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THE EFFECT OF WAVE INDUCED TURBULENCE ON THE RATE OF

ABSORPTION OF GASES IN FALLING LIQUID FILMS

CHAPTER I  

SUMMARY

P r e d i c t i o n  o f  t h e  r a t e  a t  w h ic h  m ass  i s  t r a n s f e r r e d  

f ro m  a g a s  p h a s e  i n t o  a  l i q u i d  f i l m  f l o w i n g  down a n  i n c l i n e d  

p l a t e  r e q u i r e s ,  i n  p a r t ,  a  k n o w le d g e  o f  t h e  h y d r o d y n a m ic s  o f  

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

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

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

f i l m  t h i c k n e s s  a t  a  known p o i n t  i n  t h e  c o n t a c t i n g  c e l l .  At 

Re^ up t o  1 7 3 2 , t h e  maximum f l o w  r a t e  s t u d i e d ,  t h e  i n c r e a s e  

i n  s u r f a c e  a r e a  was o n l y  2 . 5 ^ .

Wave c h a r a c t e r i s t i c s  s u c h  a s  mean wave a m p l i t u d e  an d  

mean wave f r e q u e n c y  were  a l s o  o b t a i n e d .

To m e a s u re  t h e  e f f e c t  o f  t h e  waves  on t h e  c o n c e n t r a ­

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

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

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

t e r m s  o f  t h e  e d d y  d i f f u s i v i t y  showed t h a t  t h e  d i f f u s i v i t y  was 

a  f u n c t i o n  o f  t h e  l i a u i d  f l o w  r a t e  an d  o f  l o c a t i o n  i n  t h e
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f i l m .  I t  was f o u n d  t h a t  t h e  d i f f u s i v i t y  was a maximum i n  t h e  

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

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

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

seem ed t o  b e  no e f f e c t  on  t h e  d i f f u s i v i t y  w i t h  l o c a t i o n  i n  

t h e  f i l m  a t  a Re^ o f  7 3 2 .  However ,  when t h e  l i q u i d  r a t e  was 

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

f i l m  a l s o  i n c r e a s e d .  The e f f e c t  o f  t h e  waves  on t h e  c o n c e n ­

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

c a t i n g  t h a t  t h e  w aves  do n o t  d i r e c t l y  a f f e c t  t h e  c o n c e n t r a t i o n  

p r o f i l e .

From t h e s e  r e s u l t s  a  model  i s  p r o p o s e d  i n  w h ic h  t h e  

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

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

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

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

t i o n s  t o  be  s o l v e d  u s i n g  t h e  r e s u l t s  o f  t h e  d i f f u s i v i t y  

m e a s u r e m e n t s .



CHAPTER I I  

INTRODUCTION

The rem o v a l  o f  c o n s t i t u e n t s  f ro m  g a s  s t r e a m s  i s  g e n ­

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

w i t h  a  l i q u i d  i n  w h i c h  c e r t a i n  co m p o n en ts  o f  t h e  g a s  s t r e a m  

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

t h e  g a s  w i t h  t h e  l i q u i d  a r e :  p a c k e d  c o lu m n s ,  a g i t a t e d  v e s ­

s e l s ,  p l a t e  co lu m n s ,  w e t t e d - w a l l e d  co lum ns  and  s p r a y  t o w e r s .

I n  a l l  t h e s e  m e th o d s  t h e  p r i m a r y  c o n s i d e r a t i o n s  a r e  m a x im iz in g  

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

a n d  m i n i m i z i n g  t h e  r e s i s t a n c e  t o  mass  t r a n s f e r  w i t h i n  t h e  

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

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

t i o n  o f  t h e  p h a s e  o r  a  c h e m i c a l  r e a c t i o n  w h ich  rem oves  t h e  

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

S t u d i e s  o f  t h i s  i n c r e a s e  i n  mass  t r a n s f e r  w i t h  a g i t a t i o n  i s  

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

t h e  s u r f a c e  a r e a  b e t w e e n  t h e  g a s  and  l i q u i d  p h a s e s .  However ,  

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

t a c t i n g  m e th o d s  g i v e n  a b o v e  i s  n o t  p o s s i b l e  a s  i t  i n v o l v e s  a 

k n o w le d g e  o f  t h e  s i z e  an d  d i s t r i b u t i o n  o f  g a s  b u b b l e s  a n d / o r  

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

column h a s  b e e n  u s e d  most  e x t e n s i v e l y  I n  t h e  s t u d y  o f  e x p e r i ­

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

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

c y l i n d r i c a l  t u b e  o r  a f l a t  I n c l i n e d  p l a t e  down w h ich  a  t h i n  

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

o f  t h e  l i q u i d  a n d  t h e  c o n t a c t  s u r f a c e  a r e a  I s  assumed t o  be  

t h e  s u r f a c e  a r e a  o f  t h e  l i q u i d  f i l m .  B e c a u s e  t h e  s u r f a c e  a r e a  

I s  known,  s t u d i e s  o f  m e th o d s  f o r  I m p r o v i n g  t h e  r a t e  o f  mass  

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

a r e  p o s s i b l e .  \

A p p l i c a t i o n  o f  t h e  w e t t e d - w a l l e d  co lum n to  s t u d i e s  o f  

a b s o r p t i o n  when t h e  m ain  r e s i s t a n c e  t o  m ass  t r a n s f e r  I s  I n  

t h e  l i q u i d  f i l m  h a v e  b e e n  made by many I n v e s t i g a t o r s .  One o f  

t h e  f i r s t  r e s u l t s  p u b l i s h e d  was t h a t  o f  J o h n s t o n e  an d  P l g f o r d .  

(2 7 ) They a s s u m e d  t h a t  t h e  s u r f a c e  o f  t h e  f i l m  was s a t u r a t e d ,  

t h e  v e l o c i t y  p r o f i l e  I n  t h e  l i q u i d  f i l m  was d e s c r i b e d  by  t h e  

l a m i n a r  f i l m  t h e o r y  and t h a t  t r a n s f e r  o f  t h e  s o l u t e  t o  t h e  

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

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

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

f a c e  o f  t h e  f i l m  was sm o o th .  B u t ,  when t h e  l i q u i d  R e y n o l d s  

num ber  e x c e e d e d  25 t h e  s u r f a c e  o f  t h e  f i l m  became u n s t a b l e  

w i t h  r a p p l e a  f o r m i n g  n e a r  t h e  t o p  o f  t h e  c e l l  a n d  moving down 

t h e  f i l m .  U n d e r  t h e s e  c o n d i t i o n s  t h e  h e i g h t s  o f  l i q u i d  f i l m  

t r a n s f e r  u n i t s ,  H^, were r e p o r t e d  t o  be  i  t o  ^  t h e  v a l u e s
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p r e d i c t e d  b y  t h e i r  e q u a t i o n s .  T h i s  e f f e c t  o f  r i p p l e s  was 

a l s o  n o t e d  b y  o t h e r  i n v e s t i g a t o r s ,  ( 1 2 ,  l 8 ,  38 and  4 1 )

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

a  num ber  o f  i n v e s t i g a t o r s  have  made e x p e r i m e n t a l  a n d  t h e o r e t ­

i c a l  s t u d i e s  on :

a .  f lo w  c o n d i t i o n s  when r i p p l e s  fo rm

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

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

o c c u r .

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

h y d r o d y n a m ic  t h e o r y  w h ich  e x p l a i n s  w aves  c o n t a i n s  s i m p l i f i c a ­

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

e x a m p l e .  L a m b 's  (34 )  a n a l y s i s  o f  waves  c l e a r l y  shows a  l o c a l  

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

e a c h  p a r t i c l e  m oving  i n  t h e  same way r e l a t i v e  t o  i t s  n e i g h b o r  

a n d  w ou ld  n o t  r e s u l t  i n  i n c r e a s e d  mass  t r a n s f e r .  S i m i l a r l y  

P o r t a l s k i ' s  (44 )  m o d i f i c a t i o n  o f  K a p i t s a ' s  (30)  r e s u l t s  f o r  

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

c o m p l e t e  f a s h i o n .  However ,  i t  i s  n o t  a t  a l l  c l e a r  how s u c h  

a n  e s s e n t i a l l y  i d e a l  m o t i o n  w ou ld  e n h a n c e  t h e  r a t e  o f  mass 

t r a n s f e r .  L e v i c h  (35) h a s  i n c l u d e d  a  wave m o t io n  i n  t h e  o n l y  

a t t e m p t  t o  u s e  s u c h  d y n am ics  com bined  w i t h  mass t r a n s f e r  t o  

o b t a i n  t h e  r e s u l t  t h a t  a b o u t  15^  more t r a n s f e r  w i l l  o c c u r  w i t h  

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

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

t h e  s y s t e m .  T h i s  t h e o r y  a s su m e s  v e r y  s m a l l  p e n e t r a t i o n s .



6

an d  f u r t h e r  t h e  m a in  q u e s t i o n  o f  t h e  n a t u r e  o f  t h e  e f f e c t  i n ­

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

i b i l i t y  c a n n o t  b e  accom m odated  b y  h i s  t h e o r y .

F low c o n d i t i o n s  u n d e r  w h ich  waves  fo rm  on t h e  s u r f a c e  

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

s t u d i e d  w i t h  some d e t a i l .  The v a l u e s  f o r  t h e  "minimum c r i t ­

i c a l  R e y n o ld s  n u m b e r"  a t  w h ich  waves  f o r m  q u o t e a  i n  t h e  l i t ­

e r a t u r e  v a r y ,  b u t  i n  g e n e r a l  t h e y  a r e  s m a l l .  B i n n i e  (5 ,  6 ) 

r e p o r t e d  a  v a l u e  o f  4 . 7  f o r  t h e  c r i t i c a l  R e y n o ld s  num ber ,  

F r i e d m a n  a n d  M i l l e r  (17 ; a  v a l u e  o f  25 an d  B r a u e r  (8 ) a  v a l u e  

o f  8 .

F i l m  t h i c k n e s s  and  t h e  o n s e t  o f  i n s t a b i l i t y  h av e  b e e n  

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

i n c l u d e  d i r e c t  w e i g h i n g  (2 9 ) ,  r a d i o a c t i v e  t r a c e r  (2 5 ) ,  p h o t o ­

g r a p h i c  ( 7 ,  8 ) a n d  e l e c t r i c a l  c a p a c i t a n c e  (14 ,  5 0 ) .  R e s u l t s  

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

a n c e  o f  r i p p l e s  a t  a  R e y n o l d s  number  o f  a b o u t  25 ,  t h e  a v e r a g e  

f i l m  t h i c k n e s s  was q u i t e  w e l l  p r e d i c t e d  b y  N u s s e l t ’s l a m i n a r  

f i l m  t h e o r y  up t o  a  R e y n o ld s  num ber  o f  a b o u t  25 0 ,  The 

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

l i n e  f l o w  was f o u n d  t o  b e  a p p l i c a b l e  f o r  R e y n o ld s  num bers  o f  

l e s s  t h a n  15OO ( 1 7 ) ,  i n d i c a t i n g  t h a t  e v e n  th o u g h  t h e  t o t a l  

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

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

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

B r a u e r  (8 ) ,  r e p o r t e d  t h a t  t h e  a v e r a g e  f i l m  t h i c k n e s s  was
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s u c c e s s f u l l y  p r e d i c t e d  b y  N u s s e l t ' s  l a m i n a r  f i l m  t h e o r y  up t o  

a R e y n o l d s  num ber  v a l u e  o f  4 0 0 ,  b u t  t h a t  t h e  m e a s u re m e n t  o f  

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

f ro m  N u s s e l t  ' s  t h e o r y  o c c u r r e d  a t  a R e y n o l d s  nu m b er  o f  8 , t h e  

t r a n s i t i o n  p o i n t  where  r i p p l e s  s t a r t  t o  f o rm .  To c h a r a c t e r i z e  

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

f  = (1)
PV^/G

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

u i d  an d  V t h e  a v e r a g e  f i l m  v e l o c i t y .  P l o t t i n g  f  v s .  t h e  

R e y n o l d s  n u m b e r ,  he f o u n d  d e f i n i t e  b r e a k s  i n  t h e  c u r v e  w hich  

he i n t e r p r e t e d  t o  be  t r a n s i t i o n  p o i n t s  i n  t h e  f l o w  p a t t e r n .  

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

w a l l  s h e a r  s t r e s s  t o  t h e  R e y n o ld s  num ber  a n d  p h y s i c a l  p r o p ­

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

by  t h e  t r a n s i t i o n  p o i n t s .

More r e c e n t l y ,  e x p e r i m e n t a l  i n v e s t i g a t i o n s  have  e l u c i ­

d a t e d  t h e  s t r u c t u r e  o f  t h e  wave f l o w .  T a i l b y  a n d  P o r t a l s k i  

(5 0 j m e a s u r e d  i n s t a n t a n e o u s  f i l m  t h i c k n e s s e s  u s i n g  a s m a l l  

c a p a c i t a n c e  p r o b e . The m e a s u re m e n t s  w ere  u s e d  t o  d e t e r m i n e  

t h e  i n c r e a s e  i n  s u r f a c e  a r e a  a s  a r e s u l t  o f  t h e  w aves .

L i l l e h t  and  H a n r a t t y  (36)  m e a s u re d  t h e  i n s t a n t a n e o u s  f i l m  

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

R e y n o ld s  number  i n  t h e  r a n g e  200 t o  500 and  t h e  g a s  R eyno lds  

num ber  4 , 0 0 0  t o  1 0 , 0 0 0 .  The f i l m  t h i c k n e s s  was m e a s u re d  by 

p a s s i n g  a  n a r r o w  l i g h t  beam t h r o u g h  t h e  f i l m  o n t o  a
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p h o t o m u l t i p l i e r  t u b e .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  waves  were  

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

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

G r im le y  (20)  m e a s u r e d  v e l o c i t y  p r o f i l e s  i n  f i l m s  f l o w i n g  on 

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

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

s l i g h t l y  i n w a r d  f ro m  t h e  s u r f a c e .  W i lk e s  a n d  Hedderman (57)  

m e a s u re d  v e l o c i t y  p r o f i l e s  i n  f a l l i n g  f i l m s  by  s t e r e o s c o p i -  

c a l l y  p h o t o g r a p h i n g  t i n y  a i r  b u b b l e s  i n  t h e  l i q u i d .  They  w ere  

a b l e  t o  v e r i f y  N u s s e l t ' s  p a r a b o l i c  p r o f i l e  u n d e r  c o n d i t i o n s  

o f  no waves  a n d  t o  g e t  a v e r a g e  p r o f i l e s  i n  wavy f l o w .  The 

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

was  s t i l l  v e r y  n e a r l y  p a r a b o l i c .  R e s i d e n c e  t i m e s  o f  a  t r a c e r  

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

m e a s u re d  b y  A s b J ^ r n s e  (2 )  i n  t h e  r e g i o n  o f  R e y n o ld s  num bers  

50 t o  6 0 0 .  Prom t h e  r e s u l t i n g  d i s t r i b u t i o n  f u n c t i o n s  he 

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

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

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

t h a t  a p p l i e d  b y  T a y l o r  a n d  T i c h a c e k  (53)  t o  t u r b u l e n t  f l o w  

i n  p i p e s .

Y ih  (6 0 )  a n d  B ro o k e  B e n ja m in  (9)  h a v e  t h e o r e t i c a l l y  

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

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

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

B e n ja m in  f o u n d  t h a t  a minimum c r i t i c a l  R ey n o ld s  num ber  d o e s
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n o t  e x i s t  " i n  t h e  u s u a l  s e n s e  " ,  b u t  t h a t  t h e  f l o w  i s  u n s t a b l e  

f o r  a l l  f i n i t e  R e y n o l d s  numbers^  a  r e s u l t  i n d e p e n d e n t  o f  t h e  

p r e s e n c e  o r  a b s e n c e  o f  s u r f a c e  t e n s i o n .  F o r  R e y n o l d s  n u m b e rs  

l e s s  t h a n  4  t h e r e  i s  o n l y  v e r y  s l i g h t  a m p l i f i c a t i o n  o f  i n f i n ­

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

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

R e y n o ld s  n u m b e r s . Y i h ' s  c a l c u l a t i o n s  i n d i c a t e d  a  minimum 

c r i t i c a l  R e y n o ld s  num ber  o f  a p p r o x i m a t e l y  1 . 5  f o r  t h e  c a s e  o f  

a f l u i d  w i t h  z e r o  s u r f a c e  t e n s i o n .  H ow ever ,  h i s  r e s u l t s  a r e  

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

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

R e y n o ld s  n u m b e r s . I n  a  more  r e c e n t  p u b l i c a t i o n  Y ih  (6 l )  h a s  

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

e q u a t i o n s .  W ith  t h e  new m e th o d  he  i s  a b l e  t o  d u p l i c a t e  

B rooke  B e n j a m i n ' s  r e s u l t s .  S t e r n l i n g  a n d  B e r r - D a v i d  (4 8 )  

s o l v e d  t h e  s t a b i l i t y  e q u a t i o n s  b a s e d  on t h e  l i n e a r i z e d  s t a ­

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

s u p p o r t  B ro o k e  B e n j a m i n ' s  c o n c l u s i o n  t h a t  f l o w  down a v e r ­

t i c a l  w a l l  i s  u n s t a b l e  f o r  a l l  R e y n o ld s  n u m b e rs  an d  t h a t  

waves  a r e  n o t  s e e n  a t  t h e  v e r y  low R e y n o ld s  num ber  b e c a u s e  

o f  t h e  s m a l l  a m p l i f i c a t i o n  r a t e .  T a i l b y  an d  P o r t a l s k i  ( 5 1 ;  

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

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

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

was a n  e x t e n s i o n  o f  a n  a n a l y s i s  made by  K a p i t z a  (31 )  a n d  

minimum c r i t i c a l  R e y n o ld s  num bers  an d  s u r f a c e  e n l a r g e m e n t s
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due  t o  r i p p l i n g  w ere  c a l c u l a t e d .  H e n r a t t y  and H ershm an  (21) 

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

i n  f o r m  w i t h  t h o s e  o f  B ro o k e  B e n j a m i n .

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

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

P o r t a l s k i  (5 0 )  a n d  G r im le y  (20 )  h a v e  f o u n d  t h a t  t h e  u s e  o f  

t h e s e  a g e n t s  h a s  a  s t r o n g  s t a b i l i z i n g  e f f e c t  on  t h e  f i l m  w hich  

p r e v e n t s  t h e  f o r m a t i o n  o f  waves  u n t i l  much l a r g e r  R e y n o ld s  

n u m b e r s .

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

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

w i t h  t h e  l i q u i d  f i l m  i n  l a m i n a r  f l o w ,  wave f lo w  and  wavy f lo w  

w i t h  s u r f a c e  a c t i v e  a g e n t s .  Eramert and  P i g f o r d  ( l 6 ) s t u d i e d  

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

i n  w a t e r .  T h e i r  e x p e r i m e n t s  c o n f i r m e d  P i g f o r d ' s  (43 ,  27)  

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

l a m i n a r  f i l m s .  The f o r m a t i o n  o f  w aves  was p r e v e n t e d  b y  t h e  

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

f i l m ,  t h e  m ass  t r a n s f e r  r a t e s  became much l a r g e r .  From e x ­

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

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

t h e  s u r f a c e  r e s i s t a n c e  t o  m ass  t r a n s f e r .  Lynn,  S t r a a t e m e i e r  

a n d  K ra m e rs  (38)  s t u d i e d  t h e  a b s o r p t i o n  o f  s u l p h u r  d i o x i d e  

i n t o  w a t e r ,  an d  a q u e o u s  s o l u t i o n s  o f  H C l,  NaHSO^ and  NaCl.  

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

w a v e s .  T h e i r  e x p e r i m e n t s  c o n f i r m e d  t h e  r e s u l t s  t h a t  r i p p l i n g
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s i g n i f i c a n t l y  i n c r e a s e d  t r a n s f e r  r a t e s .  S t i r b a  and H u r t  (49)  

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

t h e  w a l l  i n t o  t h e  f a l l i n g  f i l m  an d  Garwin  a n d  Key ( l 8 ) an d  

K i r k b r i d e  (32)  d i d  t h e  same f o r  h e a t  t r a n s f e r  f ro m  t h e  w a l l  

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

i n c r e a s e  o f  mass  o r  h e a t  t r a n s f e r  w i t h  t h e  p r e s e n c e  o f  waves  

i n  t h e  f i l m .

I n  a n  a t t e m p t  t o  p r e v e n t  r i p p l i n g  w i t h o u t  u s i n g  s u r ­

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

w e t t e d - w a l l e d  c o lu m n s  o f  a b o u t  2 t o  5 cm i n  l e n g t h .  V i v i a n  

a n d  Peaceman (5 4 )  m e a s u re d  t h e  d e s o r p t i o n  o f  COg f ro m  w a t e r  

an d  C l2 f r o m  d i l u t e  HCl s o l u t i o n s .  T h e i r  e x p e r i m e n t a l  r e ­

s u l t s  w ere  10  t o  30$  b e lo w  t h e  p r e d i c t i o n s  o f  t h e o r e t i c a l  

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

t i o n  t h e o r y  ( 2 4 ) .  P e r r y  (47)  i n v e s t i g a t e d  t h e  a b s o r p t i o n  o f  

COg i n  w a t e r  a n d  KOH s o l u t i o n s .  He a l s o  fo u n d  t h a t  t h e  e x ­

p e r i m e n t a l  a d s o r p t i o n  r a t e s  w e re  low com pared  t o  t h e  t h e o r e t i ­

c a l  model  u s e d  b y  V i v i a n  a n d  P ea c em an .  To a c c o u n t  f o r  t h e  

d i s c r e p a n c y  he assum ed  t h a t  t h e  i n t e r f a c e  was n o t  s a t u r a t e d  

w i t h  COg a n d  d e f i n e d  t h i s  n o n e q u i l i b r i u m  by  an  ac c o m m o d a t io n  

c o e f f i c i e n t .  S c r i v e n  an d  P i g f o r d  (47)  s t u d i e d  t h e  p h a s e  

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

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

t a n e o u s l y  f o r  s o l u t e s  t h a t  h a v e  low s o l u b i l i t i e s  when o n l y  

p h y s i c a l  a b s o r p t i o n  o c c u r s .  C u l l e n  a n d  D a v id s o n  (12)  i n v e s ­

t i g a t e d  t h e  e f f e c t  o f  s u r f a c e  a c t i v e  a g e n t s  on t h e  s u r f a c e
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r e s i s t a n c e  and  f o u n d  t h a t  t h e  r e s i s t a n c e  t o  mass  t r a n s f e r  

f e l l  t o  z e r o  a t  v e r y  low and  v e r y  h i g h  c o n c e n t r a t i o n s  o f  

t h e s e  a g e n t s .  They f o u n d  t h a t  t h e  a g e n t s  c a n  r e d u c e  t h e  r a t e  

o f  a b s o r p t i o n  up t o  25^  i n  a  s y s t e m  i n  w h ic h  t h e y  do n o t  i n ­

f l u e n c e  t h e  h y d r o d y n a m ic s .  H a r v e y  ( 2 3 J v e r i f i e d  t h e  e f f e c t  

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

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

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

f i l e s  w ere  m e a s u re d  w i t h  a  M ac h -Z eh n d e r  i n t e r f e r o m e t e r .  

G o o d r id g e  an d  B r i c k w e l l  (19)  and  S c r i v e n  a n d  P i g f o r d  ( 4 7 ;  

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

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

i n c r e a s e  t h e  s u r f a c e  r e s i s t a n c e  t o  mass  t r a n s f e r .

S e v e r a l  t h e o r e t i c a l  m o d e l s  have  b e e n  p r o p o s e d  t o  e x ­

p l a i n  t h e  e f f e c t  o f  w aves  on t h e  mass  t r a n s f e r  r a t e .  D a n c k -  

w e r t s  ( 1 3 ) p r o p o s e d  a  s u r f a c e  r e n e w a l  model  i n  w h ic h  t h e  s u r ­

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

f r e s h  l i q u i d .  H a r r i o t t  (22)  p r o p o s e d  a  m odel  f o r  m ass  t r a n s ­

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

a r r i v i n g  a t  random t i m e s  come t o  w i t h i n  r andom  d i s t a n c e s  f ro m  

t h e  s u r f a c e  sw eep in g  away t h e  a c c u m u l a t e d  s o l u t e .  T r a n s f e r  

i s  a s sum ed  t o  be by  m o l e c u l a r  d i f f u s i o n  i n  t h e  i n t e r v a l  b e ­

tw e e n  e d d i e s .  B r a u e r  (8 ) a s su m ed  t h a t  t h e  m a in  r e s i s t a n c e  

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

w a l l  and  t h a t  mass t r a n s f e r  i n  t h i s  r e g i o n  i s  o n l y  b y  m o_ec-  

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

a l l y  f ro m  t h e  f i l m  t h i c k n e s s ,  S t i r b a  and H u r t  ( 4 $ )  p r o p o s e d  

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

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

o f  J o h n s t o n e  an d  P i g f o r d  ( 2 7 ) ,  f o r  t h e  case  o f  m o l e c u l a r  d i f ­

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

t h i c k n e s s  o f  t h e  f i l m  w i t h  w aves  was t h e  l a m i n a r  f i l m  t h i c k ­

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

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

i n  t h e  f i l m .  P e r h a p s  one o f  t h e  more s o p h i s t i c a t e d  t h e o r e t i ­

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

L e v i c h  ( 3 5 ) .  U s in g  t h e o r e t i c a l  e q u a t i o n s  f o r  t h e  v e l o c i t y  

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

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

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

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

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

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

c r e a s e d  b y  15^ o v e r  t h a t  e x p e c t e d  w i t h  l a m i n a r  f l o w .  He a l s o  

s t a t e s  t h a t  t h i s  r e s u l t  was e x p e r i m e n t a l l y  v e r i f i e d .

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

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

n a m ic  a c t i o n  w h ic h  e n h a n c e s  t h e  m ass  t r a n s f e r .  I n  mose c a s e s  

one  p o s t u l a t e s  t h a t  t h i s  o c c u r s  n e a r  t h e  s u r f a c e .  However ,  

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

I d e a l  waves  on t h e  s u r f a c e  o f  a  q u i e t  p o o l  do n o t  i n c r e a s e
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t h e  mass  t r a n s f e r  r a t e ;  t h u s ,  i n  a  f l o w i n g  s y s t e m ,  some o t h e r  

m echan ism  m u s t  c a u s e  b o t h  t h e  f o r m a t i o n  o f  t h e  w aves  and  t h e  

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

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

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

s o l v e d .

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

more t h e o r e t i c a l  a n a l y s e s  a r e  made,  e x p e r i m e n t a l  d a t a  on  c o n ­

c e n t r a t i o n  p r o f i l e s  i n  t h e  f i l m  m ust  b e  o b t a i n e d .  D a ta  on 

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

i s  a l s o  n e c e s s a r y  i n  o r d e r  t h a t  t h e  mass  t r a n s f e r  c h a r a c t e r ­

i s t i c s  m i g h t  b e  r e l a t e d  t o  t h e  f i l m  c h a r a c t e r i s t i c s .  T h i s  

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

and s u g g e s t  m o d i f i c a t i o n s  t h a t  w i l l  im p ro v e  th em .

R e s e a r c h  O b j e c t i v e s

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

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

o b j e c t  was t o  o b t a i n  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  phenomena 

o f  waves  w h i c h  fo rm  on  t h e  s u r f a c e  o f  t h e  f i l m  an d  how t h e y  

a f f e c t  t h e  m ass  t r a n s f e r  r a t e s  i n  t h e  f i l m .

The i n i t i a l  p h a s e  o f  t h i s  p r o g ra m  i s  t o  d e v e l o p  e x ­

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

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

t h e  waves  w h ic h  fo rm  on t h e  s u r f a c e  o f  t h e  l i q u i d  f i l m .

D a t a  f r o m  t h e s e  m e a s u re m e n t s  was t o  be  u s e d  t o  d e t e r ­

mine w h e t h e r  a  c o r r e l a t i o n  e x i s t s  b e t w e e n  t h e  wave p r o p e r t i e s
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an d  t h e  mass  t r a n s f e r  p r o p e r t i e s .  I f  a c o r r e l a t i o n  e x i s t s ,  

e q u a t i o n s  c o u l d  be  d e v e l o p e d  r e l a t i n g  t h e  two phenom ena .  

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

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

o u r  u n d e r s t a n d i n g  o f  t h e  phenomena o f  m ass  t r a n s f e r  i n  f a l l ­

i n g  f i l m s .

E x p e r i m e n t a l  M ethods  

Up t o  t h e  p r e s e n t  t i m e ,  a s  f a r  a s  t h e  a u t h o r  knows,  

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

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

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

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

t a c t i n g  p l a t e  o r  t u b e  by  c h e m i c a l  a n a l y s i s .  T h i s  m ethod  i s  

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

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

t h e o r e t i c a l  m o d e l s  c a n  b e  f i t t e d  t o  t h e  same d a t a .  The m ea s ­

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

b e c a u s e  o f  t h e  s m a l l  t h i c k n e s s  o f  t h e  f a l l i n g  f i l m .  The 

t h i c k n e s s  i s  g e n e r a l l y  o f  t h e  o r d e r  o f  1 mm o r  l e s s  a n d  sam­

p l e s  c a n n o t  b e  t a k e n  a t  d i f f e r e n t  p o i n t s  i n  t h e  f i l m .  To be  

a b l e  t o  m e a s u re  t h e  p r o f i l e ,  some s o r t  o f  an  a n a l y t i c a l  s y s ­

tem  i s  r e q u i r e d  t h a t  w i l l  a l l o w  m e a s u re m e n t  o f  t h e  c o n c e n t r a ­

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

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

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

i n  t h e  f i l m ,  t o  m e a s u re  t h e  i n d e x  o f  r e f r a c t i o n  o f  t h e  f i l m .
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Watson (55)  m e a s u r e d  t h e  ch a n g e  I n  t h e  I n d e x  o f  r e f r a c t i o n  

o f  w a t e r  a s  a f u n c t i o n  o f  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  and 

fo u n d  t h a t  t h e  ch a n g e  was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount 

o f  c a r b o n  d i o x i d e  p r e s e n t :

~ '' ô “  ^ -  ^ o ) ( 2 )

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

d i o x i d e  r e a c t s  w i t h  w a t e r  t o  fo rm  c a r b o n i c  a c i d  t h e  a b s o r p ­

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

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

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

H a rv e y  ( 2 3 ) ,  u t i l i z i n g  t h e  above  c h a r a c t e r i s t i c s  o f  

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

e f f i c i e n t s  o f  c a r b o n  d i o x i d e  i n  q u i e s c e n t  w a t e r  by  m e a s u r i n g  

t h e  change  i n  i n d e x  o f  r e f r a c t i o n  o f  t h e  w a t e r  w i t h  a  Mach- 

Z e h n d e r  i n t e r f e r o m e t e r .  T h i s  was a c c o m p l i s h e d  by  p h o t o g r a p h ­

i n g  t h e  i n t e r f e r e n c e  p a t t e r n s  fo rm e d  b y  t h e  i n t e r f e r o m e t e r  

a s  c a r b o n  d i o x i d e  was a b s o r b e d  i n t o  t h e  w a t e r .  P h o t o g r a p h s  

w ere  t a k e n  a t  known t i m e  i n t e r v a l s  a f t e r  c a r b o n  d i o x i d e  e n ­

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

s u l t i n g  p h o t o g r a p h s  he was a b l e  t o  m e a s u re  a t  known d i s t a n c e s  

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

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

o f  t h e  ch ange  i n  c o n c e n t r a t i o n  a s  a f u n c t i o n  o f  d i s t a n c e  f rom  

t h e  i n t e r f a c e .  U s in g  P i c k ' s  law  o f  d i f f u s i o n  he t h e n  e v a l ­

u a t e d  t h e  d i f f u s i o n  c o e f f i c i e n t s .  C a l d w e l l ,  H a l l ,  and
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Babb (1 0 ,  11)  u s e d  t h e  i n t e r f e r o m e t e r  t o  m e a s u re  m u t u a l  d l f -  

f u s l v i t i e s  o f  v o l a t i l e  l i q u i d  s y s t e m s  an d  L i n ,  M o u l to n ,  and  

Pu tnam  (3 7 )  h a v e  m ea s u re d  t h e  c o n c e n t r a t i o n  o f  a n  e l e c t r o l y t e  

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

s t r e a m s .  From t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t a l  i n v e s t i g a ­

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

p r a c t i c a l  means o f  e v a l u a t i n g  c o n c e n t r a t i o n  p r o f i l e s  i n  f a l l ­

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

i n t e r f e r o m e t e r  was c a r b o n  d i o x i d e  a n d  w a t e r .

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

b e e n  d i s c u s s e d  i n  many p u b l i c a t i o n s  (3 ,  4 ,  1 0 , 1 1 , 1 5 j 2 3 ,

2 8 ,  3 3 ,  3'^, 3 9 ,  4 5 ,  5 6 , 5 8 , 5 9 ) .  Of t h e s e  r e f e r e n c e s ,  t h e  

d i s c u s s i o n  b y  L a d e n b u rg  (33)  p r o b a b l y  i s  t h e  m o s t  i n f o r m a t i v e .  

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

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

b e  d i s c u s s e d  u n l e s s  a p p l i c a b l e  t o  t h e  d i s c u s s i o n  on t h e  Mach-  

Z e h n d e r  i n t e r f e r o m e t e r  w h ic h  f o l l o w s .

The Mach Z e h n d e r  i n t e r f e r o m e t e r  c o n s i s t e d  o f  2 o n e -  

h a l f  s i l v e r e d  beam s p l i t t e r  p l a t e s  and  2 f u l l  s i l v e r e d  m i r ­

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

t a n g l e .  ( s e e  F i g u r e  4) A l i g h t  beam  f ro m  a  m o n o c h ro m a t i c  

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

O n e - h a l f  o f  t h e  l i g h t  beam was  r e f l e c t e d  o n t o  a  f u l l  s i l v e r e d  

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

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

one  h a l f  o f  t h e  beam was r e f l e c t e d  away f ro m  t h e
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i n t e r f e r o m e t e r  a n d  t h e  o t h e r  h a l f  p a s s e d  t h r o u g h  t h e  p l a t e .

The l i g h t  beam t h a t  p a s s e d  t h r o u g h  t h e  f i r s t  beam s p l i t t e r  

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

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

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

away f ro m  t h e  i n t e r f e r o m e t e r .  The o t h e r  h a l f  was r e f l e c t e d  

by  t h e  p l a t e  a n d  em erg ed  f rom  t h e  i n t e r f e r o m e t e r  p a r a l l e l  to 

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

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

beams w i t h  t h e  same c h a r a c t e r i s t i c s  t h a t  c o u l d  b e  made t o  

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

i n  t h e  r e s u l t i n g  i n t e r f e r e n c e  p a t t e r n  w ere  fo rm e d  when t h e  

l i g h t  wave t r a i n s  o f  t h e  two beams w e re  i n  p h a s e  an d  t h e  d a rk  

b a n d s j  when t h e y  w ere  o u t  o f  p h a s e .  The r e l a t i o n s h i p  b e tw ee n  

t h e  s p a c i n g  o f  t h e  f r i n g e s  § and  a n g l e  o f  i n t e r s e c t i o n  o f  the 

l i g h t  beam y i s  g i v e n  b y  (2 3 , 3 3 )

§ = —  ÿ  (3)
2r\ s i n  ^

where  t) i s  t h e  i n d e x  o f  r e f r a c t i o n  o f  t h e  m ed ia  t h r o u g h  which  

t h e  l i g h t  o f  wave l e n g t h  X i s  p a s s i n g .  The d i f f e r e n c e  i n  the 

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

a b o u t  i t / 3 1 , 4 0 0  i n c h e s  w here  t t  i s  t h e  t o t a l  num ber  o f  f r i n g e s  

o b t a i n a b l e  when t h e  two l i g h t  p a t h s  a r e  e x a c t l y  e q u a l  (2 3 ) .

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

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

some c o n c e n t r a t i o n  C, o f  a  s o l u t e ,  t h e  i n c r e a s e  i n  t h e  o p t i ­

c a l  p a t h  l e n g t h  i s  g i v e n  by

-  h o ) L  = AN X ( 4 )

w h ere  h e  -  ho  i s  t h e  change  i n  t h e  i n d e x  o f  r e f r a c t i o n  o f  t h e  

l i q u i d  d ue  t o  t h e  p r e s e n c e  o f  s o l u t e ,  L i s  t h e  w i d t h  o f  t h e  

l i q u i d  t h r o u g h  w h ich  t h e  l i g h t  beam i s  p a s s i n g ,  4N i s  t h e  

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

ch an g e  i n  t h e  i n d e x  o f  r e f r a c t i o n  and  X i s  t h e  wave l e n g t h  

o f  t h e  l i g h t  s o u r c e .  S u b s t i t u t i n g  e q u a t i o n  (2) i n t o  e q u a t i o n  

(4)  e q u a t i o n  (5 )  i s  o b t a i n e d  w h ic h  r e l a t e s  t h e  change  i n  

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

A(C - Co)L = AN X (5)

D i v i d i n g  t h i s  e x p r e s s i o n  by  t h e  e x p r e s s i o n  f o r  s a t u r a t i o n  

c o n d i t i o n s  r e s u l t s  i n

C -  2 ° .  (6 )
Cj- Cp ANs

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

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

s h i f t  ANg w h ic h  c o r r e s p o n d s  t o  t h e  s a t u r a t i o n  c o n c e n t r a t i o n  

o f  t h e  s o l u t e  Cg i s  e a s i l y  d e t e r m i n e d  e x p e r i m e n t a l l y .



CHAPTER I I I  

EXPERIMENTAL EQUIPMENT 

I n t e r f e r o m e t e r

D e s c r i p t i o n  o f  t h e  I n t e r f e r o m e t e r  

The i n t e r f e r o m e t e r  was d e s i g n e d  a n d  c o n s t r u c t e d  a t  

t h e  U n i v e r s i t y  o f  Oklahoma.  A l l  p a r t s  e x c e p t  t h e  o p t i c a l  

p i e c e s  w ere  m a c h in e d  a n d  f a b r i c a t e d  b y  t h e  P h y s i c s  D e p a r t m e n t  

M achine  S h o p .  The o p t i c a l  m i r r o r s ,  beam s p l i t t e r  p l a t e s ,  

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

J .  U n e r t l  O p t i c a l  Company o f  P i t t s b u r g h ,  P e n n s y l v a n i a .

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

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

c o u l d  be  r o t a t e d  f ro m  0° t o  90° . The p u r p o s e  o f  t h i s  was 

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

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

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

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

o u t  d i s t u r b i n g  t h e  i n t e r f e r o m e t e r  a d j u s t m e n t .

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

a c a s t  i r o n  s h e e t ,  24"  x 4 6 "  x  2 - 1 / 4 " .  ( F i g u r e  l )  B o l t e d  a t  

e a c h  e n d  o f  t h i s  s h e e t  w ere  s t e e l  s u p p o r t  arms 2 - 1 / 2 " x

20
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1 - 7 / 8  X 11"  w h ich  were  u s e d  t o  s u p p o r t  t h e  b a s e  f o r  t h e  m i r ­

r o r s ,  p l a t e s  and  l e n s e s .  The i n t e r f e r o m e t e r  b a s e  was a  h o l ­

lo w ,  r i d g e  s u p p o r t e d  a lum inum  b l o c k  1 9"  x  3 8 "  x 3" w h ich  was 

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

s t r e s s e s .  Mounted a t  t h e  c e n t e r  p o i n t  o f  t h e  19" s i d e s ,  

p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  b a s e  w ere  3 /4 "  s t e e l  r o d s .  

T h e se  r o d s  were  u s e d  t o  s u p p o r t  t h e  b a s e  a n d  were m o un ted  on 

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

t a t e d  and  l o c k e d  a t  an y  a n g l e  b e t w e e n  0° a n d  90° . The i n t e r ­

f e r o m e t e r  b a s e  was c u t  o u t  on o n e  s i d e  so t h a t  e q u i p m e n t  

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

g a r d l e s s  o f  i t s  a n g l e  o f  i n c l i n a t i o n  ( F i g u r e  2 ) .  To a d j u s t  

t h e  l e v e l  o f  t h e  i n t e r f e r o m e t e r  3 / 3 "  x  l "  m ach ine  b o l t s  were  

m o un ted  on t h e  b o t t o m  o f  e a c h  c o r n e r  o f  t h e  b a s i c  s u p p o r t .

To i s o l a t e  t h e  i n t e r f e r o m e t e r  f ro m  e x t e r n a l  v i b r a ­

t i o n s ,  t h e  b a s i c  s u p p o r t  was s e t  o n  two 6 "  I  beams 1 2 '  l o n g .  

The I  beams w ere  s e t  l 8 "  a p a r t  a n d  w ere  s u p p o r t e d  b y  c o n c r e t e  

p i l l a r s  6 - 1 / 2 '  a p a r t .  The p i l l a r s  w ere  b u r i e d  6 '  i n  t h e  

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

( F i g u r e  3)

The m i r r o r s ,  beam s p l i t t e r s  a n d  c o m p e n s a t in g  p l a t e s  

w ere  m oun ted  on t h e  m a c h in e d  s u r f a c e  o f  t h e  i n t e r f e r o m e t e r  

b a s e  i n  a  60° p a r a l l e l o g r a m  c o n f i g u r a t i o n .  ( F i g u r e s  2 a n d  4 )  

The m i r r o r s  and  beam s p l i t t e r s  w e re  2 "  s q u a r e  and were  m oun ted  

b y  a 3 p o i n t  s u s p e n s i o n  i n  r e c t a n g u l a r  m ount ing  b r a c k e t s .

T h e se  b r a c k e t s  were  c o n s t r u c t e d  so  t h a t  t h e  m i r r o r s  and  beam
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1.  H i g h  P r e s s u r e  M e r c u r y  V a p o r  L a m p
2.  C o n d e n s i n g  Lens
3.  F i l l e r
4 .  S l i t
5 .  I r i s  D i a p h r a m
6.  C o l l i m a t i n g  Lens
M l  & M 3 .  F u l l  S i l v e r e d  M i r r o r s  
M 2  & M 4 .  B e a m  S p l i t t e r  P l a t e s  
9 .  Te s t  C e l  I
1 ) .  C o m p e n s a t o r  P l a t e s
13 .  P h o t o g r a p h i c  O b j e c t i v e  Le ns
14 .  C a m e r a

Noi

F i g u r e  4 .  S C H E M A T I C  D I A G R A M  O F  I N T E R F E R O M E T E R
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s p l i t t e r s  c o u l d  be  r o t a t e d  a r o u n d  2 s e p a r a t e  a x e s  o f  r o t a t i o n .  

T h e se  a x e s  o f  r o t a t i o n  w ere  p e r p e n d i c u l a r  and  p a r a l l e l  t o  t h e  

p l a n e  fo rm ed  b y  t h e  c e n t e r  p o i n t s  o f  the m i r r o r s  a n d  p l a t e s .  

The c o m p e n s a t i n g  p l a t e s  were 60 mm s q u a r e  an d  w ere  a l s o  

m oun ted  b y  3 p o i n t  s u s p e n s i o n  i n  r e c t a n g u l a r  b r a c k e t s  s i m i l a r  

t o  t h e  o n es  u s e d  f o r  t h e  m i r r o r s  an d  p l a t e s .  However ,  o n l y  

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

t e r  p o i n t s  o f  t h e  m i r r o r s ,  was a v a i l a b l e  f o r  a d j u s t m e n t .

A d j u s tm e n t  o f  t h e  m i r r o r s ,  beam s p l i t t e r  p l a t e s  a n d  

c o m p e n s a t i n g  p l a t e s  a r o u n d  t h e i r  a x i s  of r o t a t i o n  was made 

b y  a d o u b l e  l e v e r  a rm  t y p e  a d j u s t m e n t .  T h i s  c o n s i s t e d  o f  two 

l e v e r  a rm s .  The f i r s t  was a t t a c h e d  t o  t h e  m i r r o r  o r  p l a t e  

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

s e c o n d  was p i v o t e d  a t  t h e  en d  o f  t h e  f i r s t  arm a n d  e x t e n d e d  

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

To move t h e  l e v e r  a rm  a n  a d j u s t a b l e  s p r i n g  p l u n g e r  was m o un ted  

t o  t h e  b a s e  o f  t h e  m o u n t in g  b r a c k e t  and was a d j u s t e d  so  t h a t  

i t  r e s t e d  on t h e  en d  o f  t h e  f i r s t  a rm on t h e  s i d e - o p p o s i t e  

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

a l s o  m ounted  t o  t h e  b a s e  o f  t h e  m ount ing  b r a c k e t  i n  s u c h  a 

m an n e r  t h a t  i t  r e s t e d  on  t h e  s e c o n d  arm a b o u t  1 / 4 "  f ro m  t h e  

arms  p i v o t  p o i n t .  A s e c o n d  a d j u s t a b l e  s c r e w  was m ou n ted  a t  

t h e  en d  o f  t h e  s e c o n d  arm and  r e s t e d  on t h e  f i r s t  arm. W i th  

t h i s  a r r a n g e m e n t  t h e  s c r e w  a t  t h e  e n d  of t h e  f i r s t  a rm was 

u s e d  a s  a  c o a r s e  a d j u s t m e n t  and  t h e  sc rew  l o c a t e d  a t  t h e  end  

o f  t h e  s e c o n d  arm  was u s e d  a s  a  f i n e  a d j u s t m e n t .  F i g u r e  5 i s
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a s c h e m a t i c  d r a w in g  o f  t h e  l e v e r  arm a d j u s t m e n t .

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

tw e e n  t h e  two beams o f  t h e  i n t e r f e r o m e t e r ,  t h e  b a s e  o f  m i r r o r  

M3j I s e e  f i g u r e  4)  c o u l d  be t r a n s l a t e d  i n  a  d i r e c t i o n  w hich  

b i s e c t e d  t h e  a n g l e  fo rm ed  by M2, M3, a n d  M4. The same d o u o l e  

l e v e r  arm and  s p r i n g  p l u n g e r  t y p e  a d j u s t m e n t  was u s e d  f o r  

t h i s  t r a n s l a t i o n .

The m i r r o r s  an d  beam s p l i t t e r s  w ere  1 / 2 "  t h i c k .  The 

m i r r o r s  w ere  made f rom  p y r e x  g l a s s  an d  t h e  p l a t e s  f rom  i n t e r ­

f e r o m e t e r  q u a l i t y  b o r o s i l i c a t e  c row n g l a s s .  The m i r r o r s  had  

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

t h e  r e f l e c t i n g  s i d e  w i t h  a  s u r f a c e  a c c u r a c y  o f  1 /1 0  wave 

g r e e n  l i g h t .  The s u r f a c e s  w ere  a l u m i n i z e d  and  had  a  s i l i c o n  

m onoxide  o v e r c o a t i n g .  The beam s p l i t t e r  p l a t e s  had  a s u r f a c e  

a c c u r a c y  o f  l / l O  wave g r e e n  l i g h t  and  were  p a r a l l e l  t o  1 /5  

wave l e n g t h .  One s u r f a c e  had  a  h i g h  e f f i c i e n c y  d i e l e c t r i c  

beam s p l i t t i n g  c o a t i n g  w i t h  a  r e f l e c t a n c e  o f  50^  a t  60° a n g l e  

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

i n g .  The c o m p e n s a t i n g  p l a t e s  w ere  4 5 . 7  an d  2 2 . 8  mm t h i c k  

r e s p e c t i v e l y .  They w ere  made f r o m  b o r o s i l i c a t e  crown g l a s s  

w i t h  a s u r f a c e  a c c u r a c y  o f  l / l O  wave l e n g t h  g r e e n  l i g h t  and  

w ere  p a r a l l e l  t o  1 / 5  wave l e n g t h .

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

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

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

s u p p o r t  c o n s i s t e d  o f  a f l a t  p l a t e  a p p r o x i m a t e l y  1 - 1 / 2  t i m e s
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l o n g e r  t h a n  t h e  c e l l .  The s u p p o r t  was m ounted  a t  a n  a n g l e  

t o  t h e  I n t e r f e r o m e t e r  b a s e  so t h a t  when t h e  c e l l  was p o s i ­

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

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

t h e  l o w e r  beam o f  l i g h t .  M e ta l  g u i d e s  w ere  u s e d  on t h e  p l a t e  

t o  k e e p  t h e  c e l l  a l i g n e d  when i t  was moved t o  a  new p o s i t i o n .  

( F i g u r e s  1 a n d  2)

To m i n i m i z e  t h e  e f f e c t  o f  a i r  a t  d i f f e r e n t  t e m p e r a ­

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

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

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

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

o f  t h e  i n t e r f e r o m e t e r .  ( F i g u r e s  3 a n d  6)

P r i n c i p l e s  o f  A d j u s t m e n t  

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

s y s t e m .  R e f e r r i n g  t o  f i g u r e  4 t h e s e  d e g r e e s  o f  f r e e d o m  w eres  

l )  and  2 ) —M i r r o r s  Ml and  M3 and  p l a t e s  M2 and  m4 c o u l d  be  

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

fo rm ed  b y  t h e  c e n t e r  p o i n t s  o f  t h e  m i r r o r s  and  p l a t e s .  The 

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

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

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

l e l  a x i s  was t o  c a u s e  t h e  e m e r g e n t  beams t o  i n t e r s e c t  i n  a 

h o r i z o n t a l  p l a n e  c a u s i n g  v e r t i c a l  f r i n g e s .  3 ) - - R o t a t i n g  t h e  

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

fo rm ed  b y  t h e  c e n t e r  p o i n t s  o f  t h e  m i r r o r s  and  p l a t e s  c a u s e d
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t h e  f r i n g e s  t o  move p a r a l l e l  t o  t h e m s e l v e s .  T h i s  r e s u l t e d  

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

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

b e a m s .  4 ) - - M i r r o r  M3 c o u l d  be  moved a l o n g  a l i n e  fo rm e d  by 

t h e  b i s e c t o r  o f  t h e  a n g l e  fo rm e d  b y  M2, M3 a n d  m4 .  ( F i g u r e  4) 

T r a n s l a t i o n  o f  M3 a l o n g  t h i s  l i n e  c h a n g e d  t h e  d i f f e r e n c e  i n  

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

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

t o g e t h e r .

A l ig n m e n t  o f  t h e  c e l l  windows was c r i t i c a l  i n  t h a t  

t h e  windows m ust  be  p a r a l l e l  b o t h  v e r t i c a l l y  an d  h o r i z o n t a l l y .  

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

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

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

m ent  was n e c e s s a r y  t o  i n s u r e  t h a t  t h e  i n t e r f e r e n c e  p a t t e r n  

r e m a i n e d  v i s i b l e  when t h e  c e l l  was t r a n s l a t e d  a l o n g  t h e  c e l l  

s u p p o r t .

Method o f  A d j u s tm e n t  o f  t h e  I n t e r f e r o m e t e r

B e f o r e  t h e  i n t e r f e r o m e t e r  was a l i g n e d ,  t h e  m i r r o r s ,  

p l a t e s  and  c o m p e n s a t in g  p l a t e s  were c l e a n e d .  To c l e a n  t h e  

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

h o l  u s i n g  " B a t i s t e "  a s  t h e  a p p l i c a t o r .  A f t e r  t h e  a l c o h o l  was 

a p p l i e d  t o  t h e  s u r f a c e s ,  t h e  e x c e s s  was rem oved  b y  b l o t t i n g  

t h e  s u r f a c e s  w i t h  a n o t h e r  c l e a n  d r y  p i e c e  o f  " B a t i s t e " .  Ex­

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

s o f t  o v e r c o a t i n g  o f  s i l i c o n  monoxide s c r a t c h e d  e a s i l y .
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A l i g n m e n t  o f  t h e  i n t e r f e r o m e t e r  was done i n  two 

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

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

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

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

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

maximum f r i n g e  d e f i n i t i o n .

C o a r s e  a d j u s t m e n t . The i n t e r f e r e n c e  f i l t e r  was r e ­

moved f r o m  t h e  i n t e r f e r o m e t e r  an d  m i r r o r  M3 t r a n s l a t e d  u n t i l  

i t  was l o c a t e d  a t  i t s  c e n t e r  p o i n t  w h ic h  was m arked  on i t s  

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

f a c e s  w e re  p e r p e n d i c u l a r  t o  a  l i n e  b e t w e e n  t h e  c e n t e r s  o f  M3 

and  M4. The i n t e r f e r o m e t e r  b a s e  was  t h e n  r o t a t e d  u n t i l  t h e  

c e l l  was i n  a  h o r i z o n t a l  p o s i t i o n .  The c e l l  was f i l l e d  3 / 4  

f u l l  w i t h  d i s t i l l e d  w a t e r  an d  l e v e l e d  w i t h  a  s p i r i t  l e v e l  so 

t h a t  t h e  c e l l  windows w e re  a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  t h e  

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

l i g h t  s o u r c e  was t u r n e d  on  an d  a d j u s t e d  so t h a t  t h e  p a r a l l e l  

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

t h e  c e n t e r  o f  M4 and  c e n t e r e d  o n  M3. M4 was t h e n  r o t a t e d  

u n t i l  t h e  l i g h t  beam r e f l e c t e d  f ro m  i t s  s u r f a c e  c e n t e r e d  on 

M2. The same p r o c e d u r e  was u s e d  t o  a d j u s t  M3 by c e n t e r i n g  

i t s  r e f l e c t e d  l i g h t  beam on  M2. I t  was n e c e s s a r y  t h a t  t h e  

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

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

j u s t m e n t  a  m i r r o r  was p l a c e d  b e t w e e n  t h e  o b j e c t i v e  l e n s  and
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t h e  c a m e r a .  I t  was p o s i t i o n e d  s u c h  t h a t  i t  w ould  r e f l e c t  t h e  

e m e r g e n t  l i g h t  beam f r o m  t h e  o b j e c t  l e n s  on t o  a t e l e s c o p e  

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

on  t h e  s u r f a c e  o f  t h e  w a t e r  i n  t h e  c e l l .  The l i g h t  beam was 

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

w a t e r .  L o o k in g  t h r o u g h  t h e  t e l e s c o p e  Ml was r o t a t e d  a r o u n d  

i t s  a x i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  fo rm ed  b y  t h e  c e n t e r  

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

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

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

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

beam e m e r g in g  f ro m  Ml a n d  p a s s i n g  t h r o u g h  t h e  c e l l  d i d  n o t  

c e n t e r  on M2 a f t e r  i t  h a d  b e e n  made p a r a l l e l  t o  t h e  s u r f a c e  

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

t h e  i n t e r f e r o m e t e r  w e re  a d j u s t e d  an d  t h e  ab o v e  p r o c e d u r e  r e ­

p e a t e d  u n t i l  i t  was c e n t e r e d  on M2.

The n e x t  s t e p  was t o  a d j u s t  t h e  m i r r o r s  a n d  p l a t e s  so 

t h a t  a l l  s u r f a c e s  w ere  i n  t h e  same p l a n e .  The p h o t o g r a p h i c  

o b j e c t i v e  l e n s  and  c o l l i m a t i n g  l e n s  w ere  removed f ro m  t h e  

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

o f  l i g h t .  The m i r r o r  b e t w e e n  M2 an d  t h e  c am era  was r o t a t e d  

so  t h a t  t h e  e m e r g e n t  beam f ro m  M2 r e f l e c t e d  b a c k  on t o  t h e  

s u r f a c e  o f  M2. The t e l e s c o p e  was p o s i t i o n e d  s u c h  t h a t  i t  

was l o o k i n g  a t  Ml t h r o u g h  M4, F o u r  p o i n t s  o f  l i g h t  s h o u l d  

hav e  b e e n  v i s i b l e  when t h e  t e l e s c o p e  was f o c u s e d .  I f  t h e y  

w ere  n o t  v i s i b l e ,  t h e  m i r r o r  b e t w e e n  M2 and  t h e  cam era  was
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a d j u s t e d  u n t i l  t h e y  became v i s i b l e .  D oub le  r e f l e c t i o n s  o c ­

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

t h a t  t h e  f o u r  b r i g h t e s t  p o i n t s  o f  l i g h t  w e re  u s e d .  M3 and 

M2 were r o t a t e d  a r o u n d  t h e i r  a x i s  o f  r o t a t i o n  u n t i l  t h e  4 

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

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

beams on t h e  m i r r o r s  and  p l a t e s  c h e c k e d .  I f  t h e y  w ere  n o t  

c e n t e r e d ,  t h e y  w ere  r e a d j u s t e d  and  t h e  s u p e r i m p o s i n g  o f  t h e  

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

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

hav e  b e e n  v i s i b l e .  To c h e c k  f o r  f r i n g e s ,  t h e  c o l l i m a t i n g  

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

t e l e s c o p e  was a g a i n  mounted  so t h a t  i t  was l o o k i n g  a t  t h e  

m i r r o r  b e t w e e n  M2 and  t h e  c a m e ra .  The m i r r o r  was r o t a t e d  

u n t i l  i t s  r e f l e c t e d  beam was c e n t e r e d  on t h e  t e l e s c o p e .  The 

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

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

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

I t  was i m p o r t a n t  t h a t  t h e  s l i t  o p e n i n g  b e  k e p t  a s  s m a l l  a s  

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

f r i n g e s  t h a t  were  v i s i b l e  was i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

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

L o o k in g  t h r o u g h  t h e  t e l e s c o p e  f r i n g e s  s h o u l d  have  

b e e n  v i s i b l e  i f  t h e  a l i g n m e n t  was done  c a r e f u l l y .  I f  f r i n g e s  

were  n o t  v i s i b l e ,  M3 was t r a n s l a t e d  a l o n g  t h e  b i s e c t o r  o f  t h e  

a n g l e  f o rm e d  b y  M2, M3 a n d  m4 u n t i l  t h e y  becam e  v i s i b l e .  I f



35
no f r i n g e s  were  f o u n d  a f t e r  t h e  t r a n s l a t i o n  o f  M3j M3 was r o ­

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

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

i n t o  f o c u s .

F i n e  a d j u s t m e n t . At t h i s  p o i n t  f r i n g e s  were  v i s i b l e  

w i t h  t h e  s l i t  o p e n i n g  a t  i t s  s m a l l e s t  s e t t i n g .  I t  was now 

n e c e s s a r y  t o  a d j u s t  f o r  maximum f r i n g e  d e f i n i t i o n ,  i n t e n s i t y  

and  o r i e n t a t i o n .  M i r r o r  M3 was r o t a t e d  a r o u n d  i t s  h o r i z o n t a l  

a x i s  u n t i l  t h e  f r i n g e s  were c o r r e c t l y  o r i e n t e d .  D u r i n g  t h i s  

o r i e n t a t i o n  i t  was o c c a s i o n a l l y  n e c e s s a r y  t o  r o t a t e  M2 a ro u n d  

b o t h  a x e s  i n  o r d e r  t o  m a i n t a i n  f r i n g e  d e f i n i t i o n .  When t h e  

o r i e n t a t i o n  was c o m p l e t e ,  M3 was t r a n s l a t e d  a n d  M2 a g a i n  r o ­

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

d e f i n i t i o n  was o b t a i n e d .  To a d j u s t  t h e  f r i n g e  s p a c i n g  M3 was 

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

t i o n  and  o r i e n t a t i o n  were  c o n t r o l l e d  b y  r o t a t i n g  M2 a r o u n d  

b o t h  a x e s  o f  r o t a t i o n  and M3 a r o u n d  i t s  h o r i z o n t a l  a x i s  o f  

r o t a t i o n .  The s o u r c e  s i z e  was now i n c r e a s e d .  The d e s i r e d  

s l i t  s i z e  was a b o u t  3 nun x  2 mm. However  t h i s  was n o t  ob­

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

came f a i n t .  The f r i n g e s  were  t h e n  b r o u g h t  b a c k  t o  maximum 

d e f i n i t i o n  i n  t h e  same m anner  a s  d e s c r i b e d  a b o v e .  T h i s  p r o ­

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

o b t a i n e d .

To c o m p l e t e  t h e  a l i g n m e n t ,  t h e  m i r r o r  b e t w e e n  the  

cam era  and  M2 was removed an d  t h e  cam era  s h u t t e r  o p e n e d .  A
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g r o u n d  g l a s s  s c r e e n  was p l a c e d  I n  t h e  p h o t o g r a p h i c  p l a t e  

h o l d e r  a n d  t h e  cam era  f o c u s e d  on  t h e  s u r f a c e  o f  t h e  w a t e r  i n  

t h e  c e l l .  A m i r r o r  was p l a c e d  b e h i n d  t h e  c am era  and  p o s i ­

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

s e e n  w i t h  t h e  t e l e s c o p e  m oun ted  a t  t h e  i n t e r f e r o m e t e r .  Look­

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

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

w a t e r  an d  a d a r k  b a n d  fo rm e d  a t  t h e  s u r f a c e  o f  t h e  w a t e r .  Ml 

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

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

a t  t h e  i n t e r f a c e .  Ml a n d  M2 w ere  t h e n  l o c k e d  i n  p o s i t i o n .

I f  t h e  f r i n g e s  h a d  l o s t  some o f  t h e i r  d e f i n i t i o n  t h e y  w ere  

a g a i n  b r o u g h t  b a c k  t o  maximum d e f i n i t i o n  b y  t h e  same p r o ­

c e d u r e  a s  o u t l i n e d  a b o v e  b u t  u s i n g  o n l y  M3 a n d  M4. To c h e c k  

f o r  maximum f r i n g e  d e f i n i t i o n  t h e  i n t e r f e r e n c e  f i l t e r  was r e ­

moved an d  t h e  w h i t e  l i g h t  f r i n g e s  a d j u s t e d  u n t i l  3 o r  4 b l a c k  

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

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

o f  t h e  b l a c k  f r i n g e s .

The C o n t a c t i n g  C e l l

Two c o n d i t i o n s  g o v e r n e d  t h e  d e s i g n  o f  t h e  c o n t a c t i n g

c e l l  :

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

t h e  c o n t a c t i n g  c e l l  s h o u l d  e q u a l  t h a t  c a u s e d  by  t h e  com pen­

s a t i n g  p l a t e s .

2 .  The g l a s s  windows o f  t h e  c e l l  m us t  be  p a r a l l e l  t o
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one  a n o t h e r  w i t h i n  1 / 4 0 0 0 "  o v e r  a n y  1 / 2 "  s q u a r e  o f  t h e  c e l l  

w in d o w s ..

C o m p e n s a t in g  p l a t e s  i n s t e a d  o f  a  d u p l i c a t e  c e l l  were  

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

w ou ld  l i m i t  t h e  v e r s a t i l i t y  o f  t h e  i n t e r f e r o m e t e r  an d  s e c o n d ,  

d u p l i c a t i o n  o f  t h e  c e l l  a c c u r a t e l y  w ou ld  be  d i f f i c u l t .

O t h e r  c o n d i t i o n s  w h ic h  w ere  c o n s i d e r e d  i n  t h e  d e s i g n

w e re  :

1 .  The c e l l  windows m us t  be  c a p a b l e  o f  a c c u r a t e  

a d j u s t m e n t .

2 .  W id th  o f  t h e  c e l l  m us t  be  s u f f i c i e n t  so  t h a t  t h e  

c h a n g e  i n  t h e  o p t i c a l  p a t h  l e n g t h  due t o  a b s o r p t i o n  o f  COg

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

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

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

w i t h o u t  b e i n g  so  wide  t h a t  c o n t i n u o u s  waves  a c r o s s  t h e  c e l l  

c a n n o t  e x i s t .

3 .  L e n g th  o f  t h e  c o n t a c t i n g  c e l l  m u s t  be  s u f f i c i e n t  

t o  a l l o w  t h e  COg t o  d i f f u s e  a t  l e a s t  1 / 3  o f  t h e  way i n t o  t h e  

f i l m .

4 .  The c e l l  windows s h o u l d  be  s e a l e d  s u f f i c i e n t l y  so  

t h a t  a l i q u i d  s e a l  i s  m a i n t a i n e d  a l o n g  t h e  g l a s s  p l a t e  a n d  a  

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

5 .  The e n t r a n c e  a n d  e x i t  o f  t h e  w a t e r  f ro m  t h e  c e l l

s h o u l d  b e  s u c h  t h a t  a l i q u i d  s e a l  c a n  be  m a i n t a i n e d  a t  a l l

t i m e s .
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D e s i g n  o f  t h e  O p t i c a l  Components  o f  t h e  C e l l

The o p t i c a l  p a t h  l e n g t h  o f  a  l i g h t  beam t h r o u g h  t h e  

I n t e r f e r o m e t e r  was d e f i n e d  a s :

N

L = I  t i L i  (7)
1=1

w here  r]  ̂ I s  t h e  I n d e x  o f  r e f r a c t i o n  o f  t h e  m ed ia  t h r o u g h  

w h ic h  t h e  l i g h t  was p a s s e d  a n d  Lj_ was t h e  l e n g t h  o f  t h e  m a t e ­

r i a l  o f  I n d e x  o f  r e f r a c t i o n  P .

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

t i o n  7 to  t h e  two l i g h t  beams o f  t h e  I n t e r f e r o m e t e r ,  t h e  f o l ­

l o w in g  o p t i c a l  b a l a n c e  b e t w e e n  t h e  c o m p e n s a t i n g  p l a t e s  and  

t h e  c o n t a c t i n g  c e l l  was o b t a i n e d :

T chg  - 1) = 2T^(îig - 1) +  W(Tiw - 1) (8)

w here  an d  T̂  ̂ w ere  t h e  t h i c k n e s s e s  o f  t h e  c o m p e n s a t in g

p l a t e  and t h e  c e l l  windows r e s p e c t i v e l y ;  W was t h e  w i d t h  o f  

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

and  w a t e r  r e s p e c t i v e l y .  F o r  d e s i g n  p u r p o s e s  1 . 5 1 7  was  c h o s e n  

f o r  t h e  I n d e x  o f  r e f r a c t i o n  o f  g l a s s  and  1 .3 3 3  f o r  w a t e r .  To 

b e  s u r e  t h a t  t h e  c e l l  windows w ou ld  s e a l  w i t h o u t  d i s t o r t i o n ,  

t h e  windows were  a r b i t r a r i l y  c h o s e n  t o  b e  0 . 4  I n c h e s  t h i c k .

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

t i o n  o f  w a t e r  when s a t u r a t e d  w i t h  c a r b o n  d i o x i d e  was t a k e n  

t o  b e  0 .0 0 0 0 3  a t  2 0 ° C and  1 a tm  p r e s s u r e  ( 2 3 ) .  The c o r r e s ­

p o n d i n g  f r i n g e  s h i f t  c a l c u l a t e d  f ro m  e q u a t i o n  (4)  w i t h  a l i g h t
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s o u r c e  o f  $460 % and  a n  a s su m ed  c e l l  w i d t h  o f  7 -5  cm g a v e  4 . 1 3  

f r i n g e s .  T h i s  was s u f f i c i e n t  t o  o b t a i n  good a c c u r a c y  i n  

d e t e r m i n i n g  t h e  f r i n g e  s h i f t .  The a s su m ed  c e l l  w i d t h  was 

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

a c r o s s  t h e  c e l l .

S u b s t i t u t i n g  7 - 5  f o r  W i n  e q u a t i o n  (8 )  an d  t h e  v a l u e s  

f o r  t h e  i n d e x e s  o f  r e f r a c t i o n  an d  c e l l  window t h i c k n e s s  g i v e n  

a b o v e ,  t h e  c o m p e n s a t i n g  p l a t e  was c a l c u l a t e d  to  be 6 8 . 5  mm 

t h i c k .  To r e d u c e  t h e  s i z e  o f  t h e  p l a t e  i t  was d i v i d e d  i n t o  

two p l a t e s  o f  2 2 . 8  mm a n d  4 5 . 7  mm t h i c k n e s s .

D e s i g n  o f  t h e  C o n t a c t i n g  C e l l  

I n  o r d e r  t o  e s t i m a t e  t h e  c e l l  l e n g t h  t o  be u s e d ,  t h e  

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

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

J o h n s t o n e  and  P i g f o r d  ( 2 7 ) .

= 0.7857 e-5-1213 ^ ' + o . l 0 0 1
Go -  Gi

0 . 0 3 5 9 9  e " l ° 5 . 6 4  t t  ^  g . O l B l l  @-204.75 tt  (g)

w h ere  Cz i s  t h e  a v e r a g e  c o n c e n t r a t i o n  a t  Z

Cj_ i s  t h e  s a t u r a t i o n  c o n c e n t r a t i o n  a t  t h e  i n t e r f a c e

Cq i s  t h e  i n i t i a l  c o n c e n t r a t i o n  a t  Z e q u a l  t o  0

and

tt/ =  ■ ■- ^ 4 - - -    (10)
(Yl ) pg s i n  e
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w here  0 i s  t h e  a n g l e  o f  i n c l i n a t i o n  o f  t h e  c e l l .

F o r  t h e  c a s e  w h e re  t h e  w a t e r  t e m p e r a t u r e  was 2 2 . 2 ° C, t h e  

R e y n o ld s  n um ber  was 1 8 3 4 ,  8 was 90° and  t h e  c e l l  l e n g t h  was 

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

was 1 2 . 2 ^  o f  t h e  s a t u r a t i o n  c o n c e n t r a t i o n .  T h i s  p e r c e n t a g e  

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

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

s a t u r a t i o n .  To m e a s u re  t h e  c o n c e n t r a t i o n  p r o f i l e  i n  t h e  f i l m ,  

t h e  l i g h t  beam f ro m  m i r r o r  Ml h a d  t o  p a s s  t h r o u g h  t h e  l i q u i d  

f i l m ,  p a r a l l e l  t o  t h e  b o t t o m  o f  t h e  c e l l  and  a s  c l o s e  t o  

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

meet  t h i s  c o n d i t i o n  t h e  c o n t a c t i n g  c e l l  was c h o s e n  t o  b e  a 

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

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

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

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

windows w h ic h  a r e  n o t  r e a d i l y  a v a i l a b l e .  S e c o n d l y ,  t h e  f i l m  

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

0 . 5  mm a t  a R e y n o ld s  num ber  o f  1 8 3 4 .  As t h i s  was t h e  maximum 

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

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

by B r a u e r  ( 8 ) ,  t h e  t r o u g h s  o f  t h e  waves  w hich  o c c u r  on t h e  

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

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

f i l m  t h i c k n e s s  t o  0 . 2 5  mm. T h i s  f i l m  t h i c k n e s s  was n o t  

s u f f i c i e n t  t o  o b t a i n  a c c u r a t e  i n t e r f e r o m e t r i c  d a t a .
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To o ve rcom e  t h i s  p r o b le m ,  i t  was d e c i d e d  t o  u s e  an  

i n c l i n e d  p l a t e .  At an  a n g l e  o f  i n c l i n a t i o n  9° 4 o ' t h e  l a m i n a r  

f i l m  t h i c k n e s s  was c a l c u l a t e d  t o  b e  0 . 9 2  mm and  t h e  c o n c e n ­

t r a t i o n  a t  t h e  b o t t o m  o f  t h e  c e l l  1 0 . 3 $  o f  t h e  s a t u r a t i o n  

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

0 = 90° i n d i c a t e d  t h e  d e s i r a b i l i t y  o f  u s i n g  an  i n c l i n e d  p l a t e  

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

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

d e s i g n  was c h o s e n :

The c e l l  was r e c t a n g u l a r  i n  sh a p e  w i t h  a n  i n t e r n a l  

w i d t h  o f  2 . 9 5 " ,  h e i g h t  o f  7 / 1 6 "  and  l e n g t h  o f  3 5 - 3 3 " .  I t  was 

c o n s t r u c t e d  f ro m  a lum inum  w i t h  a  l / l 6 "  t h i c k  g l a s s  p l a t e  2 . 9 5 "  

X 3 4 . 8 3 " c e m e n te d  t o  t h e  b o t t o m  p l a t e  t o  a c t  a s  t h e  s u r f a c e  

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

f l a t  g l a s s  windows l "  x 0 . 4 "  x 36"  made f ro m  s h a d o w g ra p h  

q u a l i t y  c row n g l a s s  w i t h  a  s u r f a c e  a c c u r a c y  o f  1 / 4  wave g r e e n  

l i g h t  w i t h  s u r f a c e  p a r a l l e l i s m  t o  w i t h i n  30 s e c o n d s  o f  a r c  

a l o n g  a n y  2 i n c h  s e c t i o n .  To a l l o w  t h e  windows t o  be  p l a c e d  

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

a l l o w  a d j u s t m e n t  f o r  p a r a l l e l i s m ,  t h e  a lum inum  s u p p o r t  f o r  

t h e  g l a s s  p l a t e  was a p p r o x i m a t e l y  1 / 4 "  s m a l l e r  i n  w i d t h  t h a n  

t h e  g l a s s  p l a t e  a n d  t h e  g a s k e t s  e x t e n d e d  I / 1 6 " b e y o n d  t h e  

ed g e  o f  t h e  g l a s s  p l a t e .  To p r e v e n t  w a t e r  f ro m  f l o w i n g  b e ­

tw e en  t h e  g l a s s  p l a t e  and  t h e  g a s k e t ,  t h e  s p a c e  b e t w e e n  them 

was f i l l e d  w i t h  s i l a s t i c  and  t h e  s u r f a c e  t a p e r e d  f ro m  t h e  

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

k e t  by  f o u r  l "  x  1 / 2 "  x 1 / 4 "  p l a s t i c  s t r i p s  m oun ted  t o  t h e  

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

A l ig n m e n t  o f  t h e  windows was made b y  a d j u s t m e n t  o f  t h e  m o u n t ­

i n g  s c r e w s .  ( F i g u r e s  1 ,  8 a n d  9)

E n t r a n c e  o f  w a t e r  i n t o  t h e  c e l l  was t h r o u g h  a 1 / 4 "  x 

2 . 9 5 "  s l o t  l o c a t e d  a t  t h e  t o p  ed g e  o f  t h e  i n c l i n e d  p l a t e .

At t h i s  e n t r a n c e ,  t h e  w a t e r  f i r s t  p a s s e d  i n t o  a  2 - 1 / 4 "  x 

3 - 1 / 4 "  X l "  c a l m i n g  c h a m b e r .  The e x i t  s l o t  was l o c a t e d  a t  

t h e  u p p e r  end  o f  t h e  ch a m b e r  so t h a t  a l i q u i d  s e a l  c o u l d  be 

m a i n t a i n e d  when w a t e r  was f l o w i n g  o n t o  t h e  g l a s s  p l a t e .  W ate r  

was removed  f r o m  t h e  c e l l  t h r o u g h  a n o t h e r  1 / 4 "  x 2 . 9 5 "  s l o t  

c u t  a t  a 45° a n g l e  t o  t h e  b a s e  l o c a t e d  a t  t h e  en d  o f  t h e  

g l a s s  p l a t e .  The w a t e r  l e a v i n g  t h i s  s l o t  e n t e r e d  a  1 - 1 / 2 "  x 

3 - 1 / 4 "  X 1 " c h am b er .  The e x i t  s l o t  was l o c a t e d  a t  t h e  t o p  

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

t r a p p e d  i n s i d e  t h e  c h a m b e r .  The w a t e r  l e v e l  was m a i n t a i n e d  

a t  t h e  t o p  edge  o f  t h e  s l o t  i n  o r d e r  t o  hav e  a l i q u i d  s e a l .  

C a rb o n  d i o x i d e  e n t e r e d  a n d  l e f t  t h e  c e l l  t h r o u g h  1 / 4 "  x 2 . 9 5 "  

s l o t s  a t  t h e  u p p e r  a n d  l o w e r  e n d s  o f  t h e  t o p  p l a t e  o f  t h e  

c e l l .  I n  b o t h  c a s e s  t h e  g a s  f i r s t  e n t e r e d  a  l "  x  l "  x 3 - 1 / 4 "  

cham ber  b e f o r e  e n t e r i n g  t h e  c e l l .  I n  a d d i t i o n  t o  t h e  g a s  

i n l e t  and  o u t l e t ,  f o u r  a d d i t i o n a l  1 / 2 "  d i a m e t e r  h o l e s  were 

l o c a t e d  on  t h e  t o p  p l a t e ,  1 0 " ,  1 9 ", 2 5 " and 31"  r e s p e c t i v e l y  

f r o m  t h e  e n t r a n c e  s l o t .  T h e s e  h o l e s  were  s e a l e d  e x c e p t  when 

wave d a t a  was b e i n g  t a k e n .  ( F i g u r e s  8 and  10)
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Figure 9.  C O N T A C T I N G  CELL LEVEL ADJUSTMENT
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To a l l o w  h o r i z o n t a l  a d j u s t m e n t  o f  t h e  b o t t o m  p l a t e ,  

t h e  c e l l  was m o u n ted  on  a  1 / 2 "  d i a m e t e r  a lum inum  r o d .  ( F i g u r e  

10)  T h i s  r o d  was I n  t u r n  mounted  o n t o  a  2 - 3 / 4 "  x 1 / 4 "  x 3 2 "  

f l a t  p l a t e  by  2 b r a s s  s u p p o r t s  w h ic h  a l l o w e d  t h e  c e l l  t o  b e  

r o t a t e d  a p p r o x i m a t e l y  ±  10° f ro m  t h e  h o r i z o n t a l  p o s i t i o n .

The b o t t o m  s u p p o r t  was m a c h in e d  f l a t  a l o n g  I t s  e d g e s  a n d ,  

when m ou n ted  on t h e  c e l l  s u p p o r t  l o c a t e d  on t h e  I n t e r f e r o m ­

e t e r ,  a l l o w e d  t h e  c e l l  t o  be  moved a l o n g  I t s  l o n g  a x i s  w i t h ­

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

I t s  l o n g  a x i s  was c o n t r o l l e d  by  a l e v e r  arm t y p e  a d j u s t m e n t  

m oun ted  on  t h e  s i d e  o f  t h e  u p p e r  c e l l  s u p p o r t  ( F i g u r e  9 ) .  A 

s p i r i t  l e v e l  was a l s o  m o u n ted  on t h e  c e l l  so t h a t  I t  c o u l d  

be  l e v e l e d .  To p r e v e n t  w a t e r  f ro m  b e i n g  c a r r i e d  o u t  by  t h e  

e x i t  g a s  s t r e a m  i n  t h e  c a s e  o f  c o - c u r r e n t  f l o w  a wedged 

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

c e l l .  The p u r p o s e  o f  t h e  wedge was t o  s e p a r a t e  t h e  two 

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

( F i g u r e  10)

A l i g n m e n t  o f  t h e  C e l l  Windows

F o r  maximum f r i n g e  d e f i n i t i o n  an d  o r i e n t a t i o n  t h e  

s u r f a c e s  o f  t h e  w indows had t o  be  p a r a l l e l  a l o n g  t h e  lo n g  

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

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

p o r t  w h ic h  g u i d e d  t h e  c e l l  o n  t h e  I n t e r f e r o m e t e r  c e l l  s u p p o r t .  

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

r e s u l t e d  I n  t h e  l o s s  o f  f r i n g e  d e f i n i t i o n  when t h e  c e l l  was
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t r a n s l a t e d .  A l ig n m en t  a l o n g  t h e  l o n g  a x i s  was n o t  so  c r i t ­

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

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

The windows were  a l i g n e d  by  t h e  f o l l o w i n g  p r o c e d u r e .  

The c e l l  an d  c e l l  s u p p o r t  w ere  p l a c e d  on  a  f l a t  p i e c e  o f

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

a lu m in u m  s t r i p  m o u n te d  t o  t h e  p i e c e  o f  a lum inum .  A s e c o n d  

s t r i p  o f  aluminum was m o u n ted  3 "  f ro m  t h e  f i r s t  s t r i p  w i t h  

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

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

l e v e l e d  u s i n g  t h e  s p i r i t  l e v e l  m o u n ted  on t h e  c e l l .  A

S t a r r e t t  d i a l  m i c r o m e t e r  w i t h  1 / 1 0 0 0  i n c h  s c a l e  d i v i s i o n s  was 

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

The d i a l  m i c r o m e t e r  was a d j u s t e d  so t h a t  i t  r e s t e d  a g a i n s t  

t h e  c e l l  window. The m i c r o m e t e r  and  b a s e  w ere  t h e n  moved 

a l o n g  t h e  a lum inum  s t r i p  an d  t h e  c e l l  window a d j u s t e d  u n t i l  

t h e  m i c r o m e t e r  i n d i c a t e d  no  c h a n g e  a l o n g  t h e  e n t i r e  l e n g t h  o f  

t h e  window.  To o b t a i n  a l i g n m e n t  a l o n g  t h e  v e r t i c a l  a x i s  t h e  

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

The m i c r o m e t e r  a n d  b a s e  w ere  t h e n  rem oved  f ro m  t h e  r e f e r e n c e  

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

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

a g a i n  r e c o r d e d .  The m i c r o m e t e r  was t h e n  l o w e r e d  t o  t h e  h e i g h t  

o f  t h e  b o t t o m  e d g e  o f  t h e  c e l l  window a n d  t h e  m i c r o m e t e r  a d ­

j u s t e d  so  t h a t  i t  I n d i c a t e d  t h e  same r e a d i n g  a s  b e f o r e  i t  was 

l o w e r e d .  The m i c r o m e t e r  was t h e n  p l a c e d  a g a i n s t  t h e  s e c o n d
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s t r i p  and  t h e  d i a l  r e a d i n g  r e c o r d e d .  I f  t h e  r e a d i n g  a t  t h e  

t o p  an d  b o t t o m  o f  t h e  window were d i f f e r e n t  t h e  window was 

a d j u s t e d  t i l l  t h e  r e a d i n g s  w ere  t h e  same.  T h i s  p r o c e d u r e  was 

r e p e a t e d  u n t i l  t h e  same r e a d i n g  was o b t a i n e d  a t  t h e  t o p  an d  

b o t t o m  e d g e s  o f  t h e  window. The a l i g n m e n t  a l o n g  t h e  l o n g  

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

t h a t  t h i s  a l i g n m e n t  h a d  n o t  c h a n g e d .  A l ig n m e n t  o f  t h e  o p p o ­

s i t e  window was done  i n  t h e  same m an n er .  The c e l l  was r o ­

t a t e d  180° j l e v e l e d  a n d  t h e  p r o c e d u r e  o u t l i n e d  a b o v e  r e p e a t e d .  

I n  t h e  i n i t i a l  s t e p  o f  t h e  a l i g n m e n t ,  t h e  windows w e re  a d ­

j u s t e d  so  t h a t  t h e y  w e re  f l u s h  w i t h  t h e  b o t t o m  g l a s s  p l a t e .

I f  i t  was n o t  p o s s i b l e  t o  a l i g n  t h e  windows t o  t h e  r e f e r e n c e  

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

t o  t h e  1/ 2 " d i a m e t e r  r o d  upon  w h ich  i t  was  m o u n ted  was c h a n g e d .  

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

and  moving  t h e  c e l l  t o  t h e  c o r r e c t  p o s i t i o n .

F i n a l  a l i g n m e n t  was made when t h e  c e l l  was p l a c e d  on

t h e  i n t e r f e r o m e t e r .  I f  t h e  c e l l  windows were  n o t  p a r a l l e l

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

Where t h i s  o c c u r r e d ,  t h e  windows w ere  r e a d j u s t e d  u n t i l  

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

z o n t a l  a x i s  was a l s o  c h e c k e d  a t  t h i s  t i m e  by  m oving  t h e  c e l l  

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

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

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

i t  r e m a i n e d  l e v e l .  As was m e n t i o n e d  e a r l i e r ,  l o s s  o f  some
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o f  t h e  f r i n g e  d e f i n i t i o n  d u r i n g  t h e  t r a n s l a t i o n  c o u l d  be  c o r ­

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

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

m a in e d  v i s i b l e .

P h o t o g r a p h i c  Methods  

L i g h t  S o u r c e

B e c a u s e  o f  t h e  e x i s t a n c e  o f  w aves  o n  t h e  s u r f a c e  o f  

t h e  w a t e r  f l l m ^  t h e  h e i g h t  o f  t h e  f i l m  was n o t  c o n s t a n t  a t  a 

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

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

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

l / l O O  s e c o n d  o r  l e s s  was  n e c e s s a r y .  To o b t a i n  s u f f i c i e n t  

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

lOOOA, 1000 w a t t  h i g h  p r e s s u r e  m e r c u ry  v a p o r  lamp was u s e d  a s  

t h e  l i g h t  s o u r c e .  The m e r c u ry  v a p o r  lamp was  c h o s e n  a s  I t  

e m i t t e d  a  h i g h  I n t e n s i t y  b a n d  o f  l i g h t  a r o u n d  5 ^ 6 0  % w h ich  

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

t h e  f r i n g e s .  The l i g h t  f ro m  m e r c u ry  v a p o r  lam p was f o c u s e d  

on a  G a e r t n e r  Model 160A a d j u s t a b l e  s l i t  b y  two 60 mm d i a m ­

e t e r  p l a n o - c o n v e x  l e n s e s  w i t h  f o c a l  l e n g t h s  o f  l 4 o  an d  250 

mm r e s p e c t i v e l y .  The h e i g h t  o f  t h e  s l i t  was  c o n t r o l l e d  by  a 

d i s k  m o u n ted  on t h e  f r o n t  edge  o f  t h e  s l i t .  The d i s k  c o n ­

t a i n e d  v a r i o u s  w i d t h  s l o t s  r a n g i n g  f r o m  1 mm t o  4  mm. By r o ­

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

The l i g h t  beam  l e a v i n g  t h e  c o n d e n s i n g  l e n s e s  p a s s e d  t h r o u g h
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a B a u s c h  an d  Lomb 5460 % i n t e r f e r e n c e  f i l t e r  and  a n  i n f r a  r e d  

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

f ro m  t h e  s l i t  p a s s e d  t h r o u g h  an  i r i s  d i a p h r a g m  and a 300  mm 

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

l e a v i n g  t h e  c o l l i m a t i n g  l e n s  was 60 mm i n  d i a m e t e r  and  was 

c e n t e r e d  on p l a t e  m4 o f  t h e  i n t e r f e r o m e t e r .  A l l  o f  t h e  o p t i ­

c a l  c o m p o n e n t s  m e n t i o n e d  above  were m ounted  o n  an  o p t i c a l  

b e n c h  w h ic h  was s u p p o r t e d  by f o u r  h y d r a u l i c  J a c k s .  The h y ­

d r a u l i c  J a c k s  w ere  u s e d  t o  s u p p o r t  t h e  l i g h t  s o u r c e  and  com­

p o n e n t  i t e m s  so  t h a t  t h e  p a r a l l e l  l i g h t  beam e m e rg in g  f ro m  

t h e  c o l l i m a t i n g  l e n s  c o u l d  b e  c e n t e r e d  on M4 o f  t h e  i n t e r ­

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

i n t e r f e r o m e t e r .  ( F i g u r e  1)

Camera

The e m e r g e n t  beam f ro m  p l a t e  M2 p a s s e d  t h r o u g h  a 250 

mm f o c a l  l e n g t h y  60 mm d i a m e t e r  T r i p l e t t  p h o t o g r a p h i c  o b j e c ­

t i v e  l e n s  a n d  an  I l e x  U n i v e r s a l  S h u t t e r  No. 1 mounted  w i t h  a 

3"  f o c a l  l e n g t h  l e n s .  The s h u t t e r  was m ounted  on t h e  f r o n t  

o f  a  3" d i a m e t e r  b r a s s  t u b e  4 f e e t  l o n g .  On t h e  o p p o s i t e  ena  

o f  t h e  t u b e  was l o c a t e d  a  m o u n t in g  b r a c k e t  f o r  ühe p h o t o ­

g r a p h i c  p l a t e  h o l d e r s .  ( F i g u r e  2)  The m o u n t in g  b r a c k e t  was 

c o n s t r u c t e d  so  t h a t  t h e  p l a t e  h o l d e r  c o u l d  b e  moved t h e  f u l ^  

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

t o  be  t a k e n  on one p l a t e .  The d i a m e t e r  o f  t h e  cam era  a t  t h e  

l o c a t i o n  o f  t h e  p h o t o g r a p h i c  p l a t e s  was 2 - 1 / 4 " .  The o b j e c ­

t i v e  l e n s  and  cam era  l e n s  were  p o s i t i o n e d  s u c h  t h a t  a
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m a g n i f i c a t i o n  o f  a p p r o x i m a t e l y  l 4  d i a m e t e r s  was o b t a i n e d .

F i l m

2 "  X 10"  Kodak s p e c t r o s c o p i c  p l a t e s  t y p e  1-N were  

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

were d e v e l o p e d  w i t h  Kodak D-19 d e v e l o p e r .  S a t i s f a c t o r y  

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

o f  l / l O O  s e c o n d  w i t h  t h e  f i l t e r s  m e n t i o n e d  above  and  a  s l i t  

o p e n i n g  o f  2 mm x 3 mm.

A l ig n m en t

The m e r c u r y  v a p o r  lamp and  i t s  h o u s i n g  w ere  m ounted  

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

l e v e l .  The p l a n o - c o n v e x  c o n d e n s i n g  l e n s e s  were  p l a c e d  on t h e  

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

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

m e r c u r y  v a p o r  lamp h o u s i n g  by  u s e  o f  a c a t h o t o r a e t e r .  S im ­

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

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

o p e n i n g .  The m e r c u r y  v a p o r  lamp was t h e n  s t a r t e d  and  t h e  

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

e m e r g in g  f ro m  t h e  c o n d e n s i n g  l e n s e s  was c e n t e r e d  on t h e  s l i t .  

The c o n d e n s i n g  l e n s e s  and  s l i t  w ere  t h e n  t r a n s l a t e d  a l o n g  t h e  

o p t i c a l  b e n c h  u n t i l  t h e  beam was f o c u s e d  on  t h e  s l i t .  P o s i ­

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

o p t i c a l  b e n c h  so  t h a t  t h e  beam e m e r g i n g  f ro m  t h e  c o l l i m a t i n g  

l e n s  c o u l d  be  s e e n  on a w a l l  a p p r o x i m a t e l y  20 f e e t  f r o m  t h e
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c o l l i m a t i n g  l e n s .  The c o l l i m a t i n g  l e n s  was t r a n s l a t e d  on  t h e  

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

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

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

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

c e n t e r e d  on p l a t e  m4 and  m i r r o r  M3 o f  t h e  I n t e r f e r o m e t e r .

The c a m e ra  was m o u n ted  on a n  o p t i c a l  b e n c h  an d  t h e  

o p t i c a l  b e n c h  s u p p o r t e d  b y  two h y d r a u l i c  J a c k s .  The h y d r a u ­

l i c  J a c k s  a l l o w e d  t h e  c a m e ra  h e i g h t  t o  b e  c h a n g e d  a n d  were  

m o u n te d  t o  t h e  I  beams so  t h a t  t h e  cam era  c o u l d  be  moved 

h o r i z o n t a l l y .  To a l i g n  t h e  c a m e r a ,  t h e  Image o f  t h e  s u r f a c e  

o f  t h e  w a t e r  f i l m  was c e n t e r e d  on t h e  s h u t t e r  and  t h e  cam era  

a d j u s t e d  u n t i l  t h e  Image on  t h e  g r o u n d  g l a s s  s c r e e n  was c e n ­

t e r e d  an d  t h e  c am era  h o r i z o n t a l .  The cam era  was f o c u s e d  b y  

t r a n s l a t i n g  I t  a l o n g  t h e  o p t i c a l  b e n c h .

Once t h e  cam era  was p o s i t i o n e d  and  f o c u s e d ,  t h e  

m a g n i f i c a t i o n  r a t i o  o f  t h e  cam e ra  c o u l d  be d e t e r m i n e d .  The 

c o n t a c t i n g  c e l l  was removed f ro m  t h e  I n t e r f e r o m e t e r  and  was 

r e p l a c e d  b y  a  m i c r o m e t e r  e y e  p i e c e  d i s k  w i t h  0 . 0 5  mm s c a l e  

d i v i s i o n s .  The ey e  p i e c e  was p o s i t i o n e d  so  t h a t  I t  was I n  

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

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

b e t w e e n  t h e  s c a l e  d i v i s i o n s  on t h e  p h o t o g r a p h  and  c o m p a r in g  

I t  t o  t h e  a c t u a l  s c a l e  s p a c i n g .

A u x i l i a r y  E q u ip m e n t  

F i g u r e  10 I s  a f l o w  c h a r t  o f  t h e  o v e r a l l  e x p e r i m e n t a l
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a p p a r a t u s .  To p r o v i d e  a  c o n s t a n t  h e a d  s y s t e m  f o r  t h e  w a t e r ,  

t h e  w a t e r  was pumped f rom  a 30 g a l l o n  r e s e r v o i r  t o  a 5 g a l l o n  

t a n k  a p p r o x i m a t e l y  15  f e e t  a b o v e  t h e  r e s e r v o i r  by a 1 / 2 0  hp 

c e n t r i f u g a l  pump. The d i s c h a r g e  f ro m  t h e  pump was f i l t e r e d  

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

f ro m  e n t e r i n g  t h e  o v e r h e a d  t a n k .  D i s s o l v e d  I m p u r i t i e s  w ere  

k e p t  a t  a  minimum b y  p a s s i n g  a  s m a l l  s t r e a m  f ro m  t h e  o u t l e t  

o f  t h e  pump t h r o u g h  an  I o n  e x c h a n g e  co lum n and b a c k  I n t o  t h e  

m a in  r e s e r v o i r .  The o v e r h e a d  t a n k  c o n t a i n e d  two o u t l e t s .

The f i r s t ,  l o c a t e d  n e a r  t h e  t o p  o f  t h e  t a n k ,  was t h e  o v e r f l o w  

and  r e t u r n e d  t h e  w a t e r  t o  t h e  m a in  r e s e r v o i r .  The s e c o n d  was 

l o c a t e d  a t  t h e  b o t t o m  o f  t h e  t a n k  and  was c o n n e c t e d  t o  t h e  

c o n t a c t i n g  c e l l  t h r o u g h  a  n e e d l e  v a l v e  and r o t o m e t e r .

As t h e  I n d e x  o f  r e f r a c t i o n  o f  w a t e r  was a s t r o n g  

f u n c t i o n  o f  t e m p e r a t u r e .  I t  was I m p e r a t i v e  t h a t  t h e  w a t e r  

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

t r o l  s y s t e m  was  p l a c e d  I n  t h e  o v e r h e a d  t a n k .  The w a t e r  t em ­

p e r a t u r e  was h e l d  c o n s t a n t  t o  b e t t e r  t h a n  ±  0 . 0 1 ° C d e t e r m i n e d  

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

c o o l i n g  c y c l e .  A l l  t a n k s ,  r e s e r v o i r s  and  w a t e r  l i n e s  w ere  

I n s u l a t e d  w i t h  f i b e r  g l a s s  I n s u l a t i o n  b a c k e d  by  a n  a lum inum  

f o i l  c o v e r  t o  m i n i m i z e  h e a t  t r a n s f e r .

W ate r  f l o w  r a t e s  were  m e a s u re d  by  a c a l i b r a t e d  

r o t o m e t e r  and  c o n t r o l l e d  b y  a  n e e d l e  v a l v e .  The w a t e r  l e v e l  

I n  t h e  e x i t  s l o t  o f  t h e  c e l l  was c o n t r o l l e d  by  f o r m i n g  a  

sy p h o n  f rom  t h e  e x i t  cham ber  t h r o u g h  a  n e e d l e  v a l v e  t o  t h e



55

f l o o r  d r a i n .  Gas f l o w  r a t e s  w ere  c o n t r o l l e d  b y  n e e d l e  v a l v e s  

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

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

r e s e r v o i r  and  t h e  o v e r h e a d  t a n k .  The p u r p o s e  o f  t h i s  was t o  

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

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

The c e l l  p r e s s u r e  was m e a s u re d  by  a m an o m e te r  f i l l e d  

w i t h  "Hi Vacuum" o i l  c o n n e c t e d  t o  t h e  c e l l  t h r o u g h  one  o f  t h e  

h o l e s  on t h e  t o p  p l a t e  o f  t h e  c e l l .

C a p a c i t o m e t e r  

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

q u e n c y  of* t h e  w aves  w h ic h  fo rm  and  move down t h e  s u r f a c e  o f  

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

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

p e r  p l a t e  m ou n ted  a  known d i s t a n c e  above  t h e  b o t t o m  p l a t e .

I f  t h e  l i q u i d  f l o w i n g  down t h e  p l a t e  w ere  a g o o d  c o n d u c t o r  

o f  e l e c t r i c i t y ,  t h e  c a p a c i t a n c e  would  be  a  f u n c t i o n  o n l y  o f  

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

l i q u i d  and  t h e  s u r f a c e  a r e a  o f  t h e  c o p p e r  s t r i p :

C = 5 f  (1 1 )

w here  6 i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  a i r

A i s  t h e  s u r f a c e  a r e a  o f  t h e  p r o b e  and  

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

t h e  w a t e r  f i l m

I f  t h e  l i q u i d  w ere  n o t  a  goo d  c o n d u c t o r  f o r  e l e c t r i c i t y ,  t h e
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c a p a c i t a n c e  o f  t h e  f i l m  m ust  a l s o  be  c o n s i d e r e d  a l o n g  w i t h  

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

a i r  g ap  v s .  c a p a c i t o m e t e r  r e a d i n g s  m us t  b e  made w i t h  known 

f i l m  t h i c k n e s s  a s  t h e  p a r a m e t e r .

The w i d t h  o f  t h e  p r o b e  i n  t h e  d i r e c t i o n  o f  f lo w  

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

wave l e n g t h  o f  t h e  waves  on t h e  s u r f a c e  o f  t h e  l i q u i d  f i l m .

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

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

o f  t h e  f i l m  t h i c k n e s s  d ue  t o  s e v e r a l  w av es .

D e s i g n

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

i t o m e t e r  b u i l t  b y  D u k l e r  and  B e r g e l i n  ( l 4 )  u s i n g  a f r e q u e n c y  

m o d u l a t i o n  m e th o d  o f  d e t e c t i o n  ( F i g u r e  l l ) .  I t  c o n s i s t e d  o f  

a 6AU6 o s c i l l a t o r  c i r c u i t ,  a  d i s c r i m i n a t o r y  n e t w o r k ,  a  two 

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

ond s t a g e  a m p l i f i e r  i n s t e a d  o f  b e i n g  r e c o r d e d  on an  o s c i l l o ­

scope  ( a s  was u s e d  i n  t h e  r e f e r e n c e  m o d e l )  was r e c o r d e d  on  a  

M i n n e a p o l i s - H o n e y w e l l  Model 9O6 C V i s i c o r d e r  u s i n g  a  m e c h a n i ­

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

o f  270  c p s  -± 1 0 ^ .  The g r o u n d  s i d e  o f  t h e  g a l v a n o m e t e r  was 

c o n n e c t e d  t h r o u g h  a  5 OK v a r i a b l e  r e s i s t o r  t o  t h e  o u t p u t  o f  a  

VRIO5 c o n s t a n t  v o l t a g e  t u b e .  By c h a n g i n g  t h e  v a r i a b l e  r e ­

s i s t o r ,  t h e  c a p a c i t o m e t e r  c o u l d  be  a d j u s t e d  f o r  maximum g a l ­

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

The c a p a c i t a n c e  m e a s u re d  b y  t h e  c a p a c i t o m e t e r  was
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b e tw e e n  a c o p p e r  s t r i p  1 / 8 "  x 3 / 1 6 "  o r i e n t e d  so  t h a t  i t s  l o n g  

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

f a c e  o f  t h e  f i l m .  To be  a b l e  t o  a d j u s t  t h e  p o s i t i o n  o f  t h e  

s t r i p ,  i t  was m ounted  on t h e  end  o f  a s h a f t  o f  a d e p t h  m ic ro m ­

e t e r  w i t h  s c a l e  d i v i s i o n s  o f  l / lO O O ".  The s t r i p  was c e n t e r e d  

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

p e n d i c u l a r  t o  t h e  s h a f t .  The m i c r o m e t e r  was m oun ted  i n  one 

o f  t h e  1 / 2 "  d i a m e t e r  h o l e s  l o c a t e d  i n  t h e  t o p  p l a t e  o f  t h e  

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

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

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

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

g r o u n d  w i r e  and  was c o n n e c t e d  t o  t h e  b o t t o m  p l a t e  o f  t h e  c e l l .  

The c o n d u c t o r  was c o n n e c t e d  t o  t h e  m i c r o m e t e r .  To i n s u l a t e  

t h e  m i c r o m e t e r  f ro m  t h e  c e l l ,  s t r i p s  o f  p o l y e t h y l e n e  2 - 1 / 4 "  x  

1 / 2 "  X . 0 0 5 "  w ere  p l a c e d  b e t w e e n  t h e  m i c r o m e t e r  an d  t h e  c e l l  

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

11 i s  a s c h e m a t i c  d i a g r a m  o f  t h e  c a p a c i t o m e t e r  a n d  f i g u r e  12 

a p h o t o g r a p h  o f  t h e  c a p a c i t o m e t e r ,  t h e  v i s i c o r d e r  and  t h e  

m i c r o m e t e r  m ounted  t o  t h e  c e l l .

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

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

o f  r a n g e  12 t o  62 mm was c o n n e c t e d  t o  t h e  b o t t o m  p l a t e  o f  t h e  

c e l l  and  t h e  c a p a c i t o m e t e r  c o n d u c t o r  t h r o u g h  a two p o l e  m ic ro  

s w i t c h .  When t h e  s w i t c h  was i n  t h e  c l o s e d  p o s i t i o n  t h e  t r i m  

c a p a c i t o r  was c o n n e c t e d  t o  t h e  c a p a c i t o m e t e r  an d  t h e  m i c r o m e t e r
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d i s c o n n e c t e d .  S i m i l a r l y ,  when t h e  s w i t c h  was i n  t h e  o p en  

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

d i s c o n n e c t e d .  To c o r r e c t  f o r  d r i f t  t h e  s w i t c h  was c l o s e d  and 

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

v i s i c o r d e r  was on s c a l e .  T h i s  s c a l e  r e a d i n g  was r e c o r d e d  

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

c h e c k e d .  I f  some d r i f t  o c c u r r e d ,  t h e  c a p a c i t o m e t e r  was a d ­

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

C a l i b r a t i o n

C a l i b r a t i o n  o f  t h e  c a p a c i t o m e t e r  was r e l a t i v e l y  s i m ­

p l e  when t h e  l i q u i d  i n  t h e  c e l l  was a  good c o n d u c t o r .  How­

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

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

t h i c k n e s s  h a d  t o  be c o n s i d e r e d .

To c a l i b r a t e  t h e  c a p a c i t o m e t e r ,  t h e  c e l l  was p l a c e d  

h o r i z o n t a l l y  and  f i l l e d  w i t h  d i s t i l l e d  w a t e r  t o  a  l e v e l  w hich  

was e q u a l  t o  t h e  maximum f i l m  t h i c k n e s s  a n t i c i p a t e d .  The 

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

p r o x i m a t e l y  0 . 0 1  i n c h e s  ab o v e  t h e  s u r f a c e  o f  t h e  w a t e r .  The 

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

u n t i l  a  maximum s e n s i t i v i t y  was o b t a i n e d  on t h e  m ic ro a m m e te r .  

N e x t ,  t h e  m i c r o m e t e r  was e x t e n d e d  u n t i l  t h e  c o p p e r  s t r i p  

t o u c h e d  t h e  s u r f a c e  o f  w a t e r .  The m ic ro a m m ete r  s h o u l d  have 

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

i t o r  was a d j u s t e d  u n t i l  i t  d i d .  The v i s i c o r d e r  was n e x t  c o n ­

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

c u r r e n t  t h r o u g h  t h e  g a l v a n o m e t e r  was b e t w e e n  0 . 2  and  0 . 3  

m i l l i a m p s .  The g a l v a n o m e t e r  was a d j u s t e d  so t h a t  when t h e  

m ic ro a m m e te r  r e a d  z e r o  t h e  s c a l e  r e a d i n g  o f  t h e  v i s i c o r d e r  

was 6 . 0 .  The c o p p e r  s t r i p  was t h e n  r a i s e d  a b o v e  t h e  s u r f a c e  

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

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

t h e  c a p a c i t o m e t e r  a s  shown on t h e  m i c r o m e t e r  o r  v i s i c o r d e r  

w ent  t o  z e r o  when t h e  c o p p e r  s t r i p  t o u c h e d  t h e  s u r f a c e  o f  t h e  

w a t e r .  The r e f e r e n c e  c a p a c i t o r  was t h e n  c o n n e c t e d  and t h e  

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

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

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

o f  t h e  c a p a c i t o m e t e r  was a d j u s t e d .

As was m e n t i o n e d  e a r l i e r ,  s i n c e  d i s t i l l e d  w a t e r  was 

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

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

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

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

t h e  maximum f i l m  t h i c k n e s s  e x p e c t e d  an d  e n d i n g  a t  t h e  minimum 

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

s t r i p  was d r i e d  and t h e n  e x t e n d e d  u n t i l  t h e  v i s i c o r d e r  came 

on s c a l e .  D r i f t  was c h e c k e d  a n d  c o r r e c t e d  u s i n g  t h e  r e f e r e n c e  

c a p a c i t o r .  The c a l i b r a t i o n  was t h e n  b e g u n .  M i c r o m e t e r  r e a d ­

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

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

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

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

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

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

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

c u l a t e  t h e  f i l m  t h i c k n e s s  f o r  e a c h  r u n  and  t h e  a i r  g a p  w h ich  

c o r r e s p o n d e d  t o  t h e  v i s i c o r d e r  r e a d i n g s .  Prom t h i s  d a t a  

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

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

c u r v e  s .

A f t e r  e x p e r i m e n t a l  d a t a  was t a k e n  a n d  t h e  m i c r o m e t e r  

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

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

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

t h i c k n e s s  c o u l d  be  d e t e r m i n e d  d i r e c t l y  f ro m  t h e  v i s i c o r d e r  

r e c o r d i n g s  ( P i g u r e  1 5 ) .



CHAPTER IV

EXPERIMENTAL PROCEDURE

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

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

t h e  t e c h n i q u e s  u s e d  I n  t h e  e x p e r i m e n t a l  a p p l i c a t i o n  w i l l  be  

d i s c u s s e d .

A p p l i c a t i o n  o f  t h e  I n t e r f e r o m e t e r  

The I n t e r f e r o m e t e r  was  r o t a t e d  f ro m  t h e  h o r i z o n t a l  

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

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

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

c o n t a c t i n g  p l a t e  whose l e n g t h  was known.  The c e l l  was t h e n  

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

2"  f rom  t h e  b o t t o m  e n d  o f  t h e  c o n t a c t i n g  p l a t e  an d  l e v e l e d .  

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

where  t h e  l i g h t  beam  p a s s e d  t h r o u g h  t h e  c e l l .  The l i g h t  

s o u r c e  was t h e n  a d j u s t e d  so  t h a t  I t  c e n t e r e d  on  p l a t e  M4 a n d  

m i r r o r  M3 o f  t h e  I n t e r f e r o m e t e r .  The cam era  was p o s i t i o n e d  

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

t e r  was o p en ed  an d  a  m i r r o r  m o u n ted  b e h i n d  t h e  cam era  p o s i ­

t i o n e d  so  t h a t  a  t e l e s c o p e  m ou n ted  a t  t h e  I n t e r f e r o m e t e r
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c o u l d  s e e  t h e  r e f l e c t e d  image o f  t h e  g r o u n d  g l a s s  s c r e e n .

The c e l l  was l e v e l e d  u s i n g  t h e  s p i r i t  l e v e l  m oun ted  on  t h e  

c e l l  a n d  t h e  im age  o f  t h e  c e l l  on t h e  g r o u n d  g l a s s  s c r e e n  

c h e c k e d  f o r  p a r a l l e l i s m  o f  t h e  l i g h t  beam w i t h  t h e  b o t t o m  

g l a s s  p l a t e .  I f  t h e y  were  n o t  p a r a l l e l ,  t h e  3 / 8 "  b o l t s  on  

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

so  t h a t  when t h e  l i g h t  beam f ro m  t h e  c o l l i m a t i n g  l e n s  was 

c e n t e r e d  on  m4 a n d  M3 t h e  beam o f  l i g h t  p a s s i n g  t h r o u g h  t h e  

c e l l  was p a r a l l e l  t o  t h e  g l a s s  p l a t e  and  was c e n t e r e d  on M2.

I n  o r d e r  t o  m e a s u re  t h e  f r i n g e  s h i f t s  t h a t  o c c u r r e d  

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

was p l a c e d  i n  t h e  l i g h t  beam w h ich  was i n d e p e n d e n t  o f  t h e  

c a m e ra  o r  a n y  o t h e r  p a r t  o f  e q u ip m e n t  t h a t  m i g h t  h a v e  moved.  

T h i s  r e f e r e n c e  l i n e  was o b t a i n e d  b y  m o u n t in g  a  s p i d e r  web 

v e r t i c a l l y  b e t w e e n  two s u p p o r t  a rm s  t h a t  w ere  m ounted  b e t w e e n  

t h e  c a m e r a  a n d  t h e  o b j e c t i v e  l e n s  on t h e  I  beam s s u p p o r t .

The p o s i t i o n  o f  t h e  web was s e t  so t h a t  i t  was i n  f o c u s  a l o n g  

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

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

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

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

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

f r i n g e  p a t t e r n s  h a d  t o  be compared  w i t h  p h o t o g r a p h s  o f  t h e  

c a s e  w h e re  no c a r b o n  d i o x i d e  was p r e s e n t  i n  t h e  f i l m .  The 

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

r a t e  and-“r e m a i n e d ' c o n s t a n t  once  t h e  i n t e r f e r o m e t e r  was
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a d j u s t e d .  T h i s  a l l o w e d  t h e  f r i n g e  s h i f t  t o  be  m e a s u r e d  by  

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

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

f i l m  b e t w e e n  t h e  r e f e r e n c e  l i n e  and  a f r i n g e  when a i r  was i n  

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

r e f e r e n c e  l i n e  a n d  t h e  same f r i n g e  when c a r b o n  d i o x i d e  was 

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

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

t h e  f r i n g e s  was made when a i r  was i n  t h e  c e l l  a s  t h e  p r e s e n c e  

o f  a i r  d i d  n o t  a f f e c t  t h e  f r i n g e  s y s t e m .  O nly  one  p h o t o g r a p h  

was n e c e s s a r y  a t  any  one c e l l  p o s i t i o n  s i n c e  t h e  f r i n g e  s y s ­

tem  was n o t  a f f e c t e d  b y  t h e  l i q u i d  f l o w  r a t e  an d  r e m a i n e d  

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

The maximum num ber  o f  f r i n g e  s h i f t s  t h a t  o c c u r r e d  

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

was a r o u n d  2 . 6 7 .  The d i s t a n c e  t h e  f r i n g e s  moved,  h o w e v e r ,  

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

s h i f t s .  T h u s :

X = AN ' X^g (12)

w here  X was t h e  d i s t a n c e  t h e  f r i n g e  moved,  AN was t h e  number  

o f  f r i n g e  s h i f t s  c a l c u l a t e d  f r o m  e q u a t i o n  (4)  a n d  X^g was t h e  

f r i n g e  s p a c i n g .  The opt im um  f r i n g e  s p a c i n g  was f o u n d  e x p e r i ­

m e n t a l l y  t o  be a b o u t  0 . 2 7  mm. W i th  t h i s  f r i n g e  s p a c i n g  a b o u t  

9 t o  11 f r i n g e s  were  i n c l u d e d  i n  t h e  f i e l d  o f  v i s i o n  o f  t h e  

c a m e ra .  T h i s  f r i n g e  s p a c i n g  o f  0 . 2 7  mm c o r r e s p o n d e d  t o  a



66

f r i n g e  s p a c i n g  o f  a b o u t  3 - 2 5  cm on p h o t o g r a p h s  o f  t h e  i n t e r ­

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

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

d e f i n i t i o n  was l o s t  r e s u l t i n g  i n  l a r g e r  e r r o r s  i n  m e a s u r i n g  

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

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

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

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

en c e  l i n e  i n  t h e  f i l m  were  m e a s u re d  w i th  a c a t h e t o m e t e r  by  

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

on a w a l l  a b o u t  3 f e e t  f ro m  t h e  c a t h e t o m e t e r .  The h o l d e r  was 

r o t a t e d  on  t h e  w a l l  u n t i l  t h e  r e f e r e n c e  l i n e  i n  t h e  p h o t o ­

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

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

c e n t e r  o f  a  f r i n g e  was  m e a s u r e d  and  m arked .  The c a t h e t o m e t e r  

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

T h i s  was done f o r  b o t h  a i r - w a t e r  and  c a r b o n  d i o x i d e  w a t e r  

f r i n g e  p a t t e r n s .  P o i n t s  w ere  s e l e c t e d  a b o u t  e v e r y  0 . 5  cm 

f ro m  t h e  b o t t o m  o f  t h e  f i l m  t o  t h e  I n t e r f a c e .  A f t e r  t h e  

c e n t e r  p o i n t s  o f  t h e  f r i n g e s  w ere  m e a s u re d  an d  m a rk e d ,  t h e  

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

t h e  c a t h e t o m e t e r  was p a r a l l e l  t o  t h e  b o t t o m  o f  t h e  f i l m .  The 

d i s t a n c e  f ro m  t h e  b o t t o m  o f  t h e  f i l m  to  t h e  p o i n t s  m arked  on 

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

f r i n g e - r e f e r e n c e  l i n e  d i s t a n c e s .  A cc u rac y  i n  m e a s u r i n g  t h e  

f r i n g e  s h i f t  d i s t a n c e s  was f o u n d  t o  be  ±  0 . 0 2  cm. T h i s
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r e s u l t e d  i n  a n  a c c u r a c y  o f  ±  0 . 0 4  cm f o r  t h e  a c t u a l  f r i n g e  

s h i f t  d i s t a n c e  an d  ± 0 . 0 2  cm f o r  t h e  l o c a t i o n  o f  t h e  f r i n g e s  

i n  t h e  f i l m .  V a l u e s  o f  t h e  e x p e r i m e n t a l  f r i n g e  s h i f t s  r a n g e  

f ro m  AN = 0 . 1  t o  1 . 2 .  W i th  a f r i n g e  s p a c i n g  o f  3 -25  t h i s  was 

e q u i v a l e n t  t o  m e a s u r e d  d i s t a n c e s  o f  0 . 3 2 5  t o  3 - 9 0  cm. B a s e d  

on t h e s e  c a l c u l a t i o n s  t h e  m ea su re m e n t  e r r o r  a t  t h e  b o t t o m  o f  

t h e  f i l m  was + 1 2 . 5 ^  and  n e a r  t h e  i n t e r f a c e  ± 1 . 2 ^

Upon c o m p l e t i o n  o f  t h e  c e n t e r i n g  o f  t h e  l i g h t  beam 

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

w a t e r  was r em o v ed  f r o m  t h e  c e l l  an d  a w a t e r  f i l m  s t a r t e d  

f l o w i n g  down t h e  g l a s s  p l a t e .  B e c a u s e  o f  t h e  w aves  t h a t  o c ­

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

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

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

t h e  cam era  was t r a n s l a t e d  on  i t s  o p t i c a l  b e n c h  u n t i l  t h e  

f r i n g e  d i s t o r t i o n  was m i n i m i z e d .  T h i s  r e s u l t e d  i n  t h e  cam era  

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

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

cam era  was d e t e r m i n e d  b y  p l a c i n g  a w i r e  p e r p e n d i c u l a r  t o  t h e  

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

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

and  i t s  v a l u e  r e a d  f ro m  a s c a l e  on t h e  b o t t o m  o f  t h e  c e l l .

The c e l l  was n e x t  t r a n s l a t e d  u n t i l  t h e  w i r e  was c e n t e r e d  on 

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

The w i r e  was t h e n  removed an d  t h e  r e f e r e n c e  l i n e  u s e d  t o  mark 

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

t h e  f r i n g e  s p a c i n g  s e t  so  t h a t  9 t o  11 f r i n g e s  w e re  v i s i b l e  

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

c am era  w ere  made a n d  t h e  cam era  l o c k e d  i n t o  p o s i t i o n .

The t e m p e r a t u r e  c o n t r o l l e r  on t h e  o v e r h e a d  t a n k  was 

c h e c k e d  an d  t h e  h e a t i n g  a n d  c o o l i n g  c y c l e  a d j u s t e d  so t h a t  

t h e y  w ere  o f  a b o u t  e q u a l  d u r a t i o n .  T h i s  a d j u s t m e n t  was made 

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

c o i l s .  When p r o p e r l y  a d j u s t e d ,  t h e  h e a t i n g  and  c o o l i n g  

c y c l e s  w ere  a p p r o x i m a t e l y  20 s e c o n d s  i n  l e n g t h .  T e m p e r a t u r e  

c o n t r o l  o f  b e t t e r  t h a n  ±  0 . 0 1 ° 0  was n e c e s s a r y  a s  a  t e m p e r a ­

t u r e  c h an g e  o f  0 . 0 1 ° C c o r r e s p o n d e d  t o  a f r i n g e  s h i f t  o f  0 .0 2 6  

o r  a  s h i f t  o f  0 . 0 0 2 2  cm on  t h e  e n l a r g e d  p h o t o g r a p h s  o f  t h e  

i n t e r f e r e n c e  p a t t e r n .

The c e l l  was  p u r g e d  w i t h  a i r  a n d  t h e n  t h e  b y - p a s s  

v a l v e  on  t h e  g a s  i n l e t  s t r e a m  o p en ed  a n d  t h e  v a l v e  on c e l l  

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

o f  a b o u t  0 . 2 6  mm m e r c u r y  g a u g e  i n  t h e  c e l l .  The w a t e r  f l o w  

r a t e  was s e t  n e a r  i t s  maximum v a l u e  (Re = 1834)  so  t h a t  a s  

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

The b a r o m e t r i c  p r e s s u r e  a n d  c e l l  p r e s s u r e  w ere  r e c o r d e d  so 

t h a t  t h e  t o t a l  p r e s s u r e  i n  t h e  c e l l  was known.  The cam era  

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

p l a t e  p l a c e d  i n  t h e  c a m e r a .  The a i r - w a t e r  f r i n g e  s y s t e m  was 

now p h o t o g r a p h e d .  The p h o t o g r a p h i c  p l a t e  was moved t o  t h e  

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

l i n e  w i t h  no c a r b o n  d i o x i d e  p r e s e n t  i n  t h e  c e l l  had  b e e n  

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

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

p r e s s u r e  was a l l o w e d  t o  b u i l d  u p ,  t h e  windows moved and 

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

a i r  s t r e a m  was s h u t  o f f  and  t h e  c a r b o n  d i o x i d e  s t r e a m  s t a r t e d .  

The c a r b o n  d i o x i d e  v o l u m e t r i c  f l o w  r a t e  was s e t  t h e  same a s  

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

s u r e  when t h e  g a s  f l o w  was s t o p p e d .  The w a t e r  f l o w  r a t e  was 

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

l i n e  d u r i n g  p u r g i n g .  The e x i t  g a s  s t r e a m  v a l v e  was op en ed  

and  t h e  g a s  b y - p a s s  v a l v e  c l o s e d .  The w a t e r  l e v e l  a t  t h e  

b o t t o m  o f  t h e  c e l l  was c o n t r o l l e d  so  t h a t  no w a t e r  was c a r ­

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

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

t h e  f r i n g e  r e f e r e n c e  l i n e  l o c a t i o n .  A p p r o x i m a t e l y  3 m i n u t e s  

were  a l l o w e d  f o r  t h e  c e l l  t o  p u r g e .  The b y - p a s s  v a l v e  was 

t h e n  o p e n e d  and  t h e  e x i t  v a l v e  c l o s e d .  D u r i n g  t h e  p u r g i n g  

o f  t h e  c e l l ,  t h e  c e l l  p r e s s u r e  i n c r e a s e d  a b o u t  1 t o  2 mm o f  

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

was r e - s t a r t e d .  The w a t e r  f l o w  r a t e  was s e t  a t  t h e  maximum 

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

a d j u s t e d  so  t h a t  a  l i q u i d  s e a l  was m a i n t a i n e d .  F o u r  p h o t o ­

g r a p h s  were  t a k e n  a t  e a c h  f l o w  r a t e .  T h i s  was n e c e s s a r y  a s  

t h e  f i l m  t h i c k n e s s  v a r i e d  d e p e n d i n g  on t h e  l o c a t i o n  o f  t h e
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waves  when t h e  p i c t u r e  was t a k e n .  A f t e r  t h e  f o u r  p h o t o g r a p h s  

were  t a k e n ,  t h e  w a t e r  f l o w  r a t e  was changed and f o u r  more 

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

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

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

The w a t e r  f l o w  r a t e  was s e t  a t  t h e  l o w e s t  r a t e  f o r  w h ic h  

m e a s u re m e n t s  w ere  made.  The c e l l  was t h e n  p u r g e d  w i t h  a i r  

and  t h e  num ber  o f  f r i n g e  s h i f t s  t h a t  o c c u r r e d  when a i r  e n t e r e d  

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

g l a s s  s c r e e n .  E s t i m a t e s  o f ± 0 . 5 f r i n g e  s h i f t s  w ere  p o s s i b l e  

an d  t h i s  d a t a  was u s e d  t o  d e t e r m i n e  t h e  i n t e g r a l  num ber  o f  

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

n e x t  t r a n s l a t e d  t o  a new p o s i t i o n  an d  t h e  ab o v e  p r o c e d u r e  r e ­

p e a t e d .  A f t e r  t h e  e x p e r i m e n t a l  d a t a  was t a k e n ,  t h e  m a g n i f i ­

c a t i o n  r a t i o  o f  t h e  ca m e ra  was d e t e r m i n e d  a s  o u t l i n e d  i n  a  

p r e c e d i n g  s e c t i o n .

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

t h e  w i d t h  o f  t h e  l i g h t  beam p a s s i n g  t h r o u g h  t h e  c e l l  was 2 " ,  

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

o r d e r  t o  o b t a i n  i n f o r m a t i o n  o n  how t h e  f r i n g e  s h i f t  c h a n g e d  

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

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

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

c e l l  w indows.  The r e a l i g n m e n t  o f  t h e  c e l l  d i d  n o t  a f f e c t  

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

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

t h e  f r i n g e  s h i f t  a n d  t h e  f r i n g e  s p a c i n g  w h ich  was o b t a i n e d  

f r o m  t h e  a i r - w a t e r  p h o t o g r a p h .

To i n s u r e  t h e  same f l o w  p a t t e r n  i n  t h e  l i q u i d  f i l m  

a f t e r  t r a n s l a t i n g  t h e  c e l l s ,  t h e  c e l l  was l e v e l e d  w i t h  t h e  

s p i r i t  l e v e l .  S o m e t i m e s ,  t h e  b o t t o m  g l a s s  p l a t e  was n o t  com­

p l e t e l y  p a r a l l e l  w i t h  t h e  l i g h t  beam a f t e r  t h e  c e l l  was 

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

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

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

t h e  g l a s s  p l a t e .  T h i s  m e th o d  o f  a d j u s t m e n t  was v e r y  h e l p f u l  

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

f e r o m e t e r .  A u n i f o r m  w a t e r  f l o w  r a t e  i n  t h e  c e l l  was o b t a i n e d  

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

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

e t e r  w i t h  a  c a l i b r a t i o n  a c c u r a c y  o f  ±  1 . 3 ^  a t  Re^  i n  t h e  c e l l  

o f  732  and  ±  0 . 4 #  a t  Re^, e q u a l  t o  1834.

A n a l y s i s  o f  C a rb o n  D i o x i d e  C o n c e n t r a t i o n  

b y  A n a l y t i c a l  T e c h n i q u e s  

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

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

a v e r a g e  c a r b o n  d i o x i d e  c o n c e n t r a t i o n  d e t e r m i n e d  b y  a d d i n g  a n  

e x c e s s  o f  NaOH a n d  BaClg t o  t h e  s a m p le s  t o  p r e c i p i t a t e  BaCOg. 

The e x c e s s  NaOH was t h e n  b a c k - t i t r a t e d  w i t h  HCl t o  a p h e n o l -  

p h t h a l e i n  e n d - p o i n t .

To be  a b l e  t o  o b t a i n  a v e r a g e  c a r b o n  d i o x i d e
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c o n c e n t r a t i o n s  a t  t h e  same l o c a t i o n  i n  t h e  c e l l  a s  t h e  i n t e r ­

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

was a d j u s t e d  so  t h a t  t h e  e d g e  o f  t h e  g a s - w a t e r  i n t e r f a c e  a t  

t h e  t o p  p l a t e  o f  t h e  c e l l  was c e n t e r e d  a t  one  o f  t h e  l o c a ­

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

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

en d  e f f e c t s  w h e re  t h e  a i r - w a t e r  i n t e r f a c e  e n d e d .  The l e n g t h  

o f  t h e  c e l l  was s u f f i c i e n t  h o w e v e r  t o  m i n im iz e  t h i s  e f f e c t .  

The minimum c o n t a c t  l e n g t h  m e a s u r e d  was 2 2 . 5 "  f ro m  t h e  e n ­

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

p e r a t u r e  was t h e  same a s  t h a t  m e a s u re d  w i t h  t h e  i n t e r f e r o ­

m e t r i c  d a t a .  To d u p l i c a t e  t h e  t o t a l  c e l l  p r e s s u r e ,  t h e  

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

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

i n l e t  b y - p a s s  v a l v e  u n t i l  t h e  c e l l  m anom ete r  i n d i c a t e d  t h e  

d e s i r e d  p r e s s u r e  d i f f e r e n c e .

W a te r  s a m p l e s  were  t a k e n  b y  a 10 cc  h y p o d e r m ic  n e e d l e  

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

t r o l  v a l v e  t o  t h e  w a t e r  d i s c h a r g e  ch am b er  o f  t h e  c e l l .  The 

w a t e r  was a l l o w e d  t o  f l o w  f o r  a  minimum o f  3 m i n u t e s  a t  a 

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

d a t a  was t a k e n .

A p p l i c a t i o n  o f  t h e  C a p a c i t o m e t e r

The a n g l e  o f  i n c l i n a t i o n  o f  t h e  c e l l  was s e t  t o  t h e  

d e s i r e d  v a l u e  a n d  t h e  m i c r o m e t e r  p o s i t i o n e d  i n  a h o l e  i n  t h e
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t o p  p l a t e  o f  t h e  c e l l  3 1 -5  i n c h e s  f ro m  t h e  w a t e r  i n l e t .  The 

c a p a c i t o m e t e r  was a d j u s t e d  a s  o u t l i n e d  i n  C h a p t e r  I I I  a n d  t h e  

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

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

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

t h e  c o p p e r  s t r i p  was s e t  a s  c l o s e  t o  t h e  s u r f a c e  o f  t h e  w a t e r  

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

c h a r t  s p e e d  o f  t h e  v i s i c o r d e r  was s e t  t o  2 i n c h e s / s e c  a n d  t h e  

t im e  m a r k e r  s e t  t o  0 . 1  s e c o n d .  A wave t r a c e  o f  a b o u t  60 s e c ­

onds  d u r a t i o n  was t a k e n .  The c h a r t  s p e e d  was t h e n  c h a n g e d  

t o  10 i n c h e s / s e c  an d  a b o u t  a 6 s e c o n d  r u n  was made a t  t h i s  

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

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

be  c o m p le t e d  l a t e r .  The w a t e r  f l o w  r a t e  was t h e n  ch a n g e d  and 

t h e  p r o c e d u r e  r e p e a t e d .  B e f o r e  e a c h  r u n ,  t h e  r e f e r e n c e  c a p a c ­

i t o r  was c h e c k e d  so  t h a t  d r i f t  i n  t h e  c a p a c i t o m e t e r  c o u l d  be  

c o r r e c t e d .  A f t e r  t h e  r u n s  were  c o m p l e t e d ,  t h e  c e l l  was 

p l a c e d  h o r i z o n t a l  and  t h e  c a l i b r a t i o n  s t a r t e d .  C a r e  was

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

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

A l l  d a t a  was t a k e n  w i t h  q u i e s c e n t  a i r  i n  t h e  c e l l .

I t  w ou ld  have  b e e n  b e t t e r  t o  h a v e  had  c a r b o n  d i o x i d e  i n  t h e

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

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

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

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

p l a t e  a t  a l l  t i m e s  u n t i l  t h e  c a l i b r a t i o n  r'jin was c o m p l e t e d  

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

m e a s u re d  c a p a c i t a n c e .  However ,  o n c e  t h e  w a t e r  g o t  u n d e r  t h e  

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

was rem oved .

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

a n  a i r  g ap  o f  a b o u t  0 .0 0 3 '%  a 0 . 0 0 3 "  c h a n g e  i n  f i l m  t h i c k n e s s  

c o r r e s p o n d e d  t o  a  l "  d e f l e c t i o n  on t h e  v i s i c o r d e r .  W hi le  

w i t h  an  a i r  g a p  o f  0 . 0 3 5 ":» a  0 . 0 2 0 5 "  c h a n g e  i n  f i l m  t h i c k n e s s  

was r e q u i r e d  f o r  t h e  same v i s i c o r d e r  d e f l e c t i o n .



CHAPTER V

EXPERIMENTAL RESULTS

I n t e r f e r o m e t r i c  D a t a  

A p p e n d ic e s  A and  B a r e  t a b u l a t i o n s  o f  t h e  c a t h e t o m ­

e t e r  m e a s u re m e n t s  t a k e n  f ro m  p h o t o g r a p h s  o f  t h e  f r i n g e  p a t ­

t e r n s .  The d a t a  r e p o r t e d  u n d e r  co lum n Xqq^ g i v e  t h e  m e a su re d  

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

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

t e r n s  o f  t h e  CO2 -  w a t e r  s y s t e m .  The d a t a  u n d e r  co lumn X ^ i r  

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

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

p a t t e r n s  o f  t h e  a i r - w a t e r  s y s t e m .  Column Y i s  t h e  d i s t a n c e  

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

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

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

f ro m  a t  t h i s  Y an d  d i v i d i n g  i t  b y  t h e  f r i n g e  s p a c i n g

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

n o t e  t h a t  e a c h  ru n  h a s  a  d i f f e r e n t  f r i n g e  s p a c i n g  an d  t h a t  

c o m p a r i s o n  o f  t h e  d a t a  can  o n l y  be  made a f t e r  t h e  f r i n g e  

s h i f t s  h ave  b e e n  c a l c u l a t e d .

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

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

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

m ethod  b y  w h ic h  i t  was m ou n ted  t o  t h e  c e l l .  T h i s  d i s t o r t i o n  

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

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

i f  a n y  f r i n g e  s h i f t s  w ere  o c c u r r i n g  i n  t h i s  r e g i o n  Xqq^ and  

^ A i r  MGre m e a s u re d  f o r  s e v e r a l  s e t s  o f  d a t a .  R e s u l t s  o f  

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

c u r r e d  i n  t h i s  d i s t o r t i o n  r e g i o n  was t h e  same a s  t h a t  w h ich  

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

13 i s  a  p h o t o g r a p h  o f  t h e  f r i n g e  p a t t e r n s  o f  t h e  C O g-w ate r  

s y s t e m .  The d i s t o r t i o n  t h a t  was d i s c u s s e d  above  ca n  be  s e e n  

a t  t h e  b o t t o m  o f  t h e  p h o t o g r a p h .  F i g u r e  l 4  i s  a p h o t o g r a p h  

o f  t h e  f r i n g e  p a t t e r n  o f  t h e  a i r - w a t e r  s y s t e m  a t  t h e  f lo w  

r a t e  and  c e l l  p o s i t i o n  a s  f i g u r e  13- The same d i s t o r t i o n  i s  

p r e s e n t  i n  t h i s  p h o t o g r a p h  a s  was f o u n d  i n  f i g u r e  13. D e t e r ­

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

i n  t h e  i n t e r f e r e n c e  p a t t e r n s  was made i n  t h e  f o l l o w i n g  m an n e r :  

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

was m o u n te d  on t h e  t o p  p l a t e  o f  t h e  c e l l  and t h e  s h a f t  e x ­

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

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

s e r v e d  on t h e  cam era  m o u n te d  w i t h  a  g r o u n d  g l a s s  s c r e e n .  The 

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

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

s h a f t  was r a i s e d  u n t i l  l i g h t  c o u l d  be  s e e n  u n d e r  t h e  end  o f
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t h e  s h a f t .  I t  was  t h e n  e x t e n d e d  c a r e f u l l y  u n t i l  t h e  l i g h t  

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

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

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

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

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

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

m in in g  t h e  l o c a t i o n  o f  t h e  s u r f a c e  was 0 . 0 0 0 5 " -

Column C/Cg i n  A p pend ix  A i s  t h e  r a t i o  o f  t h e  c a l c u ­

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

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

C/Cg w e re  c a l c u l a t e d  i n  t h e  f o l l o w i n g  m anner .

From e q u a t i o n  ( 5 j  t h e  r e l a t i o n s h i p  b e t w e e n  AN and t h e  

a c t u a l  c a r b o n  d i o x i d e  c o n c e n t r a t i o n  was g i v e n  a s

c - Cc = AN (5;
LA

Where A i s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  t h a t  r e l a t e s  t h e  

ch ange  i n  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  w i t h  t h e  c o r r e s ­

p o n d i n g  c h a n g e  i n  t h e  i n d e x  o f  r e f r a c t i o n .  The v a l u e  o f /  A 

was d e t e r m i n e d  e x p e r i m e n t a l l y  by  s a t u r a t i n g  a f i l m  o f  w a t e r  

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

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

was m e a s u r e d  by  t a k i n g  s a m p le s  o f  t h e  w a t e r  f i l m  w i t h  a  h y p o ­

d e r m ic  n e e d l e  a n d  d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  b y  c h e m i c a l  

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

f e r e n c e  p a t t e r n  o f  t h e  w a t e r  f i l m .  S a t u r a t i o n  was a s su m ed
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when t h e  f r i n g e s  s t o p p e d  s h i f t i n g  an d  had  r e su m e d  t h e  same 

o r i e n t a t i o n  w i t h  t h e  r e f e r e n c e  l i n e  a s  when no c a r b o n  d i o x i d e  

was i n  t h e  c e l l .  The t e m p e r a t u r e  o f  t h e  f i l m  was 2 2 , 2 ° C and 

t h e  c e l l  p r e s s u r e  7 3 9 - 7  mm Hg. The i n i t i a l  c a r b o n  d i o x i d e  

c o n c e n t r a t i o n  i n  t h e  w a t e r  f i l m  was z e r o  g m / l l t e r .  The 

f r i n g e  s h i f t  m e a s u r e d  a t  s a t u r a t i o n  was 2 . 6 7 2 6  w h ic h  c o r r e s ­

p onded  t o  a  m e a s u r e d  s a t u r a t e d  c a r b o n  d i o x i d e  c o n c e n t r a t i o n  

o f  1 .4 6 6 8  g m / l i t e r .  U s in g  t h e s e  v a l u e s  i n  e q u a t i o n  (5 )  w i t h  

X e q u a l  t o  5460 an d  w i t h  L e q u a l  t o  7 -5 6 9 2  cm, t h e  v a l u e  

f o r  A was d e t e r m i n e d  t o  b e  3 -9 6 2  x  1 0 “ ^.  W ith  e q u a t i o n  (5)  

c a r b o n  d i o x i d e  c o n c e n t r a t i o n  c o u l d  be  c a l c u l a t e d .  H owever ,  

t o  s i m p l i f y  t h e  c a l c u l a t i o n s  e q u a t i o n  (6)  was u s e d  i n s t e a d .

ÙN/ANs = C /C g  ( 6 )

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

f ro m  t h e  d a t a  g i v e n  i n  co lum ns  Xqq^ and  X ^ i r -  To d e t e r m i n e  

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

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

and  com pared  t o  t h e  a v e r a g e  c a r b o n  d i o x i d e  c o n c e n t r a t i o n  

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

( F i g u r e s  29 an d  30 )  The w a t e r  s a m p l e s  w ere  t a k e n  w i t h  a 

h y p o d e r m ic  n e e d l e  i n  t h e  w a t e r  o u t l e t  t u b e  f ro m  t h e  w a t e r  

e x i t  ch am ber  o f  t h e  c e l l .  The w a t e r  l e v e l  i n  t h e  c e l l  was 

v a r i e d  so  t h a t  t h e  c a r b o n  d i o x i d e  w a t e r  i n t e r f a c e  e n d e d  a t  

t h e  l o c a t i o n s  i n  t h e  c e l l  w here  t h e  i n t e r f e r o m e t r i c  d a t a  was 

t a k e n ,  t h u s  a l l o w i n g  t h e  w a t e r  s a m p l e s  t o  b e  t a k e n  a t  t h e
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same c e l l  l o c a t i o n s  a s  t h e  i n t e r f e r o m e t r i c  d a t a .  The m ethod  

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

f ro m  t h e  i n t e r f e r o m e t r i c  d a t a  w i l l  be d e f e r r e d  f o r  d e t a i l e d  

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

C o m p a r i so n  o f  t h e  a v e r a g e  c a r b o n  d i o x i d e  c o n c e n t r a ­

t i o n  d e t e r m i n e d  b y  t i t r a t i o n  e x p r e s s e d  a s  ? / C g  w i t h  t h e  i n t e r ­

f e r o m e t r i c  a v e r a g e  c o n c e n t r a t i o n  AN/^Ng was n o t  s a t i s f a c t o r y .  

The d e v i a t i o n s  b e t w e e n  t h e  v a l u e s  a t  t h e  same c e l l  l o c a t i o n  

and  f l o w  r a t e  w ere  l a r g e r  t h a n  c o u l d  be  e x p l a i n e d  b y  t h e  

m ethod  u s e d  t o  c a l c u l a t e  AN. E x a m i n a t i o n  o f  t h e  o r i g i n a l  

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

t h e  c e l l  windows d u r i n g  t h e  change  f rom  a i r  t o  c a r b o n  d i o x i d e .  

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

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

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

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

ch ange  i n  t h e  f l o w  r a t e  s h i f t e d  t h e  f r i n g e s  i n  a  d i r e c t i o n  

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

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

t h i s  s h i f t  was a l s o  a p r e s s u r e  e f f e c t  on t h e  c e l l  windows a s  

t h e  s h i f t  i n c r e a s e d  w i t h  i n c r e a s e d  f lo w  r a t e s .  T h i s  s h i f t  

becom es  i m p o r t a n t  i n  t h e  a n a l y s i s  o f  t h e  d a t a  a s  t h e  a i r -  

w a t e r  f r i n g e  p a t t e r n s  w ere  t a k e n  a t  o n l y  one f l o w  r a t e  an d  

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

t h e  one a t  w h ic h  t h e y  w ere  m e a s u r e d .  The I n t e r f e r o m e t r i c  

d a t a  was c o r r e c t e d  so  t h a t  i t  a g r e e d  w i t h  t h e  w a t e r  s a m p le s
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d e f i n i n g  a  c o r r e c t i o n  f a c t o r  ûN/ÛNg -  C/Cg f o r  e a c h  c e l l  

p o s i t i o n  and. f l o w  r a t e  an d  s u b t r a c t i n g  f r o m  C/Cg c a l c u l a t e d  

f ro m  t h e  i n t e r f e r o m e t r i c  d a t a .  The c o r r e c t i o n  f a c t o r  was 

s m a l l e s t  a t  t h e  l a r g e s t  f l o w  r a t e  a s  t h i s  was t h e  f l o w  r a t e  

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

s y s t e m .

W ith  t h e  ab o v e  c h a n g e ,  t h e  d a t a  i n  co lum n C/Cg was 

c a l c u l a t e d .  The f i g u r e s  were  c a l c u l a t e d  f ro m  a n d  X^^^

and t h e  c o r r e c t i o n  f a c t o r s  b y  t h e  f o l l o w i n g  e q u a t i o n :

U 3 )
Cs X ps • ‘ N3 AN3 C3

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

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

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

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

a b o u t  0 . 0 0 0 5 " o f  t h e  s u r f a c e  o f  t h e  f i l m .  The c o n t r o l l i n g  

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

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

Wave D a ta

A p p e n d ix  C i s  a  t a b u l a t i o n  o f  t h e  wave a m p l i t u d e  and 

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

o f  w aves  c o u n t e d  on t h e  v i s i c o r d e r  wave t r a c e  t h a t  h av e  am­

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

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

o b s e r v e d  t o  t h e  minimum. The f r a c t i o n  o f  t h e  t o t a l  num ber  o f
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waves  c c u n t e d  a t  e a c h  d i s t a n c e  i s  g i v e n  i n  co lum n P^, The 

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

wave t r a c e  i n t o  one second  t i m e  i n t e r v a l s  a n d  c o u n t i n g  t h e  

number  o f  waves  i n  e a c h  i n t e r v a l .  The d a t a  r e p o r t e d  i n  t h e  

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

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

maximum f r e q u e n c y  c o u n t e d  t o  t h e  minimum. The f r a c t i o n  o f  

t h e  t o t a l  num ber  o f  t im e  i n t e r v a l s  c o u n t e d  f o r  e a c h  f r e q u e n c y  

was a l s o  i n c l u d e d  and  t a b u l a t e d  u n d e r  co lum n P^.

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

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

w h ic h  v i s i c o r d e r  r e a d i n g s  v s .  a i r  g a p  d i s t a n c e s  w ere  m e a s u re d  

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

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

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

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

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

6 . 0  on  t h e  v i s i c o r d e r  s c a l e  a t  t h e  m i c r o m e t e r  r e a d i n g  w h ich  

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

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

v i s i c o r d e r  s c a l e  a x i s  u n t i l  t h e  c u r v e  p a s s e d  t h r o u g h  6 . 0 .

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

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

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

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

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

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

u n d e r  t h e  g l a s s '  p l a t e .

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

f ro m  t h e  wave t r a c e s  were  t o o  l a r g e  when com pared  t o  t h e  

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

t h i c k n e s s  f o r  t h e  f l o w  r a t e s  b e i n g  m e a s u re d  when p l o t t e d  on 

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

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

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

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

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

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

i n  t h e  c a p a c i t o m e t e r  o u t p u t  was n e g l i g i b l e .

S i n c e  t h e  d i s t i l l e d  w a t e r  w h ich  was u s e d  i n  t h e  c e l l  

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

was i n  a c t u a l i t y  t h e  m e t a l  p l a t e  upon  w h ic h  t h e  g l a s s  p l a t e  

was m oun ted  and  n o t  t h e  s u r f a c e  o f  t h e  w a t e r .  As a  r e s u l t  

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

p l a t e  an d  t h e  m e t a l  p l a t e  ch a n g e d  t h e  c a p a c i t o m e t e r  a d j u s t ­

m e n t .  To c o r r e c t  f o r  t h i s  e r r o r ,  t h e  a v e r a g e  f i l m  t h i c k n e s s  

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

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

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

2 0 ,  21 ,  22 and  23 )  To be  a b l e  t o  m e a s u re  t h i s  a r e a  a c c u r a t e l y  

t h e  v i s i c o r d e r  t r a c e r  was r u n  a t  1 0 " / s e c  a s  com pared  t o  2 " / s e c
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d u r i n g  t h e  e x p e r i m e n t a l  r u n s . The a v e r a g e  f i l m  t h i c k n e s s  i n  

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

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

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

i n g  th em  a l o n g  t h e i r  a b s c i s s a  u n t i l  t h e  c a l i b r a t i o n  c u r v e s  

g a v e  t h e  l a m i n a r  f i l m  t h i c k n e s s  when t h e  a v e r a g e  f i l m  t h i c k ­

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

r e a d i n g .  F i g u r e  15 i s  t h e  c o r r e c t e d  c a l i b r a t i o n  c u r v e  f o r  

d a t a  t a k e n  a t  an  a n g l e  o f  i n c l i n a t i o n  o f  t h e  p l a t e  o f  9 ° 4 4 ' .

To make t n i s  c o r r e c t i o n ,  two a s s u m p t i o n s  w ere  made.  

F i r s t  was t h a t  t h e  wave p r o f i l e  m e a s u re d  a t  t h e  c e n t e r  o f  t h e  

g l a s s  p l a t e  was assum ed  t o  be  an  a c c u r a t e  r e p r e s e n t a t i o n  o f  

t h e  wave p r o f i l e  a c r o s s  t h e  f u l l  w i d t h  o f  t h e  c e l l .  S eco n d  

was t h a t  t h e  o u t p u t  o f  t h e  c a p a c i t o m e t e r  was a s sum ed  t o  be  

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

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

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

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

s u m p t i o n  was n o t  so s a t i s f a c t o r y .  The e v a l u a t i o n  o f  t h e  

a v e r a g e  v i s i c o r d e r  r e a d i n g  f ro m  t h e  wave t r a c e  assum ed  t h a t  

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

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

r e a d i n g s .  F i g u r e  15 shows t h i s  i s  n o t  c o r r e c t .  However ,  i t  

was n e a r l y  c o n s t a n t  o v e r  t h e  r a n g e  0 t o  2 .  E x a m i n a t i o n  o f  

t h e  wave t r a c e  f o r  r u n  48 g a v e  t h e  t o t a l  a r e a  u n d e r  t h e  c u r v e  

a s  1 42 .  To e s t i m a t e  t h e  e r r o r ,  t h e  a r e a  u n d e r  t h e  wave t r a c e
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ab o v e  2 was m e a s u re d  a n d  f o u n d  t o  be  4 . 7 7 .  T h i s  i n d i c a t e d  

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

s t a n t  was o n l y  a b o u t  4$  w h ich  was a c c e p t a b l e .

R e s u l t s  o f  t h e  wave d a t a  a n a l y s i s  a r e  p r e s e n t e d  i n  

f i g u r e s  ( 2 4 ,  25, 26 and  2 7 ;  an d  A p p en d ix  C.



CHAPTER VI 

ANALYSIS OF THE EXPERIMENTAL DATA 

Wave D a t a

The wave phenomena t h a t  o c c u r s  on the s u r f a c e  o f  a 

f a l l i n g  l i q u i d  f i l m  must  be  d e s c r i b e d  b y  th e  h y d r o d y n a m ic s  

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

t h e  R e y n o ld s  number^ t h e  wave f r e q u e n c y  and  t h e  wave a m p l i ­

t u d e .  The R e y n o ld s  number  was o b t a i n e d  by  m e a s u r in g  t h e  f lo w  

r a t e ,  t h e  w i d t h  a n d  a n g l e  o f  i n c l i n a t i o n  o f  t h e  p l a t e  upon 

w h ic h  i t  f l o w s  and  t h e  t e m p e r a t u r e  o f  t h e  f lo w in g  m e d ia .  The 

wave f r e q u e n c y  and a m p l i t u d e  a r e  more d i f f i c u l t .  By u s e  o f  

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

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

t a i n e d .  I n s p e c t i o n  o f  t h e s e  t r a c e s  ( f i g u r e s  2 0 ,  2 1 ,  22 and 

2 3 )  showed t h a t  b o t h  t h e  a m p l i t u d e  an d  f r e q u e n c y  o f  t h e  waves  

w ere  o f  a  random n a t u r e ,  e s p e c i a l l y  a b o v e  R eyno lds  num bers  o f  

7 3 2 ,  and  c o u l d  b e s t  be  e x p r e s s e d  by  some type  o f  s t a t i s t i c a l  

c o r r e l a t i o n .  To d e t e r m i n e  a  c o r r e l a t i o n  f o r  t h e  wave a m p l i ­

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

r a t i o  o f  t h e  num ber  o f  w aves  h a v i n g  a  f i l m  t h i c k n e s s  e q u a l  

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

num ber  o f  waves  o b s e r v e d .  The v a l u e  o f  P^ was u n i t y  a t  t h e

88
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maximum f i l m  t h i c k n e s s  and z e r o  a t  t h e  minimum. P l o t t i n g  

v e r s u s  t h e  f i l m  t h i c k n e s s ,  a  n o rm a l  d i s t r i b u t i o n  skewed t o  

t h e  r i g h t  was o b t a i n e d .  To d e t e r m i n e  i f  t h e  wave d a t a  c o u l d  

b e  r e p r e s e n t e d  by  a  n o rm a l  d i s t r i b u t i o n ,  t h e  P r o b i t  d i a g r a m  

m ethod  was u s e d ,  ( l )  T h i s  m e th o d  i s  e x t r e m e l y  v a l u a b l e  i f  

t h e  d i s t r i b u t i o n  f u n c t i o n  d e s i r e d  i s  o f  t h e  K a p te y n  ( l )  c l a s s  

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

t r i b u t i o n .  K a p t e y n ' s  c l a s s  o f  d i s t r i b u t i o n s  i s  g i v e n  a s  :

^  X )  .  _ 1 _  r  _ [0_( t ) -  x f i  a t
/ I n  a  2a 2

w here  m{G(X)} = x  i s  t h e  mean and  ct{g(x)} = a i s  t h e  d i s p e r ­

s i o n .  S i n c e  u = Ï ( t )  i s  a l w a y s  i n c r e a s i n g  i n  t h e  w hole  i n ­

t e r v a l  - “> < t  < ® t  i s  a f u n c t i o n  o f  u :  t  = Y ~ ^ ( u ) .  F o r  t h e

g e n e r a l  n o r m a l  d i s t r i b u t i o n ,  u  = Y ^ ^  ^  , t h u s  we h ave

( t  -  x ) / o  = Y ^ ( x ) .  I n s e r t i n g  h e r e  u  = Y ( t )  we o b t a i n  a 

f u n c t i o n ,  V]_ = Y " ^ ( Y ( t ) ) ,  w h ic h  i s  e q u a l  t o  v^ = ( t  -  x  ) / o .

I f  we now f o rm  vg = Y“ ^ ( F ( t j ) ,  w h e re  P ( t )  = u  = N ( t ) / p  we 

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

l i n e  v^  = ( t  -  x ) / ^  p a s s i n g  t h r o u g h  t h e  p o i n t  ( x , 0 )  a n d  h a v ­

i n g  t h e  s l o p e  l / G . I f  n o t  x ,  b u t  a  c e r t a i n  f u n c t i o n  o f  x ,  

G(x) i s  n o r m a l l y  d i s t r i b u t e d  t h e n  Vg = Y“^ ( F ( t ) )  s h o u l d  a l s o  

l i e  v e r y  c l o s e  t o  t h e  c u r v e  v^  = — — . T h i s  m ethod  a l ­

lows t h e  f u n c t i o n  o f  t  t o  be  c h o s e n  and  f u r t h e r m o r e ,  i t  may 

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

and  o g r a p h i c a l l y .
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A p p l y i n g  t h e  P r o b i t  m e thod  t o  t h e  wave a m p l i t u d e  d a t a  

g i v e n  i n  A p p en d ix  C, i t  was f o u n d  t h a t  a l l  t h e  wave a m p l i t u d e  

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

d * x ( t )  = «  (  ex p  [ -  d "  ^ ( 1 5 )
a t20 2

w here  m{ I n  x ]  = % and  o [ i n  x]  = o

The c o r r e l a t i o n  o f  t h e  wave f r e q u e n c y  d a t a  was made i n  a  man­

n e r  s i m i l a r  t o  t h a t  u s e d  f o r  t h e  a m p l i t u d e  d a t a .  C h o o s in g  an 

a r b i t r a r y  t i m e  i n t e r v a l  o f  1 s e c o n d ,  t h e  number  o f  waves  p e r  

t i m e  i n t e r v a l  was d e t e r m i n e d  ( s e e  A ppend ix  C ) .  A p r o b a b i l i t y  

was d e f i n e d  a s  t h e  r a t i o  o f  t h e  num ber  o f  t i m e  i n t e r v a l s  

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

f r e q u e n c y  d i v i d e d  b y  t h e  t o t a l  num ber  o f  i n t e r v a l s .  A p p ly in g  

t h e  " P r o b i t  m e th o d "  i t  was f o u n d  t h a t  a l l  t h e  wave f r e q u e n c y  

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

d $ x ( t )  = —  ----  exp
o

( t  -
20 2

]  d t  (16)

E xam ples  o f  t h e  a n a l y s i s  o f  t h e  wave a m p l i t u d e  an d  wave f r e ­

q u e n c y  d a t a  b y  t h e  P r o b i t  m e thod  a r e  g i v e n  i n  f i g u r e s  16 and  

17 r e s p e c t i v e l y .  The mean wave f r e q u e n c y  and  t h e  a n t i l o g  o f  

t h e  mean wave a m p l i t u d e  an d  mean f i l m  t h i c k n e s s  a r e  g i v e n  i n  

f i g u r e s  2 4 ,  2 3 ,  26 and  2 7 .  A lso  i n c l u d e d  i n  t h e s e  f i g u r e s  

a r e  v a l u e s  f o r  t h e  maximum wave a m p l i t u d e ,  maximum f i l m  

t h i c k n e s s ,  a v e r a g e  t r o u g h  h e i g h t  and  minimum t r o u g h  h e i g h t
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d e t e r m i n e d  f ro m  t h e  wave t r a c e s  an d  t h e  c a l c u l a t e d  l a m i n a r  

f i l m  t h i c k n e s s .

S u r f a c e  A rea

The wave t r a c e s  r e c o r d e d  b y  t h e  v l s l c o r d e r  were p l o t s  

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

p o s i t i o n  a s  a  f u n c t i o n  o f  t h e  v e l o c i t y  o f  t h e  w av es .  To c a l ­

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

c o r d e r  c h a r t  s p e e d  and t h e  v e l o c i t y  o f  t h e  waves  had  t o  be 

known.  The v e l o c i t y  o f  t h e  waves  was n o t  known, so  t h e  v e l ­

o c i t y  o f  t h e  waves  was assum ed  t o  be  e q u a l  t o  t h e  s u r f a c e  

v e l o c i t y  o f  a n  e q u i v a l e n t  l a m i n a r  f i l m .  T h a t  I s  Vg = 3 / 2  

where  I s  t h e  a v e r a g e  b u l k  v e l o c i t y .  The u s e  o f  3 / 2  f o r  

t h e  v e l o c i t y  o f  t h e  waves  was n o t  c o r r e c t  a s  I t  h a s  b e e n  e x ­

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

f i l m s  I s  c l o s e r  t o  2 ( 2 5 ) .  From h y d r o d y n a m ic  c o n s i d e r a ­

t i o n s ,  t h e  v e l o c i t y  o f  t h e  w av es  s h o u l d  b e  a t  l e a s t  e q u a l  t o  

t h e  s u r f a c e  v e l o c i t y .  The v a l u e  o f  3 / 2  h o w e v e r ,  was u s e d  

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

I n s u r i n g  t h a t  t h e  e s t i m a t e  was c o n s e r v a t i v e .

M easu rem en t  o f  t h e  s u r f a c e  a r e a  was made b y  r e p r e ­

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

t r i a n g l e s .  The a l t i t u d e  o f  t h e s e  t r i a n g l e s  was assumed t o  

be  t h e  ch an g e  I n  f i l m  t h i c k n e s s .  The b a s e  was t h e  m e a s u re d  

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

o c i t y  t o  t h e  v l s l c o r d e r  c h a r t  s p e e d .  B a s e d  on  t h i s  m e th o d  

t h e  r a t i o  o f  a r e a s  w i t h  waves  t o  t h e  a r e a  w i t h o u t  waves was



9 4

g i v e n  b y

N

1=1
Al  n

I [(-2 - ?l)i + =
---------------------------------------  (17)

I
1=1

w h e re  N I s  t h e  maximum n um ber  o f  s t r a i g h t  l i n e  s e g m e n t s .

Yg -  I s  t h e  change  I n  f i l m  t h i c k n e s s  a n d  I s  t h e  m eas ­

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

r a t i o ,  ^ s u r f a c e  ( r i p p l e s )   .
V l s l c o r d e r  C h a r t  S p e ed

The I n c r e a s e  I n  a r e a  c a l c u l a t e d  was so s m a l l  t h a t  a

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

t i m e . T h i s  a p p r o x i m a t i o n  was

Al  N

N

I  [ (Yg - Yt)i + A%i]
  ( 1 8 )

I
1=1

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

T a b l e  1 .



TABLE 1. SURFACE VELOCITY AND AREA MEASUREMENTS

L a m in a r Average  I n c r e a s e

Re 0

F i l m
T h i c k n e s s

cm
Vl

c m /se c
2 \
c m / s e c

Mean F i lm  
T h i c k n e s s  

cm
UJ

s e c " ^
^sMP 

c m /sec

T ro u g h
H e i g h t

cm

i n
S u r f a c e

Area

732 9° 4 4 ' .0 6 7 3 3 9 . 3 5 2 . 4 0 .0 9 1 9 5 . 9 5 7 3 . 4 .0425 1 .4 4 9
18° 27 ' .05 4 2 4 7 . 8 4 6 3 . 7 0 .0714 8 . 4 0 8 3 . 2 0 .0 4 1 9 .902
25° 42 ' .0 4 8 9 5 3 . 5 0 7 1 . 4 0 .0 6 4 8 8 . 8 0 9 4 . 1 0 .0406 .690

1099 9° 4 4 ' . 0 7 6 8 5 1 . 0 6 8 . 0 .0965 8 . 3 8 0 . 8 8 .0521 1 .2 3 2
18° 27 ' .0 6 2 3 6 3 . 1 9 8 4 . 4 .0801 8 . 6 1 0 5 . 0 .04 5 0 .9 0 9
25° 42 ' .05 6 0 7 0 . 2 5 9 3 . 9 .0746 1 1 . 2 1 2 5 . 0 .0472 .93

1482 9° 4 4 ' .0 8 4 8 6 2 . 3 8 3 . 3 0 .0984 1 3 . 1 8 4 . 1 5 .0596 1 .7 0 2
18° 27 ' . 0688 7 7 . 0 6 1 0 2 .6 .0876 1 0 . 0 1 2 5 .2 .0407 .945
25° 42 ' .0 6 1 9 8 5 . 6 0 I I 4 . 0 .0795 1 2 .3 5 1 4 0 . 0 .0445 1 .1 3 1 7

1834 9° 4 4 ' .0 9 0 9 7 1 . 6 9 5 . 6 0 . 1068 1 5 . 8 9 1 . 8 .0 6 3 8 2 .2 5 5 8
18° 27  ' . 0 7 3 8 8 8 . 6 8 1 1 8 . 0 .0953 1 0 . 8 1 4 8 . 0 .0445 1 .2 2 4
25® 42 ' .0 6 6 4 9 8 . 7 0 1 3 1 .5 .0811 1 4 . 9 1 4 8 . 0 .0 3 9 4 1 .4 1 5

VOVJl
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v e io c ± -t y . From t h i s  m e thod  t h e  e f f e c t  o f  c o n s e r v a ­

t i v e l y  e s t i m a t i n g  t h e  wave v e l o c i t y  was t o  o v e r  e s t i m a t e  t h e  

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

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

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

e n t l y  t h e  r e s u l t  o f  a low s u r f a c e  v e l o c i t y  and  t h i c k  f i l m  

w h ich  a l l o w s  l a r g e r  a m p l i t u d e  waves  and  t h u s  more  s u r f a c e  

a r e a .  I t  would  seem f ro m  t h e  wave t r a c e s  t h a t  t h e  p e r c e n t a g e  

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

be  l a r g e r  t h a n  t h e  c a l c u l a t e d  v a l u e s .  However ,  a s  t h e  f l o w  

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

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

s u l t  o f  t h i s  i s  t o  c o m p r e s s  t h e  sh ap e  o f  t h e  w aves  on t h e  

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

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

Wave Model

To c a l c u l a t e  t h e  a v e r a g e  c a r b o n  d i o x i d e  c o n c e n t r a t i o n

i n  t h e  f i l m  f r o m  t h e  i n t e r f e r o m e t r i c  d a t a  t h e  f o l l o w i n g  model

o f  t h e  f i l m  was  p r o p o s e d :

The f i l m  was d i v i d e d  i n t o  two r e g i o n s .  The f i r s t  was

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

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

h e i g h t  (Yip) d e t e r m i n e d  f ro m  t h e  v i s i c o r d e r  t r a c e s .  The s e c ­

ond r e g i o n  was t h a t  p a r t  o f  t h e  f i l m  f ro m  t h e  a v e r a g e  t r o u g h  

h e i g h t  t o  t h e  s u r f a c e  o f  t h e  f i l m .  The waves  w e re  a s su m e d  t o  

be  t r i a n g u l a r  i n  s h a p e  w i t h  a u n i f o r m  h e i g h t  d e f i n e d  b y  t h e
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mean f i l m  t h i c k n e s s  11 d e t e r m i n e d  f ro m  the  s t a t i s t i c a l  

c o r r e l a t i o n  o f  t h e  wave d a t a .  The num ber  o f  w aves  i n  a one 

s e c o n d  t i m e  i n t e r v a l  was s e t  e q u a l  t o  t h e  mean wave f r e q u e n c y  

a l s o  d e t e r m i n e d  f ro m  t h e  wave d a t a .  The v e l o c i t y  p r o f i l e  i n  

t h e  f i l m  was a s su m ed  t o  be p a r a b o l i c  i n  shape (57)  an d  was 

s e t  e q u a l  t o  t h e  v e l o c i t y  p r o f i l e  ( e q u a t i o n  ( l ? ) ) c a l c u l a t e d  

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

same a n g l e  o f  i n c l i n a t i o n ,

.  (19)
2 d Mi

0 <  Y <  Yjvfp

The w i d t h  o f  t h e  t r i a n g u l a r  waves  a t  t h e  a v e r a g e  t r o u g h  h e i g h t

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

t o t a l  m ass  f l o w  r a t e .  The c o r r e c t  w i d t h  was d e t e r m i n e d  when 

t h e  c a l c u l a t e d  f l o w  r a t e  e q u a l e d  t h e  m easu red  f l o w  r a t e .

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

Yrp

= Y AYi?! +  ̂ X ^^i'^^i^i (20)
^  i = 0  i=YT

w here  bj_ i s  t h e  w i d t h  o f  t h e  t r i a n g u l a r  wave a t  Yj_ and  i s  

e q u a l  t o  t h e  c a l c u l a t e d  b a s e  w i d t h  b<p a t  Y < Y'lji a n d  0 a t  Y j^ ,  

i s  t h e  v e l o c i t y  a t  Ŷ_ c a l c u l a t e d  f ro m  e q u a t i o n  (19)  and  

ÛYj_ i s  t h e  v a l u e  o f  t h e  s t e p  t a k e n  a l o n g  th e  Y a x e s .  The 

a c c u r a c y  o f  t h i s  m ode l  can  b e  e s t i m a t e d  b y  co m p ar in g  t h e  p r o ­

p o s e d  wave m odel  i n  f i g u r e  l 8  w i t h  t h e  a c t u a l  wave p a t t e r n .
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t h e  v l s l c o r d e r  wave t r a c e  g i v e n  I n  f i g u r e  2 0 .

I n t e r f e r o m e t r i c  D a t a  

U s in g  t h e  p r o p o s e d  wave models  t h e  a v e r a g e  c a r b o n  d i ­

o x i d e  c o n c e n t r a t i o n  was d e t e r m i n e d  f ro m  t h e  I n t e r f e r o m e t r i c  

d a t a .  To o b t a i n  an  a v e r a g e  c o n c e n t r a t i o n  w h ich  I n c l u d e d  t h e  

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

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

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

I n  q u e s t i o n ,  e v e n  t h o u g h  a c c u r a t e  o n l y  a t  t h e  f i l m  t h i c k n e s s  

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

f i l m  t h i c k n e s s e s .  I t  was f o u n d  f ro m  t h e  e x p e r i m e n t a l  d a t a  

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

c o n c e n t r a t i o n  p r o f i l e  f o r  a f i l m  o f  t h e  t h i c k n e s s  Yg was p r e ­

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

t h i c k n e s s  b y  m u l t i p l y i n g  t h e  Y v a l u e s  by  t h e  r a t i o  Y g /Y ^ .

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

f i l e s  t h e  a v e r a g e  f r i n g e  s h i f t  AN w h ich  c o r r e s p o n d e d  to  t h e  

a v e r a g e  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  I n  t h e  f i l m  was c a l ­

c u l a t e d .  AN was c a l c u l a t e d  I n  t h e  same m anner  a s  t h e  mass  

f l o w  r a t e  I n  t h e  wave m o d e l .  The e q u a t i o n s  u s e d  were

^T
a  Y  ^^1 y  AŶ  AN^ bj_

-  = ^ ^ ^

i= 0  Y^

w here  " a "  I s  t h e  f r a c t i o n  o f  t h e  f i l m  s u r f a c e  a t  Y
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1— 60 b y

p a s s i n g  a g i v e n  p o i n t  I n  one  s e c o n d  and  i s  e q u a l  t o  -i-----

The v a l u e s  o f  in  t h e  f i r s t  t e r m  o f  e q u a t i o n  (21)  w ere  o b ­

t a i n e d  f ro m  t h e  m easu red  c o n c e n t r a t i o n  p r o f i l e  w i t h  t h e  Y 

a x i s  e x p a n d e d  t o  =  Yr .̂ S i m i l a r l y  f o r  t h e  s e c o n d  t e r m  

was  o b t a i n e d  f ro m  the same c o n c e n t r a t i o n  p r o f i l e  e x c e p t  t h a t  

t h e  Y a x i s  was expanded  to  Yp ^  Y^^. C o m p ar i so n  o f  ATT w i t h  

o ’ d e t e r m i n e d  f ro m  l i q u i d  s a m p l e s  was made w i t h  e q u a t i o n  (6)

C / C g  =  A N /A N g  ( 6 )

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

E v a l u a t i o n  of t h e  Eddy D i f f u s i o n  C o e f f i c i e n t s  

Mass t r a n s f e r  i n  t h e  f l o w i n g  f i l m  was assum ed  t o  be  

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

V
(Y) dZ ^ (D + e ) ■gY (22 )

Assuming t h a t  ^  (d + E) c o u l d  be  n e g l e c t e d  f o r  s m a l l
P PAY t h e  v a l u e s  o f  D + E w e re  e v a l u a t e d  b y  m e a s u r i n g  d C/dY 

a n d  dC/dZ f ro m  t h e  e x p e r i m e n t a l  d a t a  and  s u b s t i t u t i n g  th e m  

i n t o  e q u a t i o n  ( 2 2 ) .  The s e c o n d  d e r i v a t i v e  was r e a d i l y  d e t e r ­

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

f e r o m e t e r ,  The v e l o c i t y  was o b t a i n e d  f ro m  t h e  c a l c u l a t e d  

v e l o c i t y  p r o f i l e  ( e q u a t i o n  (19 ')  b a s e d  on t h e  mean f i l m  t h i c k ­

n e s s  (Yjjp).  The f i r s t  d e r i v a t i v e  o f  t h e  ch an g e  i n  c o n c e n t r a ­

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

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

a b s o l u t e  c o n c e n t r a t i o n  was n o t  m e a s u r e d  a t  e a c h  c e l l  p o s i t i o n
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d i r e c t l y ,  b u t  c a l c u l a t e d  b y  t h e  m ethod  o u t l i n e d  i n  C h a p t e r  V. 

U s in g  t h e s e  c o n c e n t r a t i o n  p r o f i l e s ,  t h e  chan g e  i n  c o n c e n t r a ­

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

m anner .  P h o t o g r a p h s  w ere  c h o s e n  a t  e a c h  c e l l  p o s i t i o n  t h a t  

h ad  a s  c l o s e  t o  t h e  same f i l m  t h i c k n e s s  a s  p o s s i b l e .  An 

a v e r a g e  f i l m  t h i c k n e s s ,  Yp, was t h e n  c h o s e n  a n d  t h e  p r o f i l e s  

c o r r e c t e d  t o  t h i s  f i l m  t h i c k n e s s .  V a l u e s  o f  AN a t  g i v e n  Y 

v a l u e s  w ere  p l o t t e d  a s  a  f u n c t i o n  o f  Z and  t h e  s l o p e  m e a s u re d .  

The d a t a  w ere  f i t t e d  b y  a  l e a s t  s q u a r e s  f i t  t o  a  s t r a i g h t  

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

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

f rom  t h e  c o n c e n t r a t i o n  p r o f i l e s  a t  two v a l u e s  o f  Z f o r  e a c h  

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

ANy was f i t t e d  b y  a f o u r t h  o r d e r  p o l y n o m i a l  u s i n g  t h e  method  

o f  l e a s t  s q u a r e s .  The f i r s t  d e r i v a t i v e  was o b t a i n e d  b y  d i f ­

f e r e n t i a t i n g  t h e  4 ^ ^  o r d e r  p o l y n o m i a l .  The p l o t  o f  t h e  

f i r s t  d e r i v a t i v e  was t h e n  s m o o th ed  an d  f i t t e d  a g a i n  b y  a n ­

o t h e r  4'*'^ o r d e r  p o l y n o m i a l .  The f i r s t  d e r i v a t i v e  o f  t h i s  

p o l y n o m i a l  was p l o t t e d  a g a i n s t  Y. The cu rv e  was sm oo thed  

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

V a l u e s  f o r  (D + e ) were  t h e n  c a l c u l a t e d  u s i n g  t h e  v a l u e s  

f o r  d^C /dY ^ ,  dC/dZ  and  V ^^^ .  A p p en d ix  D c o n t a i n s  t h e  r e s u l t s  

o f  t h i s  m e th o d  o f  a n a l y s i s .

The f i r s t  m e thod  d i d  n o t  p r o v e  s u c c e s s f u l  i n  d e t e r ­

m in in g  how t h e  ed d y  d i f f u s i v i t y  was r e l a t e d  t o  l o c a t i o n  i n  

t h e  f i l m .



I l l

«a v a i l a b l e  f ro m  t he p o o u l t o -. I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  

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

a n a l y s i s  was u s e d .

Assuming t h a t  e q u a t i o n  (22 )  d e s c r i b e d  t h e  mass  t r a n s ­

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

^ ( y )  = 3Ÿ ^  )  (22)

A m ass  b a l a n c e  was made on t h e  s o l u t e  i n  t h e  f i l m  a t  v a r i o u s  

l o c a t i o n s  i n  t h e  f i l m .  C h o o s in g  a s  a  s y s t e m  a cu b e  o f  w a t e r  

o f  u n i t  w i d t h ,  l e n g t h  Zg -  Z]_, a n d  t h i c k n e s s  Y w here  Y = 0 

a t  t h e  w a l l ,  t h e  f o l l o w i n g  e q u a t i o n  was o b t a i n e d :

Y Y
- (Z g  -  Z i ) ( D  +  € )  I I I  = ^ V ( Y ) C ( y ) d ? |  -  ^V(Y)C(Y)aY |

0 ^2 0 1
(23)

S o l v i n g  f o r  (D + e ) a n d  s u b s t i t u t i n g  i n  e q u a t i o n  (19)  f o r  t h e  

v e l o c i t y  p r o f i l e  e q u a t i o n  (23)  became

^  Y„„ -  Y ^ 2

0

P ( Y ^ ) %  Sin 0
where  =s 2

2 d Mr

To e l i m i n a t e  e n t r a n c e  e f f e c t s  e q u a t i o n  (24 )  was e v a l u a t e d  by  

a s s u m in g  t h e  c o n c e n t r a t i o n  p r o f i l e  a t  Z = 5 7 . 1 5  cm was t h e  

i n i t i a l  p r o f i l e .  V a l u e s  o f  t h e  i n t e g r a l  w e re  d e t e r m i n e d  b y
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g r a p h i c a l  i n t e g r a t i o n  w h ere  C^y) was t h e  c o n c e n t r a t i o n  p r o f i l e  

a s  d e t e r m i n e d  f r o m  t h e  i n t e r f e r o m e t r i c  d a t a .  V a l u e s  o f  dY/dC 

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

f i t t i n g  t h e  d a t a  w i t h  a  4 ^ ^  o r d e r  p o l y n o m i a l  an d  d i f f e r e n ­

t i a t i n g  t h e  r e s u l t i n g  e q u a t i o n .  I n  d e t e r m i n i n g  C^y^ an d  

dY/dC no  c o r r e c t i o n s  w e re  made on t h e  d a t a  f o r  f i l m  t h i c k n e s s .  

I t  was t h o u g h t  t h a t  a  w i s e r  method  was t o  i g n o r e  t h e  c o r r e c ­

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

c a s e  w h e re  more t h a n  one  s e t  o f  d a t a  was a v a i l a b l e  a t  a g i v e n  

c e l l  p o s i t i o n  an d  f l o w  r a t e ,  t h e  v a l u e  o f  C(y)  an d  dY/dC u s e d  

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

A ppend ix  E c o n t a i n s  t h e  t a b u l a t e d  d a t a  u s e d  t o  e v a l ­

u a t e  e q u a t i o n  (2 4 )  a n d  t h e  v a l u e  o f  (D + e ) a s  a  f u n c t i o n  o f  

f i l m  l o c a t i o n  a n d  c e l l  p o s i t i o n .  F i g u r e s  33 ,  3 4 ,  35 and  36 

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

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

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



CHAPTER V I I  

DISCUSSION

Wave H y d ro d y n a m ic s  

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

by  t h e  v i s i c o r d e r  ( f i g u r e s  2 0 ,  2 1 ,  22 and  23 )  shows t h a t  a t  

low f l o w  r a t e s  when r i p p l e s  f i r s t  f o rm  on t h e  s u r f a c e  o f  a 

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

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

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

random .  The e f f e c t  o f  i n c r e a s i n g  t h e  a n g l e  o f  i n c l i n a t i o n  o f  

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

d e c r e a s e  t h e  f i l m  t h i c k n e s s  an d  ch ange  t h e  f l o w  p a t t e r n .  

F i g u r e s  2 4 ,  25 a n d  26 show how t h e  maximum f i l m  t h i c k n e s s ,  

maximum wave a m p l i t u d e ,  a v e r a g e  t r o u g h  h e i g h t ,  minimum t r o u g h  

h e i g h t ,  mean f i l m  t h i c k n e s s  and  mean wave a m p l i t u d e  a r e  

a f f e c t e d  b y  th e  a n g l e  o f  i n c l i n a t i o n  o f  t h e  c e l l .  The 

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

i s  a l s o  i n c l u d e d .  F i g u r e  27 shows how t h e  mean wave f r e ­

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

be  no p a t t e r n  a s  t o  how t h e  wave f r e q u e n c y  c h a n g e s  w i t h  t h e

113
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a n g l e  o f  i n c l i n a t i o n  o f  t h e  c e l l .

V a l u e s  o f  t h e  mean wave a m p l i t u d e ,  mean f i l m  t h i c k ­

n e s s  a n d  mean wave f r e q u e n c y  a s  shown i n  f i g u r e s  24 ,  25 an d  

26 w ere  c a l c u l a t e d  f ro m  s t a t i s t i c a l  m o d e l s  o f  t h e  wave d a t a .  

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

t a b u l a t e d  i n  A ppend ix  C a t  t h e  maximum f i l m  t h i c k n e s s  o r  

wave a m p l i t u d e  t h e  p r o b a b i l i t y  i s  1, t h a t  a l l  waves  o r  f i l m  

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

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

p r o b a b i l i t y  i s  z e r o  t h a t  a n y  w aves  o r  t r o u g h s  w i l l  a p p e a r .  

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

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

w h ere  M (ln  x )  = X i s  t h e  mean 

an d  CT(In x )  = a t h e  d i s p e r s i o n

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

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

r a t e s  e x c e p t  Re = 732  a t  9 = 9 °4 4  ' I n d i c a t i n g  t h a t  t h e  f l o w  

i s  s t i l l  i n  t h e  t r a n s i t i o n  r e g i o n  and wave c h a r a c t e r i s t i c s  

a r e  n e i t h e r  u n i f o r m l y  n o r  r a n d o m ly  d i s t r i b u t e d .  The mean,  

M (ln  x ) ,  o f  t h e  d i s t r i b u t i o n  was c h o s e n  t o  r e p r e s e n t  t h e  wave 

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

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

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

was u s e d  an d  was d e f i n e d  a s  t h e  mean wave a m p l i t u d e  a n d  mean
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f i l m  t h i c k n e s s  (Yjyjp). The d i s p e r s i o n s  o f  t h e  d i s t r i b u t i o n  

f u n c t i o n  were  a l s o  c a l c u l a t e d .  I t  was f o u n d  t h a t  v a l u e s  o f  

t h e  d i s p e r s i o n  s c a t t e r e d  b a d l y  w i t h  no a p p a r e n t  r e l a t i o n  t o  

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

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

a l s o  d i s c u s s e d  i n  C h a p t e r  VI and  i s  t a b u l a t e d  i n  A ppend ix  0 

( i . e . ,  f o r  a  g i v e n  t i m e  p e r i o d  t h e  p r o b a b i l i t y  i s  one  t h a t  

a t  a l l  t i m e  p e r i o d s  have  l e s s  t h a n  o r  e q u a l  t o  t h e  maximum 

number  o f  waves  o b s e r v e d  f o r  any  one  t im e  p e r i o d  a n d  t h a t

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

a  wave f r e q u e n c y  l e s s  t h a n  t h e  maximum o b s e r v e d ) .  T h i s  

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

ment  was o b t a i n e d  a t  a l l  f l o w  r a t e s  a n d  a n g l e s  o f  i n c l i n a t i o n  

m e a s u r e d .  As w i t h  t h e  a m p l i t u d e  d a t a  t h e  mean wave f r e q u e n c y  

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

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

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

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

s c r i b e  t h e  wave a m p l i t u d e  and  f i l m  t h i c k n e s s  d a t a  d i f f e r s  

f ro m  t h e  a p p r o a c h  o f  H a n r a t t y  ( 3 6 ) .  He a s su m ed  t h a t  t h e  

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

h e i g h t  h a s  a  v a l u e  b e t w e e n  h  and  h -  dh  was r e p r e s e n t e d  b y  a

n o r m a l  d i s t r i b u t i o n  f o r  t h e  c a s e  where  waves  a r e  fo rm e d  on

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

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

U s i n g  t h e  v a l u e  o f  t h e  mean f i l m  t h i c k n e s s  d e t e r m i n e d
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f ro m  t h e  s t a t i s t i c a l  model  o f  t h e  wave d a t a ^  3if( v e l o c i t y  p r o ­

f i l e  I n  t h e  f i l m  may be c a l c u l a t e d .  To do t h i s  t h e  f o l l o w i n g  

a s s u m p t i o n s  a r e  made.

1 .  The v e l o c i t y  p r o f i l e  I s  p a r a b o l i c  I n  s h a p e .

2 .  The s u r f a c e  v e l o c i t y  I s  d e t e r m i n e d  b y  t h e  mean

f i l m  t h i c k n e s s  c a l c u l a t e d  f ro m  t h e  s t a t i s t i c a l  m ode ls  o f  t h e  

wave d a t a .

3 .  The v e l o c i t y  p r o f i l e  I n  t h e  f i l m  a b o v e  t h e  mean

f i l m  t h i c k n e s s  I s  f l a t  w i t h  t h e  v e l o c i t y  b e i n g  t h e  same as

t h a t  c a l c u l a t e d  a t  t h e  mean f i l m  t h i c k n e s s .

The r e s u l t i n g  v e l o c i t y  p r o f i l e  I s  g i v e n  by  e q u a t i o n s  

(19)  a n d  (26)

(19)(Y)

and
P (Yjiur)^g s i n  9

^sMF - 2 n

S u r f a c e  v e l o c i t i e s  c a l c u l a t e d  I n  t h i s  m anner  may be 

c om pared  t o  t h o s e  p r e d i c t e d  b y  t h e  l a m i n a r  f i l m  t h e o r y  ( 3 /2  

a v e r a g e  b u l k  v e l o c i t y )  o r  t o  e x p e r i m e n t a l l y  m e a s u re d  v a l u e s  

o f  s u r f a c e  v e l o c i t y .  These  m e a s u re m e n t s  o f  o t h e r  I n v e s t i ­

g a t o r s  I n d i c a t e  t h a t  above  a R e y n o ld s  num ber  o f  80 t h e  s u r ­

f a c e  v e l o c i t y  I s  t w i c e  t h e  a v e r a g e  b u l k  v e l o c i t y .  F i g u r e  28 

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

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

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

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

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

The e f f e c t  o f  the  w a l l  on  t h e  s h a p e  o f  t h e  waves a s  

t h e y  move down t h e  p l a t e  was n o t  m e a s u r e d  w i t h  t h e  c a p a c i t o m -  

e t e r .  H ow ever ,  v i s u a l  o b s e r v a t i o n s  i n d i c a t e d  a r e t a r d i n g  o f  

t h e  v e l o c i t y  o f  t h e  waves a t  t h e  w a l l  w i t h  t h e  l o n g  a x i s  o f  

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

f l o w  a t  t h e  c e n t e r  o f  the  p l a t e  and  s l i g h t l y  bowed a t  t h e  

w a l l s .  The i n c r e a s e  i n  s u r f a c e  a r e a  when r i p p l e s  fo rm ed  was 

a l s o  m e a s u re d  f o r  t h e  3 a n g l e s  o f  i n c l i n a t i o n .  ( T a b l e  l )  F o r  

t h e  m e a s u re m e n t  t o  be  e x a c t ,  t h e  v e l o c i t y  o f  t h e  r i p p l e s  had  

t o  be known. S i n c e  t h i s  i n f o r m a t i o n  was n o t  a v a i l a b l e ,  i t  

was  a s su m ed  t h a t  t h e  v e l o c i t y  o f  t h e  r i p p l e s  was e q u a l  t o  t h e  

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

e s t i m a t e  o f  t h e  wave v e l o c i t y  was c o n s e r v a t i v e  a s  f rom  e x ­

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

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

i t y .  Prom h y d ro d y n a m ic  c o n s i d e r a t i o n s  t h e  v e l o c i t y  o f  t h e  

waves  m us t  a t  l e a s t  be e q u a l  t o  t h e  f i l m  s u r f a c e  v e l o c i t y .

The m eth o d  o f  m easu rem en t  o f  t h e  s u r f a c e  a r e a  i s  d i s c u s s e d  

i n  C h a p t e r  V I .  From t h i s  m ethod  t h e  e f f e c t  o f  c o n s e r v a t i v e l y  

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

a r e a .  T h i s  a r o s e  f ro m  th e  f a c t  t h a t  t h e  wave t r a c e s  f i g u r e s
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2 0 ,  2 1 ,  22  and 23 were  t a k e n  a t  one  c h a r t  s p e e d .  To c o r r e c t  

t h e  l e n g t h  o f  t h e  wave shown on  t h e  t r a c e  t h e  m easu red  wave 

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

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

l a r g e r  t h e  wave an d  t h e  s m a l l e r  t h e  i n c r e a s e  i n  a r e a .  I t  was 

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

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

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

low s u r f a c e  v e l o c i t y  and  t h i c k  f i l m  w h ic h  a l l o w s  l a r g e r  am­

p l i t u d e  waves  and  t h u s  more s u r f a c e  a r e a .  I t  w ou ld  seem f ro m  

t h e  wave t r a c e s  t h a t  t h e  p e r c e n t a g e  i n c r e a s e  i n  s u r f a c e  a r e a  

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

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

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

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

c o m p re s s  t h e  s h a p e  o f  t h e  waves  on t h e  v i s i c o r d e r  o u t p u t  t h u s  

m ak ing  i t  a p p e a r  t h a t  t h e  s u r f a c e  a r e a  i s  much l a r g e r  t h a n  

a c t u a l l y  o c c u r s .

Mass T r a n s f e r  R e s u l t s  

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

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

d i o x i d e  was a b s o r b e d  i n t o  a  w a t e r  f i l m .  To e l i m i n a t e  an y  g a s  

p h a s e  r e s i s t a n c e  p u r e  c a r b o n  d i o x i d e  g a s  was u s e d  a s  t h e  g a s
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p h a s e .  A l l  d a t a  were  t a k e n  a t  z e r o  g a s  v e l o c i t y .  R e s u l t s  o f  

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

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

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

v a r i o u s  l i q u i d  f lo w  r a t e s  a n d  d i s t a n c e s  f ro m  t h e  e n t r a n c e .

D a t a  was t a k e n  a t  two a n g l e s  o f  i n c l i n a t i o n ,  9° 44 ' a n d  l 8 ° 2 7 ' .

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

t e r n  was a l t e r e d  a t  t h e  e n d  o f  t h e  c o n t a c t i n g  zone when l i q u i d  

s a m p le s  were t a k e n .  However ,  t h e  same end  e f f e c t  o c c u r r e d  a t  

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

w ou ld  be  c o n s t a n t  and  t h u s  n o t  a f f e c t  t h e  m ea su red  r a t e  o f  

ch an g e  o f  c o n c e n t r a t i o n  w i t h  d i s t a n c e  f ro m  t h e  i n l e t .  R e s u l t s  

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

p r e s e n t e d  i n  f i g u r e s  29  a n d  30 a s  a f u n c t i o n  o f  c e l l  p o s i t i o n .  

B a s e d  on t h i s  d a t a  t h e  h e i g h t  o f  a t r a n s f e r  u n i t  d e f i n e d  a s

Zp -  Zt
« L  =   —  ( 2 7 )

OZg

'Zn

dC

C,  - =
'1

R e s u l t s  o f  t h i s  e v a l u a t i o n  a r e  g i v e n  i n  f i g u r e  31- To com­

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

t h e o r y ,  t h e  J o h n s t o n e - P i g f o r d  (27)  e q u a t i o n  f o r  a b s o r p t i o n  

i n t o  a  l a m i n a r  f i l m  (A ppend ix  F) was u s e d  t o  d e t e r m i n e  t h e  

l e n g t h  o f  c e l l  n e c e s s a r y  t o  a b s o r b  t h e  same amount  o f  c a r b o n  

d i o x i d e  a s  was e x p e r i m e n t a l l y  d e t e r m i n e d .  B ased  on t h i s
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l e n g t h  a  t h e o r e t i c a l  was c a l c u l a t e d  f rom  e q u a t i o n  (27)  and 

p l o t t e d  i n  f i g u r e  31-  I t  i s  i m p o r t a n t  t o  n o t e  h e r e  t h a t  e n ­

t r a n c e  e f f e c t s  h a v e  b e e n  e l i m i n a t e d  a s  a l l  m e a s u re m e n t s  were 

made a t  a  s u f f i c i e n t  d i s t a n c e  down s t r e a m  f ro m  t h e  e n t r a n c e  

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

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

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

t h e  w a t e r  f l o w e d  down t h e  i n c l i n e d  p l a t e .

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

c a t e d  by a p r e s s u r e  e f f e c t  on t h e  c e l l  windows w h ich  a f f e c t e d  

t h e  p o s i t i o n  o f  t h e  f r i n g e  p a t t e r n  and  made an  a b s o l u t e  m e a s ­

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

s u l t i n g  f ro m  t h i s  e f f e c t  was u n i f o r m  t h r o u g h o u t  t h e  f i l m  and 

d i d  n o t  a f f e c t  t h e  f r i n g e  s h i f t  due t o  t h e  p r e s ô t i c e  o f  c a r b o n  

d i o x i d e .  T h i s  was v e r i f i e d  b o t h  by  p h o t o g r a p h s  o f  t h e  f r i n g e  

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

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

o f  a d j u s t m e n t .  U nde r  s t a t i c  g a s  c o n d i t i o n s  t h e  f r i n g e  p a t ­

t e r n  r e m a in e d  s t a t i o n a r y .  H ow ever ,  when t h e  c e l l  was p u r g e d ,  

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

p e n d e n t  on t h e  i n c r e a s e  i n  p r e s s u r e  i n  t h e  c e l l .  T h i s  p r e s ­

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

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

i m a t e l y  15 s e c o n d s  f o r  c a r b o n  d i o x i d e  to r e a c h  t h e  c e l l  a f t e r  

p u r g i n g  was s t a r t e d .

V i s u a l  o b s e r v a t i o n s  o f  t h e  I n t e r f e r e n c e  pattern In
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t h e  c e l l  a t  t h e  r e g i o n  n e x t  t o  t h e  w a t e r  i n l e t  when c a r b o n  

d i o x i d e  was b e i n g  a b s o r b e d  i n d i c a t e d  t h a t  mass t r a n s f e r  i n  

t h i s  r e g i o n  was b y  m o l e c u l a r  d i f f u s i o n .  However ,  a s  t h e  l i q ­

u i d  moved down t h e  c e l l ,  t h e  f i l m  a c c e l e r a t e d  an d  became u n ­

s t a b l e  f o r m i n g  w av es .  C o i n c i d e n t  w i t h  f o r m a t i o n  o f  w a v e s ,  

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

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

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

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

t h a t  t h e  c a r b o n  d i o x i d e  p e n e t r a t e d  I m m e d i a t e l y  t o  t h e  b o t t o m  

o f  t h e  f i l m .  As t h e  f i l m  moved down t h e  i n c l i n e d  p l a t e  t h e  

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

f i l m  c o n t i n u e d  t o  s h i f t  sh o w in g  t h a t  t h e  c o n c e n t r a t i o n  was 

I n c r e a s i n g .  However ,  t h e  o r i e n t a t i o n  o f  t h e  I n t e r f e r e n c e  

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

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

a v e r y  s m a l l  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  f i l m .  I f  one  com­

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

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

(A p p e n d ix  D ) ,  one f i n d s  t h a t  t h e  i n c r e a s e  i n  c o n c e n t r a t i o n  

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

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

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

f u s i o n  m echan ism .  The o b s e r v a t i o n  t h a t  a v e r y  s m a l l  c o n c e n ­

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

t h a t  t u r b u l e n c e  e x i s t s  t h r o u g h o u t  t h e  f i l m .
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The f r i n g e  s h i f t  w i t h i n  0 . 8  mm o f  t h e  g l a s s  p l a t e  on 

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

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

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

o n l y  o f  t h e  g e o m e t r y  o f  t h e  c o n t a c t i n g  c e l l .  M e asu rem en ts  

were  n o t  made i n  t h i s  r e g i o n  b e c a u s e  o f  t h e  p o o r  f r i n g e  

d e f i n i t i o n .  H owever ,  t o  d e t e r m i n e  how t h e  c o n c e n t r a t i o n  

c h a n g e d  i n  t h e  r e g i o n  a few m e a s u re m e n t s  w ere  r a n d o m ly  made. 

The s e c o n d a r y  f r i n g e  s h i f t  was m e a s u r e d  f rom  t h e  a i r - w a t e r  

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

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

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

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

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

The e f f e c t  o f  t h e  waves  o n  t h e  c o n c e n t r a t i o n  p r o f i l e  

i n  t h e  r e g i o n  b e l o w  t h e  a v e r a g e  t r o u g h  h e i g h t  was n e g l i g i b l e .  

T h a t  i s ,  t h e  c o n c e n t r a t i o n  p r o f i l e  was t h e  same w h e t h e r  a 

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

t i o n .  I n  t h e  l i q u i d  f i l m  ab o v e  t h e  a v e r a g e  t r o u g h  h e i g h t  t h e  

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

n e a r  t h e  s u r f a c e  o f  t h e  waves  a p p e a r e d  t o  be n e a r l y  c o n s t a n t  

r e g a r d l e s s  o f  t h e  f i l m  t h i c k n e s s .  As t h e  waves  moved p a s t  a 

g i v e n  p o i n t  i n  t h e  c e l l  t h e  i n t e r f e r e n c e  p a t t e r n ,  p r o p o r t i o n a l  

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

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

F i g u r e  19 shows some e x p e r i m e n t a l l y  m e a s u re d  c o n c e n t r a t i o n
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p r o f i l e s  t a k e n  a t  t h e  same c e l l  p o s i t i o n ,  a n g l e  o f  i n c l i n a ­

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

r e s u l t i n g  f rom  t h e  p r e s e n c e  o r  a b s e n c e  o f  w av es .  I n  g e n e r a l ,  

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

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

t i o n  p r o f i l e  m ea su re d  a t  a  g i v e n  wave a m p l i t u d e  c o u l d  b e  u s e d  

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

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

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

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

t a n t  a s  t h e y  mean t h a t  t h e  waves  do n o t  d i r e c t l y  r e f l e c t  t h e  

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

l e n g t h  f o r  t h e  f i l m  t h i c k n e s s  i n  t h e  m ass  t r a n s f e r  e q u a t i o n s  

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

o f  w av es .

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

t h e  f i l m  was b a s e d  on e q u a t i o n  ( 2 2 ) .  D a t a  u s e d  was f o r  a n  

a n g l e  o f  i n c l i n a t i o n  o f  9®44 ' and  i s  t a b u l a t e d  i n  A ppend ix  A. 

D a t a  f o r  a n  a n g l e  o f  i n c l i n a t i o n  o f  l8®27 S  t a b u l a t e d  i n  

A ppend ix  B,  was n o t  e v a l u a t e d .  H ow ever ,  p r e l i m i n a r y  e x a m i n a ­

t i o n  o f  t h e  d a t a  i n  A ppend ix  B i n d i c a t e d  a l l  comments made 

a b o u t  t h e  c h a r a c t e r i s t i c  o f  t h e  wave d a t a  f o r  0 = 9*̂  44 ' a r e  

a p p l i c a b l e .  D a ta  f o r  0 = l 8 ® 2 7 '  was  i n c l u d e d  so t h a t  t h e  

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

F i g u r e  32  i s  a  p l o t  o f  t h e  a v e r a g e  v a l u e s  o f  t h e  d i f -  

f u s i v i t i e s  f o r  e a c h  l o c a t i o n  i n  t h e  f i l m  a s  a f u n c t i o n  o f  t h e
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1 3 5

l i q u i d  f l o w  r a t e .  I t  c an  be s e e n  t h a t  t h e  v a l u e  o f  t o t a l  

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

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

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

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

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

f lo w  r a t e  i s  i n c r e a s e d .  At a  R ey n o ld s  num ber  o f  732 t h e  d i f ­

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

However ,  t h e  s c a t t e r  i n  t h e  d a t a  a t  t h i s  f l o w  r a t e  may be  

s u f f i c i e n t  t o  mask o u t  t h e  e f f e c t .

Prom t h e s e  r e s u l t s ,  t h e  f o l l o w i n g  s t a t e m e n t s  c a n  be

made :

1. The e d d y  d i f f u s i v i t y  i n  a  f a l l i n g  f i l m  i s  a  f u n c ­

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

2. The d i f f u s i v i t y  i s  a maximum a t  t h e  c e n t e r  o f

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

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

c l i n e d  p l a t e .

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

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

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

4.  Be low  a R e y n o l d s  number  o f  732  t h e  d i f f u s i v i t y  i s  

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

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

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

t r e m e l y  i n t e r e s t i n g  a s  i t  o f f e r s  a n  e x p l a n a t i o n  o f  t h e
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m ech an ism  o f  mass  t r a n s f e r  when r i p p l e s  fo rm  on t h e  s u r f a c e  

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

n e g l i g i b l e .  R e f e r r i n g  t o  T a b l e  2 w h ich  g i v e s  t h e  p s e u d o  

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

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

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

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

t i o n  p r o f i l e s .  ( F i g u r e  3 2 )  Even i f  t h e  mean f i l m  t h i c k n e s s

T a b le  2

A p p a r e n t  D i f f u s i v i t i e s  f ro m  P i g f o r d  and  J o h n s t o n e  E q u a t i o n

Re e

Dl 
c m ^ / s e c

D g

c m ^ / s e c

732 9° 4 4 ' 2 . 2 0 3 . 5 2

732 1 8 °  2 7  ' 2 . 4 6 3 . 3 1

109 9 9° 4 4 ' 2 . 3 0 3 . 8 7

109 9 18® 27  ' 2 . 6 2 3 . 6 2

1482 9° 4 4 ' 2 . 2 6 4 . 0 5

1482 18° 2 7  ' 3 . 0 3 4 . 2 3

1834 9° 4 4 ' 1 . 3 4 5 . 3 4

1834 18° 2 7  ' 2 . 8 9 4 . 5 9

i n c l u d e s  e n t r a n c e  e f f e c t .  
Dg m e a s u r e m e n t s  s t a r t e d  57*15 cm f ro m w a t e r  i n l e t .

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

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

m e a s u r e d  v a l u e s . F o r  t h i s  t o be  t r u e some m ech an ism  o t h e r
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t h a n  t u r b u l e n t  d i f f u s i o n  I n  t h e  b u l k  o f  t h e  f i l m  must  be  c o n ­

t r o l l i n g  t h e  r a t e  o f  mass  t r a n s f e r .  I t  i s  p r o p o s e d  t h a t  t h i s  

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

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

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

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

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

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

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

w i t h i n  t h e  f i l m  d e p e n d s  on t h e  l i q u i d  f l o w  r a t e .  I n  e x ­

t r e m e l y  t u r b u l e n t  s y s t e m s  t h e  l a y e r  may be  v e r y  s m a l l  w h i l e  

i n  t h e  f l o w  r e g i o n  w here  w aves  f o r m  b u t  a r e  w e l l  b e h a v e d  t h e  

l a y e r  may be  r e l a t i v e l y  t h i c k .

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

l a t e d  i n  some way t o  t h e  w aves  t h a t  move down t h e  f i l m .  The 

r e l a t i o n s h i p  a t  t h i s  t i m e  i s ,  h o w e v e r ,  n o t  known. E x p e r i ­

m e n t a l  o b s e r v a t i o n s  on  t h e  e f f e c t  o f  w av es  on t h e  c o n c e n t r a ­

t i o n  p r o f i l e  i n  t h e  f i l m  h a v e  shown t h a t  t h e  c o n c e n t r a t i o n  

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

p a s s e s .  F o r  t h i s  t o  b e  t r u e  t h e  waves  must  n o t  be  d i r e c t l y  

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

g e s t e d  b y  v i s u a l  f l o w  s t u d i e s  made by K l i n e  an d  R u n s t a d l e r  

( 3 3 A ) . I n  t h e i r  s t u d y  o f  t u r b u l e n c e  i n  t h e  s u b l a m i n a r  r e g i o n  

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

t h a t  t u r b u l e n c e  i n  t h e  f i l m  was i n d u c e d  a t  t h e  w a l l .  The 

d e g r e e  o f  t u r b u l e n c e  i n c r e a s e d  w i t h  t h e  d i s t a n c e  f rom  t h e
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w a l l  an d  a  maximum o c c u r r e d  somewhere  I n  t h e  m i d d l e  o f  t h e  

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

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

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

o f  waves  l i t t l e  o r  no s p r e a d i n g  o f  t h e  dye  i s  n o t e d  a s  i t  

moves down t h e  c e l l  ( 1 9 ) . T h i s  a l s o  i s  a n  i n d i c a t i o n  t h a t  

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

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

A p p ly in g  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  d i f f u s i v i t y  

d a t a  t o  t h e  ca se  w here  a  s o l u t e  i s  a b s o r b e d  f ro m  t h e  w a l l  o f  

t h e  c e l l  i n t o  t h e  f i l m  t h e  same c o n t r o l l i n g  m echan ism  i s  

s u g g e s t e d .  Tha t  I s ,  t h e  d i f f u s i v i t y  i s  a  maximum a t  t h e  

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

d i f f u s i v i t y  a t  t h e  w a l l  o f  t h e  c e l l .  T h i s  model  e x p l a i n s  

why B r a u e r ' s  (8 ) l a m i n a r  f i l m  t h e o r y  c o r r e l a t e s  d a t a  f o r  mass  

t r a n s f e r  a t  t h e  i n t e r f a c e  a n d  a t  t h e  w a l l .  B r a u e r ' s  m o d e l ,  

a l t h o u g h  as su m in g  a l a m i n a r  f i l m  a t  t h e  w a l l ,  r e a l l y  c a n n o t  

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

Thus  i n  t h e  ca se  o f  a b s o r p t i o n  o f  a  g a s  t h r o u g h  t h e  i n t e r ­

f a c e ,  B r a u e r ' s  model  c a n  a l s o  d e s c r i b e  a  p s e u d o  l a m i n a r  l a y e r  

a t  t h e  i n t e r f a c e  e v e n  t h o u g h  he r e f e r s  t o  i t  a s  a  l a m i n a r  

l a y e r  n e x t  t o  t h e  w a l l .

The eddy d i f f u s i v i t y  c u r v e s  shown i n  f i g u r e  32 can  

b e  d e s c r i b e d  m a t h e m a t i c a l l y  b y  t h e  f o l l o w i n g  e x p r e s s i o n

D + c = D .  4 e „ [ e - *  1 -  e ' *  3 (27)
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w h ere  i s  a p a r a m e t e r  w h ic h  d e t e r m i n e s  the  l o c a t i o n  o f  t h e  

maximum p o i n t  o f  t h e  c u r v e ,  Y,j, i s  t h e  a v e r a g e  t r o u g h  h e i g h t  

a n d  i s  t h e  maximum ed d y  d i f f u s i v i t y  m e a s u re d  f ro m  t h e  e x ­

p e r i m e n t a l  d a t a .  The v a l u e  o f  c a n  b e  p r e d i c t e d  f ro m  t h e  

e m p i r i c a l  e x p r e s s i o n

= 2 . 3 6  X 1 0 -9  % 3 . 3  (2 8 )

w h ic h  i s  b a s e d  on e x p e r i m e n t a l  r e s u l t s  f rom t h e  9° 4 4 '  a n g l e  

o f  i n c l i n a t i o n  ( F i g u r e  3 7 ) .  F i g u r e  38  i s  a p l o t  o f  t h e  p r e ­

d i c t e d  (D + e ) f r o m  e q u a t i o n s  ( 2 7 '  a n d  (2 8 ) w i t h  = 4 show­

i n g  how i t  c o m p a re s  w i t h  t h e  e x p e r i m e n t a l  v a l u e s .

S u b s t i t u t i o n  o f  e q u a t i o n  (27 )  and (28 )  and  t h e  v e l o c ­

i t y  p r o f i l e

V . = r  _ (19)

i n t o  e q u a t i o n  (2 2 ) r e s u l t s  i n

^  ^   1____________________

p (YM p):g s i n  e ,  -  Y  ®

m 2  2  n  L I  -  L  ^  - I

4 ( 2 . 3 6  X | C 1
d l  J (29)

w h ic h  i s  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  t h a t  d e s c r i b e s  t h e  

r a t e  o f  m ass  t r a n s f e r  o f  a  g a s  i n t o  a  f a l l i n g  l i q u i d  f i l m  

when t h e  g a s  v e l o c i t y  a n d  g a s  p h a s e  r e s i s t a n c e  a r e  z e r o .

V a l u e s  o f  Y^-p, V and Ym w h ic h  a r e  r e q u i r e d  f o r  d e s i g n
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c a l c u l a t i o n s j  f o r  f lo w  c o n d i t i o n s  f o r  w h ic h  e x p e r i m e n t a l  d a t a  

a r e  n o t  a v a i l a b l e ,  may be  p r e d i c t e d  i n  t h e  f o l l o w i n g  m a n n e r :  

The s u r f a c e  v e l o c i t y  Vg may be  a p p r o x i m a t e d  a s  t w i c e  

t h e  a v e r a g e  b u l k  v e l o c i t y  o f  t h e  l i q u i d  f i l m ,  b y  a s s u m in g  

t h a t  Vg c a l c u l a t e d  above  r e p r e s e n t s  t h e  s u r f a c e  v e l o c i t y  o f  

a  l a m i n a r  f i l m  t h i c k n e s s ,  a n d  Yip, w h ic h  i s  t h e  a v e r a g e  t r o u g h  

h e i g h t ,  may be  e s t i m a t e d  b y  d e t e r m i n i n g  t h e  f i l m  t h i c k n e s s  

w h ic h ,  b a s e d  on t h e  p r e d i c t e d  v e l o c i t y  p r o f i l e ,  s a t i s f i e s  t h e  

mass b a l a n c e  on t h e  w a t e r  f i l m  a s s u m in g  no w aves .
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CHAPTER V I I I  

CONCLUSIONS

It has been shown that when ripples or waves are 

present in a fa l l in g  liquid film the rate of mass transfer 

Is Increased by as much as 50 to 100^. The consequent 

Increase In surface area Is no more than 2.5# and thus can­

not account for such high mass transfer rates. Calculation 

of the eddy d l f fu s lv l t le s  In the film  Indicates that as the 

flow rate Is Increased the eddy d lf fu s lv l ty  Is Increased.

The maximum d lf fu s lv lty  occurs In the central region of the 

film. As the Interface and bottom plate are approached, the 

value of the eddy d lffu s lv lty  decreases and approaches the 

molecular d lf fu s lv lty  value. The rate at which the eddy d l f ­

fu s lv lty  decreases Is a function of liquid flow rate with the 

rate decreasing as the flow rate Is reduced. Diffusion  

through the laminar film  next to the Interface controls the 

rate of mass transfer. Since data were not obtained In the 

region next to the Interface the exact mechanism Is not known, 

but I t  appears that a pseudo stagnant film  ex is ts  at the 

Interface In which the eddy motion of the bulk of the film  Is 

damped out. Experiments performed where a dye Is placed on 

the surface of a fa l l in g  film (17) show l i t t l e  dispersion of

l 4 l
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t h e  dye  a s  t h e  f i l m  moves down t h e  p l a t e .  T h i s  i s  a  v e r i f i ­

c a t i o n  t h a t  t h e  s u r f a c e  o f  t h e  f i l m  i s  n o t  s u b j e c t e d  t o  

t u r b u l e n c e  f ro m  w i t h i n  t h e  f i l m .  E x p e r i m e n t s  on t h e  t im e  r e ­

q u i r e d  f o r  t h e  i n t e r f a c e  t o  r e a c h  e q u i l i b r i u m  i n  t h e  s y s t e m  

u s e d  (2 5 ) i n d i c a t e  t h a t  l e s s  t h a n  0 .0 0 1  s e c o n d s  a r e  r e q u i r e d .

The a p p e a r a n c e  o f  waves  and r i p p l e s  o n  t h e  s u r f a c e  o f  

t h e  f i l m  i s  b e l i e v e d  t o  b e  t h e  r e s u l t  o f  t u r b u l e n c e  g e n e r a t e d  

i n  t h e  b u l k  o f  t h e  f i l m .  From t h e  r e s u l t s  o f  K l i n e  and  

R u n s t a d l e r  i t  a p p e a r s  t h a t  t h e  i n s t a b i l i t y  o c c u r s  n e a r  t h e  

b o t t o m  p l a t e  o f  t h e  c e l l  and  t h a t  t h e  t u r b u l e n c e  g ro w s  and  

r e a c h e s  a  maximum v a l u e  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  f i l m  

w i t h  i t s  m a g n i t u d e  a g a i n  d e c r e a s i n g  a s  t h e  i n t e r f a c e  i s  

a p p r o a c h e d .

The e f f e c t  o f  waves  on t h e  c o n c e n t r a t i o n  p r o f i l e  was 

t o  c o m p re s s  and  ex p an d  t h e  p r o f i l e  w i t h  t h e  c o n c e n t r a t i o n  

n e a r  t h e  i n t e r f a c e  r e m a i n i n g  c o n s t a n t .  T h e se  r e s u l t s  i n d i ­

c a t e  t h a t  t h e  waves  do n o t  h av e  a d i r e c t  e f f e c t  on r a t e  o f  

mass t r a n s f e r  i n  t h e  f i l m  b u t  a r e  a r e s u l t  o f  t h e  same 

m ech an ism  a s  c o n t r o l s  t h e  d i f f u s i v i t y .

Measurement of the amplitude and frequency of the 

waves was useful in correcting the experimental data but did 

not appear to be the correct variables to use in correlating  

the eddy d if fu s iv ity .  The amplitude of the waves and their  

frequency are not consistent with the increase in angle of 

inclination  which indicates that other variables are also im­

portant. I t  appears now that an important variable not
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measured was the velocity  profile  in the film. Values of the 

eddy d if fu s iv ity  were calculated using an assumed p rofile .

An equation i s  proposed to describe the rate of mass 

transfer into the film  which however does not apply in the 

entrance region where the liquid i s  accelerating and ripples 

have not formed.



CHAPTER IX 

FUTURE RESEARCH

More d a t a  a r e  n e c e s s a r y  on trie e f f e c t  o f  l i q u i d  f low 

rates and angles of Inclination on the concentration profile  

of gases being absorbed into fa ll in g  film s. The empirical 

relationship between the maximum eddy d if fu s iv ity  and the 

liquid Reynolds number i s  based on only four data points 

taken a t one angle of inclination  and additional data is  

needed to substantiate th is  relationship. Measurements of 

the velocity p rofile  are also needed to cross correlate with 

the eddy d lf fu s lv lty .

Measurement of the Increase in surface area when 

waves form on the surface of the film indicates that the per­

centage increase i s  small. Measurements using the capacitance 

method are dependent on knowledge of the ve lo c ity  of the 

waves as they move down the film . At the present time in ­

formation is  available only on the surface ve lo c ity  of the 

film . The relationship between the v e loc ity  of the waves and 

the surface v e lo c ity  has not been determined. This informa­

tion  is required for more accurate calculation of the in ter­

racial area and to allow an analysis of the hydrodynamics of 

the film in  the region next to the interface.

l 4 4
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At the present time no explanation i s  available as 

to why the eddy d if fu s iv ity  i s  a maximum in the central re­

gion of the film  and decreases as the boundaries of the film  

are approached. The explanation may l i e  in second order wave 

e f fe c ts ,  boundary layer turbulence or perhaps in both. The 

important point i s  that the problem has now been defined and 

experimental data made available for comparison with th eoreti­

cal resu lts .



BIBLIOGRAPHY

1. Arley, W. a n d  Buch, K. R. P r o b a b i l i t y  and  S t a t i s t i c s .
New York: John Wiley and Sons, I n c . , 1 $50 .

2. AsbJ$rnde, 0.  A., "The Distribution of Residence Times 
In a Palling Water Film", Chem. Engr. Science, lj£, 211, 
(1961).

3. Bennett, P. D . . "Optimum Source Size for the Mach-Zehnder 
Interferometer , Journal of Applied Physics 22, No. 2, 
184, (1951).

4. Bennett, P. D ., "Effect of Size and Spectral Purity of 
Source on Fringe DuHern of the Mach-Zehnder Interferom­
eter", J. of Applied Physics 22̂ , No. 6, 776, (1951).

5. Blnnle, A. M., "Experiments on the Onset of Wave Forma­
tion on a Film of Water Plowing Down a Vertical Plate", 
Journal of Fluid Mechanics £ , 551, (1957).

6. Blnnle, A. M., " instab ility  In a S ligh tly  Inclined Water 
Channel", Journal of Fluid Mechanics 561, (1959).

7. Belkin, H. H. et  a l . ,  "Turbulent Liquid Flow Down Verti­
cal Walls", AIChE Journal 5, 245, (1959).

8.  B r a u e r ,  H . , " S t o f f  A u s t a u s c h  be lm  R l e s e l f l l m " ,  Chemle In g
T e ch  MR 2 ,  V o l .  30 ,  7 5 ,  ( 1 9 5 8 ) .

g .  B r o o k e ,  B e n j a m i n ,  "Wave F o r m a t i o n  I n  L a m in a r  P low Down an
I n c l i n e d  P l a n e " ,  J .  F l u i d  M e c h a n i c s ,  V o l .  2 ,  5 5 4 ,  ( 1 9 5 7 ) .

10. C a l d w e l l ,  C. S . ,  P h .D .  T h e s i s ,  U n i v e r s i t y  o f  W a s h i n g t o n ,
1 9 5 5 .

11.  C a l d w e l l ,  C. S . ,  H a l l ,  J .  R. and  Babb ,  A. L . , "Mach- 
Z e h n d e r  I n t e r f e r o m e t e r  f o r  D i f f u s i o n  M e a su re m e n t s  I n  
V o l a t i l e  L i q u i d  S y s t e m s " ,  Review o f  S c i e n t i f i c  I n s t r u ­
m e n t s  2 8 ,  No. 1 0 ,  8 l 6 ,  ( 1 9 5 7 ) .

12. C u l l e n ,  E. J .  a n d  D a v i d s o n ,  J .  P . ,  "The E f f e c t  o f  S u r f a c e
A c t i v e  A g e n t s  on t h e  R a te  o f  A b s o r p t i o n  o f  COg I n t o
W a t e r " ,  Chem. E n g r .  S c i e n c e  No. 2 ,  4 g ,  ( 1 9 5 7 ) .

l46



147

13.  D a n c k w e r t s ,  P. Y , ,  " S i g n i f i c a n c e  o f  L i q u i d  F i l m  C o e f f i ­
c i e n t s  i n  Gas A b s o r p t i o n " ,  I . E . G .  No. 6 ,  l 4 6 0 ,  ( 1 9 5 1 ) .

14.  D u k l e r ,  A. E.  an d  B e r g e l i n ,  0 .  P . ,  " C h a r a c t e r i s t i c s  o f  
F low  i n  F a l l i n g  L i q u i d  F i l m s " ,  Chem. Eng.  P r o g r e s s  48 ,
No. 11 ,  5 6 7 ,  ( 1 9 5 2 ) .

15 .  E c k e r t ,  E. R. G . , D r a h e ,  J r . ,  R. M. and Soehngm, E . ,
" D e s ig n  o f  a  M ac h -Z eh n d e r  I n t e r f e r o m e t e r " .  USAP A i r  M ate ­
r i a l  Command T e c h n i c a l  R e p o r t  5 7 4 7 ,  ( 1 9 4 8 ) .

16 . Emmert ,  R. E .  a n d  P i g f o r d ,  R. L . , " i n t e r f a c i a l  R e s i s t a n c e :
A S t u d y  o f  Gas A b s o r p t i o n  i n  F a l l i n g  L i q u i d  F i l m s " ,  Chem. 
E n g r .  P r o g r e s s  5 0 , 8 7 ,  ( 1 9 5 4 ) .

17.  F r i e d m a n ,  S. J .  and  M i l l e r ,  C. 0 . ,  " L i q u i d  F i l m s  i n  t h e  
V i s c o u s  Plow R e g i o n " ,  I . E . C .  No. 7 ,  8 8 5 , ( l 9 4 l ) .

1 8 . G a rw in ,  L. a n d  K e l l y  J r . ,  E.  W., " i n c l i n e d  F a l l i n g  F i l m s " ,  
I . E . C .  3 9 2 , ( 1 9 5 5 ) .

1 9 . G o o d r i d g e ,  F .  an d  B r i c k w e l l ,  D, J . ,  " i n t e r f a c i a l  R e s i s ­
t a n c e  i n  t h e  Carbon  D i o x i d e - W a t e r  S y s t e m " ,  T r a n s .  I n s t ,  
o f  Chem. E n g . ,  (London)  5 4 ,  (1 9 6 2 ) .

20 .  G r i m l e y ,  S .  S . ,  " L i q u i d  F low C o n d i t i o n s  i n  P ac k e d  T o w e rs " ,  
T r a n s  I n s t  o f  Chem Eng 2 2 8 ,  ( 1 9 4 5 ) .

21 .  H a n r a t t y ,  T. J .  an d  H e r s h n o n ,  " i n i t i a t i o n  o f  R o l l  Waves",  
AIChE J o u r n a l  7 ,  4 8 8 ,  ( 1 9 6 1 ) .

2 2 .  H a r r i o t t ,  P . ,  "A Random Eddy M o d i f i c a t i o n  o f  t h e  P e n e t r a ­
t i o n  T h e o r y " ,  Chem. Eng .  S c i e n c e  17 ,  149 ,  ( 1 9 6 2 ) .

2 3 . H a r v e y ,  E. A . ,  "The A b s o r p t i o n  o f  COg by  a Q u i e s c e n t  L i q ­
u i d " ,  P h .D .  T h e s i s ,  U n i v .  o f  London,  1958.

24 .  H i g b i e ,  R . , "The R a te  o f  A b s o r p t i o n  o f  a Pure  Gas i n t o  a 
S t i l l  L i q u i d  D u r i n g  S h o r t  P e r i o d s  o f  E x p o s u r e " ,  Am. I n s t .
Chem. En g .  3 6 5 ,  ( 1 9 3 5 ) .

2 5 . J a c k s o n ,  M . , " L i q u i d  F i l m s  i n  V i s c o u s  F low " ,  AIChE J o u r n a l
1 ,  2 3 1 , ( 1 9 5 5 ) .

26 .  J e n k i n  and  W h i t e .  F u n d a m e n t a l s  o f  O p t i c s . 2nd e d . ;
New Y o rk :  McGraw H i l l  Book Co. ,  1950.

2 7 . J o h n s t o n e ,  H. F .  and  P i g f o r d ,  R. L . , " D i s t i l l a t i o n  i n  a 
W e t t e d - W a l l e d  Column",  AIChE T r a n s  2 5 ,  ( 1 9 4 2 ) .

2 8 . K a h l ,  G. D. an d  B e n n e t t ,  F. D . , " 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  S o u r c e  S i z e  T h e o ry  f o r  t h e  M ach-Z ehnder  I n t e r f e r o m e t e r " ,  
J .  o f  A p p l i e d  P h y s i c s  2 3 ,  No. 7 ,  7 6 3 ,  (1 9 5 2 ) .



1^8

29.  Kamel ,  S .  an d  O i s n i ,  J . ,  Memoirs  o f  t h e  F a c u l t y  o f  E n g i ­
n e e r i n g ,  Kyoto  U n i v e r s i t y  l 8 ,  1 ,  ( 1 9 5 6 ) .

30 .  K a p i t s a ,  P. L. an d  K a p i t s a ,  S . P . ,  Zh. E k p a r .  T h e o r e t ,
Fig. 18, 3. (1948).

31.  K a p i t s a ,  P. L . , Zh.  E k p e r .  T e o r e t ,  F i g .  1 9 , 105 ,  ( 1 9 4 9 ) .

32.  K i r k b r i d e ,  0 .  G . , "Heat  T r a n s f e r  b y  C o n d en s in g  V a p o r  on 
V e r t i c a l  T u b e s " ,  Am. I n s t ,  o f  Chem. Eng. 3 0 , 170 ,  ( 1 9 3 4 ) .

3 3 A . K l i n e ,  S .  J .  a n d  R u n s t a d l e r ,  P . W . , E n g i n e e r i n g  S o c i e t y ,  
345 E 4 7 t h  S t . ,  New Y o rk ,  New Y o rk .  See  a l s o  AFOSR- 
TNS241, J u n e  ( 1 9 6 3 ) .

3 3 . L a d e n b u r g ,  R . , " P h y s i c a l  M e a su re m e n t s  i n  Gas Dynamics  and  
C o m b u s t io n "  9 ,  H ig h  S p eed  A e ro d y n a m ic s  and  J e t  P r o p u l s i o n ,  
4 7 , ( 1 9 5 4 ) .

3 4 . Lamb, S i r  H o r a c e .  H y d r o d y n a m i c s . New Y ork :  D o v er  P u b l i ­
c a t i o n s ,  1 9 4 5 .

3 5 . L e v i c h ,  V. G. P h y s i o c h e m i c a l  H y d r o d y n a m i c s . C h a p t e r  X l l ;  
E ng lew ood  C l i f f s ,  N. J . : P r e n t i c e  H a l l  I n c . ,  1962 .

36 .  L i l l e h t ,  L. U. a n d  H a n r a t t y ,  T.  J . ,  " R e l a t i o n  o f  I n t e r -  
f a c i a l  S h e a r  S t r e s s  t o  t h e  Wave H e i g h t  f o r  C o n c u r r e n t  
A i r - W a t e r  F lo w " ,  AIChE J o u r n a l  7 ,  5 4 8 ,  ( 1 96 I ) .

3 7 . L i n ,  C. S . ,  M o u l t o n ,  R. W. a n d  Pu tnam ,  G. L . , "Mass 
T r a n s f e r  B e tw e e n  S o l i d  W a l l  a n d  F l u i d  S t r e a m , " lEC 4 5 ,
No. 3 ,  6 4 0 ,  (1 9 5 3 ) .

3 8 . Lynn,  S . ,  S t r a a t e m e i e r ,  J .  R . a n d  K ra m e rs ,  H . , " A b s o r p ­
t i o n  S t u d i e s  i n  t h e  L i g h t  o f  t h e  P e n e t r a t i o n  T h e o r y " ,
Chem. Eng .  S c i e n c e  _4, No. 2 ,  4 9 ,  ( 1 9 5 5 ) .

3 9 . M a l i k ,  J .  E . , S p e i r s ,  J .  L. a n d  R o g e r s ,  J .  T . ,  "An I n t e r ­
f e r o m e t e r " ,  J .  o f  Chem. E d u c a t i o n  437 ,  ( 1 9 5 3 ) .

40 .  N u s s e t t ,  W. Z. , V e r  D t s c h  I n g  60_, 569 ,  ( 1 9 1 6 ) .

41.  N y s i n g ,  A. T. 0 .  and  K r a m e r s ,  H . , " A b s o r p t i o n  o f  COg i n
C a r b o n a t e  B i c a r b o n a t e  B u f f e r  S o l u t i o n s  i n  a  W e t te d  W a l le d  
Column",  Chem. Eng .  S c i e n c e  8 1 , ( 1 9 5 8 ) .

42.  P e r r y ,  R. H . , " S i m u l t a n e o u s  C h e m ic a l  R e a c t i o n  and  A b s o r p ­
t i o n " ,  P h .D .  T h e s i s ,  U n i v e r s i t y  o f  D e la w a r e ,  1953 .

4 3 . P i g f o r d ,  R. L . , P h .D .  T h e s i s ,  U n i v e r s i t y  o f  I l l i n o i s ,
1 9 4 1 .



149

4 4 .  P o r t a i s k i j  S . ,  "Eûdy F o r m a t i o n  i n  F i l m  F low down a V e r t i ­
c a l  P l a t e " ,  I  & E C F u n d a m e n t a l s  3,  4 9 ,  ( 1 9 6 4 ) ,

4 5 . P r i c e ,  E. N . , " i n i t i a l  A d j u s tm e n t  o f  t h e  M ach -Z eh n d e r  
I n t e r f e r o m e t e r " ,  Review o f  S c i e n t i f i c  I n s t r u m e n t s  2 3 ,
No. 4 ,  162 ,  (1 9 5 2 ) .

4 6 .  S c r i v e n ,  L, E, a n d  P i g f o r d ,  R, L , , "On P h a s e  E q u i l i b r i u m  
a t  t h e  S u r f a c e  o f  t h e  G a s - L i q u i d  I n t e r f a c e " ,  AIChE 
J o u r n a l  4 ,  No. 4 ,  4 3 9 ,  ( 1 9 5 8 ) .

4 7 . S c r i v e n ,  L, E, a n d  P i g f o r d ,  R. L , , " A b s o r p t i o n  i n t o  an  
A c c e l e r a t i n g  F i l m " ,  AIChE J o u r n a l  4 ,  No, 3 ,  3 8 2 ,  ( 1 9 5 8 ) ,

4 8 .  S t e r n l i n g ,  C, V. and  B a r r - D a v i d ,  F, H , , P r i v a t e  
communi c a t  i o n ,

4 9 . S t i r b a ,  C, and  H u r t ,  " T u r b u l e n c e  i n  F a l l i n g  L i q u i d  F i l m s " ,  
AIChE J o u r n a l  1 ,  No, 2 ,  1 ? 8 ,  ( 1 9 5 5 ) .

5 0 . T a i l b y ,  S, R. a n d  P o r t a l s k i ,  S . ,  "The H y d ro d y n am ics  o f  
L i q u i d  F i l m s  F lo w in g  on a  V e r t i c a l  S u r f a c e " ,  T r a n s ,  I n s t .  
Chem. E n g . 3^,  3 2 4 ,  ( 196O).

5 1 . T a i l b y ,  S, R, a n d  P o r t a l s k i ,  S . ,  "Wave I n c e p t i o n  on  a 
L i q u i d  F i l m  F lo w in g  Down a  H y d r o d y n a m i c a l l y  Smooth P l a t e " ,  
Chem. Eng, S c i e n c e  17 ,  2 8 3 , ( i 9 6 0 ) ,

5 2 . T a y l o r ,  G. I , ,  " D i f f u s i o n  and  Mass T r a n s p o r t  i n  T u b e s " ,  
P r o c ,  P h y s ,  S oc .  B 67 , 857 ( 1 9 5 4 ) .

5 3 . T i c h a c e k ,  L. J . ,  B a r k e l e w ,  C. H. and  B a r o n ,  T , , " A x i a l  
M ix in g  i n  P i p e s " ,  AIChE J o u r n a l  No, 4 ,  4 3 9 ,  ( 1 9 5 7 ) .

5 4 . V i v i a n ,  J ,  E, a n d  Peacem an,  D. W . , " L i q u i d  S i d e  R e s i s ­
t a n c e  i n  Gas A b s o r p t i o n " ,  AIChE J o u r n a l  2 ,  No. 4 ,  4 3 7 ,
( 1 9 5 8 ) .

5 5 . W a tso n ,  H, E , , "The R e f r a c t i v e  I n d i c e s  o f  Aqueous S o l u ­
t i o n s  o f  HgO an d  CO2 " ,  Am. Chem. S o c .  J ,  7 ^ ,  5884 ,  ( 1 9 5 ^ ) .

5 6 . W e rn e r ,  P. D, a n d  Leadon ,  B. M , , "Very A c c u r a t e  M e a s u r e ­
m e n t s  o f  F r i n g e  S h i f t s  i n  an  O p t i c a l  I n t e r f e r o m e t e r  S t u d y  
o f  Gas F lo w " ,  Review o f  S c i e n t i f i c  I n s t r u m e n t s  24 ,  121 ,
(1 9 5 3 ) .

5 7 . W i l k e s ,  J .  0 .  a n d  Nedderman,  R. M , , "The M easu rem en t  o f  
V e l o c i t i e s  i n  T h i n  F i l m s  o f  L i q u i d " ,  Chem. Eng .  S c i e n c e  
1 7 , 1 7 7 , ( 1 9 6 2 ) .

5 8 . W i l l a r d ,  M e r r i t ,  and  Dean.  I n s t r u m e n t a l  M ethods  o f  A n a l ­
y s i s .  C h a p t e r  V I I I ;  D. Van N o s t r a n d  Company, I n c . ,  1948.



150

59 .  W l r c h l e r ,  J . , "The Mach I n t e r f e r o m e t e r  A p p l i e d  t o  S t u d y ­
i n g  a n  A x i a l  Sym m etr ic  S u p e r s o n i c  A i r  J e t ' ,  The Review 
o f  S c i e n t i f i c  I n s t r u m e n t s  1 9 , No, 5 ,  3 0 7 ,  (1 9 5 8 ) .

60.  Y in ,  C. S . ,  " s t a b i l i t y  o f  P a r a l l e l  L a m in a r  Flow w i t h  a 
F r e e  S u r f a c e " ,  P r o c .  2nd U. S .  Cong. A p p l .  Meet. 623,
( 1 9 5 4 ) .

61.  Y ih ,  C. S . ,  " s t a b i l i t y  o f  L i q u i d  Flow Down a n  I n c l i n e d  
P l a n e " ,  P h y s .  F l u i d s  6 ,  3 2 1 ,  ( 1 9 6 3 ) .



NOMENCLATURE

a The f r a c t i o n  o f  t h e  f i l m  s u r f a c e  p a s s i n g  a  g i v e n  c e l l
p o s i t i o n  i n  one s e c o n d  t h a t  i s  a t  a f i l m  t h i c k n e s s  o f  
Yt

A P r o p o r t i o n a l i t y  c o n s t a n t  r e l a t i n g  t h e  f r i n g e  s h i f t  t o
t h e  c a r b o n  d i o x i d e  c o n c e n t r a t i o n  i n  g / l i t e r

Â S u r f a c e  a r e a  o f  c a p a c i t a n c e  p r o b e

b Time w i d t h  o f  t h e  t r i a n g u l a r  s h a p e d  w a v e s ,  s e c

0 C o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  i n  w a t e r ,  g / l i t e r

Cg S a t u r a t e d  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  i n  w a t e r ,
g / l i t e r

"C A v erag e  f i l m  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  i n  w a t e r ,
g / l i t e r

C
%C0o -  %Air

C C a p a c i t a n c e ,  f a r a d s

d D i s t a n c e  b e t w e e n  t h e  c a p a c i t a n c e  p r o b e  an d  t h e  s u r ­
f a c e  o f  t h e  w a t e r  f i l m ,  cm

D D i f f u s i o n  c o e f f i c i e n t ,  c m ^ /se c

■
o

g A c c e l e r a t i o n  o f  g r a v i t y ,  c m /se c

G(X) Some f u n c t i o n  o f  X 

L O p t i c a l  p a t h  l e n g t h ,  cm

M M a g n i f i c a t i o n  r a t i o  o f  t h e  p h o t o g r a p h  o f  t h e  i n t e r ­
f e r e n c e  p a t t e r n s
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M{G(X)} = X t h e  mean o r  c e n t e r  o f  g r a v i t y  o f  t h e  whole  
p r o b a b i l i t y

AN Number o f  f r i n g e  s h i f t s ,  (X /Xg)

ANg Number o f  f r i n g e  s h i f t s  t h a t  c o r r e s p o n d  t o  w a t e r
s a t u r a t e d  w i t h  COg

An Number o f  f r i n g e  s h i f t s  t h a t  c o r r e s p o n d  t o  t h e  a v e r a g e
c a r b o n  d i o x i d e  c o n c e n t r a t i o n  i n  t h e  f i l m

Wave a m p l i t u d e  p r o b a b i l i t y

Wave f r e q u e n c y  p r o b a b i l i t y

Q V o l u m e t r i c  f l o w  r a t e ,  c m ^ /se c

Re R e y n o ld s  n u m b er ,  -.9^.
W 1-1

t  I n t e r v a l s  i n  w h ic h  t h e  o b s e r v a t i o n s  X w ere  m e a s u r e d

T h i c k n e s s  o f  c o m p e n s a t i n g  p l a t e s ,  cm

T-  ̂ T h i c k n e s s  o f  c e l l  w indow s ,  cm

V^ B u l k  a v e r a g e  f i l m  v e l o c i t y ,  c m /se c

V L a m in a r  f i l m  s u r f a c e  v e l o c i t y ,  c m /se c

Vg S u r f a c e  v e l o c i t y  o f  a  l i q u i d  f i l m  w i t h  w a v e s ,  c m /s e c

^sMF S u r f a c e  v e l o c i t y  o f  a  f i l m  c a l c u l a t e d  f ro m

W W id th  o f  t h e  g l a s s  c o n t a c t i n g  p l a t e ,  cm

X O b s e r v a t i o n a l  v a l u e s  u s e d  t o  f i t  t h e  d i s t r i b u t i o n
f u n c t i o n

^ A i r  D i s t a n c e  f ro m  t h e  r e f e r e n c e  l i n e  t o  t h e  c e n t e r  p o i n t
o f  a  f r i n g e  a t  some Y v a l u e  f o r  a i r - w a t e r  p h o t o g r a p h s

Xqq D i s t a n c e  f ro m  t h e  r e f e r e n c e  l i n e  t o  t h e  c e n t e r  p o i n t
2 o f  a  f r i n g e  a t  some Y v a l u e  f o r  C O g-w a te r  p h o t o g r a p h s

Xp F r i n g e  s p a c i n g  a s  m e a s u re d  f ro m  t h e  p h o t o g r a p h s  o f
t h e  f r i n g e  p a t t e r n

Y D i s t a n c e  f ro m  t h e  s u r f a c e  o f  t h e  c o n t a c t i n g  p l a t e  t o  
some p o i n t  i n  t h e  f i l m  t i m e s  t h e  m a g n i f i c a t i o n  r a t i o ,  
cm

Yp  F i l m  t h i c k n e s s  t i m e s  t h e  m a g n i f i c a t i o n  r a t i o ,  cm
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L a m i n a r  f i l m  t h i c k n e s s  t i m e s  t h e  m a g n i f i c a t i o n  r a t i o ,  
cm

Y™ Mean f i l m  t h i c k n e s s  a s  d e t e r m i n e d  f ro m  t h e  t r u e  d a t a
t i m e s  t h e  m a g n i f i c a t i o n  r a t i o ,  cm

Yiji A v e ra g e  t r o u g h  h e i g h t  t i m e s  t h e  m a g n i f i c a t i o n  r a t i o ,
cm

Z D i s t a n c e  f r o m  t h e  t o p  o f  t h e  c o n t a c t i n g  p l a t e ,  cm

Y A ngle  o f  i n t e r a c t i o n  o f  t h e  l i g h t  beams o f  t h e
i n t e r f e r o m e t e r

6 D i e l e c t r i c  c o n s t a n t

e Eddy d i f f u s i v i t y ,  c m ^ /s e c
p

Maximum e d d y  d i f f u s i v i t y ,  cm / s e c  

tIq I n d e x  o f  r e f r a c t i o n  o f  w a t e r  w i t h  c a r b o n  d i o x i d e

tIq I n d e x  o f  r e f r a c t i o n  o f  w a t e r

9 A ng le  o f  i n c l i n a t i o n  o f  t h e  c e l l

X Wave l e n g t h  o f  l i g h t  s o u r c e  u s e d  w i t h  t h e  i n t e r f e r o m e t e r

K (D +  s ) Z  _  AA» X  D g  K  _

V s(Y p)2  ( ■ y ^ ' ) + P 9 S ; > '©

|i V i s c o s i t y ,  p o i s e s

§ F r i n g e  s p a c i n g ,  cm (Xpg/M)

TT T o t a l  n u m b er  o f  f r i n g e s  v i s i b l e  when t h e  o p t i c a l  p a t h
l e n g t h s  o f  t h e  i n t e r f e r o m e t e r  a r e  e q u a l

p D e n s i t y  o f  l i q u i d ,  g r / c m ^

o o { g ( x ) }  The d i s p e r s i o n  o r  t h e  s q u a r e  r o o t  o f  t h e  moment
o f  i n e r t i a  o f  t h e  t o t a l  p r o b a b i l i t y  m ass  w i t h  r e s p e c t  
t o  X

# x ( t )  T h e o r e t i c a l  d i s t r i b u t i o n  f u n c t i o n

Y ( t )  The n o r m a l i z e d  d i s t r i b u t i o n  f u n c t i o n  x  = 0 an d  o = 1

uu Mean wave f r e q u e n c y ,  s e c ~ ^
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CONCENTRATION PROFILES 9 = 9 ° 4 4 '

B a r o m e t r i c  p r e s s u r e  = 7 3 9 . ^  mm Hg

C e l l  p r e s s u r e  = 7 3 9 - 7  mm Hg

C e l l  a n g l e  o f  i n c l i n a t i o n  = 0  = 9 ° 4 4 '

W a te r  t e m p e r a t u r e  = 2 2 . 2 ° C 

M a g n i f i c a t i o n  r a t i o  = 1 1 8 . 9

I n l e t  w a t e r  COg c o n c e n t r a t i o n  = 0 .0 0 4 6  g / l i t e r

E x p e r i m e n t a l l y  d e t e r m i n e d  s a t u r a t e d  c o n c e n t r a t i o n  COg i n  
w a t e r  = 1 .4 7 6 4  g / l i t e r

Number o f  f r i n g e  s h i f t  c o r r e s p o n d i n g  t o  s a t u r a t i o n  = 2 .6 7 2 6  

C e l l  w i d t h  = 7 - 5 6 9 2  cm
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Run 1 8 - 1 -3
C e l l p o s i t i o n  3 2 . 5  i n c h e s f ro m  i n l e t
Re = 1834
F r i n g e s p a c e  = 3 .2 4 1 2  cm
F i l m t h i c k n e s s  = 6 .8 6 7 6

— 0 . 1 0 1
AN/AN = 0 . 1 2 2

Y, cm XcOg, cm % A ir '  cm C/Cg

6 .8 6 7 6 3 . 2 2 6 3 - 1 .3 1 2 0 . 2 0 1 6
6 . 3 0 1 9 2 . 9 2 2 6 1 .3 1 1 0 .1 6 6 1
5 . 6 9 6 4 2 . 6 3 2 9 1 . 3 0 9 0 . 1 3 2 8
5 .1 5 4 6 2 . 4547 1 . 3 0 8 0 .1 1 1 5
4 .5 2 7 6 2 .3 8 2 1 1 .3 0 5 0 . 1 0 3 6
3 . 9 4 2 0 2 . 3 3 4 3 1 .3 0 2 0 .0 9 8 6
3 .1 7 5 6 2 . 2 8 9 8 1 .3 0 1 0 .0 9 3 1
2 . 2 6 0 4 2 . 2 4 9 6 1 . 3 0 0 0 . 0 8 8 6
1 .1 1 0 9 2 . 2 3 3 5 1 .2 9 6 0 . 0 8 6 8

Run 1 8 - 1 - 4
C e l l  p o s i t i o n  3 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 .2 4 1 2  cm 
F i l m  t h i c k n e s s  = 6 .5 5 2 8  cm 
C/Co = 0 . 1 0 1
ÙN/6 N. = 0 . 1 1 8 2

Yj cm ^COg' cm ^ A i r '  cm C/Cg

6 .5 5 2 8 3 . 0 7 6 7 1 .3 1 1 0 . i8 6 0
6 . 0741 2 . 8 4 0 0 1 . 3 1 0 0 . 1 5 9 4
5 .5 1 2 1 2 . 5 8 9 3 1 . 3 0 9 0 .1 3 0 5
4 . 9 9 6 0 2 . 4 4 2 3 1 . 3 0 7 0 . 1 1 3 8
3 . 8942 2 . 2 7 6 8 1 .3 0 2 0 . 0 9 5 3
2 .8 5 8 6 2 . 1737 1 . 3 0 0 0 . 0 8 3 6
1 . 9417 2 . 1 6 7 8 1 . 2 9 9 0 . 0 8 3 1
1 .0 8 5 2 2 . 1 7 2 6 1 .2 9 7 0 . 0 8 3 9



C e l l  D o s i t l c n  j z  . 3 I n c r e s  1 r-c 
Re = 1834
F r i n g e  sp a ce  - 3 -2412 cm 
F i l m  t h i c k n e s s  -  5 - 5 5 7 7  cm 
C/Cg = 0 .101  
AR/ANL = 0 . 0 8 9 4

Y, cm XCO2 '  % A ir ,  ™  C/Cs

5.5577 2.7409 1.309 0 .1762
5 . 0 0 6 5  2 . 4 2 4 7  1 .3 0 7  0 . 1 4 0 6
4 . 4 1 4 9  2 . 2 0 3 9  1 .3 0 5  0 . 1 1 5 2
3 . 8 8 5 7  2 . 1 6 3 6  1 . 3 0 2  0 . 1 0 5 9
3 . 2 8 8 7  2 . 0 5 9 1  1 .3 0 1  0 . 0 9 8 7
2 . 5 0 8 6  1 . 9 7 9 0  1 . 3 0 0  0 . 0 8 9 4
1 . 7 3 7 7  1 . 9 6 7 4  1 .2 9 8  0 . 0 8 9 0
1 . 0 8 9 3  1 . 9 6 6 8  1 .2 9 7  0 . 0 8 8 3

Run 1 8 - 3 - 2
C e l l  p o s i t i o n  30 I n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  -  3 . 4 1 3 2  cm 
F i l m  t h i c k n e s s  = 6 . 7 8 5 3  cm
ü /C g  = 0 . 0 9 4
AN/ANg = 0.1156 

Y, cm * C 0 2 '  ™  X A l r .

6 .7 8 5 3  4 .5 0 3 7  2 .4 7 8  0 .20 0 5
6 . 3 2 1 6  4 . 2 7 2 7  2.485  0 . 1 9 6 0
5 . 8 2 9 5  4 .0 201  2 . 5 1 4  0.1435
5 . 3 0 2 2  3 . 8 1 3 7  2 . 5 4 5  0 . 1 1 7 5
4 . 7 5 7 2  3 . 6 7 5 7  2 . 5 7 8  0 . 0 9 8 7
4 . 1 5 3 8  3.6379  2.614  O . 0 9 0 6
3 . 3 6 7 7  3 . 6 2 8 6  2 . 6 6 0  0.0846
2 . 5 9 3 0  3.628  2.710  0 . 0 7 9 1
1 . 8 2 0 9  3.6143  2 . 7 5 8  0 . 0 7 2 7
1 . 0 9 7 5  3 . 6 3 0 5  2 . 7 9 6  0.0699



1 5 8

Run 1 8 - 3-5
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 . 4 1 3 2  cm 
F i l m  t h i c k n e s s  = 6 , 9 6 4 6  cm
C / C g = 0 .0 9 4
A N /A N g = 0 . 1 1 5 6  

Y, cm COg/ ^ A l r 'X C O ? '  cm  X ,  cm  C/C<

6 .9 6 4 6  4 . 6 7 7 0  2 . 4 4 7  0 .2 4 3 2
6 .4 8 6 7  4 . 2 7 6 5  2 . 4 7 2  O.1927
6 .0 0 7 0  3 . 9 8 5 5  2 . 5 0 4  0 . 1 4 9 3
5 . 4 3 0 1  3 . 7 9 3 7  2 . 5 3 8  0 . 1 2 3 8
4 . 8 5 6 9  3 . 6 8 1 4  2 . 5 7 2  0 .1 0 7 8
4 .1 1 5 0  3 . 6 7 5 4  2 . 6 1 6  0 . 1 0 4 0
3 . 0 0 2 9  3 . 6 8 9 7  2 . 6 8 2  0 .0 9 8 0
2 . 0 3 4 0  3 . 6 9 2 0  2 . 7 4 0  0 . 0 9 0 9
0 .9 9 1 6  3 . 7 1 3 7  2 .8 0 1  0 . 0 8 5 3

Run 1 8 - 5 - 2
C e l l  p o s i t i o n  2 7 . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 . 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 5 - 6 3 9 4  cm
C / C g = 0 .0 8 7
A N /A N g = 0 . 0 7 6

Y, cm ^COg^ c ^  ^ A l r '  C/Cg

5 . 6 3 9 4  4 . 7 1 3 6  3 .5 1 0 2  0 . 1 5 3 0
5 .0 7 8 7  4 . 5 6 5 4  3 .5 0 6 2  0 . 1 3 6 0
4 .5 8 4 2  4 . 2 7 4 3  3 .5 0 4 2  O . IO 19
4 .0 6 5 0  4 . 2 0 4 8  3 .5 0 2 2  0 . 0 9 3 9
3 .5 2 2 7  4 . 0 9 4 5  3 .4 9 7 2  0 .0 8 1 5
2 .6 9 6 3  4 . 0 7 0 1  3 .4 9 5 2  0 . 0 7 8 9
1 .9 7 7 1  4 . 0 5 7 7  3 .4 9 3 2  0 . 0 7 7 6
1 .1 4 2 3  4 . 0 4 4 4  3 .4 9 1 2  0 . 0 7 6 3
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Run 1 8 - 5 - 3
C e l l  p o s i t i o n  2 7 . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 - 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 7 - 6 2 1 6  cm
ÏÏ/C = 0 . 0 8 7  
AN/ûNg = 0 . 0 9 0 8

Y, on, % A lr '  =■”

7 . 6 2 1 6  5 - 2 6 7 2  3 - 5 3 7  O .1 9 8 3
7 . 1 6 2 9  4 . 9 6 7 6  3 - 5 3 3  0 .1 6 2 7
6 . 5 8 0 8  4 . 7 5 8 2  3 . 5 2 8  0 . 1 3 9 2
5 . 9 9 3 7  4 . 5 1 4 2  3 - 5 2 4  0 . 1 1 0 3
5 .4 1 0 5  4 . 3 6 7 9  3 - 5 1 8  0 .0 9 4 6
4 . 6 6 6 9  4 . 2 9 8 0  3 . 5 1 0  0 . 0 8 7 2
3 . 9 8 5 8  4 . 2 1 6 1  3 . 5 0 5  0 . 0 7 7 8
2 . 9 6 5 7  4 . 1 1 4 0  3 . 4 9 7  0 . 0 6 7 3
1 .9 6 3 2  4 . 0 9 7 7  3 - 4 8 8  0 . 0 6 7 3
1 .0 6 7 5  4 . 0 9 5 3  3 . 4 7 9  0 . 0 6 7 3

Run 1 8 - 5 - 4
C e l l  p o s i t i o n  2 7 . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 - 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 6 .4 4 0 2  cm 
? / C g  = 0 . 0 8 7  
AÏÏ/ANg = 0 . 0 9 0 9

Y, cm %C02' % A ir ,  cm C /c ,

6 .4 4 0 2  4 . 9 7 4 7  3 - 5 1 4  0 . 1 6 8 0
5 . 8 2 9 8  4 . 6 6 3 8  3 - 5 1 0  0 .1 3 2 5
5 . 3 0 6 0  4 . 5 1 1 5  3 . 5 0 8  0 . 1 1 4 5
4 . 7 4 1 7  4 . 4 0 0 1  3 . 5 0 5  0 . 1 0 2 5
4 . 2 0 9 4  4 . 2 9 6 5  3 - 5 0 3  0 . 0 8 8 7
3 . 6 4 3 9  4 . 2 2 7 4  3 . 4 9 9  0 . 0 8 0 8
2 . 7 6 5 3  4 . 1 4 2 3  3 -4 9 6  0 . 0 7 1 3
2 .0 0 3 1  4 . 1 3 2 8  3-4-94 0 . 0 7 1 1
1 .2 0 2 2  4 . 1 2 1 6  3 . 4 9 2  0 . 0 7 0 7



1 6 0

Y, cm

Run 18-5-!:>
C e l l  p o s i t i o n  2 ? . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3 . 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 5 . 7 3 2 8  cm
r y c g  = 0 .0 8 7
AN/ANg = 0.0797

%C02' cm X A i r ,  cm C/C:

5 . 7 3 2 8
5 . 2 6 1 9
4 . 7 6 7 6
4 . 2 6 7 5
3 . 7 1 9 4
2 . 7 6 7 5
1 .8 6 3 2
0 . 9 6 2 8

4 . 8 0 6 1
4 . 5 3 1 1
4 . 3 6 8 1
4 . 2 6 4 7
4 . 2 0 2 0
4 .1 0 8 6
4 . 0 9 8 4
4 . 1 0 1 4

3 . 5 2 1
3 . 5 1 7
3 . 5 1 2
3 . 5 1 0
3 . 5 0 2
3 . 4 9 6
3 . 4 9 0
3 . 4 7 9

0 . 1 5 6 7
0 . 1 2 4 9
0 .1 0 6 1
0 . 0 9 4 9
0 . 0 8 7 4
0 . 0 7 8 1
0 . 0 7 8 1
0 . 0 7 8 1

Run 1 8 —7~2
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  sp a c e  = 2 . 8 5 0 O cm 
F i l m  t h i c k n e s s  = 6 . 0 5 3 8  
C/Cg = 0 . 0 8  
AN/ANg = 0.0770

Y, cm XcOg' C/Cs

6 . 0 5 3 8 3 . 9 4 3 0 2 . 9 4 5 0 . 1 2 8 0
5 . 5 7 1 1 3 . 8 4 8 7 2 . 9 7 0 0 . 1 1 2 4
5 . 0 6 4 9 3 . 7 4 8 2 2 . 9 9 8 0 . 0 9 5 5
4 . 5 0 7 1 3 . 6 9 0 3 3 . 0 2 9 0 . 0 8 3 8
3 . 7 9 1 3 3 . 6 4 7 6 3 . 0 1 6 0 . 0 7 9 9
2 . 7 2 9 7 3 . 6 7 6 0 3 . 1 2 6 O.O692
1 . 7 2 4 0 3 . 6 8 2 0 3 . 1 8 4 0 . 0 5 2 4
0 . 9 7 5 0 3 .6 7 6 4 3 . 2 2 6 0 . 0 5 6 1
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Y, cm

Run 1 8 - 7 - 3
C e l l  p o s i t i o n  2o i n c h e s  f rom i n l e t  
Re = 1834
F r i n g e  s p a c e  = 2 . 8 5 OO cm 
F i l m  t h i c k n e s s  = 5 - 9 0 2 3  cm
C /C g  =  0 . 0 8 0
ÛN/ûNg = 0 .1 0 3 2

%C02' X A i r , cm C / C ,

5 . 9 0 2 3  
5 . 3477  
4 . 7 3 9 1  
4 . 1 3 8 9  
3 . 3 1 1 0
2 . 5 7 3 6
1 . 8 5 5 7
1 . 1 3 1 8

4 .1 9 2 0  
4 .0 0 0 5
3 .9 2 4 1  
3 .8 7 4 6  
3 . 8 6 7 5  
3 - 8 6 1 3  
3-8656  
3 .8 6 0 3

2 . 9 5 2
2 .9 8 1
3 -0 1 7
3 - 0 4 9
3 -0 9 2
3 -1 3 5
3 . 1 7 5
3 . 2 1 8

0 . 1 4 0 7
0 . 1 1 1 4
0 .0 9 6 5
0 . 0 8 6 4
0 . 0 7 9 7
0 .0 7 2 2
0 . 0 6 8 4
0.0610

Y , cm

6 .8 0 5 7
6 . 2 7 9 9
5 . 7 4 2 2
5 . 1 8 2 3
4 . 5 6 6 8  
3 . 7 7 6 9  
2 . 9 1 8 8  
2 . 0 4 9 6  
1 . 1 3 1 9

Run 1 8 - 7 - 5
C e l l  p o s i t i o n  25 i n c h e s  f rom  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 2 . 8 5 OO cm 
F i l m  t h i c k n e s s  = 6 . 8 0 5 7  cm 
C/C = 0 . 0 8 0  
4ÏÏ/ûNs = 0 .0 9 1 7  

XCOg' cm % A ir '  cm C/Cg

4 . 1 7 5 9 2 .9 0 2 0 - 1 5 5 3
3 . 9 9 3 9 2 . 9 3 1 0 . 1 2 7 6
3 .8 5 1 4 2 . 9 6 0 0 . 1 0 4 0
3 - 7 7 6 0 2 . 9 9 3 0 . 0 9 0 9
3 . 7 4 1 9 3 . 0 2 3 0 .0 8 2 7
3 - 7 4 0 2 3 -0 6 7 0 . 0 7 6 3
3 .7 3 8 1 3 . 1 1 5 0 . 0 6 9 9
3 . 7 5 8 8 3 -1 6 4 0 . 0 6 6 2
3 . 7 5 3 8 3 -2 1 7 0 . 0 5 8 4



1 6 2

Run 1 8 - 9 - 2
C e l l  D o s l t i o n  2 2 .5  i n c h e s  f ro m  i n l e t  
He = 1834
F r i n g e  s p a c e  = 2 . 8 l 4 9  cm 
F i l m  t h i c k n e s s  = 7 -9 2 6 6  cm
ÏÏ/Cg = 0 . 0 7 2  
ATT/ûNg = O.O6 O9

Y ,  em X c O g '  ™  om O / C ^

7 . 9 2 6 6  3 . 5 2 0 1  2 . 2 1 7  0 . 1 8 4 0
7 . 4 0 3 2  3 . 2 2 4 2  2 . 2 6 7  0 .1 4 2 1
6 . 9 6 5 6  3 . 1 6 8 2  2 . 3 1 1  0 . 1 2 3 4
6 . 5 0 9 3  3 . 0 7 6 7  2 . 3 5 4  0 . 1 0 6 6
5 . 7 7 9 2  2 . 9 8 8 2  2 . 4 2 5  0 .0 8 7 1
4 . 7 4 0 6  2 . 9 8 3 2  2 . 5 2 5  0 . 0 7 1 8
3 . 2 7 1 9  3 . 0 0 0 4  2 . 6 6 5  0 . 0 5 7 9
2 . 1 7 9 7  3 . 0 6 3 5  2 . 7 7 5  0 . 0 4 8 6
0 . 9 6 3 1  3 . 0 9 0 1  2 . 8 9 5  0 . 0 3 7 3

Run 1 8 - 9 - 3
C e l l  p o s i t i o n  2 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 2 . 8 l 4 9  cm 
F i l m  t h i c k n e s s  = 6 . 9 4 8 8  cm 
? / C g  =  0 . 0 7 2  
AN/ANg = 0 . 0 6 3 6

y ,  cm XcOg' X A ir ,  =”> C/C S

6 . 9 4 8 8  3 . 4 5 1 3  2 . 3 1 3  0 .1 5 9 8
6 . 4 0 7 6  3 . 3 0 8 0  2 . 3 6 5  0 .1 3 3 8
5 . 8 1 4 4  3 . 1 6 4 2  2 . 4 2 3  0 . 1 0 6 9
5 . 2 6 3 2  3 . 0 8 7 8  2 . 4 7 4  0 .0 9 0 0
4 . 6 5 6 4  3 . 0 7 3 0  2 . 5 3 2  0 .0 8 0 3
3 . 8 5 8 2  3 . 0 6 7 5  2 . 6 0 4  0 . 0 7 0 0
2 . 8 9 7 4  3 . 0 7 3 1  2 . 7 0 5  0 .0 5 7 3
2 . 0 1 8 5  3 . 0 9 6 9  2 . 7 9 0  0 .0 4 9 2
1 . 1 7 6 9  3 . 0 9 1 9  2 . 8 7 4  0 . 0 3 7 4



Y,  cm

l ' J  j

Run 18-9-5
C e l l  p o s i t i o n  2 2 , 5  i n c h e s  f r o m  i n l e t
Re = 1834  
F r i n g e  s p a c e  = 2 . 8 l 4 ?  cm 
F i l m  t h i c k n e s s  = 7 . 0 3 5 0  cm
^ / c  = 0 . 0 7 2
AN/ûNg = 0 . 0 6 92

%C0o' cm % A ir '  cm C/C,

7 . 0 3 5 0  
6 . 5 2 5 4  
6 . 0 6 5 3

4790
5968 
6077
4300

0 . 9 4 4 9

3 . 4 4 2 3
3 . 3 0 5 3
3 . 2 0 4 2
3 . 1 7 8 4
3 . 1 2 2 5
3 . 0 8 1 8
3 . 1 1 5 2
3 . 1 7 4 0

2 . 3 0 4
2 . 3 5 5
2 . 3 9 8
2 . 4 5 5
2 . 5 3 7
2 . 6 3 3
2 . 7 5 0
2 . 8 9 5

0 . 1 5 4 5 3
0 . 1 2 9 8 3
0 .1 0 9 6 3
0 . 1 0 0 2 7
0 . 0 8 1 5 6
0 .06286
0 .0 5 1 6 3
0 . 0 4 0 4

Y, cm

Run 1 8 - I - 6
C e l l  p o s i t i o n  3 2 . 5  i n c h e s  f r o m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 3 . 2 4 1 2  cm 
F i l m  t h i c k n e s s  = 5 . 8 5 3 0  cm 
Ïï/Cg = 0 . 1 2 1  
AN/ANg = 0 . 1 4 5 9

"COg' cm cm C/C,

5 . 8 5 3 0
5 . 2 4 0 6
4 .7 4 0 7
4 . 2 1 5 4
3 . 7 0 6 2
2 . 8 2 0 3
2 . 0 0 4 6
1 . 2 3 1 8

3 . 2 8 8 0
3 . 0 2 5 9
2 . 7 6 9 2  
2 . 6 1 0 8  
2 . 5 5 3 8  
2 . 5 2 8 6  
2 . 4 9 8 0  
2 . 4 0 3 7

1 . 3 0 9
1 . 3 0 8
I . 3 0 6
1 . 3 0 4
1 . 3 0 2
1 . 3 0 0
1 . 2 9 8
1 . 2 9 6

0 .2 0 3 5
0 . 1 7 3 4
0 . 1 4 4 0 1
0 . 1 2 6 0
0 .1 1 9 6
0 . 1 1 6 9
0 . 1 1 3 6
0 . 1 0 3 0



Y ,  cm
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Rum 1 8 —1 —Y
C e l l  p o s i t i o n  3 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 3 - 2 4 1 2  cm 
F i l m  t h i c k n e s s  = 5 . 9 3 1 1  cm 
%T/C_ = 0 . 1 2 1  
AlT/CNg = 0 . 1 6 8

"C02' cm X A ir ,  cm C/C,

5 . 9 3 1 1
5 . 4 3 0 7
4 . 8 8 0 3
4 . 2 7 5 5
3 . 5 7 1 3
2 . 7 2 0 5
1 . 9 1 9 6
1 . 1 1 8 0

3 . 8 0 1 9
3 . 4 2 7 0
3 . 0 5 8 6
2 . 7 9 4 2
2 . 6 8 0 4
2 . 5944  
2 . 5 4 9 4  
2 . 5 4 9 1

1 . 3 0 9
1 . 3 0 8
I . 306
1 .3 0 3
1 . 3 0 1
1 . 3 0 0
1 . 2 9 9
1 . 2 9 7

0 . 2 4 0 7
0 . 1 9 7 6
0 . 1 5 5 3
0 . 1 2 5 1
0 . 1 1 2 2
0 . 1 0 2 4
0 . 0 8 7 0
0 . 0 9 7 5

Yj cm

Run 1 8 - 1 - 8
C e l l  p o s i t i o n  3 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 3 . 2 4 1 2  cm 
F i l m  t h i c k n e s s  = 5 . 8 2 1 3  cm 
Ü/Cg = 0 . 1 2 1  
AÏÏ/ûNg = 0 . 1 6 8

'COg' cm
^ A i r ' C/C,

5 . 8 2 1 3
5 . 2 9 8 9
4 . 7 6 9 1
4 . 2 7 4 4
3 . 6 9 9 6  
2 . 9 0 5 2
2 . 0 9 6 9
1 .2 1 6 6

3 . 6 1 2 5
3 . 3 0 5 2
3 . 0 2 9 9
2 . 8 5 6 1
2 . 7 5 0 9  
2 . 6895  
2 . 5 9 0 0  
2 . 52 66

1 . 3 0 9
1 . 3 0 8
1 .3 0 5
1 . 3 0 3
1 . 3 0 1
1 . 3 0 0
1 . 2 9 9
1 . 2 9 7

0 .2 1 8 5
0 . 1 8 2 9
0 . 1 5 1 5
0 . 1 3 1 7
0.1201
0 .1 1 2 2
0 .1 0 0 6
0 . 0 9 5 0
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Run 1 8 - 3 - 7
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 3 - 4 1 3 2  cm 
F i l m  t h i c k n e s s  = 4 . 6 3 3 0  cm
c/c_ = 0 . 1 1 5  
AÎT/ûNs = 0 .1 6 7

Y, cm ^ 0 0 2 ’’ % A ir '

4 . 6 3 3 0  4 . 7 6 6 7  2 . 5 8 2  0 .1 8 7 5
4 . 2 4 3 6  4 .5 9 9 7  2 . 6 0 6  O . I 666
3 . 8 1 0 2  4 . 4 0 2 3  2 . 6 3 4  0 . l 4 l 8
3 . 3 2 2 2  4 .2 7 4 7  2 . 6 6 4  0 .1 2 3 6
2 . 5 5 6 5  4 .2 5 6 6  2 . 7 1 2  0 . 1 1 6 3
1 . 7 4 0 8  4 .2 7 5 3  2 . 7 6 3  0 .1 1 2 8
1 . 0 0 0 8  4 . 2 7 6 2  2 . 8 0 0  0 .1 0 9 8

Run 1 8 - 4 - 1
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 3 . 4 1 3 2  cm 
F i l m  t h i c k n e s s  = 5 . 0 5 9 9  cm
ü'/Cg = 0 . 1 1 5
4ÏÏ/4Ng = 0 . 1 6 0

Y,  cm %C02' % A ir '  cm C/C.

5 . 0 5 9 9  4 .8 7 9 6  2 . 5 6 0  0 .1 9 0 8
4 . 6 3 4 0  4 .6 2 3 3  2 . 5 8 4  0 .1 6 3 5
4 . 2 0 8 6  4 . 3 8 9 4  2 . 6 0 9  0 .1 3 9 9
3 . 7 2 2 8  4 .2 3 8 6  2 . 6 4 0  0 .1 1 9 7
3 . 0 6 6 7  4 .1 9 5 5  2 . 6 8 0  0 . 11^1
2 . 5 2 6 6  4 . 1 9 8 9  2 . 7 1 1  0 .1 1 0 3
1 . 7 4 0 6  4 .2 1 1 1  2 . 7 5 8  0 .1 0 3 2
0 . 9 8 3 6  4 . 2 2 7 5  2 . 8 2 2  0 .0 9 7 3



I 6 i

Y, cm

Run 1 8 -5 -6
C e l l  p o s i t i o n  2 ? . 5  I n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  -  3 - 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 5 . 4 1 1 5  cm 
C/Cg =  0 .1 0 8
6N/6Ng = 0 .1 1 8

5 . 4 1 1 5
4 . 9 5 6 8
4 .5301
4 .0 5 4 4
3 . 5 8 4 4
2 . 5 3 0 4
1 .7 7 0 2
0 .9 8 1 0

XcOg' cm

5 .2 1 8 2
4 . 8 8 9 3
4 . 7 0 0 3
4 .5856  
4 .4 8 9 1  
4 .3 9 2 2  
4 .3 6 8 9
4 . 3 4 6 7

XA i r '

3 .5 1 8  
3 .5 1 3  
3 . 5 0 9  
3 .506  
3 . 5 0 3  
3 . 4 9 4
3 . 4 8 7
3 .4 7 9

C/Cs

0 .1 8 8 9
0 .1 5 0 7
0 .1 2 9 0
0 . 1 1 4 4
0 .1 0 4 0
0 . 0 9 3 5
0 .0 9 1 6
0 . 0 9 0 1

V im

Run 1 8 - 5 - 8
C e l l  p o s i t i o n  2 7 . 5  i n c h e s  f ro m  i n l e i  
Re = 1482
F r i n g e  s p a c e  = 3 - 1 7 0 2  cm 
F i l m  t h i c k n e s s  = 5 - 3 2 2 3  cm 
c / C r  = 0 .1 0 8
AN/^No = 0 . 1 1 8

"COr cm
A i r ' cm C/C,

5 . 3 2 2 3
4 . 9 0 0 4
4 . 4 1 0 2
3 . 8 7 4 5  
3 . 2 5 7 9  
2 .4 3 8 6  
1.6776 
0 .8 7 5 8

2 .0 3 6 0
1 . 7 3 7 4
1 . 5 3 3 2
1 .3 4 7 5
1 . 2 7 6 5
1 .2 2 4 5
1 . 2037  
1 .1 6 9 1

0 .3 1 4
0 .3 0 9
0 . 3 0 4
0 .3 0 1
0 .2 9 5
0 .2 8 9
0 .2 8 1
0 .2 7 4

0 . 1 9 3 2
0 .1 5 8 6
0 . 1 3 5 1
0 .1 1 3 5
0 .1 0 5 8
0 . 1 0 0 4
0 . 0 9 8 9
0 . 0 9 5 6
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Run 1 8 - 7 -6
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 8 5 0 0  cm 
F i l m  t h i c k n e s s  = 5 - 9 0 0 9  cm 
Ü/Cg = 0 .1 0 1
AN/ûNg = 0 .1 3 3 6  

Y, cm XÇQg' % A ir '  cm C/Cg

Run l 8 —7 “7
C e l l  p o s i t i o n  25  i n c h e s  f r o m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 8 5 0 0  cm 
F i l m  t h i c k n e s s  = 5 . 4 5 4 7  cm 
TVCg = 0 .1 0 1  
4N/ûNo = 0 .1 2 2 0

Y, cm "COg- Xair'

5 . 9 0 0 9  1 . 6 6 7 3  0 . 1 1 0  0 . 1 7 1 7
5 . 4 1 9 1  1 . 5 0 7 6  0 . 1 3 6  0 . 1 4 7 4
4 . 9 2 7 1  1 . 3 7 2 0  0 . 1 6 2  0 . 1 2 6 1
4 . 3 8 5 8  1 . 2 8 2 6  0 . 1 9 5  0 . 1 1 0 0
3 . 7 9 4 9  1 . 2 3 7 0  0 . 2 2 4  0 . 1 0 0 3
2 . 9 1 8 7  1 . 2 0 8 4  0 . 2 7 0  0 .0 9 0 2
2 . 0 2 8 4  I . 23O6 0 . 3 2 0  0 . 0 8 6 8
1 . 1 3 7 0  1 . 2 4 0 1  0 . 3 7 4  0 . 0 8 1 2

%C0,, cm cm C/Cg

5 . 4 5 4 7  1 . 7 3 2 4  0 . 1 3 4  0 .1 8 8 5
5 . 0 1 6 5  1 . 5 3 4 5  0 . 1 5 8  0 . 1 6 0 4
4 . 5 6 2 4  1 . 3 4 9 2  0 . 1 8 5  0 . 1 3 0 5
4 . 0 7 7 7  1 . 1 5 6 8  0 . 2 1 0  0 . 1 0 6 2
3 . 4 9 0 1  1 . 1 3 5 4  0 . 2 4 0  0 . 0 9 6 8
3 . 7 3 5 9  1 . 1 5 2 3  0 . 2 8 0  0 . 0 9 3 1
1 . 8 6 8 4  1 . 1 7 7 9  0 . 3 3 0  0 . 0 8 7 5
1 . 0 4 6 6  1 . 1 5 7 5  0 . 3 6 6  0 . 0 8 1 9



1 6 8

Run 1 8 - 8 - 1
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 0 5 0 0  cm 
F i l m  t h i c k n e s s  *= 5 * 7158  cm 
TT/C *= 0 . 1 0 1  
4 N/ÛN3 = 0 . 0 9 6 2

Y, cm ^C02^ % A ir '  cm C/C's

5 . 7 1 5 8  4 . 1 2 6 3  2 . 9 6 0  0 . 1 5 8 0
5 . 0 7 4 5  3 . 8 9 7 5  2 . 9 9 8  0 . 1 2 2 9
4 . 6 0 7 3  3 . 7 6 0 2  3 . 0 2 3  O . I O I 6
3 . 8 5 1 4  3 . 7 5 9 0  3 . 0 6 1  0 .0 9 6 5
3 .1 7 6 6  3 . 7 5 7 5  3 . 0 9 9  0 .0 9 1 3
2 . 5 5 1 4  3 . 7 6 1 5  3 . 1 3 7  0 . 0 0 6 8
1 .9 6 4 5  3 . 7 7 0 5  3 . 1 6 9  0 . 0 8 3 8
1 . 2 6 0 0  3 . 7 6 0 4  3 . 2 1 0  0 . 0 7 7 1

Run 1 8 - 9 -6
C e l l  p o s i t i o n  2 2 . 5  i n c h e s  f r o m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 8 4 1 9  cm 
F i l m  t h i c k n e s s  = 5 . 0 1 3 2  cm
? / C g  = 0 . 0 9 4
ûN/ûNg = 0 . 0 8 4 1  

Y, cm ^C02^ O/C s

5 . 0 1 3 2  3 . 4 9 4 4  2 . 4 9 8  0 . 1 4 2 7
4 . 4 6 7 2  3 . 4 0 9 8  2 . 5 5 0  0 . 1 2 4 0
3 . 9 6 6 9  3 . 3 3 2 5  2 . 5 9 9  0 . 1 1 0 7
3 .4 3 9 5  3 . 3 3 4 6  2 . 6 5 0  0 . 1 0 1 2
2 . 7 6 5 1  3 . 3 3 6 3  2 . 7 1 7  0 . 0 9 2 2
2 . 0 2 1 6  3 . 3 4 4 6  2 . 7 9 0  0 . 0 8 4 0
1 .1 8 6 7  3 . 3 3 4 1  2 . 8 2 4  0 . 0 7 8 0
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Run 1 8 - 9 -7
C e l l  p o s i t i o n  2 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 8 4 1 9  cm 
F i l m  t h i c k n e s s  = 6 . 9 1 2 0  cm 
? / C g  = 0 . 0 9 4  
4ÏÏ/ûNg = 0 . 0 9 8 8

Y, cm ^^COg’ % A ir '  ^ /Cg

Run 1 8 - 9 - 8
C e l l  p o s i t i o n  2 2 . 5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c e  = 2 . 8 4 1 9  cm 
F i l m  t h i c k n e s s  = 6 .3 7 2 7  cm 
Ü/Cg = 0 . 0 9 4
ùW/ùNg = 0 . 0 9 8

6 . 9 1 2 0  3 . 7 0 5 8  2 . 3 1 5  0 .1 8 0 5
6 . 3 5 3 9  3 . 5 0 1 2  2 . 3 7 0  0 . 1 4 6 8
5 . 8 6 4 8  3 . 4 2 4 6  2 . 4 1 7  0 .1 2 7 0
5 . 3 6 5 0  3 . 3 5 9 6  2 . 4 6 5  0 .1 1 5 0
4 . 5 5 6 8  3 . 2 9 8 1  2 . 5 4 1  0 .0 9 8 1
3 .7 5 3 5  3 .3 1 7 2  2 . 6 1 7  0 .0 8 8 0
2 .9 6 1 2  3 . 3 2 1 8  2 . 6 9 8  0 .0 7 8 7
2 . 0 8 6 0  3 . 3 9 1 4  2 . 7 8 5  0 .0 7 3 8
1 .1 2 2 5  3 . 4 0 3 7  2 . 8 7 8  0 . 0 6 4 5

Y, cm XcOg' cm % A ir '  cm C/Cg

6 .3 7 2 7 3 . 5 7 3 4 2 . 3 6 7 0 .1 5 5 2
5 . 9 2 2 5 3 . 4 8 9 7 2 . 4 1 0 0 . 1 3 8 8
5 . 4 1 1 6 3 .4 4 9 5 2 . 4 6 1 0 .1 2 8 7
4 . 9 1 4 5 3 . 3 9 2 0 2 . 5 0 8 0 .1 1 3 4
4 .2 4 4 5 3 .3 4 7 7 2 . 5 7 0 0 .1 0 2 5
3 . 2 8 9 5 3 . 3 2 9 9 2 . 6 6 5 0 .0 8 3 8
1 . 9857 3 .3 9 4 5 2 . 7 9 5 0 .0 7 4 8
0 . 9 0 7 3 3 .4 0 3 2 2 . 8 9 8 0 .0 6 3 2



Y, cm

5 .3 2 2 3
4 .8 7 6 8
4 .3 6 8 4  
3 .8 0 8 6  
3 . 2 9 8 3  
2 .6 2 35  
1 .8 8 1 5  
1 .0 8 8 5

170

Run 1 8 —2 —3
C e l l  p o s i t i o n  3 2 .5  i n c h e s  f r o m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3 .2 4 1 2  cm 
F i l m  t h i c k n e s s  = 5 .3 2 2 3  cm 
^ / C s  = 0 .1 4 5 9  
AN/6Ng = 0.1949 

X

Run 1 8 - 2 - 4
C e l l  p o s i t i o n  3 2 .5  i n c h e s  f r o m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3 .2 4 1 2  cm 
F i l m  t h i c k n e s s  = 4 .2 0 6 8  cm 
Ü/Cg = 0 .1 4 5 9
ù Ï Ï / û N  = 0 .1 8 5 5

Y, cm %C02' ="> cm C/C

COg' ^ A i r ^  CM C/Cg

3 .9 6 8 8 1 .3 0 8 0 .2 5 7 8
3 .6 1 1 3 I .3 O 6 0 .2166
3 .3 3 5 6 1 .3 0 4 0 .1 8 3 7
3 .11 1 1 1 .3 0 2 0 .1 5 9 7
2 .9 4 3 0 1 .3 0 0 0 .1403
2 .7 9 4 9 1 .2 9 9 0 .1 2 3 1
2 .7 0 3 1 1 .2 9 8 0.1126
2 .6 6 9 7 1 .2 9 7 0 .1 0 9 7

S

4 .2 8 6 8  3 .8 9 8 7  1 .3 0 4  0 .2597
3 .7 8 3 4  3 .4 5 7 7  1 .3 0 2  0 .2074
3 .2 7 5 0  3 .0 6 9 4  1 .3 0 1  0 .1662
2 .7 8 4 7  2 .8 6 9 0  1 .3 0 0  0 .1423
1 .2 3 6 8  2 .7 6 1 5  1 .2 9 9  0 .1314
1 .1 5 0 0  2 .7 0 6 9  1 .2 9 8  0 .1 2 3 2
1 .1 0 2 0  2 .6 9 7 9  1 .2 9 7  0 .1 2 1 3
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Run 18- 4-2
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3.4132  cm 
F i lm  t h i c k n e s s  = 4.9469  cm 
ÏÏ/C = 0 .1 3 7  
4N/CNg = 0.215

Y , cm % A ir '

Run 18- 4-5
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  3.4132  cm 
F i lm  t h i c k n e s s  = 5.3812  cm 
Ü/Cç = 0.137
AN/6Ng = 0.215

4.9460  5.7337  2 .5 6 6  0.2693
4.4058  5.2931  2 . 5 9 8  0.2174
3 .8 9 3 4  4 .8 9 1 2  2 . 6 2 9  0 .1 7 0 0
3 .3 5 6 5  4.6004  2 .6 6 1  0.1346
2.6684  4 .5 2 7 1  2.740  0 .1 1 7 9
1 .8 2 6 0  4 .5 4 0 1  2 .7 5 7  0 .1 1 7 4
0 .8 3 1 0  4 .5 3 5 9  2 . 8 0 9  0 .1 1 1 3

Y , cm XcOg' ^ A i r '  cm C/Cs

5 .3 8 1 2 5.6042 2.541 0 .2 5 1 0
4 .8 0 5 1 5 .1 7 5 8 2 .5 7 3 0 .1 9 8 6
4 .2 7 1 2 4 .9 0 3 6 2.603 0 .1 6 1 2
3.6737 4.6848 2.640 0 .1 3 2 8
3 .1 3 1 5 4 .5 9 1 6 2.673 0 .1 2 3 1
2 .5 0 3 7 4 .5 9 0 6 2 .7 1 1 0 .1 1 7 4
2.7106 4.6028 2.759 0.1148
0 .9 1 1 0 4.6017 2 . 8 0 8 0 .1 0 7 7



172

Run 18- 6-2
C e l l  p o s i t i o n  27.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3.1702  cm 
F i lm  t h i c k n e s s  = 4.9314  cm 
C/Cs = 0.1202 
AN/ùNg = 0.1664

Y, cm ^COg^ %Air' C /^ s

4.9314  2.6245  0.309  0.2331
4.4796  2.2267  0.304  0.1070
3 .9 7 8 3  1 .9 1 0 2  0 .3 0 1  0 .1 5 0 7
3.4240  1 .6 7 0 6  0 .2 9 5  0 .1 2 7 5
2 .9 6 8 3  1 .5 1 7 3  0 .2 9 2  0 .1 0 6 2
2 .2 5 2 5  1 .1 5 7 4  0 .2 8 6  0 .1 0 6 2
1 .5 6 8 8  1 .5 0 8 3  0 .2 8 0  0.1043
0 .9 7 2 6  1 .5 0 1 6  0 .2 7 4  0.1040

Run 1 8 - 6 -3
C e l l  p o s i t i o n  27-5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3.1702  cm 
F i lm  t h i c k n e s s  = 4.3929  cm 
ü /C g  = 0 .1 2 8 2
AN/ANg = 0 . 1 3 7 1  

Y. cm XcOg' XAlr'

4 .3 9 2 9  1 .8 9 7 9  0 .2 9 8  0 .1 7 8 2
3 .9 33 5  1 .6 9 8 2  0.296  0 .1 5 3 9
3 .4 5 8 5  1 .5 1 2 6  0 .2 9 1  0 .1 3 5 2
2.9546  1.4288  0.290  0.1221
2 .3 6 7 8  1 .3 9 2 7  0 .2 8 8  0 .1 1 9 1
1 .7 9 1 1  1 .3 8 8 1  0 .2 8 6  0 .1 1 9 1
1 .1 7 5 3  1 .3 7 7 7  0 .2 8 5  0 .1 1 9 1
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Run 18- 6-4
C e l l  p o s i t i o n  27.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 3.1702  cm 
F i lm  t h i c k n e s s  = 2.8150  cm
? /C g  = 0 .1 2 8 2  
6W/6Ng = 0.1370

Y, cm ^ 002" % A ir '

2 .8 1 5 0  1 .8 0 7 5  0 .2 9 9  0 .1 6 9 0
2.4132  1.6297 0 .2 9 5  0.1485
1 .9 8 9 6  1 .5 1 1 6  0 .2 9 3  0 .1 3 3 8
1 ,5 5 7 0  1.3844  0 .2 8 9  0 .1 2 0 3
0.7384  1 .3 3 5 9  0 .2 8 2  0 .1 1 5 4

Yj cm

Run 1 8 —8 —2
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 2.85OO cm 
F i lm  t h i c k n e s s  = 5.7743  cm
^ /C g  = 0 .1 1 9 3
6N /6Ng = 0 .1 9 1 6

XcOg' X a i r ,  cm C/C,

5 .7 7 4 3  2 .4 9 5 1  0 .1 1 5  0.2402
5 .3 0 9 1  2 .1 8 1 1  0.143  0 .1 9 5 3
4.8243  1 .9 5 2 5  0 .1 7 0  0.1616
4 .2 5 2 5  1 .8 1 5 8  0 .2 0 2  0 .1 3 9 1
3 .7 1 8 1  1.6462 0 .2 2 7  0.1148
3.0760  1.5848  0.263  0.1013
2 .3 2 6 2  1.5842  0 .3 1 0  0 .0 9 5 0
1 .6 3 8 0  1 .5 9 1 3  0 .3 4 3  0 .0 9 1 6
0.9600  1 .5 8 9 3  0 .3 8 5  0.0864



1 7 4

Run 1 8 - 8 - 3
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 2 .850O  cm 
F i lm  t h i c k n e s s  = 5.8973  cm
^ /C g  = 0 .1 1 9 3
ÙN/ùNg = 0 . 1 9 0 2  

Y, cm ^C0 2  ̂ ^Air' ^/^s

5 .8 9 7 3  5.6436  2 .9 5 0  0 .2 6 2 0
5 .5 0 2 6  5 .3 0 4 5  2 .9 7 0  0 .2 1 5 2
5 .0 9 0 7  4 .9 8 5 2  2 .9 9 4  0 .1 7 0 3
4 .6 2 2 7  4.6312  3 .0 1 8  0 .1 3 2 9
4 .0 5 6 3  4 .4 7 1 7  3 .0 5 0  0.0955
3 .3 8 2 1  4.3762  3 .0 8 5  0 .0 7 6 8
2.4170  4 .3 9 5 6  3 .1 4 3  0.0674
1 .6 8 9 6  4.4067  3 .1 8 5  0.0656
0.9556  4 .3 8 7 1  3.226  0.0626

Run 18- 8-4
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 109 9
F r i n g e  s p a c e  = 2.85OO cm 
F i lm  t h i c k n e s s  = 5 .8 9 2 5  cm
? /C g  = 0 .1 1 9 3
ûIT/ûNs =  0 .1 7 1 5

Y  3 cm ^COg' %Air' cm C/Cg

5 .8 9 2 5 2 .4 7 1 9 0.110 0 .2 5 7 9
5.3616 2.0638 0.140 0.2004
4.7630 1 .7 2 2 3 0 .1 7 1 0 .1 5 1 5
4 .1 8 8 2 1 .5 2 3 6 0 .2 0 5 0 .1 2 0 9
3 .5 9 4 4 1 .4 4 5 0 0 .2 3 5 0.1067
2.7686 1 . 4492 0 .2 7 9 0.1014
1.9942 1 .4 5 4 3 0 .3 2 4 0 .0 9 6 2
1.2620 1.4548 0.365 0 .0 9 0 9



17=-

Run 1 8 - 1 0 -2
C e l l  p o s i t i o n  22.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 2 . 8 l 49 cm 
F i lm  t h i c k n e s s  = 4.4448  cm 
Ü/Cg = 0.1104  
AN/ANg = 0 .1 3 9 2

y , cm *C0 2 ' ™ Xair. ora C/C3

Run 10- 10-3
C e l l  p o s i t i o n  22 .5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 2 . 8l 49 cm 
F i lm  t h i c k n e s s  = 4.8330  cm 
Ü / C g  = 0.1104  
AN/ANg = 0.1429

4.4448  3 .9 8 5 3  2 .5 5 1  O .I6 1 9
4 .0 6 3 8  3.8416  2 .5 8 5  0 .1 3 8 2
3 .7 1 0 1  3 .7 7 4 4  2.623  0.1242
3 .3 9 2 5  3 .7 1 0 3  2 .6 5 4  0.1116
2 .8 1 2 4  3 .6 8 3 3  2 .7 1 2  0 .1 0 0 3
2 .2 4 7 4  3.6840  2 . 7 6 8  0.0930
1 .6 8 2 0  3 .7 3 2 8  2 .8 2 5  0 .0 9 1 9
1 .0 9 0 0  3 .7 5 8 7  2 .8 8 2  0.0877

Y, cm
Xn^ } cmL/Vg % A ir ' cm C / C g

4 .8 3 3 0 3.9642 2 .5 1 5 0 .1 6 0 1
4.3339 3 . 8 5 9 1 2.563 0 .1 3 9 8
3 .8 1 5 6 3 . 7 8 7 6 2.615 0 .1 2 3 4
3 .2 3 8 3 3 .7 4 0 5 2 .6 7 1 0 .1 0 9 7
2 .6 9 3 8 3 . 7 2 0 1 2 .7 2 5 0 .0 9 9 8
1 .9 8 2 8 3 . 7 1 9 6 2.795 0.0904
1 .1 7 0 1 3 .7 2 1 0 2.865 0 . 0 8 1 3



Y, cm

176

Run 18- 10-5
C e l l  p o s i t i o n  22.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c e  = 2.8149  cm 
F i lm  t h i c k n e s s  = 5-0070 cm 
^ /C g  = 0.1104  
4ÎT/5Ns = 0.1485

XcOg' cm C/C;

Run 18- 2-6
C e l l  p o s i t i o n  32.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 3-2412 cm 
F i lm  t h i c k n e s s  = 4.0432  cm 
% y c g  =  0 . 1 8 2 0  
4N /4Ns = 0 .3 1 3 9

5 .0 0 7 0  1.4135  2 .4 9 2  0 .1 9 3 0
4.6241  1 .2 1 3 3  2 .5 3 5  0.1601
4 .2 0 7 1  1 .0 9 8 3  2 .5 7 4  0 .1 3 7 5
3 .8 0 3 7  1 .0 1 1 8  2.613  0 .1 2 2 7
3 .4 1 3 8 5  0 .9 5 2 9  2 .6 5 3  0 .1 1 0 7
2 .9 7 8 3  0 .9 5 0 2  2 .6 9 5  0.1040
2 .3 2 8 6  0.9769  2.760  0 .0 9 9 1
1 .6 9 0 0  0 .9 8 3 6  2 .8 2 3  0 .0 9 2 7
1 .0 3 8 0  0 .9 9 5 3  2 .8 8 5  0 . 08p 3

Y, cm
X co g , cm * A l r ' C/Cg

4 .0 4 3 2 5-3126 1 .3 0 3 0 .3 3 1 0
3-5788 4 .9 5 0 3 1 .3 0 2 0 .2 8 9 3
3 -1 3 0 9 4 .5 3 3 7 1 .3 0 1 0.2412
2 .6 1 5 1 4 .1 9 0 0 1 .3 0 0 0.2017
2.0459 3 -8 9 6 6 1 .2 9 8 0 .1 6 8 1
1 .5 1 6 6 3 .6 6 8 0 1 .2 9 6 0.1419
0 .9 9 9 0 3-6403 1-295 0 .1 3 8 8
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Run 18- 2-8
C e l l  p o s i t i o n  32.5  I n c h e s  f ro m  I n l e t  
Re = 732
F r i n g e  s p a c e  = 3.2412 cm 
F i lm  t h i c k n e s s  = 4 . I l 40 cm
TJ/Ce = 0 .1 8 2 0  
4n /£ N s  =  0-3139

y .  om ™  / c .

4.1140  5 .2 7 9 3  1 .3 0 3  0 .3 4 5 0
3 .6 5 5 8  4.8720  1 .3 0 2  0 .3 1 8 0
3 .1 7 3 0  4 .4 9 9 4  1 .3 0 1  0 .2 3 7 0
2 .6 9 8 6  4 .0 3 6 1  1 .3 0 0  0 .1 8 3 6
2 .2 5 8 5  3 .7 8 2 7  1 .2 9 8  0 .1 5 5 8
1 .7 8 1 6  3 .5 3 7 0  1 .2 9 6  0 .1 2 7 4
1.2487  3.4829  1.295  0.1210

Run 1 8 - 4 - 7
C e l l  p o s i t i o n  30 i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 3.4132  cm 
F i lm  t h i c k n e s s  = 3.784  cm 
C / C g  = 0 .1 7 1  
ÙN/ùNg = 0 .3 2 7

Y, cm ™  cm C/ 0 s

3.7840  7 .0 3 6 6  2.640  0 .3 1 7 0
3 .3 3 3 8  6 .5 1 4 5  2.665  0.2610
2 .8 6 1 1  6 .0 3 8 8  2 .6 9 2  0 .2 1 1 0
2.3264  5.6169  2.722  O.I6OO
1.6410  5.3647  2.762  0.1252
0 .8 7 5 9  5 .3 6 3 2  2 .8 1 0  0.1222
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Run 1 8 -4 -8
C e l l  p o s i t i o n  30 I n c h e s  f ro m  i n l e t  
Re = 732
F r in g e  s p a c e  3.4132  cm 
F i lm  t h i c k n e s s  = 3.5657 cm
? /C g  = 0.171  
4lT/4Ns = 0.342

Y,  cm ■̂00.2  ̂ ^ A l v ’ O/C s

3.5657  7.0179  2 . 6 5 8  O . 3 O 6 9
3 .1 2 5 7  6.4818  2.676  0.2462
2 .6 9 8 3  6.0441  2 .7 0 3  0 .1 9 5 3
2 . 1 9 1 3  5 . 7 4 1 1  2 . 7 3 4  0 . 1 5 8 6
1 . 4 3 8 7  5 . 3 8 2 2  2 . 7 8 0  0.1143
0.8675  5 . 3 8 9 2  2 . 8 0 7  0 . 1 1 2 1

Run 1 8 - 6 -6
C e l l  p o s i t i o n  27.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r in g e  s p a c e  = 3.1702 cm 
F i lm  t h i c k n e s s  = 4.2694 cm 
C / C s  =  0 . 1 5 9 5  
AN/ÙNg = 0.2416

Y ,  cm ^OOg '  ^ A i r '  0/ Cg

4 .2 6 9 4  3 .6 8 9 4  0 .3 0 2  0 .R 177
3 . 8 7 8 6  3 . 1 5 9 2  0 . 2 9 8  0 .2 5 5 6
3 .4 3 6 0  2.7414  0 .2 9 5  0.2066
2 .9 8 9 4  2 .4 7 5 2  0 .2 9 3  0 . 17R5
2 .2 6 7 3  2 . 2 2 0 8  0 .2 8 4  0 .1465
1 . 5 7 2 1  1 . 9 9 8 7  0 . 2 7 7  0.1211
1.1006  1 .9 5 3 0  0 .2 7 4  0.1161
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Run 18- 6-7
C e l l  p o s i t i o n  27.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 3-1702  cm 
F i lm  t h i c k n e s s  = 4.5351  cm 
^ /C g  = 0.1595 
4N /4Ng = 0.673

Y, cm C02  ̂ ^ A i r '  C/c<

4.5351  3-7717 0.304  0 .3 2 1 0
4.0724  3-3411 0.302  0.2640
3-5938 2 .8 7 8 0  0 .2 9 6  0 .2 0 9 0
3 . 0 7 2 9  2 .5 4 0 9  0 . 2 9 3  0 .1 7 1 0
2 .3 7 9 4  2.2684  0 .2 8 6  0 . 1 3 8 0
1 .6 8 1 5  2.0246  0 .2 8 1  0 .1 1 1 0
1.0148  1 .9 1 9 3  0 .2 7 4  0 . 0 9 9 5

Run 1 8 - 6 - 8
C e l l  p o s i t i o n  27-5  i n c h e s  f ro m  i n l e t  
Re = 732
F r in g e  s p a c e  = 3-1702  cm 
F i lm  t h i c k n e s s  = 3-7950  cm 
C/Cg = 0.1595
AN/ANg = 0.2416 

y. cm % A lr ' ™  C/C3

3-7950 3-3469  0 .2 9 6  0.2790
3-4260 3-0065 0 .2 9 0  0.2284
3-0431 2 .6 5 7 8  0 . 2 8 9  0.1948
2.6440  2.4200  0 .2 8 8  0.1648
2.1481  2 .1 9 4 0  0 .2 8 7  0.1405
1 . 7 0 7 5  2 . 1 0 5 9  0 . 2 8 6  0 . 1 2 8 2
1 .1 9 0 2  2 .0 8 6 6  0 .2 8 5  0 . 1244.



l 8 0

Run 1 8 - 8 - 6
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 2 . 8 5 00 cm 
F i lm  t h i c k n e s s  = 4.3710  
Ü /C s = 0.1485 
ùW/ùNg = 0 .2 6 3 8

Y, cm

4 .3 7 1 0
4 .0 3 6 6
3 .6 5 5 4
3 .3 2 3 9
2 .8 1 1 6
2 .2 5 3 2
1 .1 7 6 5
1 .1 7 7 4

TO g' cm

3.2204
2.9424
2.6106
2.4096
2 .2 0 8 7
2 .1 0 3 0
2 .0 7 9 6
2 .0 7 7 3

^ A ir ' cm

0 .1 9 4
0.214
0 .2 3 0
0.249
0 .2 7 3
0 .3 0 8
0 .3 3 8
0 .3 7 0

C/Cg

0 .2 8 2 0  
0.2430  
0 .1 9 7 2
0.1684
0 .1 3 8 8
0.1204
0 .1 1 3 3
0 .1 0 8 8

Run 18 - 8-7
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 2.8500  cm 
F i l m  t h i c k n e s s  = 3.9937  cm 
Ï Ï /C s  = 0.1485 
ÙN/ÙNg = 0.2638

Y, cm

3 .9 9 3 7
3.6196  
3.1045  
2.6605  
2 .1 8 7 4  
1 .6 5 8 9  
1 .0 8 7 9

TO g' cm
^Air: cm

2 .9 1 6 0 0.212
2.6044 0 .2 3 3
2 .3 0 3 4 0.261
2 .1 7 9 2 0 .2 8 5
2.0601 0.314
2 .0092 0 .3 4 4
2.0016 0 .3 7 5

C/Cg

0 .2 3 9 7
0 .1 9 6 0
0 .1 5 2 8
0 .1 3 3 4
0 .1 1 3 9
0 .1 0 3 3
0 .0 9 8 3
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Run 1 8 - 8 - 8
C e l l  p o s i t i o n  25 i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 2.85OO cm 
F i lm  t h i c k n e s s  = 4.5236  cm 
Ü/Cg = 0.1485 
4N /4Ng = 0 .2 6 3 8

Y, cm ^COg^ Xa i p j  cm ^ ^ ^ s

4 .5 2 3 6  3 .2 1 6 5  0 . 1 8 5  0.2840
4 .0 9 9 9  2 .9 3 5 3  0 .2 0 9  0.2435
3 . 7 0 1 3  2.6261  0 . 2 2 7  0.2001
3 .2 4 3 2  2 .3 8 0 9  0 .2 5 4  0.1646
2 .5 9 8 3  2 .1 8 9 4  0 .2 8 7  0 .1 3 5 0
2 .0 7 8 7  2 .0 9 1 7  0 .3 1 7  0 . 1 1 8 0
1 .5 0 8 5  2 .0 7 9 7  0 .3 5 2  0 .1 1 2 1
1 .0 2 7 5  2 .0 7 3 7  0 .3 7 7  0 .1 0 8 0

Run 1 8 - IO -6
C e l l  p o s i t i o n  22.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 2 . 8l 49 cm 
F i lm  t h i c k n e s s  = 4.1702  cm 
C/Cg = 0.1374
ÛN/ûNg = 0 .5 7 1

Y, cm ^COg^ ^ A i r "  ^ ^ ^ s

4 .1 7 0 2  5 .1 0 7 0  2 .5 7 5  0 .2 5 9 0
3 .7 6 1 8  4 .7 2 3 6  2 .6 1 8  0 .2 0 3 0
3 .3 4 1 9  4 .5 0 5 0  2.660  O .I69O
2 .9 3 1 0  4 .3 8 1 9  2 .7 0 0  0.1466
2 . 4 3 5 4  4 . 2 3 7 1  2 . 7 5 0  0 . 1 2 1 3
1 .9 2 3 4  4 .2 3 2 5  2 .8 0 0  0.1140
1 .4 4 9 9  4 .2 3 5 0  2.845  0 . 1 0 8 2
0 .9 7 0 0  4 .2 1 2 9  2 .8 9 4  0 .1 0 1 5
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Run 18- 10-8
C e l l  p o s i t i o n  22.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c e  = 2 . 8 l 49 cm 
F i lm  t h i c k n e s s  = 4.0208  cm 
Ü/Cg = 0.1374  
W û N g  = 0.0751

Y , cm ^COg' * A l r ' C/Cg

4.0208 4 .6 6 8 1 2 .5 9 0 0 .2 0 1 8
3.67755 4 .5 3 0 6 2.624 0 .1 7 9 4
3.3051 4.4364 2.665 O .I6O 7
2.9841 4.3694 2.695 0.1487
2 .3 4 3 8 4 .3 0 1 0 2.757 0 .1 2 8 9
1.8491 4 .2 4 3 2 2 .8 0 6 0 .1 1 7 3
1 .4 3 7 3 4.2226 2.847 0 .1 0 8 3
0 .9 7 7 7 4.2100 2 .8 9 2 0 .1 0 0 8



APPENDIX B

CONCENTRATION PROFILES 0 = l 8 °27 '

B a r o m e t r i c  p r e s s u r e  = 732.4  nun Hg

C e l l  p r e s s u r e  = 732.7  mm Hg

C e l l  a n g l e  o f  i n c l i n a t i o n  = A = l 8° 27 '

W a te r  t e m p e r a t u r e  = 2 2 . 22° C

M a g n i f i c a t i o n  r a t i o  = 133-78

I n l e t  w a t e r  COg c o n c e n t r a t i o n  = 0 .0  g / l i t e r

E x p e r i m e n t a l l y  d e t e r m i n e d  s a t u r a t e d  c o n c e n t r a t i o n  COg i n  
w a t e r  = 1.4914  g / l i t e r

Number o f  f r i n g e  s h i f t s  c o r r e s p o n d i n g  t o  s a t u r a t i o n  = 2.678  

C e l l  w i d t h  = 7-5692  cm
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Run 20 - 1-3
C e l l  p o s i t i o n  32.5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r in g e  s p a c i n g  = 3.6749  cm 
F i lm  t h i c k n e s s  = 3.9884  cm 
TT/Cg = 0 .1 3 0 2
ûir/ùNg = 0 .0 5 6 5

Y, om ^ A l r -

3.9884  2 .9 7 5  2 .1 0 1 5  0.1645
3 .5 5 2 3  3 .0 7 0 0  2 .3 0 9 9  0 .1 5 3 0
3 .1 2 4 5  3 .1 5 7  2.5440  0 .1 3 8 6
2.6367  3 .2 6 0  2 .7 0 7 7  0 .1 3 2 7
2.0675  3.3775  2 .8 1 8 1  0 .1 3 3 2
1 .4 5 5 3  3 .5 0 9  3 .0 0 2 9  0.1284

Run 20 - 1-5
C e l l  p o s i t i o n  32.5  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c e  = 3.7222  cm 
F i lm  t h i c k n e s s  = 4.1362  cm
TT/Cg = 0 .1 3 0 2  
6N/ùNg = 0 .0 5 2 5

y ,  cm ^COg' ^Air-» C / C g

4.1362 2 . 9 4 9 2 . 0 7 1 0.1649
3 . 6 9 0 2 3 . 0 3 9 2 . 2 5 7 3 0 . 1 5 5 0
3 . 2 0 7 7 3 . 1 3 7 5 2 . 3 9 1 3 0 . 1 5 1 9
2 . 7 2 5 3 3.2415 2 . 5 4 3 0.1467
2 . 0 7 7 7 3 . 3 7 0 2.669 0 . 1 4 7 0
1 . 4 2 7 4 3 . 5 1 3 2 . 8 8 5 8 0.1407
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Run 20 - 3-2
C e l l  p o s i t i o n  30.5  i n c h e s  from  i n l e t  
Re = 1834
F r i n g e  s p a c i n g  = 3.348  cm 
F i l m  t h i c k n e s s  = 5.9262  cm 
(T/Cg = 0.1241  
ÙN/ÙNg = 0.0436

Y,  cm ^ A i r ' C/Cg

5 .9 2 6 2 3 .5 3 8 6 2 ,6 3 0 0 .1 9 2 9
5 .3 8 3 7 3 .5 2 8 9 2 .7 8 0 0.1648
4 .7 7 0 3 3 .5 9 2 0 2 .9 5 0 .1 5 2 9
4 .2 0 5 7 3 .6 3 0 9 3 .1 0 5 0 .1 3 9 8
3 .5 9 5 0 3 .7 3 2 8 3 .2 7 0 0 .1 3 2 7
2 .9 5 3 1 3 .8 5 3 3 3 .4 5 0 0 .1 2 5 9
2 .1 5 9 4 3.9661 3.660 0.1149
1 .3 0 7 5 4.1622 3 .9 1 0 0 .1 0 8 9

Run 20 - 3-5
C e l l  p o s i t i o n  30.5  i n c h e s  f ro m  i n l e t  
He = 1834
F r i n g e  s p a c i n g  = 3.2300  cm 
F i lm  t h i c k n e s s  = 6 .198O  cm 
Ü/Cg = 0.1241  
W ù N g  = 0.0436

Y, cm C02  ̂ ' ^Air-»

6 .1 9 8 0  3 .1 7 9  2 .5 5 0  0 .1 5 3 2
5 .5 6 9 3  3.1162  2 .7 2 5  0 .1 2 5 8
4 .9 6 8 0  3 .0 7 5 6  2 .9 0 0  0 .1 0 0 8
4 .2 8 7 1  3.1748  2.942  0.1074
3.6148  3 .3 2 2 9  3.268  O .0869
2.9563  3 .4 5 5 9  3 .4 5 1  0 .0 8 1 2
2.1628  3 .6 9 7 9  3 .6 7 0  0 . 083"'
1 .2 7 3 8  4 .0 2 9 1  3 .9 1 7  0 .0 9 3 5
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Run 20 - 5-3
C e l l  p o s i t i o n  28.50  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c i n g  = 3.3023  cm 
F i lm  t h i c k n e s s  = 5-5034 cm
Ü /C s = 0 .1 1 8 5  
AN/ùNg = 0 .0 9 6 1

Y. cm ^ A l r '

5 .3 5 3 4  1 .9 5 2 2  0 .7 9 0  0 .1 4 9 4
4 .8 3 8 2  2 .0 2 6 8  0 .9 6 0  0 .1 3 8 8
4 .3 2 1 7  2.0635  1.12  0 .1 2 5 3
3 .8 3 0 3  2 .2 3 0 8  1 .2 7  0 .1 2 7 4
3 .2 8 3 0  2 .3 7 0 3  1.46  0 .1 2 1 9
2 .6 2 7 2  2 .5 5 9 2  1 .6 6  0.12065
2 .0 1 1 5  2 .7 0 3 5  1 .8 6  0.1146
1 .4 0 4 4  2 .9 1 5 0  2 .1 3  0 .1 0 8 1

Run 20- 5-4
C e l l  p o s i t i o n  2 8 . 50  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c i n g  = 3.3620  cm 
F i lm  t h i c k n e s s  =  5-6001 cm
C/Cg = 0 .1 1 8 5
ÙN/ùNg = 0 .0 9 6 1  

Y .  cm C/Cs

5 .6 0 0 1  1 .7 7 7 4  0 .6 8 0  0.1424
5 .0 0 3 6  1 .8 7 8 1  0 .8 7 0  0 .1 3 3 4
4.5163  1 .9 8 5 1  1 .0 2 5  0 .1 2 7 4
4.0164  2.1479  1 .1 8 0  0 .1 2 8 3
3.4642  2.2693  1-355 0.1224
2.7569  2.4536  1 .5 8 5  0.1173
1.9565  2.6967  I . 8 5 0  O . I I 5 0
1 .2 9 7 1  2 .8 9 0 8  2.140  0.1044
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Run 20~7 “2
C e l l  p o s i t i o n  26.50  i n c h e s  f ro m  i n l e t  
Re = 1834
F r in g e  s p a c i n g  = 3.0061  cm 
F i lm  t h i c k n e s s  = 4.4864  cm
C/C = 0 .1 1 2 5  
ÛN/ûNs = 0 .1 3 4 0

Y, cm =■» cm O/C^

Run 20—7~4
C e l l  p o s i t i o n  26.50  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c i n g  = 3 .O 850  cm 
F i lm  t h i c k n e s s  = 5-1370  cm
Ü/Cg = 0 .1 1 2 5
ÛN/ÛNs = 0 .1 3 4 0

4.4868  2 .9 9 4 3  1 .3 5 3  0.1775
3 .9 9 6 8  2 .9 4 3 1  1.485  0 .1 5 5 3
3 .5 0 8 7  2 .9 1 2 6  1 .6 1 6  0 .1 3 5 7
2 .9 6 8 6  2.8635  1.765  0 . I I I 5
2.3486  2 .9 6 9 1  1 .9 5 0  0 .1 0 1 7
1 .5 4 0 3  3.2485  2 . 2 3 0  0 .1 0 1 7

Y, cm ^COg' ^ Ai r C/Cg

5 .1 3 7 0 2 .9 2 3 8 1 .1 7 4 0 .1 9 0 5
4 .6 6 9 4 2 .8 5 6 0 1 .3 0 3 0.1667
4 .1 6 8 9 2.8471 1.442 0.1486
3.6420 2.8444 1 .5 8 0 0 .1 3 1 3
2 .9 9 2 1 2 .8 9 4 2 1.761 0 .1 1 5 5
2 .2 9 4 9 3.0141 1.960 0.1062
1 .5 4 9 2 3.2496 2 .2 3 0 0 .1 0 1 7
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Run 20- 9-3
C e l l  p o s i t i o n  24.50  I n c h e s  f ro m  I n l e t  
Re = 1834
F r i n g e  s p a c in g  = 3 .1 3 0 O  cm 
F i lm  t h i c k n e s s  = 6.3530  cm
C/Cg = 0 .1 0 7
ÙÎJ/ùNg = 0 .0 2 9 6  

Y, cm ^COg^ ^Air-»

Run 20- 9-4
C e l l  p o s i t i o n  24.50  i n c h e s  f ro m  i n l e t  
Re = 1834
F r i n g e  s p a c in g  = 3.1300  cm 
F i lm  t h i c k n e s s  = 8.0974  cm
Ü/Cg = 0 .1 0 7  
4N/AN„ = 0 .0 2 9 6

s

6 .3 5 3 0  2.1541  2 .1 7 7  0 .1 3 3 8
5.7401  2.1422  2 .3 0 2  0 .1 1 7 6
5 .1 3 4 4  2 .1 8 2 9  2 .4 3 2  0 .1 0 6 8
4 .4 3 5 8  2 .2 7 4 5  2 .5 7 8  0.1004
3 .6 1 2 7  2.4245  2 .7 5 1  0 .0 9 7 5
2.6824  2 .5 6 0 7  2 .9 4 7  0 .0 9 0 4
1.6459  2 .9 6 5 2  3.163  O . I I 3 0

Y , cm ^COg' ^ A i r '  cm C/Gg

8 .0 9 7 4 1 .9 3 9 8 1 .8 1 6 0 .1 5 0 2
7.4611 1.9565 1 .9 4 7 0 .1 3 7 4
6 .7 8 0 7 2 .0 1 9 2 2 .0 8 7 0 .1 2 9 0
6.1116 2.1224 2 .2 2 8 0 .1 2 5 3
5.3593 2 .1 7 3 4 2 .3 8 3 0.1145
4 .4 7 7 3 2 .3 0 7 2 2.569 0.1101
3 .6 8 9 1 2.4252 2 .7 4 0 0 .1 0 5 0
2 .7 5 3 2 2 .5 9 5 7 2 .9 3 0 0.1027
1 .8 9 0 5 2 .9 0 1 9 3 .1 1 1 0 .1 0 6 3
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Run 20- 2-7
C e l l  D o s i t i o n  32-5  i n c h e s  f ro m  i n l e o  
Re = 732
F r in g e  s p a c in g  = 3,7200  cm 
F i lm  t h i c k n e s s  = 3-9567 cm 
C/Cs = 0.2125 
ÛN/ûNs = 0 .3 4 3

Y ,  cm ^C02  ̂ ^Air-»

3 .9 5 6 7  8.4697  2 .9 9 5  0.4195
3 .5 4 8 9  3 .0 2 8 9  3 .0 8 0  0.3665
3 .1 1 8 7  7 .6 3 4 5  3 .1 7 0  0 .3 1 7 5
2 .6 9 9 1  7 .2 5 1 2  3.260  0.2715
2 .2 2 3 5  6 .9 3 5 0  3 .3 5 5  0 .2 2 8 5
1 .7 2 4 5  6 .7 9 1 1  3 .4 5 3  0.2040

Run 20- 4-7
C e l l  p o s i t i o n  32.5  i n c h e s  f ro m  i n l e t  
Re = 732
F r in g e  s p a c in g  = 3-3152 cm 
F i lm  t h i c k n e s s  = 3 -8 5 8 8  cm 
C / C s  =  0 . 2 0 3 5  
4N/ANs = 0-363

Y, om "'cOp' ™  ™  ^^0

3 .8 5 8 8  5.7667  3 .1 9 8  0 .4 5 2 5
3.4698  5 .1 4 5 2  3 .1 0 7  0 . 4(ir-'
3 .0 8 9 1  5 .0 7 5 0  3-412  0.3265
2.6477  4.8411  3.533  0 .2 ' '2 5
2.0414  4 .7 1 5 5  3-703  0 .2 1 9 5
1 .6 2 8 5  4 .7 2 4 9  3 .8 2 0  0 . 1 9 4 5
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Run 2 0 -6 -7
C e l l  p o s i t i o n  28.5  i n c h e s  f ro m  I n i e t  
Re = 732
F r in g e  s p a c i n g  = 3.4301  cm
F i lm  t h i c k n e s s  = 2.9003  cm
? /C g  = 0 .1 9 4 0  
W & N g = 0 .3 5 6

Y, cm ^002^ ^A lr^  6/C g

2 .9 0 0 3  5 .9 9 0 5  1.565  0 .3 1 1
2 . 5 4 7 0  5 .7 0 9 5  1 . 6 7 8  0 . 2 6 8
2 . 1 6 2 8  5 . 4 8 1 3  1 . 8 0 2  0 . 2 2 9
1 .7 4 4 3  5 .3 3 3 7  1 .9 3 7  0.200
1.2997  5 .32 3 3  2 .0 7 6  0 .1 9 2

Run 2 0 - 7 - 6
C e l l  p o s i t i o n  2 6 .5  I n c h e s  f ro m  i n l e t  
He = 732
F r i n g e  s p a c i n g  = 3 . O86I cm 
F i l m  t h i c k n e s s  = 3-9465  cm 
TT/Cg = 0 . 1 8 5 8  
AÏÏ/ANg = 0 .2 8 4 5

Y, cm ^COg' % A lr ' C"» '-/Cg

3.9465  5 . 6 2 5 0  1 . 4 9 6  0 .4 0 1 3
3 .5 0 0 0  5 .1 2 7 9  1 .6 1 9  0 . 3 2 5 3
3 .0068  4 . 7 7 2 0  1 . 7 5 4  0 .2 6 2 3
2 .5 0 9 0  4 .5 4 6  1 . 9 0 0  0 . 2 2 1 3
2 .0 0 7 1  4 .5 0 7 5  2.060  0 . 1 9 7 ,
1.4663  4 .5 1 42  2 . 2 7 0  0 .1 7 2 3
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Run 2 0 - 10-7
C e l l  p o s i t i o n  2 4 .5  i n c h e s  f ro m  i n l e t  
Re = 732
F r i n g e  s p a c i n g  = 3 .1 7 46  cm 
F i l m  t h i c k n e s s  = 3-5893  cm
%VCg = 0 . 1 7 4 5
AN/ANg = 0.2970 

Y ,  cm ^COg^ % A ir '  ^ / ^ s

3 .7 8 9 3  6 .5 9 9 6  2 .7 5 6  0 .3 3 4 5
3 . 3 8 0 1  6 . 0 5 7 5  2 .8 4 1  0 . 2 5 9 5
2 .97 4 1  5 .8 2 6 4  2 . 9 2 8  0 .2215
2 . 5 1 0 1  5 .6 34 1  3 . 0 2 3  0 .1 8 7 5
2 . 0 7 7 7  5 . 7 9 0  3 .1 1 4  0 .1625
1 .48 8 8  5 . 8 0 5  3 .2 4 1  0 .1 4 4 0

Run 20 - 2 -5
C e l l  p o s i t i o n  3 2 .5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c i n g  = 3-600  cm 
F i l m  t h i c k n e s s  = 5-1392  cm 
C/Cg = 0 .1675  
AN/ANg = 0.1972

Y, cm XcOg' % A ir '  cm C/Cg

5 . 1 3 9 2 5 . 8 9 7 0 2 . 7 5 0 0 . 2 8 6 3
4 . 6 8 3 7 5 . 7 7 3 1 2 .8 4 5 0 .2643
4 . 2 3 7 9 5-6403 2 .9 3 5 0 .2 4 1 8
3 . 7 8 8 7 5 -4 8 49 3 . 0 3 0 0 .21 6 3
3 . 3 0 5 0 5-4115 3 . 1 3 0 0 .19 9 3
2 .7 8 1 2 5-3741 3-240 0 .1 8 4 8
2 . 1 8 2 4 5 . 3 0 8 1 3-365 0 .1 65 3
1 .6 1 9 2 5 . 2 4 9 5 3 .4 7 5 0 .1483
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Run 20 - 4-4
C e l l  p o s i t i o n  30.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c i n g  = 3.3152  cm 
F i lm  t h i c k n e s s  = 5-2312 cm 
■C/Ca = 0.1600  
4N /4Ns = 0.215

Y, cm ^COg' ^Air-» cm C/Cg

5 .2 3 1 2 5.5142 2 .8 2 0 0.2485
4 .8 0 0 2 5.4897 2 .9 4 1 0 .2 3 2 0
4.3397 5 .4 5 9 4 3.068 0 .2 1 5
3 .8 5 7 2 5.4427 3 .1 9 8 0 .1 9 8
3 .3 1 8 1 5 .4 1 5 2 3.348 0 .1 7 1
2 .5 8 3 3 5.4482 3 .5 5 4 0 159
1 .7 2 2 7 5.6402 3 .7 9 2 0 .1 5 3 5

Run 20—5—4
C e l l  p o s i t i o n  28.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c i n g  = 3-4210 cm 
F i lm  t h i c k n e s s  = 3-3320 cm
c / C g  = 0 .1 5 2 9
AN/ANg = 0.1971 

y ,  cm “  % A ir ' ‘=">

3 .3 3 2 0  3 .8 0 3 5  1.429  0.2148
2.7646  3.7633  1.610  O .1898
2.2448  3 .7 8 0 5  1 .7 7 8  0.1718
1.7412  3 .8 3 5 3  1 .9 3 7  0 .1 5 9 3
1 .2 9 0 5  3 .9 7 0 2  2 .0 8 0  0 .1 4 9 0
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Run 20-8-2
C e l l  p o s i t i o n  26.5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c i n g  = 3 .0861  cm 
F i lm  t h i c k n e s s  = 4 .4 85 5  cm 
C/Cg = 0 .1 4 5  
AN/ANg = 0 .3 4 0

Y, cm

4 .4855
4 .0 4 89
3 .5917
3.1306
2 .6627
2 .1637
1 .6 0 79

'COg' cm

4 .6 2 33
4.5099
4 .4 68 3
4 .5792
4 .6 71 7
4 ,8 32 7
5 .0 4 5 9

'A i r ' cm

1 .3 5 3
1.473
1 .5 9 4
1 . 7 2 0
1 . 8 5 0
2.000
2 . 2 1 0

C/Cg

0 .2 0 0 5
0 .1 7 2 0
0 .1 5 3 0
0 .1 5 1
0.146
0.148
0.1485

Y, cm

Run 20 - 10-5
C e l l  p o s i t i o n  2 4 .5  i n c h e s  f ro m  i n l e t  
Re = 1099
F r i n g e  s p a c i n g  = 3 .1 3 5  cm 
F i lm  t h i c k n e s s  = 4 .6 4 0 8  cm
C / C g  =  0 . 1 3 7 8
AN/ANg = 0 . 1 3 0 2

'COg' cm
'A i r ' cm C/C,

4 .6408
4 . 1 8 8 0
3 .6 9 9 0
3.1760
2 . 6 8 1 6
2 .1 7 7 4
1 . 6 1 2 0

4.1468
3 .9 4 2 5
3 .88 4 1
3 .8 5 3 6
3 . 8 2 5 8
3 .9 1 3 5
4.1664

2 .5 3 6
2 . 6 3 0
2 .7 3 2
2.840
2.946
3 .0 5 0
3 .1 7 1

0 .1 9 9 6
0.1639
0 .1 4 5 2
0 . 1 2 8 5
0 . 1 2 3 0
0 . 1 1 0 7
0.1263
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Run 2 0 —1 —7
C e l l  p o s i t i o n  32.5  I n c h e s  f ro m  i n l e t  
Re = 1482
F r in g e  s p a c i n g  = 3.730 cm 
F i lm  t h i c k n e s s  = 5.3685 cm 
Ü/Cs = 0 . 148c
AN/ANg = 0.1362

Y, cm

5.3685
4.9318
4 .4 2 8 5
3 .9 0 9 3
3 .3 9 1 0
2 . 8 0 7 6
2 .2 3 7 4
1.6043

cm

4 . 2 3 6 8
4.2261
4 .2 5 5 5
4 .3 3 4 5
4.4667
4 .5 7 7 4
4.7064
4 . 8 5 0 9

^ A ir ' cm

2 .7 0 5
2 .7 9 0
2 . 8 9 6
3.004
3 .1 1 0
3 .7 3 0
3 .3 5 0
3.480

C/C,

0.1655
0 . 1 5 5 8
0.1480
0 . 1 4 5 8
0.1480
0 . 15 68
0.1480
0.1496

Y, cm

6 . 0925 
5 .6 7 3 4  
5 .2 2 2 1
4 .7 4 2 7
4 . 2 5 8 8
3 .7 0 2 5
2 .9 4 7 3
2.3625
1 .6 1 1 2

Run 20 - 5-7
C e l l  p o s i t i o n  30.5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r in g e  s p a c i n g  = 3.3152 cm 
F i lm  t h i c k n e s s  =  6 . O 9 2 5  cm 
Ü/Cg = 0.1415  
AN/ANg = 0.1482

%C02 ' cm

4 .8 6 9 4
4.7769
4 .7 2 1 5
4.6762
4 . 6 6 7 2  
4 .7 2 4 3  
4 . 7 8 8 9  
4 .9097  
5 .0 1 9 3

cm

2 . 5 8 1
2 . 6 9 8
2 . 8 2 3  
2 .9 5 4  
3 .0 9 0  
3.242
3 .4 5 1
3 .6 1 5
3 .8 2 3

C/C,

0 .2 5 1 3  
0 . 2 2 7 5  
0 . 2 0 7 3  
0 . 1 8 7 1
0.1714
O . I 6 O 3
0.1443
0 .1 3 9 4
0 . 1 2 8 2
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Run 2 0 —5 “T
C e l l  p o s i t i o n  28.5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c i n g  = 3.3401  cm 
F i lm  t h i c k n e s s  = 5-8461 cm 
TVCg = 0.1355  
A N /A N g = 0.1210

Y,  cm %COg' cm % A ir ' cm C /f s

5.9461 2 .2 3 3 8 0.605 0 .1 9 2 5
5.4269 2 .2 8 2 2 0 .7 7 0 0 .1 7 9 5
4 .9 5 2 9 2 .3 5 5 0 0 .9 2 0 0.1707
4 .4 2 5 0 2 .4 5 2 6 1 .0 8 7 0.1636
3 .8 9 8 1 2 .5 4 1 8 1 .2 8 0 0 .1 5 2 5
3.2600 2 .6 2 3 4 1 .4 5 5 0.1420
2.6211 2 .7 1 9 8 1 .6 6 5 0 .1 2 9 7
2 .0 5 9 4 2 .9 0 5 8 1.845 0 .1 3 0 5
1.4836 3 .0 9 3 4 2 .9 0 0 0 .1 2 3 8

Y,  cm

Run 20—̂ —6
C e l l  p o s i t i o n  26.5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r i n g e  s p a c i n g  = 3.0861  cm 
F i lm  t h i c k n e s s  = 4.6531  cm 
C / C g  = 0.1292  
AN/ANg = 0 . 0 2 7 8

cm % A ir ' cm C / e ,

4.6531
4 . 1 9 2 9
3 .6 2 1 9
2 .9 9 7 9
2.3278
1 .5 6 8 9

1 .7 2 0 8  
1 .7 0 9 6  
1 .8 1 5 4  
2 .0 1 2 5  
2 .2 2 9 4  
2 .4 4 3 8

1 .3 1 0
1 .4 3 7
1 .5 8 6
1 .7 5 8
1 . 9 6 0
2 . 2 3 1

0 .1 5 1 2  
0 .1 3 4 4
0.1242
0.1562
0 .1340
0.1273
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Run 20-9-8
C e l l  D o s i t l o n  24 ,5  i n c h e s  f ro m  i n l e t  
Re = 1482
F r in g e  s p a c in g  = 3.1746  cm 
F i lm  t h i c k n e s s  = 6 . 53^1 cm 
C/Cg = 0 .1 23 2  
4 N/4 Ng = 0 .0 4 9 7

Y,  cm XcOg' cm X A ir '  cm C/Cg

6.5341 2 .8 7 5 8 2 .1 1 1 0.1642
5 .9 1 2 6 2 .8 7 0 2 2 .2 3 2 0.1493
5.2753 2.8665 2 .3 5 6 0.1487
4.6395 2 .9 3 8 1 2.480 0 .1 2 7 9
3.8886 3 - 0876 2 .6 2 8 0 .1 2 8 1
3.1252 3 .1 9 0 5 2 .7 8 1 0.1221
2 .3 2 8 6 3.3695 2.964 0.1116
1 .5 0 9 0 3 .6 3 5 4 3 .3 1 6 0 .1 1 2 5



APPENDIX C 

WAVE DATA

C e l l  l o c a t i o n  = 31.5  i n c h e s  f ro m  e n t r a n c e  

S y s tem  = a i r - w a t e r  

W a te r  t e m p e r a t u r e  = 2 2 , 2°0 

Gas v e l o c i t y  = 0

C e l l  a n g l e  o f  i n c l i n a t i o n  = 9° 4 4 '

Time i n c r e m e n t  f o r  wave f r e q u e n c y  a n a l y s i s  = 1 s e c

197
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Re = 732
Mean f i l m  t h i c k n e s s  = 0.0362  i n c h e s  
Mean wave f r e q u e n c y  = 5-95  s e c " ^
Ym = 0 .0 1 6 7  i n c h e s
Time l e n g t h  o f  d a t a  s a m p le  = 58 s e c
M ic ro m e te r  s p a c e  a b o v e  t h e  g l a s s  p l a t e  = O .0 5 2 9  i n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0.1  s e c  t im e  

m a rk in g

F i lm
T h i c k n e s s ,

i n c h e s

N o. o f  
Waves 

< t o  F i lm  
T h i c k n e s s

Wave 
F r e q . , 
1/ s e c

N o . o f  
Time 

I n c r e m e n t s  
< t o  

Wave" F r e q .

?w

O.O5O6 3 6 8 1.000 10 58 1.000
0.0477 367 0 .9 9 7 1 9 56 0 .9 6 5 4
0.0442 359 0 .9 7 5 4 8 54 0.9310
0.0422 336 0 .9 1 3 7 47 0 .8 1 0 3
0.0400 2 5 9 0 .7 0 3 7 6 32 0 .5 5 1 7
0 .0 3 6 0 166 0 .4 5 1 0 5 19 0.3276
0 .0 3 4 5 113 0 .3 0 7 0 4 5 0 .0 8 6 2
C.O32O 85 0 .2 3 0 9 3 0 0
0 .0 2 9 2 53 0.1440
0 .0 2 5 7 15 0.0408
0.0216 0 0
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Re = 1099
Mean f i l m  t h i c k n e s s  = O .0382  in c h e s  
Mean wave f r e q u e n c y  = 8 .3  s e c “ ^
Ym = 0 .0 2 0 4 5  i n c h e s
Time l e n g t h  o f  d a t a  sam p le  = 58 sec
M ic ro m e te r  s p a c e  a b o v e  t h e  g l a s s  p l a t e  = 0.0598  i n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i th  0.1  s e c  t im e  

m a rk in g

F i lm
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i lm  
T h i c k n e s s

Pa

Wave 
F re q .  , 
1 / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q . * w

0 .0 4 9 7 507 1 .0 0 0 13 58 1 . GOO
0.0475 4 99 0 .9842 12 57 0 .9 8 2 7
0 .0 4 5 2 478 0 .9 4 2 8 11 53 0 .9 1 3 ^
0 .0 4 3 8 430 0.8481 10 47 0 .8 1 0 3
0 .0 3 9 3 380 0 .5 9 1 7 9 39 0.6724
0 .0 3 7 0 251 0 .4 9 5 1 8 26 0.4482
0 .0 3 4 1 167 0 .3 2 9 4 7 17 0 .2 9 3 1
0 .0 3 0 3 92 0 .1 8 1 5 6 7 0.1207
0 .0 19 0 .0 3 7 5 5 1 0 .0 1 7 2

4 0 0



2 0 0

Re = 1482
Mean f i l m  t h i c k n e s s  = O.O388 i n c h e s  
Mean wave f r e q u e n c y  = 13.1  s e c " ^
Yip = 0 .0 2 3 4 5  i n c h e s
Time l e n g t h  o f  d a t a  sa m p le  = 58 s e c
M ic r o m e te r  s p a c e  ab o v e  t h e  g l a s s  p l a t e  = 0.0605  i n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0.1  s e c  t im e  

m a rk in g

F i lm  
T h i  ckne  s s ,  

i n c h e s

N o. o f  
Waves 

< t o  F i lm  
T h i c k n e s s

Pa

Wave 
F r e q . , 
1 / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Nave F r e q .

^w

0.0546 795 1 .0 0 0 19 58 1 .0 0 0
0 .0 5 0 5 791 0 .9 9 5 0 18 57 0 .9 8 2 7
0.0455 746 0 .9 3 8 3 17 56 0.9655
0.0425 626 0 .7 8 7 4 16 53 0 .9 1 3 8
0.0410 516 0.6490 15 46 0 .7 9 3 1
0 .0 3 9 0 353 0.4440 14 34 0 .5 8 6 2
0.0362 174 0.2163 13 25 0 ,4 3 1 0
0 .0 3 3 0 44 0 .0 5 5 3 12 17 0 .2 9 3 1
0 .0 2 8 8 0 0 11 9 0 .1 5 5 2

10 6 0 . 10R4
9 3 0 . 051?
8 1 0 . 0:72
7 0 0
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Re = 1834
Mean f i l m  t h i c k n e s s  = 0.0408  i n c h e s  
Mean wave f r e q u e n c y  = 1 5 . 8  s e c -4 
Ym = 0 . 0 2 5 1  i n c h e s  
Time l e n g t h  o f  d a t a  sam p le  = 69 s e c
M ic r o m e t e r
V i s i c o r d e r

s p a c e  above  
c h a r t  s p e e d

t h e  g l a s s  p l a t e  = O.O6O5 i n c h e s  
= 2 i n c h e s / s e c  w i t h  1 s e c  t im e m a r k in g

P i l r .
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
P r e q . , 
1/ s e c

N o. o f  Time 
I n c r e m e n t s  

< t o  
Wave P r e q .

0 .0 5 6 3 1129 1.000 23 69 1.000
0 . 0 5 2 4 1128 0 .9 9 9 1 22 68 0 .9 8 5 5
0 . 0480 1098 0 .9 7 2 5 21 65 0 .9 4 2 0
0.0455 1020 0 . 9 0 3 4 20 64 0 .9 2 7 5
0 . 043-3 875 0 .7 7 5 0 19 62 0 .8 9 8 5
0.0415 598 0 .5 2 9 7 18 56 0 .8 1 1 6
0 . 03S5 343 0 .3 0 3 8 17 51 0 .7 3 9 1
0 .0 3 7 0 129 0.1143 16 39 0 .5 6 5 2
0 . 0 3 4 0 24 0 .0 2 1 3 15 26 0.3768
0 .0 3 0 0 1 0 . 0 0 0 9 14 16 0 .2 3 1 9

13 6 0 .0 8 6 9
12 3 0.0435
11 1 0.0145
10 0 0



202

C e l l  l o c a t i o n  = 31.5  i n c h e s  f r o m  e n t r a n c e  

S y s t e m  = a i r - w a t e r  

W a te r  t e m p e r a t u r e  = 22 , 2°0 

Gas v e l o c i t y  = 0

C e l l  a n g l e  o f  i n c l i n a t i o n  = l 8°27 '

Time i n c r e m e n t  f o r  wave f r e q u e n c y  a n a l y s i s  = 1 s e c
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Re = 732
Mean f i l m  t h i c k n e s s  = 0.0281  i n c h e s  
Mean wave f r e q u e n c y  = 8 .4  s e c -1 
Yiji = 0.0165  i n c h e s
Time l e n g t h  o f  d a t a  s a m p le  = 58 s e c
M i c r o m e t e r  s p a c e  ab o v e  t h e  g l a s s  p l a t e  = 0.0408  i n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0 .1  s e c  t im e  

m a r k in g

F i l m
T h i c k n e s s ,

i n c h e s

N o . o f  
Waves 

< t o  F i l m  
T h i c k n e s s Pa

Wave 
F r e q . , 
1/ s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

0 . 0 3 9 8 5 1 2 1 . 0 0 0 1 3 58 1 , 0 0 0
0 .0 3 9 7 5 0 8 0 . 9 9 2 12 55 0 . 9 4 8
0.0360 4 9 5 0.967 11 55 0.948
0 . 0 3 4 4 4 7 0 0 . 9 1 8 10 5 1 0 . 8 7 9
0 . 0 3 2 2 4o 8 0.797 9 4 i 0 .7 0 7
0 . 0 2 9 4 319 0.623 8 2 3 0 . 3 9 7
0 . 0 2 8 0 2 5 3 0 . 4 9 4 7 1 3 0.224
0.0252 1 8 5 0.361 6 3 0 . 0 5 2
0.0245 1 0 3 0.201 5 1 0 .017
0 .0 2 2 5 24 0.047 4 0 0
0 . 0 2 1 7 5 0.010
0.0160 0 0
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Re = 1099
Mean f i l m  t h i c k n e s s  = 0,0315 
Mean wave f r e q u e n c y  = 8.6  s e c “^
Y t  = 0.0177  I n c h e s
Time l e n g t h  o f  d a t a  sam ple  = $4 s e c
M i c r o m e t e r  s p a c e  ab o v e  t h e  g l a s s  p l a t e  = 0.0547  I n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0 .1  s e c  t im e  

m a r k in g

F i l m
T h i c k n e s s ,

I n c h e s

No. o f  
Waves 

< t o  F i l m  
T h l c k n e  s s

Wave 
F r e q . , 
l / s e c

N o . o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

0.0521 492 1.000 14 54 1.000
0.0491 492 1.00 13 53 0 .9 8 1 5
0.0455 488 0 . 9 9 1 9 12 52 0.963
0.0410 458 0 . 9 3 0 9 11 50 0 . 9 2 5 9
0.0371 386 0.7845 10 43 0.7963
0.0350 327 0.6646 9 34 0.6111
0.0324 261 0 .5 3 0 5 8 18 0.3333
0 . 0 2 9 2 157 0 .3 1 9 1 7 9 0.1667
0 . 0 2 5 5 66 0 .1 3 4 1 6 5 0 . 0 9 2 6
0 . 0 2 3 0 19 0 . 0 3 8 6 5 0 0
0.0148 0 0



Re = 1482
Mean f i l m  t h i c k n e s s  = 0.0345  i n c h e s  
Mean wave f r e q u e n c y  = 10.0  s e e " !
Yrp = 0.016  i n c h e s
Time l e n g t h  o f  d a t a  sam ple  = 57 s e c
M ic r o m e t e r  s p a c e  a b o v e  t h e  g l a s s  p l a t e  = 0.0582  i n c h e s  
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0.1  s e c  t im e  

m a rk in g

F i l m
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Pa

Wave 
P r e q . , 
1/ s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

P
‘ w

0.057 587 1 .0 0 0 18 57 1.000
0.055 584 0 .9 9 5 1 14 56 0 .9 8 2 5
0.0522 584 0 .9 9 5 1 13 54 0 . 9 4 7 4
0.0484 582 0 .9 9 1 7 12 51 0 . 8 9 4 7
0.0436 568 0.9679 11 40 0 . 7 0 1 8
0.0404 507 0.8639 10 33 0 . 5 7 9 0
0 . 0 3 8 8 459 0 .7 8 2 1 9 18 0 . 3 1 5 8
0 . 0 3 7 0 389 0 . 6 6 2 8 8 7 0 . 1 2 2 8
0 .0 3 4 3 281 0 . 4 7 8 8 7 2 0 . 0 3 5 1
0 . 0 3 1 0 140 0 .2 3 8 6 6 0 0
0 . 0 2 7 0 28 0.0477
0.0140 0 0
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Re = 1834
Mean film thickness = 0.0375  inches 
Mean wave frequency = 10.8  sec -1 
Ym = 0.0175 inches 
Time length of data sample = 57 sec
Micrometer space above the g lass plate = 0.0598  inches 
Visicorder chart speed = 2 inches/sec with 0.1  sec time 

marking

F i l m
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
F r e q . , 
l / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave P r e q .

0 .0 5 9 0 643 1.000 15 57 1.000
0 .0 5 7 5 638 0 . 9 9 2 1 14 53 0 .9 2 9 6
0 .0 5 4 2 636 0 .9 8 9 0 13 50 0 .8 7 7 0
0 .0 5 0 3 634 0 . 9 8 5 4 12 45 0 .7 8 9 3
0 . 0 4 5 4 587 0 . 9 1 2 8 11 30 0.5262
0.0420 531 0 .9 2 5 7 10 20 0 . 3 5 0 8
0.0405 467 0 .7 2 6 2 9 11 0 .1 9 2 9
0 .0 3 8 6 397 0 . 6 1 7 3 8 2 0 .0 3 5 1
0.0367 267 0.4152 7 1 0 .0 1 7 5
0 .0 3 3 6 112 0 .1 7 4 2 6 0 0
0 .0 3 0 0 15 0.0145
0 .0 1 5 5 0 0
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C e l l  l o c a t i o n  = 31.5  Inches from e n t r a n c e  

S y s te m  = a i r - w a t e r  

W a te r  t e m p e r a t u r e  = 2 2 . 2° C 

Gas v e l o c i t y  = 0

C e l l  a n g l e  o f  i n c l i n a t i o n  = 25° ^ 2 '

Time i n c r e m e n t  f o r  wave f r e q u e n c y  a n a l y s i s  = 1 s e c
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Re = 732
Mean f i l m  t h i c k n e s s  = 0.0255  i n c h e s
Mean wave f r e q u e n c y  = 8 .8  s e c -1
Ym = 0.0160  i n c h e s
Time l e n g t h  o f  d a t a  sam ple  = 59 s e c
M ic r o m e t e r  s p a c e  ab o v e  t h e  g l a s s  p l a t e  =
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0,1  s e c  t i m e  

m a rk in g

F i l m
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
F r e q . , 
l / s e c

N o. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

Pw

0 . 0 3 9 8 512 1.000 13 58 1.000
0 .0 3 8 7 508 0 . 9 9 2 12 55 0.948
0 . 0 3 6 0 495 0.967 11 55 0.948
0 .0 3 4 4 470 0 . 9 1 8 10 51 0 .8 7 9
0 .0 3 2 2 408 0 . 7 9 7 9 4 l 0 .707
0 . 0 2 9 4 319 0 . 6 2 3 8 23 0.397
0 . 0 2 8 0 253 0 . 4 9 4 7 13 0.224
0.0262 185 0.361 6 3 0 .0 5 2
0.0245 103 0.201 5 1 0 . 01 7
0 .0 2 2 5 24 0.047 4 0
0 .0 2 1 7 5 0.010
0.0160 0 0
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Re = 1099
Mean f i l m  t h i c k n e s s  = 0.0294  I n c h e s  
Mean wave f r e q u e n c y  = 11.2  s e c " !
Yip = 0 . 0 1 7 0  i n c h e s
Time l e n g t h  o f  d a t a  sam p le  = 5 8  sec
M i c r o m e t e r  s p a c e  a b o v e  t h e  g l a s s  p l a t e  =
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0.1  s e c  t im e  

m a r k in g

F i l m  
T h i c k n e s s , 

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
P r e q . , 
l / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q . ?w

0.0453 685 1.000 16 58 1.000
0.0423 684 0 .9 9 8 6 15 58 1.000
0 . 0 3 8 5 66 0.9636 14 55 0 . 948
0 .0 3 6 1 638 0.9169 13 52 0 .8 9 6 5
0 . 0 3 4 1 577 0.8424 12 36 0 . 6 2 0 7
0 . 0 3 2 5 522 0.7621 11 23 0 . 3 9 6 5
0 .0 3 0 5 436 0 .6 3 6 6 10 15 0 . 2 5 8 6
0 . 0 2 8 0 297 0 .4 3 3 6 9 4 0 . 0 6 8 9
0.0267 234 0.3416 8 0 0
0 .0 2 5 3 145 0 .2 1 1 7
0 . 0 2 3 7 84 0.1226
0 . 0 2 2 3 23 0 .0 3 3 6
0.0147 0 0
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Re = 1482
Mean film thickness = O.0318 inches 
Mean wave frequency = 12.35  sec"!
Ym = 0.0175 inches
Time length of data sample = 8 sec
Micrometer space above the g lass plate =
Visicorder chart speed = 2 inches/sec with 0.1  sec time 

marking

F i lm
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
P r e q . , 
l / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

?w

0 . 0 5 0 3 1037 1 . 0 0 0 17 81 1 .0 0 0
0.0488 1029 0 . 9 9 2 0 16 79 0 . 9 7 5 3
0 . 0 4 5 8 1027 0 . 9 9 0 3 15 75 0 . 9 2 5 9
0.0442 1025 0.9884 14 67 0 . 8 2 7 2
0.0425 1006 0 . 9 7 0 1 13 55 0.6790
0.0406 973 0 . 9 3 8 3 12 38 0.4691
0 . 0 3 8 3 876 0.8447 11 19 0.2346
0 .0 3 6 2 773 0 . 7 4 5 4 10 6 0 . 0 7 4 1
0 . 0 3 4 2 674 0.6499 9 3 0 . 0 3 7 0
0 . 0 3 1 5 528 0 .5 0 9 2 8 2 0.0247
0 . 0 2 8 5 304 0 . 2 9 3 2 7 0 0
0 . 0 2 5 0 101 0 . 0 9 7 4
0 . 0 2 3 5 36 0 .0 3 4 7
0 .0 2 1 5 5 0.0048
0.0142 0 0



2 1 1

Re = 1834
Mean f i l m  t h i c k n e s s  = 0.0319  i n c h e s

s e c -1Mean wave f r e q u e n c y  = 14.9 
Yiji = 0 . 0 1 5 5  i n c h e s
Time l e n g t h  o f  d a t a  sample  = 58  s e c  
M i c r o m e t e r  s p a c e  a b o v e  t h e  g l a s s  p l a t e  =
V i s i c o r d e r  c h a r t  s p e e d  = 2 i n c h e s / s e c  w i t h  0.1  s e c  t im e  

m a r k in g

F i l m
T h i c k n e s s ,

i n c h e s

No. o f  
Waves 

< t o  F i l m  
T h i c k n e s s

Wave 
F r e q . , 
l / s e c

No. o f  Time 
I n c r e m e n t s  

< t o  
Wave F r e q .

Pw

0 . 0 5 2 5 932 1.000 21 58 1.000
0 . 0 5 1 0 929 0 . 9 9 6 8
0 . 0480 902 0 . 9 6 7 8 20 57 0 . 9 8 2 8
0 . 0 4 4 3 901 0 .9 6 6 7 19 54 0 . 9 3 1 0
0.0423 871 0 . 9 3 4 5 18 48 0 . 8 2 7 5
0.0402 830 0 .8 9 0 6 17 43 0.7414
0 . 0 3 8 2 7 7 1 0 . 8 2 7 3 16 35 0 . 6 0 3 4
0 . 0 3 6 5 706 0.7575 15 31 0 . 5 3 4 4
0 . 0 3 4 5 6 l(: 0 .6 5 6 6 14 20 0.3448
0 . 0 3 2 0 470 0 .5 0 4 3 13 11 0 . 1 8 9 6
0.0284 343 0 . 3 6 8 0 12 7 0 . 1 2 0 7
0 . 0 2 5 0 88 0 .0 9 4 4 11 5 0 . 0 8 6 2
0 . 0 2 2 5 39 0 . 04l 8 10 2 0 . 0 3 4 5
0.0110 0 0 9 0 0



APPENDIX D

EDDY DIPPUSIVITY CALCULATED PROM MEASUREMENT OF SLOPES

Cell angle of inclination  = 9° 44 '

Data - Appendix A

Concentration p rofiles  corrected to same film  thickness

dAN/dZ ■ measured from least square f i t  of experimental data 
by a straight line

2 pd AN/dY = measured from least square f i t  of experimental 
data by a 4th order polynomial

M -  118.9

Eddy d if fu s iv ity  was calculated as

? r dC
g sin e  ̂ Y ^ 3% /y

(D + -  o m2 L-" -  I  ^  /  J2 H M'  ̂ ^ ^ ^MP "  .̂ 2 r  —
dY'" - [ 5 ]

where Y = 0 at the Interface
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Re = 732

Run Y
dAN
dZ

d^AN
d ( Y )2

V
c m /se c

fD + e  ) X 10^
2

cm / s e c

1 8 - 6 - 7 4 . 5 3 0 .0 0 8 6 7 0 .21 0 0 0 0 .2 9 6 9 48.6 1 .4 1 9It 4 . 0 0 . 0 0 8 5 9 0 .1 6 5 0 3 0 . 2 3 3 3 4 4 .0 1 .6 2 0tl 3 .0 0 .0 0 5 9 6 0 .10 4 0 4 0 .1 4 7 1 35.0 1 . 4 l 8II 2 . 0 0 . 0 0 1 8 8 0 .06 4 6 4 0 .0 9 1 4 24.6 O.506M 1 .0 0 .00201 0 .04117 0 .0 5 8 2 1 2 .8 0 .4 4 2

1 8 - 8 - 8 4 .5 3 0 .0 0 8 6 7 0 .1 3 1 0 0 .1 8 5 1 9 48.6 2 .2 7 5II 4 . 0 0 .0 0 8 5 9 0 .1 3 0 0 0 0 .1 8 3 7 8 4 4 .0 2 .0 5 7tl 3 . 0 0 .0 0 5 9 6 0 .1 0 8 7 4 0 . 1 5 3 7 3 3 5 .0 1 .3 5 7II 2 . 0 0 .0 0 1 8 8 0 .0 7 2 2 7 0 .1 0 2 1 7 24.6 0 .4 5 3II 1 . 0 0 .0 0 2 0 1 0 .0 2 5 7 0 0 .0 3 6 3 3 1 2 .8 0 .7 0 8

.8 - 10-6 4.53 0 .0 0 8 6 7 0 .2 5 7 5 0 .3 6 4 0 4 8 .6 1 .1 5 8II 4 . 0 0 .0 0 8 5 9 0 .1 9 1 0 0 .2 7 0 0 4 4 .0 1 .4 0 0
It 3 .0 0 .0 0 5 9 6 0 .0 9 5 0 0 .1 3 4 3 3 5 .0 0 .68 6It 2 . 0 0 .0 0 1 8 8 0 .0 3 7 0 0 .0 5 2 3 2 4 .6 0 .8 8 4It 1 .0 0 .00201 0 .0 1 1 2 0 .0 1 5 8 1 2 .8 1 .6 2 8

roMU)

Average 1.237



Re = 1099

Run Y
dAN
dZ

d^AN
d ( Y )2

X 1 0 - ^
d ( Y )2

V
c m /s e c

(D + e ) x l O ^  
cm / s e c

18- 2-3 5.35 0.00623 0.1400 0 . 1 9 7 9 5 1 . 8 1 . 8 2 0tl 5 .0 0 . 0 0 6 1 8 0.12040 0 .1 7 0 2 5 5 . 0 1 . 9 9 7II 4 .0 0.00440 0 .0 7 4 8 1 0 .1 0 5 8 46.4 1 . 2 9 2II 3.0 0.00329 0.0430 O.O6O8 3 6 . 6 1 . 9 8 0II 2 . 0 0 .0 0 2 5 8 0 . 0 2 6 0 0 0 .0 3 6 8 2 5 . 4 1 .7 8 1II 1 . 0 0 .0 0 2 9 6 0 . 0 1 5 0 0 .0 2 1 2 1 3 . 0 0 . 8 1 5
18- 4-5 5.35 0 .0 0 6 2 3 0 .2 0 2 5 0 .2 8 6 3 5 7 . 8 1 . 2 5 8

II 5.0 0 . 0 0 6 1 8 0 .1 7 4 4 4 0.2466 5 5 . 0 1 . 3 7 8II 4 .0 0.00440 0 .1 0 2 2 2 0.1445 46.4 1.413
II 3.0 0 . 0 0 3 2 9 0 .0 4 7 0 1 0.0665 3 6 . 6 1 .8 1 1II 2 . 0 0 .0 0 2 5 8 0 .0 1 2 0 1 0 .0 1 7 0 2 5 . 4 3 . 8 5 5II 1 . 0 0 .0 0 2 9 6 0 . 0 0 3 0 0.0042 1 3 . 0 9 .1 6 2

1 8 - 6 - 2 5.35 0.00623 O .I6 1 5 0 .2 2 8 3 57.8 1.577
II 5 .0 0 . 0 0 6 1 8 0 . 1 5 0 0 0.2121 55.0 1 . 6 0 3
II 4.0 0.00440 0 . 1 0 2 5 0.1449 46.4 1.409
II 3 .0 0 . 0 0 3 2 9 0 .0 5 0 0 0 .0 7 0 7 36.6 1 . 7 0 3
II 2.0 0 .0 0 2 5 8 0 .0 1 1 5 0 .0 1 6 3 2 5 . 4 4.020
II 1.0 0 .0 0 2 9 6 0.0040 0 .0 0 5 7 1 3 . 0 6 .7 5 1

1 8 - 8 - 2 5.35 0 .0 0 6 2 3 0 .1 7 7 5 0 . 2 5 0 9 5 7 . 8 1 .4 3 5
II 5 .0 0 . 0 0 6 1 8 0 . 1 5 5 0 0 .2 1 9 1 5 5 . 0 1 .5 5 1
II 4 .0 0.00440 0 .0 9 7 0 0 .1 3 7 1 46.4 1.489
II 3 .0 0 . 0 0 3 2 9 0 . 0 5 0 0 0 .0 7 0 7 3 6 . 6 1 . 7 0 3
It 2 .0 0 .0 0 2 5 8 0.0200 0 . 0 2 8 3 2 5 . 4 2 . 3 1 6
I t 1.0 0 .0 0 2 9 6 0 .0 0 6 5 0 0 .0 0 9 2 1 3 . 0 4 . 1 8 3

18- 10-5 5.35 0.00623 0 .1 8 5 0 0.2615 5 7 . 8 1 .3 7 7
II 5 .0 O.OO6I8 0.1425 0 .2 0 1 5 5 5 . 0 1 . 6 8 7
II 4 .0 0.00440 0.0600 0.0848 46.4 2.407
II 3 .0 0 . 0 0 3 2 9 0 . 0 2 3 0 0 .0 3 2 5 3 6 . 6 3 . 7 0 5
11 2 .0 0 .0 0 2 5 8 0.0100 0.0141 2 5 . 4 4 . 6 8 1
II 1.0 0 .0 0 2 9 6 0 . 0 0 5 0 0 ,0 0 7 1 3 . 0 5 . 4 9 7

roM
-Pr

Average 2.643



Re = 1482

Run Y
dAN
dZ

d^AN
d (Y )2

^2 10-4
d (Y )2

V
c m /se c

(D +e ) X 10^ 
cm / s e c

1 8 - 1 - 8 5 .9 0.00662 0 . 1 6 1 0 0 . 1 3 7 8 64.0 0 .8 6 1 5
t t 5.0 0.00377 0 .0 9 8 7 0 0 .0 9 0 7 5 7 . 0 1.5404
tt 4.0 0.00247 0 . 0 5 0 4 7 0 . 0 5 0 2 48.2 1 .6 6 9 7tl 3 .0 0 . 0 0 2 8 6 0.02214 0 .0 2 2 5 3 8 . 0 3 .4 7 2 2
I t 2 .0 0.00303 0 .0 0 9 0 2 0 . 0 0 9 9 26.2 6 . 2 0 2 3
II 1 .0 0.00844 0 .0 0 3 0 0 0.0042 1 3 . 4 2 6 .9 2 8 6 *

1 8 - 7 - 6 5 .9 0.00662 0 .0 9 7 5 0 . 1 3 7 8 64.0 3 . 0 7 5
II 5 .0 0.00377 0.06419 0 . 0 9 0 7 5 7 . 0 2 . 3 6 9
II 4.0 0.00247 0.03548 0 . 0 5 0 2 48.2 2 . 3 7 2
II 3 .0 0.00286 0 .0 1 5 9 1 0 . 0 2 2 5 3 8 . 0 4 . 8 3 0
II 2 .0 0 .0 0 3 0 3 0.00200 0 . 0 0 9 9 26.2 8.020
II 1.0 0.00844 0 .0 0 3 0 0 0.0042 1 3 . 4 2 6 . 9 2 9 *

roMUI

A verage

*Not I n c l u d e d  I n  t h e  a v e r a g e

3.541



Re z: 1834

Run Y
d6N
dZ

d^AN
d ( Y )2

m2 '  10-4 
d ( Y )2

V
c m /s e c

. 4 
(D + e ) X 10

cm / s e c

1 8 - 1 - 3 6 .85 0 .0 0 5 2 8 0 . 1 3 2 5 0 .1 8 7 3 7 4 . 2 2 . 0 9 2tr 6 . 0 0 0 . 0 0 3 9 2 0 .0 8 9 5 5 0 .1 2 6 6 6 8 . 2 2 . 1 1 2
I t 5 . 0 0 . 0 0 2 5 0 0 .0 5 1 0 2 0 .0 7 2 1 5 9 . 8 2 . 0 7 4
II 4.0 0 .0 0 2 7 8 0.02495 0 . 0 3 5 3 5 0 . 0 3 . 9 3 8
I t 3.0 0 . 0 0 3 2 7 0 . 0 0 9 2 6 0 .0 1 3 1 3 9 . 4 9 .8 3 5
II 2 . 0 0.00384 0 .0 0 1 8 6 0.0026 2 7 . 2 40 . 173*
II 1 . 0 0.00433 0.00065 0 . 0 0 0 9 1 3 . 8 6 6 .3 8 9 *

1 8 - 7 - 5 6 . 8 5 0 .0 0 5 2 8 0 . 1 3 7 5 0 .1 8 0 2 7 4 . 2 2 . 1 7 4
I t 6 . 0 0 0 .0 0 3 9 2 0 .0 7 7 7 7 0.1100 68.2 2 . 4 3 0
I t 5 . 0 0 0 . 0 0 2 5 0 0 . 0 3 7 8 6 0 . 0 5 3 5 5 9 . 8 2 .7 9 5
I t 4.0 0 .0 0 2 7 8 0 .0 1 5 1 8 0 . 0 2 1 5 5 0 . 0 6.146
I t 3 . 0 0 .0 0 3 2 7 0 .0 0 5 0 3 0 .0 0 7 1 3 9 . 4 18.146
I t 2 .0 0 .0 0 3 8 4 0 . 0 0 2 7 2 0 . 0 0 3 8 2 7 . 2 2 7 . 487*
II 1.0 0.00433 0.00100 0.0014 1 3 . 8 4 2 . 6 7 8 *

ro
Mo\

Average

*Not I n c l u d e d  i n  t h e  a v e r a g e

5 . 206



APPENDIX E

EDDY DIFFUSIVITIES CALCULATED FROM MATERIAL BALANCE

Cell angle of inclination  ■ 9° 44 '

Data - Appendix A 

M -  118.9

Experimental data at Z ■ 57.15 cm used as reference point 

Eddy d iffu s iv ity  was calculated as

0

where Y *= 0 at the surface of the contacting plate 

Z * * Zg — Z^

zÀve " (̂ 2 + Zl)/2
Z > 57.15

Ĉ Y) “ the experimental concentration p rofile  

In the event more than one concentration profile  

e x is ts  at a given c e ll  position values of the integral and 

derivatives for each curve are averaged together.
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Re «= 732 Y^/M = .0424 cm Y^p/M = .092 cm

Z cm

VsMP = 73 .4  c m / s e c  uu = 5 . 9 5  s e c -1

82.55 7 6 . 2 6 9 . 8 5 63.5 57 . 15
Y/M \ d y  X l o 5 dŷ  \\ d y X l o 5 ÊL Xdy X l o 5 ÊL \ c y  X 105 ^  ^ d y  X l o 5 d j
cm J do do dc J dc  - dc

.0042 4.0 3.41 3.90 2\ 9 1 3.67 2 . 7 4 2 . 8 7 3 . 7 4  2.75 1 . 5 6

.0084 1 3 .7 5 .71 1 2 . 5 0 .58 1 2 . 5 .85 11.3 1.16  10.75 .66

.0168 5 4 . 0 .12 5 2 . 2 .11 5 1 . 7 .1 9 16 .5 .31  4 9 . 7 .27

.0252 148.0 .05 148.0 .05 128.0 .086 111.8 . 1 0  1 1 0 .5 .14

. 0 2 9 4 2 3 1 . 0 .04 203.5 .053 160.3 .063

.0336 3 3 7 .7 .04 268.0 .044 243.5 . 0 5 4  2 2 3 . 0 .069

. 0 3 7 8 3 7 5 . 0 .039 345.0 .047

D c m ^ /s e c  X 105

Y/M cm

Z2 - Zl .0042 .0084 .0168 .0252 . 0294 .0336 .0378

82.55 -  76.2 3 .0 9.3 2.4
76.2  -• 6 9 .8 5 7.5 . 86 1 5 . 6 14.3
6 9 .8 5 -  6 3 . 5 0 3.0 9.9 1 5 . 0 17.6 28.8 14.5 14.8
63.50 -  5 7 . 1 5 3.7 5.8 1.8 6.7
8 2 . 5 5 - 69.85 5 .8 5 . 6 2.1 8.2 16.5
7 6 . 2 0 -  63.5 19.8 6 . 0 6 . 9 1 5 . 7 20.4
6 9 .8 5 -  57.15 11.4 7 .6 2.6 11.3 11.4
82.55 - 63.50 1 5 .6 8.9 6.3 10.9 16.7
76.20 -  57.15 9.9 4.2 1.8 1 3 . 4
82.55 - 57.15 9.0 5.9 2.4 10.4 15.9

ro
H
C D



Re = 1099 Y,p/M = .0921  cm Yj^p/M = .097 cm V^^p = 80.9  c m /se c  m = 8.3  s e c

Z cm

8 2 . 5 9  7 6 . 2  6 9 . 8 9  6 3 . 5  9 7 . 1 9
\ d y  X 105 dy  ^ d y  x 105 | y  U y  x 105 ^ d y  x 105 dy Cdy x 105 dy

G") ^ dc 0____________ dc__ J  do 0 d c  0 dc

.0042 3 . 8  1 . 3 4  3 . 4 9  1 . 5 9  2 . 8 3  3 . 9 9  2 . 2 3  3 . 3 3  1 . 9 0  3 . 9 2

.0084 1 3 . 0  .92  1 1 . 9  1 . 3 4  1 1 .0 7  2.41  8.66  2 . 8 9  8 .8  2 . 0 0

.0 1 6 8  46.9  .46 43.7  . 7 8  47.7  .99 33.3  1.42  3 6 . 0  . 6 9

.0 2 1 0  8 1 . 6  .12

.0292  1 1 1 . 0  .1 8  1 0 1 . 0  .2 9  9 1 . 0  .3 2  7 7 . 0  .47  8 3 . 0  .34

.0 2 9 4  1 6 9 . 0  .076  149.0  . 1 9

.0336  2 1 9 . 0  .0 9  1 9 0 . 0  .11  1 8 2 , 8  . 1 0  142.0  .17  1 5 7 . 0  .15

.0 3 7 8  2 7 9 . 0  .06 2 3 0 . 0  .06  210.0  .14

.0421 3 9 1 . 0  . ( ^  3 2 9 . 9  .0 6  2 9 1 . 0  .0 8  284.0  .06

.0462 3 3 4 . 8  .06____________ _______

D c m ^ /s e c  x 10"^

Y/M cm

Z2 - ^1 .0042 .0084 .0168 .0292 .0294 .0336 . 0 3 7 8 .0421

8 2 . 9 9 - 76.2 6 . 4 3 21.6 22.1 3 0 . 1 3 1 . 0 21.4
76.2  - 6 9 . 8 9 20.1 1 0 .3 3 8 . 8 9 . 6 3 9 . 0
6 9 .8 9 -  6 3 . 9 0 26.3 813 216.2 6 9 .7 7 0 . 3
63.90 -  9 7 . 1 9 1 3 . 4
8 2 .9 9 -  6 9 .8 9 -19.1 20.4 3 1 . 8 1 3 . 9 1 9 . 6
76.2  - 63.9 1 8 . 9 3 8 . 2 7 2 . 9 9 8 . 0 41.7 3 3 .4
6 9 . 8 9 - 9 7 . 1 9 2 0 . 9 3 1 . 9 60.8 1 6 .8 21 .0 1 3 . 2
8 2 . 5 9 -  6 3 . 9 0 1 9 . 9 3 9 . 0 9 2 . 6 46.7 3 9 . 9 3 1 . 4
76.20 -  9 7 . 1 9 1 6 .6 1 9 .1 2 3 . 9 24.2 1 8 .1 2 7 . 9 10.8
8 2 .9 9 - 9 7 . 1 9 . 4.7 1 9 . 9 1 9 . 2 2 3 . 4 22.2 12.9

i-o



- 1
Re = 1482 Y^/M = .0596  cm Y^p/M = .100 cm ^sMF “  8 4 .2  c m / s e c  u) = 1 3 .1  s e c

Z cm
76.2______________6 9 . 8 5 _____________ 6 3 . 5 0    5 7 . 1 5

Y/M
cm ^ d y  X l o 5 dy

dc ^ d y x l o 5 ^  ^ d y x l o 5 &  5̂ dyx 10^ dy
dc ^ d y  X 10^

.0042 3.33 2.62 3.4 3.75  2 . 8 5 4 . 5 0 2.33 3.52 1.86 1.99

.0084 10.67 1.67 1 1 .2 5 2 . 8 3  1 0 . 0 3.03 10.2 2 . 1 8 7 . 6 6 1 . 0 9

.0168 40.3 1 . 1 9 42.4 1.36  39.5 2.22 35.2 1.26 30.8 . 68

.0252 91.3 .65 93.5 .45  8 5 . 5 .82 7 5 . 0 .84 7 0 . 0 53.0

.0336 1 6 3 . 0 . 26 1 7 4 . 0 . 2 0  1 5 3 . 0 . 22 1 3 3 . 0 . 37 1 2 8 . 0 . 37

.0378 245.0 .085 181.0 .12

.0421 275.0 . 11 288.0 . 0 6 8  2 5 8 . 0 . 0 85 229.0 . 1 3 215.0 .23

.0462 353.0 .079 2 8 3 . 0 .10

.0505 3 1 0 . 0 . 1 8

.0547 370.0 . 11

D c m ^ /s e c  x 10^

Y/M cm

Z2 - Zi .0042 .0084 . 0168 .0252 .03 3 6 .0378 .0421 .0462 .0505 . 0547

76.2  - 69.85 3 0 . 4 48.5 68.9 51.5 58.7 30.3
69.85 - 63.50 27.6 9 9 . 4  115.0 78.3 41.3
63.50 -  5 7 . 1 5 1 7 . 1 55.0 56.8 45.0 24.7 33.4
82.55 - 69.85 10.6 10.4 9 . 1  2 8 . 3  15.8 11.1
76.2 - 63.5 25.7 1 7 . 4 62.6 78.7 78.2 42.9 38.8
69.85 -  57.15 21.3 32.0 83.8 6 9 . 1  48.8 48 .8
82.55 -  63.50 13.6 40.0 2 9 . 5  5 3 . 6  41.9 24.8 28.0
76.2  - 57.15 19.5 31.1 52.4 5 0 . 6  58.5 48.0
82.55 -  57.15 11.2 13.8 29.5 41.6  36.6 3 4 . 1

re
roo



- 1
Re = 1834 Y^/M = .0637 cm Y^p/M = .1038 cm = 91.8  c m / s e c  u) = 15-8 s e c

Z cm
8 2 . 5 5 _____________ 76.20_____________ 6 9 .8 5 ______________ 63 .5 0 _____________ 5Z_i_15-

Y/M
cm

^ d y  X 10^ dy ' 
dc

^ d y  X l o 5 dy
dc

.0042 1 . 9 3 6.11 1 . 9 0 6.11

.0084 7.067 5.04 7 . 0 5 . 0

.0168 3 2 . 0 2 . 9 4 2 9 . 0 3.67

. 0 2 5 2 7 2 . 3 1.35 6 8 . 0 0 1 . 8 8

.0 3 3 6 1 2 5 .7 .46 1 1 8 .5 .81

.0421 204.0 . 1 9 1 9 9 . 0 .22

.0462 2 8 9 . 0 .077

.0505 3 0 0 . 0 .11 3 1 0 . 0 .096

.0547 384.5 . 0 8 5 3 9 1 . 0 .0 7 0

. 0 5 8 9

.0631

1 . 7 2 5
6 . 7 5

2 7 . 0
61.7

108
184.0
2 4 9 . 0
2 7 2 . 0

3 8 8 . 0

dy
dc

^ d y  X l o 5 dy
dc

^ d y  X 105 dy
dc

5 . 5 6 1.10 3.24 .67 2.20
4 . 5 8 5 . 0 2 . 1 7 3 . 2 1.44
2.33 22.7 1.44 16.3 1.10
1 . 0 3 5 4 . 6 1 . 0 3 3 8 . 2 .77

.4 3 9 9 . 6 .64 76.0 .55

. 2 0 162.0 .27 1 3 4 . 0 .36

.1 0 224.0 . 1 3

.15 2 3 7 . 0 .14 2 1 8 . 0 .20
304.0 .10 2 8 2 . 0 .11

. 1 0 3 2 9 . 0 .12
376.0 .091

D cm ^/sec  x  10^ 

Y/M cm

2^ - 2^ .0042 .0084 . 0 1 6 8  .0252  .0336 .0421 .0462 .0505 . 05^T . 0 5 8 9

8 2 . 5 5  -  76.20  2.7  48.5  143
7 6 . 2 0  -  6 9 . 8 5  14.7  1 7 . 3  8 6 . 6
6 9 . 8 5  -  6 3 . 5  3 9 . 7  8 5 . 2  1 1 7 .2
63.5  -  5 7 . 1 5  1 7 . 1  4 7 . 0  1 1 7 .5
8 2 . 5 5  -  6 9 . 8 5  8 . 7  1 1 . 0  9 1 . 8
76.20  -  63.15  2 7 . 0  51.9  116.2  -------------------  __ .
6 9 . 8 5  -  5 7 . 1 5  2 9 . 6  7 5 . 3  1 3 2 .5  1 5 3 .2  1 1 3 . 0  1 0 1 .5  67.3   ̂ ^ 46.6
8 2 . 5 5  - 6 3 . 5 0  1 8 . 7  3 6 . 0  9 8 . 0
7 6 . 2 0  - 5 7 . 1 5  24.9  5 8 . 8  146.0
8 2 . 5 5  - 57.15  1 8 . 9  4 5 . 4  1 3 2 . 0

100 6 5 . 6 1 5 . 0
1 3 0 . 0 9 4 . 0 46.6 6 7 . 0

1 0 5 . 8 64.8 76.3 42.2 7 2 . 5
3 4 . 5214,0 2 0 1 . 5 1 2 8 . 0 46.3

9 1 . 0 56 . 6 2 8 . 6 2 5 . 8 26 . 6
i 4i . o 9 8 . 5 66.9 6 1 .6 60.7
1 5 3 .2 1 1 3 . 0 1 0 1 .5 67.3

3 6 . 89 9 . 5 68.6 4 7 . 2 3 2 . 6 3 8 . 4
1 9 0 .5 167.0 9 1 . 0 6 5 .5 48.2
1 3 0 .2 8 9 . 7 69.0 46.4 3 6 . 3

ro
ro



APPENDIX F

SOLUTION TO THE FIGFORD-JOHiNSTONS EQUATION

S o l u t i o n  t o  t h e  mass t r a n s f e r  e q u a t i o n

 ̂ * a S ̂
(Y) 3Ë = ^  ^

whe r e  _P
P (Y y ) -g  s i n  9

- ( y )  = 2 ' ^  „2---------------------------------------------------- ( 1 9 )

a n d  Y = 0 a t  t h e  i n t e r f a c e  

w i t h  t h e  b o u n d a r y  c o n d i t i o n s

(1 ) C = Cg a t  Y = 0 f o r  a l l  Z

(2 ) 0 = Cp a t  Y > 0 f o r  Z = 0

(3 ) (dC/dY) = 0 a t  Y = Y^ f o r  a l l  Z

h a s  b e e n  s o l v e d  b y  P i g f o r d  and  J o h n s t o n e  ( 2 7 ) I n  t e r m s  o f  t h e  

a v e r a g e  f i l m  c o n c e n t r a t i o n  C a n d  t h e  p a r a m e t e r  DZM^ _ ^

The s o l u t i o n  g i v e n  i s  

^ (Z ' l  = -  0 . 7 8 5 8  ex p  ( - 5 . 1 2 1 3  K) -  0.1001  ex p  ( - 39-368 K)

-  0 . 0 3 5 9 9  ex p  ( - 1 0 5 . 6K) -  0 . 0 1 8 1 1  e x p  ( - 204 . 75%)
(9)

f o r  l a r g e  v a l u e s  o f  Z

F i g u r e  39  i s  a p l o t  o f  C/Cc a s  a f u n c t i o n  o f  K.
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APPENDIX G 

SAMPLE CALCULATIONS

1 .  Carbon  d i o x i d e  c o n c e n t r a t i o n  i n  t h e  f i l m  w i t h o u t  c o r r e l a ­

t i o n

Run 18- 6-7 

Xpg = 3 . 1 7 0 2  cm 

Re = 732

ÏÏ/Cg = 0 . 1 5 9 5  

N = 1 1 8 . 9

Y = 4 .5 3 5 1

Xcog -  3-7717
= 0.304

ÛNg = 2.6726

4N = ( 3 .7 7 1 7  -  0 . 304 ) / 3.1702  = 1 . 0 9 5  

C AN 1 .0 9 5
0 7 =  A N ^ =  2 3 7 ^ =  "411

2 . Wave model  -  m a t e r i a l  b a l a n c e

Re = 732

Q = 1 3 . 2  cm3/ s e c  = 10.93

W = 7 . 5 6 9 3  cm Y:p = 5 . 5 0
-1

M = 1 1 8 . 9  lb = 6 s e c

MQ/W = 2 0 7 . 5
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-  ; . -L.

. 0 )

0 ){72.4

= 207 /

: (t u u /

Averagi

M 3 i3

i i\i ^
V ■■ ii 7 r Û M ; 4- ViAY/,

. . -̂  I ' { '-' . '.' - i o A  ,; -r i,'i.O -

r . 0 } ( 2 3 . 2 ) ' . 5 5 % )  + ( 5 . 0 )  - ^ . G j ( . 7 2 5 ) ( 4 7 j ]  

j [ ( 2 . 0  -  0 ; ( 12 . e ) f . u % 55 / ( . 5 l )  T

(4.0  _ 2 . 0 ) f 3 5 . 0 ) ( . 0 5 7 3 ) ( . 5 2 )  4- 

(5.05  - 4̂ 0 ) ( 4 8 ) (.0555 ) ( . 555 ) 4 

5 . 05 ) (55 . 5 ) ( . 444) ( . 53 ) +

7 . 0 ) (5c ; ( . 0 2 7 5 ; ( . 7 4 !  4 

- 5 . 0 )  (7^.  4)  ( . / O i l )  ( . 9 2 6 ) 1 / 2 0 7 . 2 ^

1. 7 .

I U

= 1 3/.55/2 0 7 .2 4 = .573
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W ù N g  = . 6 7 3 / 2 . 6 7 2 6  = .252

4 . A b s o l u t e  c o n c e n t r a t i o n  f ro m  i n t e r f e r o r a e t r i c  d a t a

Re = 732 

Run 1 8 - 6 - 7

P r e s s u r e  c o r r e c t i o n  = ùW/ùNg -  ü /C g  

C / C g  =  A N / ù N g  -  ( ù N / Ù N g  -  Ï Ï / C g )

= .411 -  ( . 2 5 2  -  .1 5 9 )  = .3 5 8

5 . S u r f a c e  a r e a  f r o m  wave d a t a

y  (Y2 -  ? i ) i  +

1=1 ÛXi

Avj area with ripples  

Â  area without ripples 

Run 48 

Re .  732 

9 « 9® 4 4 '

Vl
.  1 1 4  - 1 . 5 4 5Vis. chart speed 25.4  

A^Al -  2.54 (cm/in. )C .0225 + .OO50 + .0045 + .01354 + 

. 0 0 9 5  -  . . . ]  + 1 . 5 4 5 C 1 . 7 7  + . 1 0  + . 5  + 1.3 + 

2.65  + . . . ] / 1 . 545[ 1.77  + .10 + .5 + 1.3  + 2.68 

+ . . . ]  = 1.015

6 . Eddy d i f f u s i v i t y  b y  m e asu rem en t  o f  s l o p e s

V dAN 
D + e = _

m2 #
dy^

Run 1 8 - 8 -8



2 2 1

9 = 9° 44 '

Re = 732 M = 118.9

Y = 4.53  cm
10 01 - Y 9

d (A N )/d Z  = 0.00867 Vy = 7 3 . 44[ l  -  ( ) 3x u . y j
d 2 (A N ) /d (Y )2 = 0.1310

d 2 ( A N ) /d ( Y ) 2  = .185  x  10^ ^^53

(D + e )  = (48.6  X . 00867) / ( . i 85 x  10^ )  = 2.27  x 10"^  g
cm / s e c

Eddy d i f f u s i v i t y  by  f i t t i n g  o f  e x p e r i m e n t a l  c o n c e n t r a t i o n  

p r o f i l e s  

Re = 732 

K =

2|_ V,, = 48.6  c m /se c

_ (D -  e)ZM^

V s (Y )2

R e f e r e n c e  c u r v e  Run 1 8 - I O - 6  a t  Z = 57.15  cm 

P r o f i l e  f i t t e d  w i t h  p a r a m e t e r  K = . 056932 , Y^ = 7.6  

Run 18- 4-7  Z = 76.2  Yp = 3-775  Y ^  = 10.93 

P r o f i l e  f i t t e d  w i t h  p a r a m e t e r  K = .060802 Yj  ̂ = 6 . 6  

Z '  = 76 .2  -  5 7 . 1 5  = 1 9 .0 5  cm 

K '  = .0 6 0 8 0 2  -  .056932  = .0 0 3 8 7 0

M = 1 1 8 . 9

V a t  3 . 7 7 5  = 7 3 . 4 4  [ 1  - (  ,9,3— .3.:775 )  j = 42 c m /se c
4 ^  1 0 . 9 3

3 = Yp/Y^ = 3 . 7 7 5 / 6 . 6  = .571  

f g f e )  = . 6 5 4

Vg = 42/ . 6 5 4  = 64 c m /se c

»  '  •  ■ ■ i fc m ^ /se c

8 . Eddy d i f f u s i v i t y  by  m a t e r i a l  b a l a n c e
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J  ?  { l  -  C ( Y ) d Y |
■MF

Y Y „ „  -  Y 2

Q ^MP

P ( Y j ^ ) ^ g  s i n  9

F Y l f -----------

Re = 732 

9 = 9° 4 4 '

M = 118.9  

^MF “  10*93 

Vs = 73.4

Run
1 8 - 1 0 - 6

Run
1 8 - 6 - 7

Z, cm 5 7 . 1 5 6 9 .8 5

Y/M, cm .0168 .0168

C, g / l l t e r .169 .180

 ̂ /  10.93  -  Y Y  
 ̂ ^  10.93  ^ .333 .333

.0562 .0600

d c / d y - 3.40 - 5 . 7 0

^ .2
^ 1 -  C ^ ^ 10^93 )  J .000460 .000510
0

(D + : ) y  = + i S j v  3.40  + 5.70  (-000510  -  . 000460) 

= 1 ,2 7  X . 0 0 0 0 5 0  = 6 . 3 5  X 1 0 ”^ cm ^/sec


