n k s  c o n t a i n i n g  w a t e r  a t  25 ° L ,  a n d  t h e  l a s t  h a v i n g  

w e t t i n g  a g e n t  a d d e d  a s  d e t a i l e d  a b o v e ,

The  r a p i d  f i l m  p r o c e s s i n g  l e d  t o  an  i ma ge  q u a l i t y  s l i g h t l y  

i n f e r i o r  t o  t h a t  o b t a i n a b l e  by n o r m a l  m e t h o d s , I t  . d ,  

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

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

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

a n d  r e p e a t  r u n s  w e r e  f r e q u e n t .
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APPENDIX 11

ENLARGEMENT AND PRINT PROCESSING

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

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

m e n t  o f  a p p r o x i m a t e l y  30 t i m e s .  A s t a n d a r d  e n l a r g e r  was  

u s e d , f i t t e d  w i t h  a h i g h - q u a l i t y  w i d e - a n g l e  l e n s ,  t h e  

S c h n e i d i r  Componon 28 mm f 4 .  The  p r i n t s  w e r e  made  >p a n d  

r a p i d - p r o c e s s e d  u s i n g  t h e  I l f o r d  ' 1 1 1 o p r  i n t ' s y s t e m .

' 1 1 f o p r i n t ' r e l i c s  on s p e c i a l  p a p e r  i n  w h i c h  a h y d r o q u i n o n c  

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

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

s i l v e r  h a l i d e s  i n  t h e  e m u l s i o n  a r e  r e d u c e d  co t h e  v i s i b l e  

s i l v e r  w i t h i n  t wo  s e c o n d s . C o n t a c t  w i t h  a s t a b i l i z e r  

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

s e n s i t i v e  s a l t .  A c t i v a t i o n  a n d  s t a b i l i s a t i o n  t a k e s  p l a c e  

i n  an  a u t o m a t i c  1 1 1f o p r  i n t 1 p r o c e s s o r . The  m a c h i n e  i n c o r ­

p o r a t e s  a s e r i e s  o f  r o l l e r s  w h i c h  a p p l y  t h e  a c t i v a t o r ,  

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

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

p r o c e s s i n g  o f  a 20 x 2 5 cm p r i n t  o c c u p i e s  15 s e c o n d s .  The  

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

r e n d e r e d  p e r m a n e n t  by s u b s e q u e n t  n o r m a l  f i x i n g  a n d  w a s h i n g .

I I f o p r i n t  G r a d e  R2 p a p e r  a n d  t h e  s t a n d a r d  p r o p r i e t a r y  

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

d i s t i n g u i s h a b l e  f r om t h a t  o b t a i n e d  by n o r m a l  m e t h o d s .  The  

r e q u i r e d  s e v e r a l  h u n d r e d  p r i n t s  w e r e  made  up r a p i d l y  a n d  

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



376.

APPENDIX 12

MICROLAYER REFRACTIVE I NDI CES.  METHANOL AND

ETHANOL

L i g h t  a n d  d a r k  i n t e r f e r e n c e  f r i n g e s  c o r r e s p o n d e d  t o  i n c r e ­

m e n t s  o f  m i c r o  l a y e r  t h i c k n e s s  o f  > / 4  n i , w h e r e  A i s  t h e  

wa ve  l e n g t h  o f  t h e  i n c i d e n t  beam ( 0 , - 137 um) a n d  n , i s  t h e  

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

r e q u i r e d  f o r  m e t h a n o l  a n d  e t h a n o l  a t  a w a v e l e n g t h  o f  0 , 4 3 7  am 

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

R e f r a c t i v e  i n d i c e s  a t  20 °C a n d  a t  v a r i o u s  w a v e l e n g t h s  a r e  

g i v e n  i n  T a b l e  A 1 2 . 1 .  The  f i r s t  t h r e e  r ows  show p u b l i s h e d  

v a l u e s  [ 2 1 0 ] .  The  l a s t  row s hows  t h e  v a l u e  a t  A = 0 , 4 3 7  um,  

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

d e c i m a l  f i g u r e .

TABLE A 12 . 1

REFRACTIVE INDICES AT 20 0 C v e r s u s  WAVELENGTH

W a v e l e n g t h ,  A 

um

0 , 5 8 9  

0 , 4 8 6  

0 , 4  54

R e f r a c t i v e  i 

m e t h a n e  1

1 , 3 2 9  

1 , 5 3 3  

1 , 3 3 6

i d e x  , n i , f o r : 

e t h a n e  1

1 , 3 6  1 

1 , 36  5 

1 , 3 6 9

S o u r c e

[ 2 1 0 ]
[ 2 1 0 ]

[ 2100

0 , 4  57 1 , 3 3 6 1 , 3 6  9 g r a p h i c a l
i n t e r p o l a t i o n

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

[ 2 1 0j  o v e r  t h e  r a n g e s  18 t o  35 °C f o r  m e t h a n o l  a n d  0 t o  40 °C
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f o r  e t h a n o l .  At  X -  0 , 4 3 7  ym t h e  r e s u l t i n g  o v e r a l l  r e f r a c t i v e  

i n d e x  d a t a  t h e n  b e c o m e :

M e t h a n o l : n i  * 1 , 3 3 6  -  3 , 6  x 10 ^ (T -  20)  ( A 1 2 . 1 )

l i t h a n o  1 : n i  = 1 , 3 6 9  -  4 , 0  x 1 0 ( 1 - 2 0 )  ( A 1 2 . 2 )

The  t e m p e r a t u r e  w i t h i n  t h e  m i c r o  l a y e r  v a r i e s  w i t h  i t s  t h i c k n e s s ,

i t s  r a d i u s  a n d  w i t h  t i m e .  C h a p t e r  4 i n d i c a t e s  t h a t  e x t r e m e s  

o f  m i c r o l a y e r  t e m p e r a t u r e s  may h e  t a k e n  a s  Tw , t h e  m e a s u r e d  

mean  h e a t e r  w a l l  t e m p e r a t u r e ,  a n d  a s  T s a t * T a b l e  A 1 2 . 2  s h o ws  

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

t e m p e r a t u r e  (T + T Sa t 1 / 2  f n r  a l  1 rul lS r e p o r t e d  i n  t h i s  w o r k .

TABLE A 1 2 . 2

REFRACTIVE INDICES AT 0 , 4 3 7  urn v e r s u s  TEMPERATURE

Run *
" ------------

Tw

°C

... t  ^  
s a t

°C

(Tw+T,a t ) / 2

°C

M10 72 35, 2 53, 6

Ml 3 68 33, 9 51,0

Ml 4 68, 5 40, 4 54, 5

Ml 9 72, 5 40,4 56, 5

M20 77 45, 5 61 ,3

E 8 79 47, 6 63, 3

El 2 85 53,2 69,1

■-- ---— —■». a

Re f r a c t i v e  i ndex a t :

w

1.317

1.319

1.319

1.317 

1,315 

1,345 

1,343

s a t

1.331

1.331

1.329

1.329

1,327 

1,358 

1,356

( V W / z

1.324

1.325 

1,324 

1,323 

1,321 

1,352 

1,349

*M d e n o t e s  m e t h a n o l ,  E d e n o t e s  e t h a n o l .

^ C a l c u l a t e d  f r o m s y s t e m  p r e s s u r e , s e c  A p p e n d i x  13.
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I t  i s  s e e n  t h a t  t h e  c h o i c e  o f  m i c r o l a y e r  t e m p e r a t u r e  i s  n o t  o f  

c r i t i c a l  i m p o r t a n c e .  The  r e f r a c t i v e  i n d i c e s  a t  (Tw + T s a t ) / 2 

d i f f e r  f r o m  t h o s e  a t  t h e  e x t r e m e  t e m p e r a t u r e s  b y  a m e r e  0 , 5  p e r  

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

t h i c k n e s s .

S i n c e  t h e  mean t e m p e r a t u r e s  (Tw + T s a ^ V 2 i n  a l l  c a s e s  l i e  

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

A1 2 . 1  a n d  A 1 2 . 2  w e r e  d e r i v e d , t h e  o v e r a l l  a c c u r a c y  o f  t h e  

r e f r a c t i v e  i n d i c e s  may b e  t a k e n  a s  t 1 p e r  c e n t .  W i t h i n  

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

r u n s  a n d  a l l  e t h a n o l  r u n s  may be  t a k e n  ; i d e n t i c a l .  T h u s  

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

f o r  a l l  r u n s :

m e t h a n o 1: 

e t h a n o l  :

n i = 1 , 3 2  

n i = 1 , 3 5
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APPENDIX 13

SATURATION TEMPERATURE AS A FUNCTION OF PRESSURE

E x p r e s s i o n s  f o r  t h e  s a t u r a t i o n  t e m p e r a t u r e  a s  a f u n c t i o n  o f  

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

C l a u s i u s - C l a p e y r o n  e q u a t i o n  t o  p u b l i s h e d  v a p o u r  p r e s s u r e  

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

c o v e r e d  e i g h t  d a t a  p o i n t s  [2 l b]  i n  t h e  p r e s s u r e  r a n g e  1 , 3 3  

t o  1 0 1 , 3  k N / n r . The  f i n a l  e q u a t i o n s  a r e :

m e t h a n o l :  ^' s a t  = 2 1 0 9 , 4 / ( 8 , 2 4 8 1  -  l o g  P) -  273 , 2 ( A 1 3 . 1 )

e t h a n o l  : f s a t  ~ 2 2 0 0 , 4 /  ( 8 , 2 0 3 9  - l o g  P) - 2 7 3 , 2  ( A 1 3 . 2 )

w h e r e  Tg a .̂ i s  i n  °C a n d  P i s  i n  kN/ nr  .

In  t h e  t e m p e r a t u r e  r a n g e  c o v e r e d  i n  t h i s  s t u d ) ’ t h e  maximum 

d e v i a t i o n  o f  e q u a t i o n  A1 3 . 1  i s  1 UC a n d  t h a t  o f  e q u a t i o n  

A 1 3 . 2 ,  0 , 2  "C.
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APPENDIX 14

TABLES OF EXPERIMENTAL RESULTS

T a b l e s  A1 4 . 1  t o  A N ,  14 g i v e  t h e  c o m p l e t e  l i s t i n g  o f  d a t a  

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

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

p r e s e n t e d  i n  C h a p t e r  8 .  B l a n k s  i n  t h e  t a b l e s  i n d i c a t e  t h a t  

no  d a t a  p o i n t  was  o b t a i n a b l e  f o r  o n e  o f  t h e  f o l l o w i n g  

r e a s o n s :

(1)  T h e  m i c r o l a y e r  h a d  n o t  y e t , o r  n o  l o n g e r ,  e x t e n d e d  t o  

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

a b s e n t ) ,

( 2 )  t h e  m i c r o l a y e r  p r o f i l e  h a d  b e c o m e  v e r t i c a l  ( f r i n g e s  

h a d  m e r g e d ) ,

( 3 )  a  f r i n g e  h a d  b e e n  t o o  i n d i s t i n c t , i r r e g u l a r  o r  

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

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

d e t e c t a b l e .
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TABLE A 1 4 .1

MICROLAYfc.-’ GEOMETRY. RUN M10

B u b b l e  b a s e  r a d i u s , r  ( m m ) , f o r :

F r a m e  
N o .

T i m e
ms

m i c r o l a y e r  t h i c k n e s s d ( vm)  o f :

0 , 0 0 , 087 , 0 , 1 6 6 0 , 2 4 9 9 , 3 3 2 0 , 4 1 5 0 , 4  9 8 0 , 5 4 1

8 2 6 0 , 0 I 1

8 2 7 1 , 0 0 , 2 2

8 2 8 2 , 0 0 , 3 5

8 2 9 3 , 0 0 , 4 4 1 , 1 6 1 , 9 0

8 3 0 4 , 0 0 , 5 7 1 , 2 5 1 , 9 0 |

8 3 1 5 , 0  | 0 , 6 2 1 , 2 8 1 2 , 2 9 2 , 7 8
| !

8 32 6 , 0  1 0 , 7 1 1 , 2 5 1 , 8 5 2 , 2 9 2 , - 3

8 3 3 7 , 0  ' 0 , 7 1 1 , 2 8 1 , 8 5 2 , 2 5 2 . 7 3 |
8 3 4 8 , 0 0 . I’ ll 1 , 30 1 , 8 5 2 , 2 ’ 2 , - 3 3 , - 6 3 , - 0

8 3 5 9 , 0  i 0 , 8 8 1 , 3 0 1 , 8 2 2 , 2 9 2 , 7 5 3 , 2 7 3 / 0

8 3 6 1 0 , 0 0 , 9  3 ' , 2 5 1 , ’ 8 2 , 2 7 2 , - 3 3 , 2 8 3 , - 0

8 3 7 11 , 0 0 , 9 ’ 1 , 3 0 1 , ’ 8 *” 1 " 2 , 7 3 3 , 2 8  . 3 , 7 5

8 3 8 1 2 , 0 1 , 0 1 1 , 3 2 1 , ’ 6 i 2 *1 2 , - 3 3 . 2 8 3 , - 5

8 3 9 1 3 , 0 1 , 0 6 1 , 3 4 1 , 7 6 T •> 7 2 , 7 5  ; 3 , 3 1

8 4 0 1 4 , 0 1 , 1 0 1 , 3 4 1 , 7 4 2 , 2 5 2 , 1 . 9 3 , 3 1 3 , 6 6

8 4 1 1 5 , 0 1 , 1 5 1 , 1 1 1 . 7 4 2 , 6 9 3 . 2 0 3 , (.6

8 4 2 1#- ’ 1 . 1 9 1 , 3 5 1 . 7 2 2 , 2 9 2 , 6 4 5 , 2 6 3 , 6 6 4 , 0 5

8 4 3 0 1 , 2 5 1 , 4 1 1 , '4 2 , 2 ’ 2 , 6 9 3 , 2 6 3 , 6 1 4 , 0 5

8 4 4 1 8 , 0 1 , 2 8 1 , 4 3 1 , ’ 6 2 . 2 5 2 , - 3 3 , 2 6 3 , 6 1 4 , 0 5

8 4 5 1 9 , 0 1 , 3 2 1 , 4 5 1 , 7 6 2. 2<> 2 , 6 9 3 , 2 8 3 , 6 1 4 , 0 5

8 4 6 2 0 , 0 1 , 3 7 1 . 4 5 1 , 7 4 2 , 2 9 2 , 6 6 3 , 2 6 3 , 6 6 4 , 0 5

8 4 7 2 1 , 0 1 , 4. 3 1 , 8 1 2 . 2 9 2 , 6 9 3 , 2 2 3 . 6 1 4 , 0 5

8 4 8 2 2 , 0 1 , 4 5 1 , 8 1 2 , 2 9 2 , 5 4 3 , 1 - 3 , 5 7 4 , 0 1

8 4 9 2 3 , 0 1 , 5 0 1 , 7 6 2 , 2 9 2 , 6 4 3 , 1 7  1 3 , 5 3 3 , 9 7

8 5 0 2 4 , 0 1 , 5 9 1 , 7 6 2 , 2 9 2 , 6 6 3 , 5 3 3 , 9 7

8 5 1 2 5 , 0 1 , 6 3 2 , 2 9 2 , 6 9 3 , 8 8

8 5 2 2 6 , 0 1 , 0 7 2 , 2 9 2 , 0 9 3 , 1 7

8 5 3 2 7 , 0 1 , 6 7 2 , 2 5 2 , 6 9
i

8 5 4 2 8 , 0 1 , 7 2 2 , 2 9 2 , 6 9 3 , 1 7  |

8 5 5 2 9 , 0 1 , 7 2 2 , 2 9 2 , 6 4 3 , 1 7  !

8 5 6 3 0 , 0 1 , 7 6 2 , 2 9 2 , 6 4 3 , 0 9

8 5 7 3 1 , 0 1 , 7 6 2 , 2 9 2 , 6 0 3 , 0 9

8 5 8 3 2 , 0 1 , 7 6 2 , 6 0

8 5 9 3 3 , 0 1 , 8 5 2 , 5 7 3 , 1 0

8 6 0 3 4 , 0 1 , 8 5 2 , 5 7 3 , 1 3

8 6 1 3 5 , 0 1 , 9 4

8 6 2 3 6 , 0 1 , 9 4

8 6 3 3 7 , 0 1 , 9 4

8 6 4 3 8 , 0 1 , 8 5

8 6 5 3 9 , 0 1 , 8 5

866 4 0 , 0 1 , 5 9

8 6 7 41 , 0 1 , 3 6

868 4 2 , 0 1 , 1 9

8 6 9 4 3 , 0 0 , 7 9

8 7 0 4 4 , 0 0 , 0

______

O.bM
M' l a y e r  
p e r i ­
phe r y

1

4 . 3 2

4 . 3 2

4 . 3 2

4 . 3 2

4 . 2 8

4 . 2 8

4 . 2 8

4 . 2 3

4 . 2 3

4 . 1 4

4 . 1 4  

4 , 0 5  

3 , 9 7  

3 , 8 8  

3 , 7 0  

3 , 6 1  

3 , 5 3  

3 , 4 4  

3 , 1 7

2 , 9 5

3 . 9 7

3 . 9 7  

4 , 0 1

4 . 1 4

4 . 2 3  

! 4 , 4  1 

| 1 , 5 0  

■ 4 , 5 8

; ' 8
i , b ' 

4 , 6 3

4 , 5 8

4 . 5 4

4 . 5 4

4 . 5 4  

4 , 5 0

4 . 4 5  

4 , 5 0

4 . 4 5  

4 , 3 6  

4 , 3 2

4 . 2 3

4 . 1 4  

4 , 0  

3 , 7  5 

3 , 6 6  

3 , 4 4  

3 , 1 7  

3 , 0 9  

' , 8 2  

2 , 5 6  

2 , 2 0  
1 , 7 6

1 , 1 9  

0 , 7 9  

0 , 0
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TABLE A 1 4 . 2

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS. RUN M l0

F r a m e
N o .

T i m e

ms

V

mm1
Dw
mm

II

mm
Dc
mm

D,
mm

8 2 6 0 . 0 0 , 0 0, 1, 0 , 0 0 0 , 0 0

8 2 7 1 , 0 1 , 4 1 , 6 7 0 , 8 3 1 , 4 0

8 2 8 2 , 0 2 5 , 8 3 , 7 0 2 , 2 9 3 , 6 7

8 2 9 3 , 0 5 7 , 0 6 , 1 7 3 , 0 0 4 , 7 8
8 3 0 4 , 0 1 0 4 , 8 7 , 3 2 3 , 6 0 5 , 8 5
8 3 1 5 , 0 1 6 4 , 0 8 , 4 6 4 , 2 7 5 , 9 0 6 , 7 9
8 3 2 6 , 0 2 1 2 , 4 9 , 0 3 4 , 7 1 7 , 4 0

8 3 3 7 , 0 2 7 1 , 6 9 , 9 1 5 , 0 6 8 , 0 3
8 3 4 8 , 0 34 1 , 9 1 0 , 7 5 5 , 4 7 7 , 9 4 8 , 6 8

8 3 5 9 , 0 3 9 1 , 6 1 1 , 2 5 5 , 8 2 7 , 9 4 9 , 0 8
8 3 6 1 0 , 0 4 7 2  , 7 1 1 , 9 9 6 , 1 7 8 , 0 2 9 , 6 7

8 3 7 1 1 , 0 5 4 8  , 3 1 2 , 5 2 6 , 5 2 8 , 2 8 1 0 , 1 6

8 3 8 1 2 , 0 6 0 4  , 6 1 2 , 9 6 6 , 79 8 , 4 6 1 0 , 4 9

8 3 9 1 3 , 0 6 8  5 , 3 1 3 , 3 1 7 , 1 4 8 , 8 2 1 0 , 9 4

8 4 0 1 4 , 0 7 1 3 , 5 1 3 , 7 5 7 , 5 8 9 , 0 0 1 1 , 0 9
8 4 1 1 5 , 0 7 9 5  , 1 14 , 0 2 7 , 7 6 9 , 1 6 1 1 , 4 9

8 4 2 1 6 , 0 9 3 3 , 8 1 4 , 5 3 8 , 1 4 9 , 1 6 1 2 , 1 3

8 4 3 1 7 , 0 9 8 6 , 1 1 4 , 7 2 8 , 2 3 9 , 3 4 1 2 , 3 5

8 4 4 1 8 , 0 1 0 6 9 1 5 , 0 7 8 , 6 4 9 , 2 b 1 2 , 6 9

8 4 5 1 9 , 0 1 12 9 1 5 , 2 5 8 , 9 9 9 , 1 6 1 2 , 9 2

8 4 6 2 0 , 0 1 2 0 8 1 5 , 6 0 9 , 1 7 9 , 0 8 1 3 , 2 1
8 4 7 2 1 , 0 1 2 3 5 1 5 , 6 9 9 , 4  3 9 , 0 8 1 3 , 3 1

8 4 8 2 2 , 0 1 3 0 4 1 5 , 9 5 9 , 7 0 9 . 0 ° 1 3 , 5 6

8 4 9 2 3 , 0 1 3 6 3 1 6 , 0 4 9 , 8 7 E , 0 0 1 3 , 7 6

8 5 0 2 4 , 0 1 4 0 5 1 6 , 4 8 1 0 , 0 5 8 , 9 0 1 3 , 9 0

8 5 1 2 5 , 0 1 4 2 5 1 6 , 4 0 1 0 , 1 7 9 , 0 0 1 3 , 9 6

8 5 2 2 6 , 0 1 4 5 6 1 6 , 4 0 1 0 , 3 l 8 , 9 0 1 4 , 0 6

8 5 3 2 7 , 0 1 5 4 7 1 6 , 5 7 1 0 , 6 7 8 , 7 2 1 4 , 3 5

8 5 4 2 8 , 0 1 5 9 5 1 6 , 7 8 1 0 , 8 9 8 , 6 4 1 4 , 5 0

8 5 5 2 9 , 0 1 5 9 7 1 6 , 6 6 1 0 , 9 7 8 , 4 6 1 4 , 5 0

8 5 6 3 0 , 0 1 6 4 6 1 6 , 8 4 1 1 , 1 9 8 , 2 8 1 4 , 6 5
8 5 7 3 1 , 0 1 6 3 8 1 6 , 6 6 1 1 , 3 7 8 , 2 0 1 4 , 6 3
8 5 8 3 2 , 0 1 6 1 4 1 6 , 7 8 1 1 , 4 6 7 . 5 0 1 4 , 5 5

8 5 9 3 3 , 0 1 6 3 3 1 6 , 7 5 1 1 , 7 6 7 , 3 2 1 4 , 6 1

8 6 0 3 4 , 0 1 6 7 9 1 6 , 8 4 1 1 , 9 9 6 , 8 8 1 4 , 7 5
8 6 1 3 5 , 0 1 6 0 2 1 6 , 6 6 1 1 , 9 9 6 , 3 4 1 4 , 5 2

8 6 2 3 6 , 0 1 6 3 4 1 6 , 7 5 1 2 , 1 6 6 , 1 8 1 4 , 6 1

8 6 3 3 7 , 0 1 5 8 6 1 6 , 6 6 1 2 , 0 8 5 , 6 4 1 4 , 5 0

8 6 4 3 8 , 0 1 5 5 0 1 6 , 5 4 1 2 , 1 6 5 , 1 2 1 4 , 3 6

8 6 5 3 9 , 0 1 5 4 9 1 6 , 3 1 1 2 , 3 4 4 , 4 0 1 4 , 3 5

8 6 6 4 0 , 0 1 4 8 9 1 6 , 2 5 1 2 , 3 4 3 , 5 2 1 4 , 1 7

8 6 7 4 1 , 0 1 4 2 6 1 6 , 1 3 1 2 , 4 3 1 3 , 9 7

8 6 8 4 2 , 0 1 4 3 1 1 6 , 0 4 1 2 , 7 3 2 , 3 8 1 3 , 9 8

8 6 9 4 3 , 0 1 3 6 1 1 5 , 9 5 1 2 , 8 7 1 , 5 8 1 3 , 7 5

8 7 0 4 4 , 0 1 3 2 1 1 5 , 9 5 1 2 , 7 3 0 , 0 0 1 3 , 6 1



3 8 3 .

TABLE A H .  3

MICROLAYER GEOMETRY. RUN Ml 3

B u b b l e  b a s e  r a d i u s , r  ( mm) ,  f o r :

F r a m e  
N o .

T i m e
ms

m i c r o l a y e r  t h i c k n e s s , d  (urn)  o f : M'  l a y e r  
p e r i p h e r y

0 , 0 0 , 0 8  3 0 , 1 6 6 0 , 2 4 9 0 , 3 3 2 0 , 4 1 5 0 , 4 9 8

1 0 5 3 0 , 0 0

1 0 5 4 1 , 6 7 0 , 3 1
2 ,

3 , 3 4 0 , o j 2 , 9 6
1 0 5 5

1 0 5 6 5 , 0 1 0 , 8 5 2 , 4 2 3 , 4  1 3 , 5 9

1 0 5 ? 6 , 6 8 0 , 9 9 2 , 4 2 3 , 4  1 3 , 8 5

1 0 5 8 8 , 3 5 1 , 1 7 2 , 5 3 3 , 4 1 3 , 9 3 4 , 4 1 1 . 6 2

1 0 5 9 1 0 , 0 2 1 , 2 5 2 , 5 5 3 , 3 6 3 , 9 1 4 , 3 9 5 , 0 5

1 0 6 0 1 1 , 6 9 1 , 3 9 2 , 6 0 3 . ' ’ 3 , 9 0 4 , 3 9 5 , 2 9

1 0 6 1 1 3 , 3 6 1 , 5 4 2 , 7 1 3 ,  . v 3 , 9 0 4 , 3 7 5 , 2 0

1 0 6 2 1 5 , 0 3 1 , 6 0 2 , - 5 3 , 2 7 3 , 8 9 4 , 3 3 5 , 2 9

1 0 6 3 1 6 , 7 0 1 , 7 0 2 . " 8 3 , 3 2 3 , 8 9 4 , 3 5 4 , 8 7 5 , 3 4 5 , 4 2

1 0 6 4 1 8 , 3 * 1 , 8 6 2 , 8  4 3 , 3 2 3 , 8 5 4 , 3  3 4 , 7 5 5 , 1 0 5 , 2 9

1 0 6 5 2 0 , 0 4 1 , 9 5 2 , 8 2 3 , 2 - 3 , 8 - 4 , 3 1 4 , ’ 2 5 , 0 6 5 , 2 0

1 0 6 6 2 1 , 7 1 2 , 1 2 2 , 8 2 3 , 3 0 3 , 8 5 4 , 3 3 4 , 6 6 4 , 9 2 5 , 0 6

1 0 6 7 2 3 , 3 8 2 , 1 3 2 , 8 9 3 , 2 9 3 , 8 6 4 , 3 1 4 , 5 4 4 , 7 1 4 , 7 8

1 0 6 t 2 5 , 0 5 2 . 2 9 2 , 8 7 3 , 2 7 3 , 8 5 4 , 3 5 4 , ' 5

1 0 6 9 2 6 , 7 ; 2 , 4 5 2 , 8 0 3 , 2 5 3 , 8  4 4 , 2 ? 4 , 4 8

o o 2 8 , 3 9 2 , 4  5 2 , 8 7 3 , 2 - 3 , 5 9 4 . 0 3 4 , 1 2

1 0 7 1 3 0 , 0 6 2 , 5 8 2 , 8 ' 3 , 2 - 3 , 6 8

1 0 7 2 3 1 , ' 3 2 , ’ 3 2 . 8 - 3 , 2 ’ 3 , 5  7

10  73 3 3 , 4 0 2 , 8 2 2 , 8 7 3 , 1 4

1 0 7 4 3 5 , 0 7 2 . 7 6
2 , 7 6

2 , 2 4
1 0 7 5 3 6 , ? 4 2 , 2 4

1 , 6 6
1 , 6 6

1 0 7 6 3 8 , 4  ;

0 , 8 1
0 , 8 1

1 0 7 7 4 0 , 0 8

1 0 7 8 4 1 , 7 5 0 , 0 0 0 , 0 0



TABLE A 1 4 . 4

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS. RUN M13

F r a me  
N o .

T i m e

ms

V

mm1

Dw

mm

H

mm

Dc

mm

Ds

mm

1 0 5 3 0 , 0 0 0 , 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0

1 0 5 4 1 . 6 , 2 1 , 0 4 , 30 2 , 2 4 4 , 6 6 3 , 4 3

1 0 5 5 3 , 3 4 1 4 6 , ^ 8 , 2 5 4 , 1 2 5 , 9 2 6 , 5 4

1 0 5 6 5 , 0 1 2 8 4  , 8 1 0 , 2 2 5 , 2 9 7 , 1 8 8 , 1 6

1 0 5 7 6 , 7 8 1 , 5 , 5 1 1 , 3 8 6 , 0 1 7 , 7 0 9 , 2 6

1 0 5 8 8 , 3 5 5 4 6 , 2 1 2 , 3 7 6 , 6 3 9 , 2 4 1 0 , 1 4

1 0 5 9 1 0 , 0 2 6 8  3 , 0 1 3 , 1 8 7 , 1 7 1 0 , 1 0 1 0 , 9 3

1 0 6 0 1 1 , 6 9 7 8 7  , 1 1 3 , 9  3 7 , 8 9 1 0 , 5 8 1 1 , 4 6

1 0 6 1 1 3 , 3 6 8 8  3 , 6 1 4 , 2 5 8 , 3 4 1 0 , 4 0 1 1 , 9 1

1 0 6 2 1 5 , 0 3 9 7 6 , 3 1 4 , 6 1 8 , 6 1 1 0 , 5 8 1 2 , 3 1

1 0 6 3 1 6 , ' 0 1 0 6 3 1 1 , ’ 9 9 , 0 2 1 0 , 8 4 1 2 , 6 6

1 0 6 4 1 8 , 3 " 1 16 9 1 5 , 1 5 9 , 5 0 1 0 , 5 8 1 3 , 0 7

1 0 6 5 2 0 , 0 4 1 2 9 8 1 5 , 4 2 9 , 9 0 1 0 , 4 0 1 3 , 5 3

1 0 6 6 2 1 , " 1 1 3 6  1 1 5 , 6 3 1 0 , 4  0 1 0 , 1 2 1 3 , 7 5

1 0 6 7 2 3 , 3 8 1 3 ’ 6 1 5 , 6 0 1 0 , 6 " 1 9 , 5 6 1 3 , 8 0

1 0 6 8 2 5 , Of. 1 3 9  3 1 5 , 5 1 1 0 , 9 4 9 , 5 0 1 3 , 8 6

1 0 6 9 2 6 , 7 2 1 4 1 8 1 5 , 6 9 1 1 , 2 ' 8 , 9 6 1 3 , 9 4

1 0 7 0 2 8 , 3 9 14 32 1 5 , 6 0 1 1 , 4 ’ 8 , 2 4 1 3 , 9 8

1 0 7 1 30  , 0 6 1 3 9 8 1 5 , 1 2 1 1 , 6 5 7 , 3 6 1 3 , 8 ’

1 0 7 2 3 1 , 7 3 1 3 9 9 1 5 , 4 2 1 1 , 8 9 7 , 1 4 1 3 , 8 8

1 0 7 3 3 3 , 4  0 1 3 5 4 1 5 , 2 4 1 2 , 0 1 6 , 2 8 * 1 3 , 7 3

1 0 7 4 3 5 , 0 ’ 1 2 6 9 1 4 , 8 4 1 2 , 1 9 5 , 5 2 1 3 , 4 3

1 0 7 5 3 6 , 7 4 1 2 1 9 1 4 , 6 1 1 2 , 3 7 4 , 4 8 1 3 , 2 5

1 0 7 6 3 8 , 4 1 1 1 5 1 1 4 , 4 3 1 2 , 5 9 3 , 3 2 1 3 , 0 0

1 0 7 7 4 0 , 0 8 1 1 0 2 1 4 , 2 5 1 2 , 8 2 1 , 6 2 1 2 , 8 1

1 0 7 P  + 4 1 , 7 5 1 0 4 5 ( 1 4 , 1 6 ) | 0 . 7’ ) 0 , 0 0 1 2 , 5 9

* e s t i m a t e d  f rom F i g u r e  * .9  

+ b u b b l e  a l r e a d y  d e p a r t e d



3 8 5 .

TABLE A 1 4 . 3

MIC:ROLAYER GEOMETRY. RUN M l4

B u b b l e  b a s e  r a d i u s ,  r  ( m m ) , f o r :  

m i i r u l a y e r  t h i c k n e s s ,  d  ( u m ) , o f :

0, Ihh
T i m e
n s

F r a me  
N o .

M'  l a y e r  
p e r i p h e r y0 , 4 9 80 , 2 4 90 , 0 8  30 , 0 0

7 7 5

7 7 6

7 7 7

7 7 8

0 , 38 

0 , 6 1  

0 , 8 0  

0 , 9 1

7 8 0

7 8 1

7 8 2

7 8 3

7 8 4

7 8 5

7 8 6

7 8 7

7 8 8

7 8 9

7 9 0

7 9 1

7 9 2

7 9 3

7 9 4

7 9 5

7 9 6

7 9 7

7 9 8

7 9 9

8 0 0  

801 

8 0 2

8 0 3

8 0 4

8 0 5

8 0 6  

8 0 7

6 7

80
2 , 0 7

2 , 7 5

0 4

2 , 3 5

2 , 4 0

2 , 0 9

0 9

2 , 0 2

88

69
88

0 , 4 7

0 , 0 0 00



3 8 6 .

TABLE A 1 4 . 6

BUBBLE VOLUME AND CHARACTERI S TI C DI ME NS I ONS .  RUN M l 4

F r a me
No

T i m e

ms

V

mm*
Dw
mm

H

mm
Dc
mm

Ds
mm

7 7 5 o.uo 0 , 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0

7 7 6 1 , 2 1 6 , 1 3 , 8 3 1 , 8 8 2 , 7 2 2 , 2 6

7 7 7 2 , 4 2 8 2 , 7 6 , 8 9 3 , 3 4 4 , 5 0 5 , 4 0

7 7 8 3 , 6 3 1 3 5 , 6 8 , 1 7 3 , 9 4 6 , 0 2  i 6 , 3 7

7 7 9 4 , 8 4 2 0 3  , 9 9 , 1 3 4 , 5 6 6 , 0 2  1 7 , 3 0

7 8 0 6 , 0 5 2 5 3  , 4 9 , 9 0 4 , 8 3 7 , 0 4  I 7 , 8 5

781 7 , 2 6 3 0 4 , 6 1 0 , 5 2 5 , 3 5 7 , 3 4  J 8 . 3  5

7 8 2 8 , 4 ' 3 8 2  , 8 1 1 , 1 8 5 , 6 9 7 , 6 0  | 9 , 0 1

7 8 3 9 , 6 8 4 3 3 , 1 1 1 , 6 5 6 , 2 0 7 , 9 8 9 , 3 9

7 84 1 0 , 8 9 4 9 1 , 7 1 2 , 0 8 6 , 4 8 8 , 1 8  | 9 , 8 1

7 8 5 1 2 , 1 0 5 8 1 , 1 1 2 , 4 0 6 , 8 8 8 , 2 6  j 1 0 , 3 6

7 8 6 1 5 , 3 1 6 2  2 , 0 1 2 , 8 3 7 , 1 4 8 , 2 6 1 0 ,  9

7 8 7 1 4 , 5 2 6 8 2 , ' 1 3 , 1 5 ' , 5 1 8 , 3 2 1 0 , 9 2

7 8 8 1 5 , 7 3 ' 3 4 , 5 1 3 , 3 4 ' . 8 5 8 , 4 6 1 1 , 1 9

7 8 9 1 6 , 9 4 7 5 9  , 0 1 3 , 6 2 8 , 0 8 8 , 4 6 1 1 , 3 2

79  U 1 8 , 1 5 8 2 3  , 3 1 3 , 7 1 8 , 2 7 8 , 5 4 1 1 , 6 3

7 9 1 1 9 , 3 6 9 2 2  , 0 1 3 , 9 0 8 , 7 3 8 , 4 6 1 2 , 0 8

/ 9 2 2 0 , 5 ' 9 5 5 , 2 1 4 , 0 5 S , 8 8 8 , 0 8 1 2 , 2 2

7 9 3 21 , ' 8 9 8 1 , 3 1 4 , 2 0 9 , 2 0 7 , 8 8 1 2 , 3 3

' 9 4 2 2 , 9 9 1 0 0 0 1 4 , 3 3 9 , 3 5 7,'(1 1 2 , 4  1

9 5 2 4 , i 0 1 0 1 8 1 4 , 3 3 9 , 6 2 ' . 3 2 1 2 , 4 8

7 9 6 2 5 , 4 1 1 0 9  3 1 J , 4 6 9 , 9  2 7 , 0 4 1 2 , ’ 8

7 9 7 2 6 , 6  2 1 132 1 4 , 6 5 1 0 , 1 4 6 , 7 6 1 2 , 9 3

7 9 8 2 7 , 8 3 1 1 3 7 1 4 , 5 6 1 0 , 3 9 6 , 3 8 1 2 , 9 5

7 9 9 2 9 , 0 4 1 1 6 3 1 4 , 6 9 1 0 , 7 1 5 , 9 2 1 3 , 0 5

8u0 3 0 , 2 5 1 1 6 2 1 4 , 6 9 1 0 , 8 6 5 , 4 4 1 3 , 0 4

8 0 1 3 1 ,  6 1 1 7 6 1 4 , 6 9 1 1 , 0 6 4 , 9 8 1 3 , 0 9

8 0 2 3 2 , 6 7 1 1 8 1 1 4 , 6 0 1 1 , 0 8 4 , 1 4 1 3 , 1 1

8 0 3 3 3 , 8 8 1 2 0 2 1 4 , 8 4 1 1 , 6 1 3 , 7 6 1 3 , 1 9

8 0 4 3 5 , 0 9 1 164 1 4 , 7 8 1 1 , 6 8 3 , 3 8 1 3 , 0 5

8 0 5 3 6 , 3 0 1 1 9 9 1 4 , 7 1 1 2 , 0 2 2 , 2 6 1 3 , 1 8

8 0 6 3 7 , 5 1 1 1 8 3 1 4 , 6 5 1 2 , 1 2 0 , 9 4 1 3 , 1 2

8 0 7 3 8 , 7 2 1 1 6 5 1 4 , 7  1 1 2 , 4 7 0 , 0 0 1 3 , 0 5



A 1 4 . 7

AYER

F r a me
No .

1797

17 9 8

1799

18 0 0

1801

1802

18 0 *

1804

18 0 5

180 0

1 8 0 7

180 8

1 80 9

181 0

1811

181 2

18 13

1814

i 8 1 5

18 1 0

1 8 1 ’

1818

181 9

3 8 7 .

GEOMETRY. RUN M l9

T i m e
ms

0

1 , 0 1

2 , 0 2

3 . 0 3

4 . 0 4

5 . 0 5

( i ,0( i

7 . 0 7

8 . 0 8  

9 , 0 9

1 0 , 1 0

11,11
1 2 , 1 2

13.13
1 4 . 1 4

1 5 . 1 5

1 (« . 1 (i
17,1'
1 8 , 1 8

1 9 . 1 9
2 0 . 2 0  

2 1 , 2 1  

2 2 , 2 2

B u b b l e  b a s e  r a d i u s , r 
m i c r o l a y e r  t h i c k n e s s ,

( mm)  , f o r :  
d ( u r n ) , o f :

oo

0 , 0 8 3 0 , 1 6 6 0 , 2 4 9 0 , 3 3

0 , 5  7 1 , 1 8 1 , 8 2

0 , 7 4 1 , 2 3 1 , 7 7

0 , 8 9 1 , 3 0 1 , 7 3 2 , 0 2 2 , 3 2

0 , 9 5 30 1 , 7 1 2 , 0 0 2 , 30

1 , 0 4 . , 3 5 1 , 7 1 1 , 9 9 2 , 2 8

1 , 0 7 1 , 3 6 1 , 6 6 1 , 9 7 2 , 2 2

1 , 1 3 1 , 3 9 1 , 6 5 1 , 9 6 2 , 2 4

1 , 2 0 1 , 4 4 1 , 6 5 1 , 9 2 2 , 2 1

1 , 2 5 1 , 4 4 1 , 6 7 1 , 9 4 2 , 1 9

1 , 3 3 1 , 5 0 1 , 6 7 1 , 9 6 2 , 2 2

1 , 3 7 1 , 4 8 1 , 6 3 1 , 9 8 2 , 2 3

1 , 4 7 1 , 5 5 1 , 6 7

1 , 4 6 1 , 5 5 1 , 6 5

1 , 5 0 1 , 6 2

! i , r . i 1 , 6 0

! 1 , 4 4

1 , 3 4
l 1 8 1| I f ' *

0 , 8 3

, 0 , 3 0

0 , 0

1



388  .

TABLE A 1 4 . 8

BUBBLE VOLUME AND CHARACTERISTIC DTMliN U O N S .  RUN M19

F ra m e  
N o .

T im e

ms 1 
< 

1

1

Dw
mm

H

mm

Dc  * 

mm

j 
i

i

1 7 9 7 0 , 0 0 0 , 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0

1 7 9 8 1 , 0 1 0 , 5 0 , 9 6 9 , 7 0 0 , 9 5

1 7 9 9 2 , 0 2 2 7 , 0 4 , 8  1 2 , 3 5 3 , 6 5 3 , 7 2

1 8 0 0 3 , 0 3 5 7 ,  1 6 , 1 0 2 , :»3 4 , 2 4 1 , 7  8

1 8 0 1 4 , 0 4 7 3 , 7 6 ,  ■’ 2 3 , 2  7 4 , 6 4 5 , 2 0

1 8 0 2 5 , 0 5 9 4 , 6 7 , 1 6 3 , 5 1 4 , 8 7 5 , 6  5

1 8 0 3 6 , 0 6 1 1 6 , 8 3 , 9  1 5 , 0 0 6 , 0 6

1 8 0 4 7 , 0 7 1 3 4 , 9 V , h .. 4 , 0 5 5 , 0 2 6 , 3 6

1 8 0 5 8 , 0 8 1 4 6 , 6 7 , 9 2 4 , 2 7 4 , 9 9 6 , 5 4

1 8 0 6 9 , 0 9 1 5 5 , 3 7 , 9  8 4 , 3 5 4 , 9 2 6 , 6

1 8 0 7 1 0 , 1 0 ' 5 , 6 8 , 0 6 4 , 6 1 4 , 8 2 6 , 8 1

1 8 0 8 1 1 , 1 1 1 6 6 , 3 8 , 0 6 4 , 6 1 4 , 6 8 6 , 8 2

1 8 0 9 1 2 , 1 2 1 6 9 , 0 8 , 1 0 4 , 8 1 4 , 5 0 6 , 8 6

1 8 1 0 1 3 , 1 3 1 0 7 , 8 7 , 9 8 4 , 7 7 4 , 3 0 6 , 8 4

1 8 1 1 1 4 , 1 4 1 6 3 , 2 7 , 8 2 4 , 9  3 4 , 0 8 6 , ’  4

1 8 1 2 1 5 , 1 5 1 5 9 , 0 7 , 6 6 4 , 9 5 3 , 8 2 O . ' -

1 8 1 3 1 6 , 1 6 1 5 1 , 0 7 . 1 6 5 , 1 5 3 , 5 1 6 , 6 1

1 8 1 4 V ,  17 1 3 6 , 3 7 , 3 8 5 , 1 : 3 , 1 6 6 , 3 9

1 8 1 5 1 8 , 1 8 1 2 8 , 6 7 , 1 6 5 , 3 5 2 , 7 6 6 , 2 6

1 8 1 6 1 9 , 1  9 1 1 3 , 8 '  , 0 2 5 , 3 5 2 , 30 6 . 0 1

1 8 1 7 2 0 , 2 0 1 0 8 , 4 6 , 9 8 5 , 4 1 1 , 6 6 5 . 9 2

1 8 1 8 2 1 , 2 1 9 , 5

_______________  ...

6 , 8  2 5 , 4  1 0 , 5 0 5 , - 1

____________________

* e s t i m a t e d  f rom F i g u r e  8 . 15



3 8 9 .

TABLE A 1 4 . 9

MICROLAYER GEOMETRY. RUN M20

F r a me  
N o .

1 1 6 0  

1161 
1 1 6 :

1 1 6 3  

1 16 4  

1 16:,
I 1 6 6  

1 1 6 '

1 168 
1 1 6 9  

1 1 70  

1 1 * 1  

i r :  
11 7  3

1 1 7 4

1 1 7 5  

1 1 ' 6  

1 1 ' 7  

1 1 '  8 

1 1 * 9  

1 1 8 0  

1 1 8 1  

1 1 8 :

1 1 8 3

1 1 8 4

1 1 8 5

1 1 8 6

1 1 8 7

1 1 8 8

B u b b l e  b a s e  r a d i u s , r ( m m ) , f o r :

T i me
ms

u
m i c r o l a y e r  t h i c k n e s s ,  d ( u r n ) ,  o f :

0 , 0 0  

1 , : 5  

: , 5 0  

3 , ' 5  

5 , 0 0  

6 , 2 5  

* , 5 0  

8 , ' 5  

10,00 
1 1 , 2 5

i : , s o

1 3 ,  * 5

1 5 . 0 0

16.25 
r  ,50  
1 8 , ' 5

2 0 . 0 0

2 1 . 2 5

2 2 . 5 0

2 3 , 7 5

2 5 . 0 0  

2 6 , 2  5 

2 ' , 5 0

2 8 . 7 5

3 0 . 0 0

3 1 . 2 5

3 2 . 5 0

3 3 . 7 5

3 5 . 0 0

0 , 0

0 , 5 6

0 , 7 0

0 , 8 6

0  , 9 6 

1 , 1 1  

< t 22
1 . 2 9  

1 , 3 8  

1 , 4 6  

1 , 5 8  

I , 6 0  

I , ' 0  

1 , 8 2  

1 ,8 ' 
1 , 9 '  

2 . 0 2  
2 . 0 9  

2.12 
2.12 
2 ,0 ’ 
2 . 0 ’ 
1 , 8 7  

1 . 6 7  

1 , 3 8  

1 , 0 5  

0 , 6 2  

0 , 0 0

0 , 8  3

1 . 3 7  

1 , 4 6  

1 . 4 8

1
1 , 6 5  

1 , 7 2  

1 , ' 2  

I , "  
1 . "

0 ,  1 66

2 , 1 2
2 , 0 3  

2 . 0 0  

, 0 0  

1 , 9 ’  

1 , 9  7 

1 , 9 7  

1 , 9 2  

1 , 8 7  

I , 9 0  

1 , 8 9

0 , 2 4 5

, 3 4

. 2 5

, 2 6

, 2 4

, 2 9

, 3 0

, 2 6

, 2 1

, 2 0

, 2 6

, 2 6

, 2 8

, 3 1

, 3 1

. 3 2

, 3 1

0 , 3 7 2

2 , 6 6

2 . 5 7  

, 3 5  

, 5 8  

, 5 9

2 . 5 9

2 . 5 9

2 . 5 5

2 . 5 9

2 . 5 6

2 . 5 6

2 . 5 8

2 . 5 8

2 . 5 9  

2 , 5 8  

2  , 5 6

0 , 4 1 5

2 , 8 8

2 . 8 7

2 . 9 0  

2 , 8 9  

2 , 8 5

2 . 8 8

2 . 9 1

0 , 1 9 8

3 . 1 5

3 . 2  3 

3 , 2 2

3 . 2  0 

3 , 2 0

3 . 1 5  

7.17

M’ l a y e r  
p e r i p h e r y

2 , 1 4

2 , 8 2

2 , 8 3

3 . 0 5

3 . 2 0  

3 , 2 5  

3 , 4 5  

3 , 4  5 

3 . 3 '  

3.3- 
3 . 3 0  

3 , 2 8

3 . 2 0  

2 . 9 7  

2 , 8 5  

2 , 6 6  

2 , 1 8

1 .»■ 
1 , 6 -  

I , 3 8  

1 , 0 5  

0 , 6 2  

0 , 0 0



3 9 0 .

TABuE A 1 4 . I 0

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS.  RUN M20

F r a me T i m e V D H D . D
N o .

w c s

ms mm’ mm mm mm mm

1 160 0 , 0 0 0 , 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0

11 6 1 1 , 2 5 1 , 0 1 , 5 7 0 , 7 9 1 . 2 7

1 162 2 , 5 0 3 5 ,  1 5 , 1 2 2 , 0 0 4 , 2 8 4 , 0 6

1 1 6 3 3 , 7 5 7 5 ,  1 6 , 6 0 3 . 3 5 7 , 2  3

1 164 5 , 0 0 1 1 3 , 8 7 , 1 8 3 , 9 0 6 , 0 1

1 1 65 ( ' , 2  5 1 5 3 , 2 8 , 0  1 4 , 2 3 5 , 6 4 6 , 6 4

1 1 66 7 , 5 0 1 9 3 , 2 8 , 6 0 4 , 7 2 5 . 7 . 1 "
1 1 6 7 8 , " 5 2 2 4  , 4 9 , 1 1 5 , 1 2 ' , 10 7 , 5  4

1 168 1 0 , 0 0 28  3 , 4 9 , 4  5 5 , 5  - 6 , 4 ' 8 , 1 5

1 1 6 9 1 1 , 2 5 3 0  7, l > 9 , 7 6 5 , 7 1 6 , 5 0 8 , 3 8

1 1 7 0 1 2 , 5 0 3 4 8  , - 1 0 , 1 4 6 , 2 4 6 , 9 0 8 , - 3

1 17 1 1 3 , 7 7 3 6 9 , 4 1 0 , 4 7 0 , 0 . 3 6 , 9 0 8 , 9 0

1 1 7 2 1 5 , 0 0 4 2 3  , 0 t o . - i 6 , 8 9 6 , 7  1 9 , 3 1

1 17 3 1 6 , 2 5 4 4 5  , 9 1 0 , 8 3 " . 2 2 6 , 7 4 9 , 4  8

1 174 1 7 , 5 0 4 7 7  , 7 1 0 , 9 3 " , 6 2 0 , 6 0 9 , - 0

I P S 1 8 , " 5 4 9  5 , 8 1 1 , 0 2 " , 7 2 6 , 50 9 , 8 2

1 1 - 6 2 0 , 0 0 5 0 9 , 5 1 1 . 2 2 8 , 2 1 6 , 4 0 9 , 9 1

1 177 2 1 , 2 5 5 4 8 . 3 1 1 , 2 2 8 , 2 7 5 , 9 4 1 0 , 1 5

1 1 7 8 2 2 , 5 0 5 6 5 , 4 1 1 , 3 2 8 , 6 6 5 , 0 0 1 0 , 2 6

1 179 2 3 . 7 5 5 8 3  , ’ 11 , 3 4 8 , 8 2 5 , 3 2 1 0 , 3 -

1 1 8 0 2 5 , 0 0 5 7 9  , 3 1 1 , 2 2 9 , ’  9 4 , 9 6 1 0 , 3 4

1181 2 6 , 2 5 6 0 9 , 0 1 1 , 1 8 9 , 3  5 1 0 , 5 2

1 1 8 2 2 7 , 5 0 5 9 9 , 5 I I ,  12 9 , 6 9 1 0 , 4 6

1 1 8 3 2 8 , 7 5 6 0 3 , 2 1 1 , 1 8 9 , - 8 3 , 7 4 1 0 , 4 8

1 1 8 4 3 0 , 0 0 6 2 1  , 7 1 1 , 3 2 1 0 , 1 4 3 , 3 4 1 0 , 5 9

1 1 8 5 3 1 , 2 5 6 2  3 , 2 1 1 , 2 8 1 0 , 2 4 2 , ’ 6 1 0 , 6 0

1 1 8 6 3 2 , 5 0 6 2 4  , 8 1 1 , 4 2 1 0 . 6 . 3 2 ,  1.1 1 0 , 6 1

1 1 8 7 3 3 , 7 5 6 2 5 , 9 1 1 , 4 2 1 0 , 8 - 1 . 2 4 1 0 , 6 1
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TABLE A 1 4 . 1 1

MICROLAYER GEOMETRY. RUN E8

F r a me  
N o .

T i m e
ms

B u b b l e  b a s e  r a d i u s ,  r  ( mm) . f o r :

m i c r o l a y e r  t h i c k n e s s ,  d ( u m ) , o f : M'  l a y e r  
p e r i p h e r y

0 , 0 0 , 0 8 1 0 , 1 6 2 0 , 2 4 3 0 , 3 2 4

1 3 0 4 0 , 0 0 0 , 0 0

1 3 0 5 1 , 1 2 0 , 2 0

1 3 0 6 2 , 2 4 0 , 2 7 1 , 0 4 2 , 0 9

1 3 0 7 3 , 3 b 0 , 4  1 1 , 0 0 1 , 6 8 2 . 3 1

1 3 0 8 4 , 4 8 0 , 4 7 1 , 0 4 1 . ' 2 , 4 5

1 3 0 9 5 , 6 0 0 , 5 0 1 , 0 4 1 , 7 . 2 , 2 2 2 , 6 3

1 3 1 0 6 , 7 2 0 ,  J 1 , 0 9 1 , 6 3 2 , 1 8 2 , 4 9 2 , 6 8

1 3 1 1 7 , 8 4 0 , 6 8 1 , 1 6 1 , 7 4 2 , 1 3 2 , 4 8 2 , 6 8

1 3 1 2 8 , 9 6 0 ,  7 3 1 , 1 8 1 , 6 8 2 , 0 5 2 , 4 3 2 , 6 3

1 3 1 3 1 0 , 0 8 0 , ’ 8 1 , 1 8 1 , 7 2 1 . 9 9 2 , 3 6 2 . 9  1

1 3 1 4 1 1 , 2 0 0 , 8 6 1 , 2 2 1 , 6 8 2 , 0  4 2 , 4 0 2 , 5  8

1 3 1 5 1 2 , 3 2 0 , 8 9 1 , 2 ' 1 , '  1 1 . 9 9 2 , 4 0 2 , 5 8

131t i 1 3 , 4 4 0 , 9 2 1 , 3 1 1 , ' 9 2 , 0 4 2 , 3 8 2 , 5 4

1 3 1 7 1 4 , 5 ( 0 , 9 8 1 , 3 1 1 , " 2 , 0 1 2 , 3 6 2 . 4 9

1 3 1 8 1 5 , 6 8 1 , 0 2 1 , 36 1 . 2 , 0 ' 2 , 3 ( . 2 , 5 4

1 3 1 9 1 6 , 8 0 1 , 0 ’ 1 , 38 1 , 7 4 2 . 0 ' 2 , 3 8 2 , 4  5

1 3 2 0 1 '  , 9 2 1 , 1 3 1 , 4  1 ’ . 9 9 2 , 3 0 2 , 36

1 3 2 1 1 9 , 0 4 1 , 1 8 1 , 4 5 2 2 '

1 3 2 2 2 0 ,  16 1 , 1 8 1 , 4 1 1 , 6 8 2 , 1 8

1 3 2  3 2 1 , 2 8 1 , 2 2 1 , 4 5 2 , 0 9

1 3 2  1 2 2 , 4 0 1 , 2 2 1 , 4 5 1 , ’ 2 1 . 9 0

1 3 2  5 2 3 , 5 2 1 , 2 7 1 , 4 5 1 , ' 0

1 3 2 6 2 4 , 6 4 1 , 3 1 1 , 5 0 1 , 6 8

1 3 2 7 2 5 , 7 6 1 , 4 1

1 3 2 8 2 6 , 8 8 1 , 1 8 1 , 1 8

1 3 2 9 2 8 , 0 0 0 , 8 6 0 , 8 6

1 3 3 0 2 9 , 1 2 0 , 5 4 0 , 5 4

1 3 3 1 3 0 , 2 4 0 , 1 8 0 , 1 8
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TABLE A U . 1 2

r ’l. CLE VOLUME AND CHARACTERISTIC DI MENSIONS.  RUN E8

F r a me T i m e V Dw
t

II D. I)
N o .

w c s
ms mm* run mm mm mm

1 3 0 4 0 . 0 0 0 , 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0

1 3 0 5 1 . 1 2 1 1 , ’ 3 , 3 6 2 . 1 8 2 , 8 .

1 3 0 b 2 , 2 4 3 4 , 7 4 , 4 0 2 , 6 5 4 , 1 8 4 , 0 5

1 3 0 7 3 , 3 b 6 0 , 5 5 , 8 9 3 , 2 6 4 , 6 2 4 , 8 7

1 3 0 8 4 , 4 8 8 1 , 4 6 , 6 7 3 . 5 4 4 , 9 0 5 , 3 8

1 3 0 4 5 ,  bO 1 0 2 , 4 ’ , 0 ’ 3 , 7 4 5 , 8( 1

131' ' <>, '’ 2 1 2 1 ,  9 ’ , 5 1 3 , 9 9 5 , 3 6 6 , 1 5

1 3 1 1 7 , 8 1 1 4 6 , 1 7 , 7 4 4 , I 3 5 , 3 6 6 , 5 3

1 3 1 2 8 , 9 b 1 5 4 , 3 ’ , 9 8 4 , 5 7 5 , 2 6 0 , 6 5

1 3 1 3 1 0 , 0 8 1 8 6 , 7 8 , 2 2 4 , 7 9 5 , 2 2 7 , 0 9

1 3 1 4 1 1 , 2 0 1 9 1 , 8 8 , 4 9 4 . 9 3 5 , 1 6 ' , 1 6

1 3 1 5 1 2 , 3 2 2 1 1 , 6 8 . ’ 4 5 , 3 0 5 , 1 b 7 , 3 9

1 3 1 < 1 3 , 4 1 2 1 2 , 1 8 . 8 6 5 , 4 4 5 , 0 8 ' , 4 0

131 ’ 1 4 . 5 b 2 33 , ’ 8 , 8 9 5 , 6 4 4 , 9 8 7 , 6 4

1 3 1 8 1 . , b 8 2 46  . ’ 9 . 1 9 5 , 8 4 5 , 0 8 7 , ' 8

1 3 1 9 1 b ,  80 2 59  , 3 9 , 1 9 6 .  OH 4 , 9 0 7 , 9 1

1 3 2 0 1 ’  , 9 2 2 6 1 , 3 9 , 2 1 6 , 2 0 4 , 7 2 7 , 9 3

1 3 2 1 1 9 , 0 1 2 8 0  , 5 9 , 5 9 6 , 4 4 4 , 5 4 8 , 1 2

1 3 2 2 2 0 ,  1b 2 8 9  , 3 9 . .  9 6 , 5 3 4 . 3 6 8 , 2 1

1 3 2 3 21 , 28 29  3 , 9 9 , 4  3 6 . ’ 5 4 , 1 8 8 . 2 5

1 3 2 4 2 2 , 4 0 3 0 1 , 6 9 , 2 9 6 . 8 4 3 , 8 0 8 , 3 2

1 *2  5 2 3 , 5 2 29  2 , 9 9 , 4 ’ " . 4 4 8 , 2  4

1 3 2 b 2 4 , 6 4 2 8 0  , 1 9 , 2  5 7 . 1 1 8 , 1 2

1 3 2 7 2 5 , 7 6 2 9 4  , 4 9 , 3 8 7 , 4 0 8 , 2 5

1 3 2 8 2 6 , 8 8 2 7 5  , 4 9 , 2 5 7 , 4 4 2 , 3 b 8 , 0 ’

1 3 2 9 2 8 , 0 0 2 6 8 , 4 9 , 2 9 7 , 6 2 1 . ' 2 8 , 0 0

1 3 3 0 2 9 ,  12 2 6 4  , 0 9 , 2 5 " . ' b 1 , 0 8 7 , 9 b

1 3 3 1 3 0 , 2 4 24 5 . 9 9 , 2 5 7 , 9 3 0 , 3 6
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TABLE A 1 4 . 1 3

MI CROLAYER GEOMETRY.  RUN El  2

B u b b l e  b a s e  r a d i u s , r  f m m ) , f o r :

F r a me
No

T i m e
ms

m i c r o l a y e r t h i c k n e s s , d (urn)  , o f :

0 , 0 0 . 0 8 1 0 , 1 6 2 0 , 2 4  3 0 , 3 2 4 0 , 4 0 5 0 , 4  8 6
M1 1 a y e  r 
p e r i p h e r y

J' )4 0 , 0 0

4 9 5 1 . 1 4 0 , 0 0

4 9 0 2 , 2 8 0 , 4 3

4 9 7 3 , 4 2 0 , 5 8 1 , 2 9 2 , 0 2 2 , 1 3
4 9 8 1 , 5 6 0 , 6 4 1 . 3 0 1 , 9 3

4 9 9 5 , '  0 0 , - 3 1 , 3 3 1 , 9 1 2 , 2  5 2 , 5 9
s o n 6 , 8 4 0 , 8 5 1 , 3 0 1 , 8 5 2 , 1 6 2 , 5 0 2 , - 4
5 01 ' . 9 8 0 . 8  5 1 , 30 1 , 8 6 2 , 1 6 2 , 5 - 2 , 8 0
s o : 9 , 1 2 0 , 9 2 1 , 3 3 1 , 7 8 2 , 1 0 2 , 5 3 2 , - 8
5 0 3 1 0 , 2 6 0 , 9 4 1 , 3 6 1 . 7 9 2 , 1 4 2 , 5 4 2 , 8 0
5 0 1 1 1 , 4 0 0 , 9 6 1 , 3 5 1 , 8 1 2 , 1 0 2 , 5 2 2 , 8 5
5 0 5 1 2 , 5 4 1 , 0 1 1 , 3 9 1 , 8 1 2 , 1 6 2 , 5 4 2 , 8 9
5 0 0 1 3 , 6 8 1 , 0 8 1 , 4 2 1 , 8 4 2 , 1 3 2 , 5 5 2 , 9 4
5 0 ' 1 4 , 8 2 1 , 1 0 1 . 4 ' 1 , 8 4 2 , 2 0 2 , 5 - 2 , 9 1
5 0 8 1 5 , 9 6 1 , 1 5 1 . 4 5 1 , 8 0 2 , 1 6 2 , 5 0 2 , 9 4
5 0 9 I ' . I O 1 , 2 0 1 , 4 4 1 , 8 1 2 , 2 0 2 , 5 3 2 , 9 9
5 1 0 1 8 , 2 4 1 . 2 4 1 . 4 9 1 , 8 2 2 , 2 0 2 , 4 8 2 , 6 5 2 , 8 5 2 , 9 9
51 1 1 9 . 3 8 1 . 2 9 1 , 50 ’ , ’ 9 2 , 1 6 2 , 5 0 2 , 6 3 2 , 8 0 2 , 9 4
s i : 2 0 , 5 2 1 , 3 ! 1 , 56 1 , 8 6 2 , 1 3 2 , 4  3 2 , 5 7 2 , 7 6 2 . 8 9
5 1 3 21 , 6 6 1 , 3 8 1 , 56 1 , 8 4 2 , 1 1 2 , 4  3 2 , 6 2 2 , - 6 2 , 8  5
3 1 4 2 2 , 8 0 1 , 4 2 1 , 5 6 1 . 8 " 2 , 1 6 2 , 4 2 2 , - ’
5 1 5 2 3 . 9 4 1 , 4 9 1 , 6 1 1 , 8 4 2 , 1 6 2 , 3 9 2 , 5 -
5 1 6 2 5 , 0 ' , 1 , 4 8 1 . 7 9 2 , 1 6 2 , 3 9 2 . 1 8
5 1 7 2 6 , 2 2 1 , 5 3 1 . 7 5 2 . 3 9
518 2 7 , 3 6 1 , 6 1 2 . 1 1
5 1 9 2 8 , 5 0 1 , 6 7 2 , 1 6
5 2 0 2 9 , 6 4 1 , 6 6 1 , 9 8
521 3 0 , 7 8 1 , 6 3 1 . 9 1
5 2 2 3 1 , 9 2 1 , 5 7

5 2 3 3 3 , 0 6 1 . 4 1
5 2 4 3 4 , 2 0 1 , 2 9 1 .  79
5 2 5 3 5 , 3 4 1 , 0 1 1 , 0 ,
5 2 6 3 6 , 4 8 0 , 5 2 0 , 5 .
52 7 3 7 , 6 2 0 , 0 0 0 , 0 0

- * 
Tn

ifi
n 

T
pi

ft
nf

lr
pn

 
if

if
it

 «f
 1

11
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BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS.  RUN E12

F r a me T i m e V I) H D 1)
No . w c s

ms mm1 mm mm mm mm

4 9 4 0 , 0 0 0 , 0 0 , 0 0 0 , 0 0 . 1 , 00 0 , 0  0

4 9  5 1 , 1 4 0 , 8 1 , 3 8 0 , 7 ' 1 , 1 7

4 9 b : , 2  8 2 8 , 4 3 , 8 5 2 , 3 8 3 , 7  8

4 9 ' 3 , 4 : 6 0  , ' 6 , 0  5 2 , 9  3 4 , : b 1 , 8 8

4 93 4 , 5 b 9 2 , 3 6 , 7  5 3 , 4 3 5 , 6 1

4 9 9 5 , 7 0 1 3 4 , ' ' , 4 3 3 , '  0 6 , 3 6

50(1 h , .8 4 14 2 , 1 8 , 0 0 4 , 0 0 5 , 4  8 6 , 1 8

50  1 '  , 9 8 1 - 3 , 6 8 , 6 2 I , 3 b 5 , 6 0 6 , 9  2

s o : 9 ,  i : 2 0  3 , 3 9 , 0 8 4 , 6 . ’ 5 , 5 (i ' . 3 0  1

50  3 1 0 , 2 6 2 3 8  , 2 9 , 5 7 4 , 9 5 5 , 6 0 7 , 6 9

5 0 4 1 1 . 10 . " 0 , 3 9 , 9 6 5 ,  1 3 5 , 7 0 8 , 0 2

5 05 1 2 , 5 4 30  5 , 3 1 0 , 4 0 5 , 5 0 5 , ' 8 8 , 3 6

5 0 b 1 5 , 6 8 3 5b , 2 1 0 , 6 4 5 , ' 9 5 , 8  8 8 , 6  3 !

SO' 1 1 , 8 2 3 6 ' . 3 1 1 , 0 0 6 , 0  5 5 , 8 8 8 , 8 9  1

50 8 I S ,  9b 4 0 0  , 3 1 1 , 3 3 6 , 0  5 5 , 8 8 9 , 1 4  j

5 0 9 1 ' ,  11) 4 2 3 , 1 1 1 , 5 5 6 , 4  2 5 , 9 8 9 . 3 :

5 1 0 1 8 , 2 1 4 4 1 , ' 1 1 , ' ( ) 6 ,  12 5 , 9 8 9 , 4 5

511 1 9 , ’ 3 1 8 4 . 7 1 2 , 0 1 6 . ' 8 5 , 8 8 9 , ' 5

5 1 : 2 0 , 5 2 50  1 , 2 1 2 , 0 1 6 , 9 ' 5 , ’ 8 9 , 8 b

5 1 3 2 1 , bb 5 3 ' . 2 1 2 , 3 8 ' , 1 9 S . ' O 1 0 , 0 9

5 1 4 2 2 , 8 0 5 1 5 , 5 1 2 , 1 3 ’ , 2 4 5 , 4 2 1 0 , 1 4

5 1 5 2 3 , 9 4 5 6 ' . 3 1 2 , 6 5 7 , 5 : 5 , 1 4 1 0 , : '

5 1 b 2 5 , 0 8 5 6 3  , ' 1 2 , - 4 ’ , 6 1 4 , 9 6 1 0 , 2  5
5 1 7 2 6 , 2 2 6 1 2 , 6 1 3 , 0 2 7 , 8 8 4 , 7 8 1 0 , 5 4

5 1 8 2 7 , 3 6 6 2 1 , 3  i 1 3 , 0 7 8 , 3 3 4 , 2 2 1 0 , 5 9

5 1 9 2 8 ,  50 6 0 4 , 3  | 1 3 , 0 2 8 . 0 3 4 , 3 2 1 0 , 4 9

5 2 0 2 9 , 6 4 6 1 2 , 9 1 3 , 2 0 8 , 3 6 3 , 9 6 1 0 , 5 4

521 3 0 , 7 8 6 1 9 ,  3 1 3 , 1 1 8 , 5 3 3 , 8  2 1 0 , 5 8

5 2 2 3 1 , 9 2 6 0 1  , 2 1 3 , 1 5 8 , 7 5 1 0 , 4 "

5 2 3 3 3 , 0 6 6 2 5  , 8 1 3 , 3 3 8 , 8 0 1 0 . 6 1

5 2 4 3 4 , 2 0 6 0 5  , 9 1 3 , 2 9 8 , 9 9 2 , 5 8 1 0 , 5 0

5 2 5 3 5 , 3 4 6 1 0 , 5 1 3 , 4 8 9 , 3 0 2 , 0 2 1 0 . 5 3

5 2 6 3 6 , 4 8 6 1 8 , 9 1 i , S 3 9 , 3 9 1 , 0 4 1 0 , 5 '

5 2 7 3 7 , 6 2 6 0 6  , 5 1 3 , 6 1 9 , 5 7 0 , 0 0 1 0 , 5 0  |
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APPENDIX 15

LIQUID AND VAPOUR DENSI TI ES.  METHANOL 

AND ETHANOL

L i q u i d  d e n s i t i e s  ( g / c m ' )  w e r e  c a l c u l a t e d  a s  a f u n c t i o n  o f  

t e m p e r a t u r e  ( ° C)  f r om e q u a t i o n s  A1 5 . 1  a n d  A 1 5 . 2  b e l o w .  The  

e q u a t i o n s  h o l d  up  t o  ()0 °C and  80 ° c : , w i t h  a c c u r a c i e s  o f  

0 , 0 0 3  p e r  c e n t  a n d  0 , 0 3  p e r  c e n t ,  r e s p e c t i v e l y  [ 2 1 0 ] .

M e t h a n o  1:

Pj = 0, 80999 - 9, 253 x 10"4T -  4,1 x H f ' r  ( A 1 5 . 1 )

E t h a n e  1:

,-j = 0, 80025 - 8,401 x lO- 1 !' + 1,0 x 10~ I ’ - 8 , 5  x 10"9T 3 ( A 1 5 . 2)

V a p o u r  d e n s i t i e s  w e r e  c a l c u l a t e d  f r om t h e  I d e a l  Gas  Law 

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

v a p o u r s  by  I l ougen  e t  a 1 [2 1 5 ] .

R e s u l t i n g  d e n s i t i e s  a r c  s hown i n  T a b l e  A 1 5 . 1 .  F o r  p u r p o s e s

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

S e c t i o n  8 . 5 ,  t h e  m i c r o  l a y e r  l i q u i d  was  a s s u m e d  t o  be  a t

t h e  mean t e m p e r a t u r e  ( -I'w + a n d  t h e  v a p o u r  t e m p e r a t u r e

was  t a k e n  a s  T . .s a  t
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TABLE A 1 5 . 1

LIQUID AND VAPOUR DENSI TI ES

a h c d e r g h i

Run Tw Ts a t V s a t (’L PL PL PV pL/ p V

* ( V n sat>
't  +t 

w y s a t fTsat ) (B/h)

°C °C °C kg/ m1 kg/  m3 kg/m' kg/m3

M10 72,0 35,2 53,6 741 777 759 0,326 2328

Ml 3 68, 0 33,9 51 ,0 745 778 762 0,307 2482

Ml 4 6 8 , 5 40,4 51 , 5 745 l n 'l 758 0,418 1813

Ml 9 ' 2 . 5 40,4 56,5 ‘ 11 1 756 0,418 1809

M20 - " , 0 45, 5 61 ,3 ‘ 36 ■(." 752 0,526 1430

V. 8 79,0 47,6 63, 3 ■36 ‘ 65 751 i ,443 1695

i;i2 85, 0 53,2 69,1 730 ■60 746 0,577 1293

M d e n o t e s  m e t h a n o l  

V. d r  n o t e s  e t h a n o l
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APPENDI X 16

L I QUID VI S C O S I T I E S .  METHANOL AND ETHANOL

Dy n a mi c  l i q u i d  v i s c o s i t i e s  ( c c n t i p o i s c )  a t  v a r i o u s  t e m p e r a ­

t u r e s  (K) w e r e  o b t a i n e d  f r om e q u a t i o n s  A1 6 . 1  a n d  A 1 6 . 2  b e l o w . 

The  e q u a t i o n s  r e s u l t e d  f r om r e g r e s s i o n s  on t h r e e  r e f e r e n c e  

d a t a  p o i n t s  e a c h ,  g i v c n  by R e i d  a n d  S h e r w o o d  [ 219 ]  i n  t h e  

t e m p e r a t u r e  r a n g e  5 t o  60 C f o r  m e t h a n o l ,  a n d  0 t o  75 C 

f o r  e t h a n o l .  When t e s t e d  a g a i n s t  a d d i t i o n a l  d a t a  [ 2 1 4 ]  

i n  t h e  s ame  t e m p e r a t u r e  r a n g e , t h e  maxi mum e r r o r  wa s  f o u n d  

t o  b e  + 2 , 4  p e r  c e n t  f o r  e q u a t i o n  A 16 . 1  a nd  - 1 , 3  p e r  c e n t  

f o r  e q u a t i o n  A 1 5 . 2 .

M e t h a n o l :

Uj = -  5 , 3559  + 1 5 0 , 8 /  -  4 , 4 3 1 9  x 10'*/  ' ( A 1 6 . 1 )

E t h a n o 1:

Vjl -  - 7 , 7 6 7 2  + 3020  , 4 /  ' -  2 , 0 2 8 4  x 10 s /  . ? ( A 1 6 . 2 )

T a b l e  A16 . 1  g i v e s  d y n a m i c  v i s c o s i t i e s  f o r  a l l  r u n s  a t  

t e m p e r a t u r e s  T s a t  a n d  ( Tw + T g a t ) / 2 ,  a s  w e l l  a s  l i q u i d  

d e n s i t i e s  ( o b t a i n e d  f r o m  A p p e n d i x  15) a n d  k i n e m a t i c  v i s -  

c o t i c s  a t  t h e  mean m i c r o  l a y e r  t e m p e r a t u r e  ( Tw + T s a t ) / 2 .
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TABLE A 1 6 . 1

DYNAMIC AND KINEMATIC LIQUID VI SCOSI TI ES

Run s a t

w s a ts a t

%/cmc p o i s e c po i s e

MID 35, 2 53, 6 0 ,4 78 0,378 0,759 0,498 x 10

0, 512 x 10Ml 3 33, 9 0, 486 0, 390

-60, 493 x 100, 446 0,758Ml 4 54, 5 0,374

0,756 0, 483 x 10Ml 9 40, 4

0,752 0, 459 x 10M20 0, 418

-60, 743 x 100,724 0,7510,558

0, 682 x 101:12 53,2 0, 509 0,746

*M denot es  methanol  

ii denot es  e t hanol
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APPENDI X 17

SURFACE TENSION.  METHANOL AND ETHANOL

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

by e q u a t i o n  A1 7 . 1  b e l o w  [2 1 9 ] ,  w h e r e  T i s  t h e  r e q u i r e d  

t e m p e r a t u r e ,  T r  t h e  c o r r e s p o n d i n g  r e d u c e d  t e m p e r a t u r e ,  a n d  

t h e  s u b s c r i p t  ' o '  r e f e r s  t o  a r e f e r e n c e  t e m p e r a t u r e  f o r  

w h i c h  a d a t a  p o i n t  i s  a v a i l a b l e .

R e f e r e n c e  d a t a  [ 2 1 9 ]  g i v e  o a s  0 , 0 2 1 7  J / m 2 a t  30 °C f o r  

m e t h a n o l ,  a n d  a s  0 , 1 ' 194  J / m ? a t  SO °C f o r  e t h a n o l .  The  

c r i t i c a l  t e m p e r a t u r e s  a r e  5 1 3 , 2  K f o r  m e t h a n o l  a n d  5 1 6 , 3  k 

f o r  e t h a n o l .  S u b s t i t u t i o n  i n t o  e q u a t i o n  A 17 . 1  g i v e s :

M e t h a n o l :

o T -  0 , 0 6 3 4  [1 -  f ( T  + 2 7 3 , 2 1 / 5 1  3 , 2  }] 1 ,2 ( A 1 7 . 2 )

W i t h i n  t h e  t e m p e r a t u r e  r a n g e s  c o v e r e d  i n  t h i s  w o r k ,  e q u a t i o n s  

A 1 7 . 2  a n d  A 1 7 . 3  a p p e a r  t o  h a v e  a c c u r a c i e s  o f  b e t t e r  t h a n  

0 , 5  p e r  c e n t .

( A 1 7 . i l

E t h a n o 1:

o T « 0 , 06 33 [ i  - f (T + 2 7 3 , 2 1  / 5 1 6 , 3  }] 1 , 2 ( A 1 7 . 3}

T a b l e  A17 . 1  g i v e s  t h e  r e q u i r e d  s u r f a c e  t e n s i o n  d a t a  a t  

s a t u r a t i o n  t e m p e r a t u r e .



4 0 0  .

TABLE A17. 1  

SURFACE TENSION

Run T s u t 0
*

0 C J / m 2

Ml 0 3 5 , 2 0 , 021  1

Ml 3 3 3 , 9 0 , 0 2 1 2

Ml 4 4 0 , 4 0 , 0 2 0 4

Ml 9 4 0 , 4 0 , 0 2 0 4

M20 4 5 , 5 0 , 0 1 9 8

H 8 4 7 , 6 0 , 0 1 9 7

F.12 5 3 , 2 0 , 0 1 9 0

. - — -- — — — ........... »— . .

*
M denot es  mcthnnol  

i: denot es  e t hano l

i

Ii
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APPENDI X 18

NUMERICAL SOLUTION OF TRANSIENT CONDUCTION -  

EVAPORATION PROBLEM

The  p r o b l e m  t o  be  s o l v e d  was  f o r m a l l y  d e f i n e d  i n  F i g u r e  9 . 2

a n d  e q u a t i o n s  9 . 3  t o  9 . 1 3  i n  C h a p t e r  9 .  F o r  e a s e  o f

r e f e r e n c e  F i g u r e  9 . 2  i s  r e p r o d u c e d  a s  F i g u r e  A 1 8 . 1 ;  t h e  

e q u a t i o n s  w i l l  be  r e c a l l e d  b e l o w  a s  r e q u i r e d .

A 1 8 . 1 C R A N K - N ICOLSON METHOD

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

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

r e g i o n  2 i n  F i g u r e  A 1 8 . 1 ) ,  f o r  w h i c h  t h e  c o n d u c t i o n  e q u a t i o n  

( c f  e q u a t i o n  9 . 4 )  i s

3 T /  3 1 * et 3 2 T /  ') x ; + C ( A 1 8 . 1 )

w h e r e  

G -  q . / p c

W i t h  t h e  x r e g i o n  s u b d i v i d e d  i n t o  i n c r e m e n t s  h ( -  Ax) a n d  t h e  

t  r e g i o n  i n t o  i n c r e m e n t s  f (* A t ) ,  s e e  F i g u r e  A 1 8 . 2 ,  s u c h  

t h a t

x.  -  i h  , i  -  0 ,  1,  2 . . .  ( A1 8 . 3 1

t k -  k t  , k •  0 ,  1,  2 . . .  ( A 1 8 . 4 )

t h e  C r a n k - N i c o l s o n  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  

[ 20  1 , 2 0 2 ,  2 0 5] t o  e q u a t i o n  A1 8 . 1  i s
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REGIONS 1 AND 2.



404 .

-  0 , 5  T j . , ^  -  a  -  1 ) T 1 | k  + 0 . 5  T i + | , k  * G h V a
(A I H . 5 )

w h e r e

= IV' / '  x 1

The  s u b d i v i s i o n  o f  t h e  x -  t  p l a n e  a n d  t h e  r e l e v a n t  n o d e

( A 1 8 . 6)

p o i n t s  a r e  s h o wn  i n  I- i g u r c  A 18 .  2 .

The  l e i t - h a n d  s i d e  o f  e q u a t i o n  A 1 8 . 5  c o n t a i n s  t h e  t e m p e r a t u r e s  

f o r  t h e  (k * n t h  t i m e  s t e p ,  w h i c h  r e q u i r e  t o  be  s o l v e d ,  

and t h e  r i g h t - h a n d  s i d e  t h e  t e m p e r a t u r e s  f o r  t h e  k t h  s t e p ,  

a l r e a d y  s o l v e d  o r  known f rom t h e  i n i t i a l  c o n d i t i o n s .

Tor  N i n t e r n a l  n o d e  p o i n t s  a l o n g  e a c h  t i m e  row ( a nd  w i t h  

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

e q u a t i o n  A 1 8 . 5  t o  e a c h  n o d e  p o i n t  i i  = 1,  2 ,  3 . . .  N) 

r e s u l t s  i n  N s i m u l t a n e o u s  l i n e a r  e q u a t i o n s  f o r  t h e  N unknown

t e m p e r a t u r e s  a s  f o l l o w s :

B . T i  + C , T 2 " Dl

AzT i + BzTz + C ? 1 i “ Dz

w h e r e  t h e  s u b s c r i p t  f k + 1 )  i s  o m i t t e d .  S o l u t i o n  o f  t h e  l i n e a r  

e q u a t i o n s  A 1 8 . 7  a d v a n c e s  t h e  s o l u t i o n  o f  t h e  c o n d u c t i o n  p r o b l e m  

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

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

( A 1 8 . 7 1

1)N
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I n  t h e  p r e s e n t  s t u d y  t h e  l i n e a r  e q u a t i o n s  w e r e  s o l v e d  b y  

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

t h e  s o - c a l l e d  Thoma s  a l g o r i t h m  [ 2 0 1 ] .

E q u a t i o n  A 1 8 . 5  wa s  a p p l i e d  t o  t h e  i n t e r n a l  n o d e  p o i n t s  o f  

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

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

t e r m  s e t  t o  z e r o  i n  r e g i o n s  1 a n d  5.

A1 8 . 2  INTERNAL BOUNDARIES AT x c b AND x = c

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

x * b ( i  * m) ,  t h a t  i s ,  t h e  b o u n d a r y  b e t w e e n  r e g i o n s  1 a n d  2.

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

e q u a t i o n s  9 . b a n d  9 . 8 ) :

T ( h - 0 , t  ) = T ( h  + ( i , t  ) ( A 1 8 . 8)

k;  . v r ( b - 0 , t ) /  ix = k.  . T( b  + 0 , t ) / ; » x  ( A 1 8 . 9 )

E q u a t i o n  A 1 8 . 9  r e q u i r e s  t o  be  a p p r o x i m a t e d  b y  a f i n i t e -  

d i f f e r e n c e  e q u a t i o n  o f  d i s c r e t i s a t i o n  e r r o r  no  l a r g e r  t h a n  

t h a t  o f  t h e  C r a n k - N i c o l s o n  e q u a t i o n  i t s e l f .  T h u s  a c e n t r a l -  

d i f f e r e n c e  a p p r o x i m a t i o n  i s  r e q u i r e d  [ 2 0 5 ]  . T h i s  i s  d e r i v e d  

b e l o w  u s i n g  S a u l y e v ' s  m e t h o d  o f  f i c t i t i o u s  n o d e s  [ 2 0 5 ]  .

F i g u r e  A 1 8 . 3  s h o ws  t h e  c o n t a c t  o f  r e g i o n s  1 a n d  2.  E a c h  

r e g i o n  i s  i m a g i n e s  t o  e x t e n d  by  o n e  x - i n c r e m e n t  b e y o n d  t h e  

b o u n d a r y  a t  x * b . At  t h e  f i c t i t i o u s  n o d e s  x ■ b + h j  a n d  

x ■ b -  h 2 t h e  t e m p e r a t u r e s  a r c  d e n o t e d  T * + 1 ^  a n d  

( k  ■ 0 ,  1,  2 . . . ) .  A s s u m i n g  t h e  p o s s i b i l i t y  o f  t h e  s m o o t h  

e x t r a p o l a t i o n  o f  T f r om o n e  r e g i o n  i n t o  a n o t h e r  o v e r  a 

s m a l l  d i s t a n c e  h ( s e c  d o t t e d  c u r v e s  i n  F i g u r e  A 1 8 . 4 ) , t h e  

c e n t r a l  d i f f e r e n c e  a p p r o x i m a t i o n  o f  e q u a t i o n  A 1 8 . 9  i s
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k , I m l L k + l  ~ V  l ^ - k+l  = k2 Tm+ 1 (A 1 8 .1 0)1 2 h 1

A p p l i c a t i o n  o f  t h e  C r a n k - N i c o l s o n  e q u a t i o n  t o  r e g i o n s  1 a n d  2 

a t  x = b ( i  ■ m) g i v e s

-°'5 Tm-1 ,k +1 1 ' * IITra,k*l - l)-5Tn*,.1,k*1

'  O ' 5 V l . k  * ( f"  - " T m , k  * " • S T ;*l.l. ( A , 8 - n '

and

- 0 . S  T ; - l , k . l  "• * n T m, k. |  - n '5V l , k H - 1

-  0 - S T S - | , k  ♦ K ,  -  m ||1]k .  n , S T m . | ] k  ♦  C h < / » ,  [ A 1 8 . U I

U s i n g  e q u a t i o n s  A 18. 11 and A 18. I 2 the f i c t i t i o u s  t e m p e r a t u r e s  
in e q u a t i o n  A 1 8 . 1 0 m a y  he e l i m i n a t e d  to g i v e  the final node  
e q u a t i o n  at i = m as foll ow s:

- X "  T m - 1 , k + 1 + T |Ilik+] • T m M | k + ]

■ ° ' 5 X “ T m - l , k  * ( X i ! f . i * ; , - X , . - n  * 0 , S T m l | ] k

. 0,5 T ‘ . ]>k . 0,5 X , , T ‘ 1 | > k  ♦ ChJ/t., (A18.5)

w h e r e

X i ? = k i h ; /  k 2 h i ( A1 8 . 4 )

and the f i c t i t i o u s  t e m p e r a t u r e s  for t ime  s t e p  k ( o b t a i n e d  
from e q u a t i o n s  A 1 8 . 1 l  and A 18.12 w i t h  (k+1) r e p l a c e d  by k) 
a r e :
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( A 1 8 . 15 )

( A 1 - 16)

w h e r e  t h e  f i c t i t i o u s  t e m p e r a t u r e s  Tm - i }k- 1  a n d  1’,*+1 , k -  I a r c  
known f r om t h e  p r e v i o u s  t i m e  s t e p  o r  f r o m  t h e  i n i t i a l  c o n -

d i t  i o n s .

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

2 a n d  3 ,  t h a t  i s ,  t o  x « c ( i  -  n ) , r e s u l t s  i n

* 0 "5 T S - i , k * ° ' 5 X ” T^ i , k * x ” Gh^
( A l a . 1 7 )

w h e r e

X 2 3 “ k 2h3/ l <3h2 ( A 1 8 . 18)

a nd

( A 1 8 . 2 0 )
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A 1 8 . 3  BOUNDARY AT x ■ 0

The  r e q u i r e d  c o n d i t i o n s  a t  x * 0 f o l l o w  f r o m  C h a p t e r  9 

( e q u a t i o n s  9 . 1 0  a n d  9 . 1 1 1  a s :

1 ( 0 ,  t )  = T . n ( A 1 8 . 2 1 )

; n’(0 , t ) / 3 x  -- o ( A1 8 . 22 )

l i q u a t i o n  A1 8 . 2 1  wa s  s a t i s f i e d  by t h e  f o l l o w i n g  C r a n k - N i c o l s o n  

n e t t  e q u a t i o n  f o r  t h e  f i r s t  i n t e r n a l  n o d e  ( i  = 1 ) :

( f . L ' - l )  T , t k . ,  -  " . S  T 2 , k . l  ’  T i n  *  T 1 , k  *  ° ’ 5 T 2 , k
( A 1 8 . 2 3 )

l i q u a t i o n  A1 8 . 2 2 wa s  s a t i s f i e d  by m a k i n g  r e g i o n  1 s u f f i c i e n t l y  

t h i c k  t o  m a i n t a i n  t h e  i n e q u a l i t y  ( T j n  - T ] ) < 0 , 0 0 1  C.

AIR,  4 BOUNDARY __AT _ _x_-_ s

The  e v a p o r a t i o n  b o u n d a r y  c o n d i t i o n  a t  x = s ( i = p ) l o l l o p s  

f r o m C h a p t e r  9 ( e q u a t i o n  9 . 1 2 )  a s :

( A I R . 241

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

c o n s t a n t s :

™ n> " ‘ M *

2 n Rm

Ci nA * M ’
j r T r r - i m :

{ A 1 8 . 2  r. i

r  B , , / r l  ( A 1 8 . 2 b )
' s a t

Fr om t h e  C 1 a u s i u s - C 1 a p c y r o n  e q u a t i o n  t h e  s a t u r a t i o n  v a p o u r
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p r e s s u r e  o f  t h e  e v a p o r a t i n g  s u r f a c e , P , may b e  w r i t t e n  a s

Pg = c x p { C 3 -  Ci , / ? ’s } ( A 1 8 . 2 7 )

w h e r e  C3 a n d  C„ a r e  c o n s t a n t s  f o r  e a c h  l i q u i d .

l i q u a t i o n  A 1 8 . 24 may t h u s  b e  r e w r i t t e n  a s  

-4T/3x  = C, [exp{C3-Cw/(Ts + 273, 2)  } / ( T s + 2 7 3 , 2 ) '  - C? ( A 1 8 . 2 8 )

o r

( A I R . 29)

In t e r m s  o f  c e n t r a l  d i f f e r e n c e s  a t  x = s ( i  = p ) , u s i n g  f i c ­

t i t i o u s  n o d e s  a s  b e f o r e ,  e q u a t i o n  A 1 8 . 2 9  may b e  i p p r o x i m a t e d  

( f o r  t i m e  s t e p s  k+1 a n d  k ) a s  f o l l o w s :

( T ; + i , k + i 1 p -  1 , k + l  )/ 2h3 " 1 1 n , k + 1 ( A 1 8 . 3 0 )

(Tp+1,k - Tp-I .k) /^'  " f('p'k) ( A1 8 . 3 1 )

The  C r a n k - N i c o 1 s o n  e q u a t i o n  a t  x -  s ( i  = p)  i s

V i . k . i  + t2r- '  * 21 TP , k . -  T  *p + 1 , k + 1

V ' . k  * (2f" " 21 Tr,k * 'rp*i.k ( A1 8 . 3 2 )

lil i m i n a t  i on  o f  t h e  f i c t i t i o u s  t e m p e r a t u r e s  v i a  e q u a t i o n s  

A 1 8 . 3 0  and  A1 8 . 3 1  g i v e s  t h e  f i n a l  n o d e  e q u a t i o n  a t  x = s 

( i = p ) a s
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- 2Tp - 1 , k - H  + ( 2f-> + 2 > Tp , k + 1 * 2 h ' * ( Tp , k t l '

■ 2Tp - 1 , k  + f 2 f.> -  2 ) I p . k  -  2h - * n p i k ) ( A 1 8 . 3 3 )

w h e r e  f r om t h e  f o r e g o i n g

' (T) = C, expfCj -Ct , / (T + 2 7 3 , 2 ) } / c T s + 2 7 3 , 2 V  -  C? ( A 1 8 . 3 4 )

a ml t h e  c o n s t a n t s  a r e  d e f i n e d  by e q u a t i o n s  A 1 8 . 2 5  t o  A 1 8 . 2  7.  

l i q u a t i o n  A1 8.  3 3 i s  n o n - l i n e a r  i n  T , . . A l l  o t h e r  n o d ep , K + I
e q u a t i o n s  w e r e  l i n e a r .  In o r d e r  t o  m a i n t a i n  o v e r a l l

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

a n  i t e r a t i v e  p r o c e d u r e , a d a p t e d  f r o m Young [2 0 i j  , was

f o l l o w e d :  F i r s t ,  (T k + P  i n e q u a t i o n  A 1 8 . 3 3  was  r e p l a c e d

w i t h  ❖(T ^ ) ;  s o l u t i o n  o f  t h e  n e t t  e q u a t i o n s  l e d  t o  t h e

f i r s t  e s t i m a t e  o f  Tp f k + 1  , t h a t  i s ,  (T k+ ) i . Now 4>(Tp k+ ] )

was r e p l a c e d  w i t h  ( Tp k ) + f Tp k +^ l  )" t o  g i v e

( I'„ i. * V  ;uul t he  i t e r a t i o n  c o n t i n u e d  u n t i l  (T , , , 1
P »^ o P, K+1 n

d i l l e r e d  by l e s s  t h a n  0 , 0 1  C f r om ( T , . )  . ( D i f f e r e n c e s
o P * n 1

a s  l ow a s  0 ,  ()()() 1 C w e r e  t e s t e d  in t r i a l  c o m p u t a t i o n s ,  h u t

g a v e  e s s e n t i a l l y  i d e n t i c a l  e v a p o r a t i o n  r a t e s .  1 C o n v e r g e n c e

was  r a p i d .

Move me n t  o f  t h e  b o u n d a r y  was  g i v e n  i n  C h a p t e r  9 ( e q u a t i o n  
9.  13) a s

d s / d t  = ( k j / A p j  ) . 3 T ( S ,  t ) / Ax  ( A 1 8 . .i 3 ,

w h i c h  i n  t e r m s  o f  t h e  4 f u n c t i o n  o f  e q u a t i o n  A 1 8 . 3 4  i s

d s / d t  = -  (k 5/ V ’| ) 1 I T s I ( A 1 8 . 3 b )

In d i f f e r e n c e  f o r m t h i s  b e c o m e s

( N k + i -  Fj . )  /  f -  -  ( k 3 / > ( ) j  ) |  ( T k ) { A 1 8 . 3 ’
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o r  f i n a l l y

s k+ ,  '  s k * e ( k . / k p L) * ( T p ] k ) ( A 1 8 . 3 8 )

W i t h  a c o n s t a n t  n u m b e r  o f  x i n c r e m e n t s  ( N 3 i n  r e g i o n  3 ) ,  h 3 , 

t h e  s i z e  o f  t h e  x i n c r e m e n t s  i n  r e g i o n  3 ,  h a d  t o  be  r e c a l c u ­

l a t e d  fwi  e a c h  t i m e  s t e p  (k = 1,  2 ,  3 . . . J , t h a t  i s

( I n  t h e  f o r e g o i n g  n e t  e q u a t i o n s  t h e  n o t a t i o n  h . was
3 j  K

a b b r e v i a t e d  t o  h , . )

The  e n t i r e  c o m p u t a t i o n  was  t e r m i n a t e d  when  r e g i o n  3 h a d  

s h r u n k  t o  l e s s  t h a n  5 p e r  c e n t  o f  i t s  i n i t i a l  t h i c k n e s s .

A1 8 . 5 I;XI:CUT I ON AND THSTINU OF PROGRAM

The n u m e r i c a l  ■ - n i - e J u r c s  d e s c r i b e d  a b o v e  w e r e  i n c o r p o r a t e d  

i n t o  a d o u b " s i  on FORTRAN p r o g r a m  a n d  e '  . c u t c d  on an

IBM S y s t e m  3-

The  p r o b l e m  was  s o l v e d  f o r  t h e  c o n d i t i o n s  o f  r u n  Mi n .

Th u s  t h e  i n i t i a l  t h i c k n e s s  o f  r e g i o n  3 ( m e t h a n o l ) was  0 , 3 3 2  pm 

( s e e  a l s o  S e c t i o n  9 . 2 . 3 ) .  The  o p t i c a l  t h i c k n e s s  o f  r e g i o n  2 

( S n 0 2 ) was  A / 2 ,  t h a t  i s ,  t h e  p h y s i c a l  t h i c k n e s s  was  0 , 1 0 9  pm. 

The  t h i c k n e s s  o f  r e g i o n  1 ( g l a s s  1 v i s  e s t a b l i s h e d  by  t r i a l  

c o m p u t a t i o n s  s u c h  t h a t  t h e  1 sen.  1 ■ i n : in i t e  1 b o u n d a r y  c o n ­

d i t i o n  ( e q u a t i o n  A 1 8 . 2 2 )  was  s a t i s i i c d ;  t h e  r e s u l t i n g  

t h i c k n e s s  was  100 pm.

R e g i o n  1 was  s u b d i v i d e d  i n t o  20 i n c r e m e n t s  a n d  r e g i o n s  

2 a n d  3 i n t o  s i x  i n c r e m e n t s  e a c h . F i n e r  g r i d  s p a c i n g s  

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

h -  c ) / N , (A 1 8 . 3 9 )
j 1

The  s i z e  o f  t h e  t i m e  i n c r e m e n t s  was  c o u p l e d  w i t h  t h e  p r o b l e m
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o f  s t a b i l i t y  a s  d i s c u s s e d  i n  C h a p t e r  9 .  The  n o r m a l l y  

u n c o n d i t i o n a l  s t a b i l i t y  o f  t h e  C r a n k - N i c o l s o n  s c h e me  ( i r r e s ­

p e c t i v e  o f  t h e  r a t i o  a $ , / h 2 ) was  a p p a r e n t l y  d e s t r o y e d  by t h e  

n o n - l i n e a r  b o u n d a r y  c o n d i t i o n  a t  x = s .  I n  a c c o r d a n c e  w i t h  

a s u g g e s t i o n  o f  S t a n f i e l d ' s  [ 2 0 b ]  t h e  t i m e  i n c r e m e n t s  w e r e  

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

wa s  f o u n d . A r a n g e  o f  i n c r e m e n t  s i z e s  w i t h i n  t h i s  r e g i o n  

wa s  t e s t e d  a n d  t h e  e f f e c t  on e r r o r s  n o t e d . f h c  e r r o r s  t o o k  

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

t h e  i n t e r n a l  b o u n d a r i e s  (x  = b a n d  x = c }.  An i n c r e m e n t  

s i r e  o f  2 , 5  x 1 0 - 5  ms wa s  f i n a l l y  c h o s e n .  W i t h  t h i s  s i z e  

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

e v a p o r a t i o n  p r o c e s s  ( w i t h  r e g i o n  3 s h r u n k  t o  l e s s  t h a n  20 p e r  

c e n t  o f  i t s  o r i g i n a l  t h i c k n e s s ) . S m a l l e r  t i m e  i n c r e m e n t s  

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

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

e s s e n t i a l l y  u n c h a n g e d .

S i n c e  no  a n a l y t i c a l  s o l u t i o n  o f  t h e  t r a n s i e n t  c o n d u c t i o n -  

c v a p o r a t  i o n  p r o b l e m  was  a v a i l a b l e  t h e  p r o g r a m  c o u l d  n o t  be  

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

z e r o ,  h o w e v e r ,  s t a t i o n a r y - b o u n d a r y  t r a n s i e n t  c o n d u c t i o n  

p r o b l e m s  c o u l d  be  i n v e s t i g a t e d .  The  c a s e  t e s t e d  was  t h a t  

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

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

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

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

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

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

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

a n a l y t i c a l  s o l u t i o n  [ 2 1 l ]  was  e x c e l l e n t .

A1 8 . 6  PHYSICAL PROPLRTILS

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

l i s t e d  i n  T a b l e  A I R . I  b e l o w .  W h i l e  t h e  a c c u r a c y  o f  some 

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

r a t e  r e q u i r e d  i n  C h a p t e r  9 .
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TABLH A 1 8 . 1

PHYSICAL PROPERTIES FOR CONDUCT I ON-EVAPORATION COMPUTAH ON

PHYSICAL PROPERTY SOURCE

Thcniui 1 

conduc t i  v i t  y 

(W/m K)

ki 

k? 

k ,

Rlas:.

SnO^

methanol

0,762

27,6

0,183

[51]

[208]

[137]

D ens ity  

(Li ; /m')

Heat c a p a c i t y  

( U / k g  K)

t'i
c.

P3

C l 

CV 

C 3

i’, l a s s  
Sn07

methanol

p. l a s s

Sn07

methanol

2710

6580

759

0,837 

. 0 , 376 
2,747

[208, 209] 

[208] 

Appendix 15

[208]

[208]

[137]

T hem al  di f ' f us i v i t y
k/c-c

(m‘/ s )

‘ 1

>3

p l a s s  

SnO,

methanol

3,36 x 10 7 

1,12 x H ) ^  

8, 78 x 10~8

C la us ius -C lapcyron

c o n s t a n t s
C 3 methanol 21,007

4857
Appendix 15

------ * * - — --- ------ ------- ---------------- - ---- — ——— ---- -----

Laten t  hea t  o f  v a p o r i s a t i o n  
(k.J/kg)

A methanol
1

1082 [210]
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APPENDIX 19

NON-LINEAR REGRESSION AND EVALUATION OF

BUBBLE FORCES

The  o p e n i n g  s e c t i o n s  o f  t h i s  A p p e n d i x  d e s c r i b e  t h e  T a y l o r  

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

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

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

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

e v a l u a t i o n  o f  t h e  b u b b l e  f o r c e s  r e q u i r e d  i n  C h a p t e r  9 .

A1 9 . 1  NON-LINEAR REGRESSION BY TAYLOR LINEARISATION

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

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

t h e  p r e s e n t  c a s e )  t wo p a r a m e t e r s  t o  a s e t  o f  o b s e r v a t i o n s .

( The  p r o c e d u r e  d e s c r i b e d  may b e  r e a d i l y  e x t e n d e d  t o  mo r e  

p a r a  . e t e r s ) .

The  o b s e r v a t i o n s  a r c  m p a i r s  o f  v a l u e s  ( y . ,  x^}  w h e r e  y i  ( b u t  

n o t  x ^ )  a r c  a s s u m e d  t o  be  s u b j e c t  t o  e x p e r i m e n t a l  e r r o r .

The  f u n c t i o n  i s

w h e r e  t h e  u ' s  a r c  t h e  p a r a m e t e r s  t o  b e  o p t i m i s e d .

The  v e r t i c a l  d e v i a t i o n  b e t w e e n  o b s e r v e d  a n d  f i t t e d  v a l u e s  

f o r  a p a r t i c u l a r  x.  i s

f  -  f  ( x ;  a , ,  a z 1 ( A 1 9 . 1 )

(A 1 9 . 2 )

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

g i v i n g  t h e  b e s t  f i t  a r c  t h o s e  w h i c h  m i n i m i s e  t h e  sum o f



t h e  s q u a r e s  o f  t h e s e  d e v i a t i o n s ,  t h a t  i s ,  t h o s e  w h i c h  

m i n i m i s e  t h e  sum

m
( A 1 9 . 3 )

i *  1 "■

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

p r o c c d u i e :

F i r s t ,  t h e  f u n c t i o n  f  i s  l i n e a r i s e d  [ 2 2 0 ,  221]  b y  e x p a n d i n g  

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

i n i t i a l  g u e s s e s  a°i a n d  a °  a n d  by  o m i t t i n g  t e r m s  w i t h  

d e r i v a t i v e s  h i g h e r  t h a n  f i r s t  o r d e r :

f ( x ;  a i , a ? )  = f ( x ; a ? , a ? )  + (3 f / 3 a i ) ° Aa i

+ f d f / 3 a 2 ) 0 A a 2 (A 1 9 , 4 )

( S u p e r s c r i p t s  on  t h e  p a r t i a l  d e r i v a t i v e s  i n d i c a t e  t h a t  t h e i r  

v a l u e s  a r e  d e t e r m i n e d  u s i n g  a n d  u ? l . T h e n

m
f  ( x . ;  a?,  a?) - ( 3 f / 3 a , 1 ° Aa .S 2 •= I  {y i -  f

i - 1

-  f 3 f / 3 a 2 ) ° A a 2  1 ( A 1 9 . 5 )

By s e t t i n g

r f 0 0 \a . » y - -  f  ( x i ; a  i , rx2 ) ( A 1 9 . 6 )

-  ( 3 1 " / 3 a  i ) ° (A 1 9 . 7 1

c .  “ ( 3 f  /  3i i 2) ° ( A 1 9 . 8 )

e q u a t i o n  A 1 9 . 5  b e c o m e s
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The  c o n d i t i o n s  f o r  S2 t o  b e  a mi n i mum a r e  d e t e r m i n e d  by  

s e t t i n g  9 S 2 / 9 ( A a i )  a n d  3 S 2/ 9 ( A u 2 )  e q u a l  t o  z e r o :

2 Z ( a ^  -  b^ Aa  i -  c ^ A a z H - b ^ )  ■ 0 ( A 1 9 . i 0 )

2 ( a^  -  b ^ Aa i  -  c j. Aft? ) ( - c ^ )  = 0 ( A 1 9 . 1 1 )

T h i s  l e a d s  t o  t h e  l i n e a r  e q u a t i o n s

T. h 2 A a i + t  h . c . A u z  = f  a / b ^  ( AI D.  12)

% b u c ^ A n i  + f  c f A a z  = f  ( A I D .  1 3 )

o r ,  i n  m a t r i x  n o t a t i o n

[A] ( A a )  = {, ;) ( A 1 9 . 1 4 )

I f  t h e  d e t e r m i n a n t  | A|  ^ D, t h e  e q u a t i o n  c a n  be  s o l v e d  a n d

(Au)  " [ A ] " ' { g ]  ( A I D . 15)

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

g i v e  i m p r o v e d  v a l u e s :

i i I  *  a ?  + Afxi  ( A I D ,  1 6 )

a j  * « ?  + A n 2 ( A I D . 17)

( H e r e  a n d  b e l o w  s u p e r s c r i p t s  on <t' s r e f e r  t o  i t e r a t i o n s ,

n o t  p o w e r s  o f  a . )

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

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

f  = f ( x ;  a ? ,  ,x?) -  f ( x ;  {&} ) ( AI D.  18)
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The  r e s i d u a l  sum o f  s q u a r e s  i s  g i v e n  by

(S 3 )  « L ( y .  -  f . ) ( A 1 9 . 1 9 )

a n d  t h e  q u a n t i t y

s 2 -  ( S S ) / ( m  -  2) (A 1 9 . 2 0 )

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

on (m -  2)  d e g r e e s  o f  f r e e d o m  (2 b e i n g  t h e  n u m b e r  o f  p a r a ­

m e t e r s  e s t i m a t e d ) . I f  t h e  r e g r e s s i o n  e q u a t i o n  h a d  b e e n  

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

a b o u t  r e g r e s s i o n ,  ° y X > w o u l d  h a v e  b e e n  o b t a i n e d .

A19.  1 . 1 P r o p e r t i e s  o f  t h e  F i t t e d  P a r a m e t e r s

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

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

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

I t  i s  now a s s u m e d  t h a t  ( 1)  y .  a n d  y .  a r c  i n d e p e n d e n t ,  t h a t  

i s ,  a n  e r r o r  i n  o n e  o b s e r v a t i o n  h a s  no e f f e c t  on t h e  e r r o r  

i n  a n o t h e r  o b s e r v a t i o n ,  a n d  ( 2 )  a l l  d i s t r i b u t i o n s  o f  y^ h a v e  

t h e  s a me  ( u n k n o wn )  v a r i a n c e  o 2 .

T h en  t h e  v a r i a n c e s  ( v a r ) a n d  c o v a r i a n c e s  ( c o v )  on  t h e  

f i t t e d  p a r a m e t e r s  a r c  g i v e n  b y  o z [A]  ̂ ( u s i n g  t h e  [A] 

o f  t h e  f i n a l  i t e r a t i o n )  a s  f o l l o w s  [221 , 222]  :

v a r ( a i ) c o v  ( a  i , ( i ? )

( A 1 9 . 2 1 )
c o v  ( u ;. , a  i ) v a r  f <x?)

a n d  □ z [ A j ' i s  known a s  t h e  v a r i a n c e - c o v a r i a n c e  m a t r i x ,

In m a t r i x  n o t a t i o n :
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v a r i e t y ) ( A 1 9 . 2 2 )

c o v ( a ^ , a j ) -  0 2a 71 ( A 1 9 . 2 3 )

Th e  c o v a r i a n c e s  c o v ( a ^ ,  a j ) a n d  c o v ( a j ,  a r e  e q u a l  s i n c e  

[ A ] ' 1 i s  s y m m e t r i c a l .

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

c o r r e c t  o n e  t h e n  t h e  v a r i a n c e  o ? i s  e q u a l  t o  t h e  v a r i a n c e  

o 2 . T h e  q u a n t i t y  s ;’ i n  e q u a t i o n  A 1 9 . 2 0  i s  an  e s t i m a t e  o f

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

on  t h e  p a r a m e t e r s .

A 1 9 . 1 . 2  C o n f i d e n c e  L i m i t s  on F i t t e d  P a r a m e t e r s

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

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

f o r  e a c h  t h e  p o p u l a t i o n  o f  y ^ ' s  i s  n o r m a l l y  d i s t r i b u t e d .

I n  r e a l  s i t u a t i o n s  t h i s  i s  f r e q u e n t l y  t h e  c a s e  [2 2 l ]  .

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

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

n o n - l i n e a r  c a s e ,  h o w e v e r ,  t h i s  i s  n o t  g e n e r a l l y  p o s s i b l e  

s i n c e  ( a )  i s  no  l o n g e r  n o r m a l l y  d i s t r i b u t e d  [2 2 1 ] .  Non­

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

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

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

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

T h u s ,  f o r  e x a m p l e ,  a p p r o x i m a t e  100( 1  -  A1 p e r  c e n t  c o n ­

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

* -  1 _ 1
o 2 . H e n c e  i f  o 2 [ A ] "" i s  r e p l a c e d  by s 2 [A] , t h e n  t h e

( m -  2 , I -  0 , 5 A ) va r ( a  . ) ( A1 9 . 2 4)

w h e r e  v a r ( a . )  i s  t h e  e s t i m a t e d  v a r i a n c e  op a .  a n d
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t ,  ,  , n i s  t h e  ( 1 - 0 , 5A) p e r c e n t a g e  p o i n t  on a

t - d i s t r i b u t i o n  f o r  ( m- 2)  d e g r e e s  o f  f r e e d o m .  V a l u e s  o f  t h e  

t - d i s t r i b u t i o n  a r e  o b t a i n a b l e  f r o m s t a n d a r d  t a b l e s  [ 2 2 3 ]  .

A f e w i l l u s t r a t i v e  v a l u e s  f o r  a c o n f i d e n c e  l e v e l  o f  95 p e r  

c e n t  a r e  g i v e n  b e l o w :

D e g r e e s  o f  f r e edom t

or. 1 96

20 2 09

10 ■> 2 3

5 57

2 4 50

1 12 7 1

A19 .  1 . 5 V a r i a n c e  a n d  c o n f i d e n c e  l i m i t s  on f u n c t i o n s  

o f  t h e  f i t t e d  p a r a m e t e r s

I f  p i s  t h e  n u mb e r  o f  p a r a m e t e r s  e s t i m a t e d  a n d  4> i s  a n y  

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

t h a t  i s

4i ■ 4 ( x ; a , , a 2 , . . .  >*p) ( A 1 9 . 2 5 )

t h e n ,  f r om [2 2 4]

va r ( 4>)  = E [ ( ?)4i/ a u . )  v a r  ( a .  )]  
i - 1

P P
+ y . r .

i *  1 j “ 1 . i
’ ( ; » ' ( > / ^ )  c o v ( < < ^ , u j ) “ ( A 1 9 .

In t h e  p r e s e n t  c a s e , w i t h  p = 2 ,  t a i s  b e c o m e s



- - « /

4 2 0 .

2 2 
var(<j>) -  ( 3(|)/ 3a i ) v a r ( a i )  + (d<J>/3a2 ) v a r ( a 2 )

+ 2 ( 3 ( | ) / 3 a i ) ( 3( | ) / 3a2) c o v C « i , a 2 ) ( A 1 9 . 2 7 )

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

v a r i a n c e s  a n d  c o v a r i a n c e s .

A p p r o x i m a t e  100( 1  -  A) p e r  c e n t  c o n f i d e n c e  l i m i t s  o n  $ 

a r e  t h e n  g i v e n  a s  b e f o r e  by

* '  t ( m- 2 ,  1 - 0 , 5A) v a r (<fr) ( A 1 9 . 2 8 )

A 1 9 . 2  EVALUATION OF BUBBLE FORCES

The  b u b b l e  f o r c e s  ( p e r  u n i t  a r e a l  r e q u i r e d  t o  be  e v a l u a t e d  

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

a n d  g r a v i t y , g i v e n  r e s p e c t i v e l y  by

11 i ■ p l (RR ♦ 1 , 5  f V ) ( A 1 9 . 29)

p ■V 4uf t / R ( A 1 9 . 3 0 )

Ps - 2 o / R ( A 1 9 . 3 1 )

( p l -  PV1RR (A1 9 . 3 2)

w h e r e  R i s  t h e  e q u i v a l e n t  s p h e r i c a l  b u b b l e  r a d i u s  a n d  A a n d  R 

a r c  t h e  l i r s t  a n d  s e c o n d  d e r i v a t i v e s  o f  R w i t h  r e s p e c t  t o  
t i m e  ( t ) .

As d i s c u s s e d  i n  C h a p t e r  9 ,  t h e  e x p e r i m e n t a l  R vs  t  d a t a  

w e r e  f i r s t  h a n d - s m o o t h e d  a n d  n o r m a l i s e d  t o  t h e  c o r r e c t  

t i m e  b a s e .  S m o o t h i n g  was  e s s e n t i a l  t o  p r e v e n t  e r r a t i c  

o s c i l l a t i o n s  i n  t h e  s e c o n d  d e r i v a t i v e  and  t h u s  t h e  i n e r t i a  

f o r c e  Pj. . D a t a  p o i n t s  {R ^ , t  ^ } w e r e  t h e n  r e a d  f r o m t h e  

c o r r e c t e d  a n d  s m o o t h e d  c u r v e s . A n o n - l i n e a r  e q u a t i o n  o f  t h e  f o r m
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R -  a t b  ' ( A 1 9 - 3 3 )

wa s  f i t t e d , by  t h e  r e g r e s s i o n  m e t h o d s  o u t l i n e d  i n  S e c t i o n  

A 1 9 . 1 ,  t o  o v e r l a p p i n g  g r o u p s  o f  s u c h  d a t a  p o i n t s .  The  

f i r s t  g r o u p  o f  s u c c e s s i v e  p o i n t s , o d d  i n  n u mb e r  ( 3 ,  5 ,  7 ,

9 o r  1 1 ) ,  a n d  s t a r t i n g  w i t h  p o i n t  1 wa s  f e d  t o  t h e  r e g r e s s i o n  

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

a p p l i e d  a t  t h e  c e n t r a l  p o i n t  ( f o r  e x a m p l e , a t  p o i n t  3 

f o r  a 5 - p o i n t  f i t )  ; R was  c a l c u l a t e d  f r o m e q u a t i o n  A 1 9 . 3 3  

a n d  6 a n d  R f r o m e q u a t i o n  A1 9 . 3 4  a n d  A 1 9 . 3 5

A . a b t ^ n  ^9'34)

K .  , b ( b - 1 ) t ( b - 2 ]  ( A 1 9 . 3 5 )

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

t h i s  t i m e  s t a r t i n g  w i t h  p o i n t  2 a n d , f o r  a 5 - p o i n t  f i t ,  

g i v i n g  R, A and R at  point  4. The procedure was s u c c e s s i v e l y  
a p p l i e d  t o  a l l  data p o i n t s  a n d  t h e  b u b b l e  f o r c e s  c a l c u l a t e d  

f r o m  e q u a t i o n s  A 1 9 . 2 9  t o  A1 9 . 3 2  a t  e a c h  p o i n t .

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

p r o v i d e d ,  i n  a d d i t i o n  t o  t h e  p a r a m e t e r s  a a n d  b ,  t h e i r  
v a r i a n c e - c o v a r i a n c e  m a t r i x ,  t h a t  i s ,  v a l u e s  o f  v a r ( a )  , v a r ( b )  

a n d  c o v ( a , b ) , a s  d e s c r i b e d  i n  S e c t i o n  A 1 9 . 1 . 1 .

A1 9 , 2 . 1  V a r i a n c e  a n d  C o n f i d e n c e  L i m i t s  on  B u b b l e  F o r c e s

F r om e q u a t i o n  A19 27 i t  i s  s e e n  t h a t  t h e  e s t i m a t e d  v a r i a n c e ,  

v a r ( P ) ,  o n  a b u b b l e  f o r c e  P i s  g i v e n  b y

v a r ( P )  ■ ( 3 P / 3 a ) 2v a r ( a )  + ( 3 P / 3 b ) 2v a r ( b )

+ 2 ( 3 P / 3 a ) ( 3 P / 3 b )  c o v f a ,  b )  ( A 1 9 . 3 6 )

T h e  p a r t i a l  d e r i v a t i v e s  f o r  t h e  f o u r  b u b b l e  f o r c e s  ( a n d
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f o r  t h e  b u b b l e  r a d i u s )  w e r e  c a l c u l a t e d  a s  f o l l o w s :

R a d i u s :

R .  a t b  ( A 1 9 . 3 7 )

( TiR/ 3a )  = t b ( A1 9 . 38 )

( 3 R/ a b )  = a t b <nt  ̂ I'- nt  ( A 1 9 . 3 9 )

I n e r t i a :

a t b . a h ( h - n t tb’ 2) ♦ l , 5 ( a b t (b- , ) ) 2 ) (A19.40)

( 3 l - . / aa ) • ... ( : a ( b ' - b ) t , 2b- 2) * 3 ah’ t (2b- 2 ) } (A19. 4I )
1 u

/ 9 b )  e o,1

♦ 3 a ‘ b t ^ b " " ^  fh v n t +  1 ) ]  ( A 1 9 . 4 2 1

V i s c o s i t y :

Pv .  4wbt"1 (A19-43T

( 9 P v / S a )  -  0 CA1 9 . 4 4 )

(3P / 9 b )  -  4u t "  1 ( A 1 9 . 4 5 )
v'

S u r f a c e  t e n s i o n :

P s * 2 o t  / a- b / n  ( A 1 9 . 4  6)

( 9 P s / 9 a )  ■ - 2 o / a ? t b ( A 1 9 . 4 7  )

( 9 P s / 9 b )  * - 2 o » . n t / a t b ( A 1 9 . 4 8 )



G r a v i t y :

P g * g ( P L " Pv ) a t b (AT 9 . 4 9 )

( 3 P g / a a )  * g ( p L -  Py ) t b ( A 1 9 . c 0)

( 3P / 3 b )  = r ( p l - Pv ) a t b Vnt ( A I 9 . 51 )

Th u s  f o r  e a c h  f i t t e d  p o i n t  e q u a t i o n  A 1 9 . 3 6  g a v e  t h e  v a r i a n c e s

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

v a r i a n c e s  a s  s hown i n  S e c t i o n  A I D . 1 . 3 .  F o r  e x a m p l e , a p p r o x i ­

m a t e  95  p e r  c e n t  c o n f i d e n c e  l i m i t s  on  t h e  i n e r t i a  f o r c e , ,

w e r e  g i v e n ,  f o r  t h e  c a s e  o f  a 5 - p o i n t  l i t ,  by

H e r e ,  3 , 1 8 2  i s  t h e  0 , 9 7 5  (« 1 -  0 ,  5 A ) f r a c t i o n  p o i n t  on a 

t  d i s t r i b u t i o n  f o r  3 d e g r e e s  o f  f r e e d o m  (5 o b s e r v a t i o n s  

m i n u s  2 p a r a m e t e r s ) .

S i n c e  t h e  r e g r e s s i o n s  w e r e  b a s e d  c n  t h e  s m o o t h e d  R v s  t  

d a t a ,  r a t h e r  t h a n  on t h e  o r i g i n a l  e x p e r i m e n t a l  d a t a , t h e  

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

n o r m a l  s e n s e .  T h e y  w e r e  u s e f u l , h o w e v e r , i n  d e t e r m i n i n g  

t h e  me s u i t a b l e  n u m b e r  o f  p o i n t s  p e r  f i t  ( 3 ,  5 ,  7 . . . )  

a s  s h o wn  f u r t h e r  b e l o w .

A19.  2 . 2 S c a t t e r , Con f  i d e n e e  L i m i t s__and Number  o f  P o i n t s  

P e r  F i t

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

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

5 - p o i n t  f i t t i n g  p r o c e d u r e , i s  c o n s i d e r e d .

v a r ( R )  , v a r ( P i ) , v a r ( P v ) ,  v a r ( P s ) a n d  v a r ( P fi) .

3 , 1 8 2  v a r ( P . ) ( A 1 9 . 5 2 )
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Fr om d a t a  p o i n t s  1 t o  5 a  v a l u e  was  o b t a i n e d  a t  p o i n t  3 

b a s e d  on c e r t a i n  1 b e s t 1 v a l u e s  o f  t u e  p a r a m e t e r s  a and  b .

Fr om d a t a  p o i n t s  2 t o  6 a  P^ v a l u e  was  o b t a i n e d  a t  p u i n t  4 

b a s e d  on  d i f f e r e n t  ' b e s t '  v a l u e s  o f  a a n d  b . T h u s  t h e  P^ 

v a l u e s  a t  p o i n t /  3 a n d  4 ,  a n d  s i m i l a r l y  f o r  a l l  o t h e r  p o i n t s ,  

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

( s m o o t h e d )  R v s  t  d a t a  v.as r e f l e c t e d , a n d  m a g n i f i e d  by 

t h e  d o u b l e  d e r i v a t i v e ,  i n  t h e  P^ v s  t  d a t a .  T h i s  s c a t t e r  

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

f i t t i n g  o p e r a t i o n .

C o n f i d e n c e  l i m i t :  on  P.  at p o i n t  3 a r e  r e l a t e d  t o  t h e  

' g o o d n e s s  o f  f i t '  o f  t h e  r e g r e s s i o n  on  p o i n t s  1 t o  5.  A 

d i f f e r e n t  ' g o o d n e s s  o f  f i t '  o b t a i n s  o v e r  p o i n t s  2 t o  6 ,  a n d  

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

c o n f i d e n c e  i n t e r v a l  on  P.  m u s t  be  e x p e c t e d  t o  v a r y  i r r e g u ­

l a r l y  f r om p o i n t  t o  p o i n t , a s  was  i n d e e d  o b s e r v e d .

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

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

f i r s t l y ,  i t  r e d u c e s  t h e  1 g o o d n e s s  o f  f i t '  , t h u s  i n c r e a s i n g  

v a r (1' .  ) a n d  h e n c e  i n c r e a s i n g  t h e  c o n f i d e n c e  i n t e r v a l s ,  a n d  

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

S e c t i o n  A 1 9 . 1 . 2 ) ,  t h u s  d e c r e a s i n g  t h e  c o n f i d e n c e  i n t e r v a l s .

In  t h e  r a n g e  o f  v a l u e s  o f  t h e  p r e s e n t  wo r k  t h e  s e c o n d  

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

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

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

H o w e v e r ,  i t  a i s o  c a u s e d  l o s s  o f  i n f o r m a t i o n ;  f o r  e x a m p l e ,  

i n  a n  1 1 - p o i n t  f i t t i n g  p r o c e d u r e  t h e  f i r s t  a n d  l a s t  f i v e  d a t a  

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

T r i a l  c o m p u t a t i o n s  e s t a b l i s h e d  t h e  mo s t  s u i t a b l e  n u mb e r  o 1 

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

e x a m p l e  b e l o w .
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A 1 9 . 2 . 3  E x a m p l e

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

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

f o r  t h e  c a s e  o f  Run Ml 0.

F i g u r e  A 19.  i s h o ws  t h e  44 e x p e r i m e n t a l  p o i n t s  o f  R a g a i n s t  

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

p o i n t s  i s  s h o wn  e x t r a p o l a t e d  t o  R = . T i me  was  c o r r e c t e d

s u c h  t h a t  R = 0 a n d  t  = 0 c o i n c i d e d ,  a nd  61 v a l u e s  o f  R 

w e r e  r e a d  f r o m  t h e  c o r r e c t e d  c u r v e  a s  f o l l o w s : f o r  t h e

p e r i o d  7 t o  43 ms a t  1 , 0  ms i n t e r v a l s ,  f r o m 3 t o  7 ms a t  

0 , 5  ms i n t e r v a l s  a n d  d u r i n g  t h e  f i r s t  3 ms a t  0 , 1  t o  0 , 3  ms 

i n t e r v a l s .  Th e  s o l i d  c u r v e  i n  F i g u r e  A19 . 1  c o n n e c t s  t h e  

R v s  t  p o i n t s  r e s u l t i n g  f r o m r e g r e s s i o n  w i t h  7 p o i n t s  p e r  

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

o f  5 p o i n t s  a t  e a c h  e n d  o f  t h e  c u r v e . C o n f i d e n c e  l i m i t s  

o f  R c a n n o t  be  s h o w n ,  t h e  95 p e r  c e n t  a n d  e v e n  t h e  99 p e r  

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

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

F i g u r e  A 1 9 . 2  s h o ws  t h e  c a l c u l a t e d  p o i n t s  f o r  t h e  f o u r  

b u b b l e  f o r c e s . The  95 p e r  c e n t  c o n f i d e n c e  i n t e r v a l s  on  P , 

Pg a n d  Pg a r e  a g a i n  t o o  s m a l l  t o  be  s h o wn ;  t h e  c o n f i d e n c e  

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

The  e f f e c t  of  t h e  n o i b e r  o f  p o i n t s  p e r  f i t  on  t h e  s c a t t e r  

a n d  c o n f i d e n c e  l i m i t s  f o r  t h e  i n e r t i a  f o r c e  P^ i s  s hown  i n  

F i g u r e s  A 1 9 . 3  t o  A1 9 . 5 .  A 3 - p o i n t  p r o c e d u r e  ( F i g u r e  A19 . 3 )  

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

i n t e r v a l s .  A 5 - p o i n t ,  a n d  7 - p o i n t  p r o c e d u r e  ( F i g u r e  A 1 9 . 4 J  

g a v e  b e t t e r  r e s u l t s  a n d  a n  1 1 - p o i n t  p r o c e d u r e  ( F i g u r e  A19 . 5 )  

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

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

t wo e n d s  o f  t h e  c u r v e .

P l o t s  s i m i l a r  t o  F i g u r e s  A 1 9 . 3  t o  A 1 9 . 5  f o r  t h e  v i s c o s i t y ,
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FIG. A19. 1 EXPERIMENTAL AND FITTED BUBBLE RADIUS- RUN M10.
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FIG. A19. 2 BUBBLE FORCES. RUN M10.

7 -p o in t  f it t ing  procedure
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3 - point fitting procedure
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s u r f a c e  t e n s i o n  a n d  g r a v i t y  f o r c e s  s h o we d  t h a t  t h e s e  c o u l d  

b e  s a t i s f a c t o r i l y  e v a l u a t e d  u s i n g  3 - p o i n t  o r  5 - p o i n t  

f i t t i n g  p r o c e d u r e s ; t h e  95 p e r  c e n t  c o n f i d e n c e  i n t e r v a l s  

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

I n  a l l  f i n a l  c o m p u t a t i o n s  r e p o r t e d  i n  C h a p t e r  9 an  11 - p o i n t  

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

a n d  a 3 - p o i n t  p r o c e d u r e  f o r  t h e  r e m a i n i n g  f o r c e s .
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