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ABSTRACT

T i t l e  o f  T h e s i s :  K i n e t i c  M o d e l i n g  Of  A L a m i n a r - F l o w  R e a c t o r

S h i h - H s i n  C h a n g ,  D o c t e r  o f  E n g i n e e r i n g  S c i e n c e ,  1 9 8 5

T h e s i s  D i r e c t e d  b y :  D r .  J o s e p h  W. B o z z e l l i
A s s o c i a t e  P r o f e s s o r  o f  C h e m i s t r y

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

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

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

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

t h e  C r a n k - N i c o l s o n  f i n i t e - d i f f e r e n c e  t e c h n i q u e .

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

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

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

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

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

r a t e  c o n s t a n t s .

F o u r  d i m e n s i o n  1 e s s  v a r i a b l e s  w e r e  d e f i n e d  a n d  u s e d  t o  

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

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

T h e  r e a c t i o n  m o d e l  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  

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

a s y s t e m  c o n t a i n i n g  1  , 1 , 1  - 1 r i c h 1  o r o e t h a n e  a n d  e x c e s s  

h y d r o g e n ,  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  5 5 5  t o  6 8 1  ° C.
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I . INTRODUCTION

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

h y d r o c a r b o n  s u c h  a s  p o l y ( v i n y l  c h l o r i d e )  ( P V C ) ,  c h l o r i n a t e d  

d r y  c l e a n i n g  s o l v e n t s ,  d i c h 1 o r o d i p h e n y 1 - t r i c h 1 o r o e t h a n e  

(DDT) a n d  p e s t i c i d e s ,  t o  d e s i r a b l e  h y d r o g e n  c h l o r i d e  ( H C l )  

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

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

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

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

f o r m a t i o n  o f  v a l u a b l e  h y d r o c a r b o n  f e e d - s t o c k .  C h u a n g  ( 1 9 8 2 )  

a n d  Ma h mo o d  ( 1 9 8 5 )  h a v e  e x t e n s i v e l y  s t u d i e d  t h e  r e a c t i o n s  o f  

c h l o r o f o r m ,  1 , 1 , 2 - t r i c h 1 o r o e t h a n e  a n d  1 , 1 - d i c h 1 o r o e t h a n e  

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

t e m p e r a t u r e s  r a n g i n g  f r o m  5 0 0  t o  1 1 0 0  ° C .  M a h m o o d ' s  d a t a  

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

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

b e n z e n e  a t  a  t e m p e r a t u r e  o f  9 0 0  ° C.

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

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

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

( w a l l  o r  s u r f a c e )  a n d  h o m o g e n e o u s  ( b u l k )  r e a c t i o n s  ( M u l c a h y ,  

1 9 7 3 ) .  T h e  o v e r a l l  c o n c e n t r a t i o n  c h a n g e  o f  t h e  r e a c t a n t  i s  

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

T h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  w a l l  o v e r  t h e  b u l k  r e a c t i o n

1



2

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

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

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

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

r e a c t o r .  On t h e  o t h e r  h a n d ,  t h e  b u l k  r e a c t i o n  w i l l  b e  m o r e  

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

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

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

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

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

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

e x t r a c t  t h e  i n d i v i d u a l  v a l u e s  o f  t h e  w a l l ,  k t7, a n d  t h e  b u l k ,  

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

e x p e r i m e n t a 1 - s e a  1 e  t u b u l a r - f l o w  r e a c t o r ,  r a d i a l  d i f f u s i o n  i s  

o f t e n  a s i g n i f i c a n t  c o n s i d e r a t i o n  d u e  t o  r e a c t o r  s i z e  a n d  

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

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

( L e v e n s p i e l ,  1 9 7 2 ;  H o w a r d ,  1 9 7 9 ) .  T h e  l a m i n a r - f l o w  p a t t e r n  

i s  i n  a d d i t i o n  u s u a l ,  a n d  i s  a s s u m e d  u n d e r  s t e a d y - s t a t e  

o p e r a t i o n  h e r e .  F u r t h e r m o r e ,  t h e  c o n d i t i o n  o n  t h e  r e a c t i o n  

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

m a t h e m a t i c a l  t r e a t m e n t .

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

c o n s i d e r a t i o n s  c a n  b e  s o l v e d ,  a n d  L a u w e r i e r  ( 1 9 5 9 )  o b t a i n e d  

t h e  a n a l y t i c a l  s o l u t i o n  t o  t h i s  g o v e r n i n g  e q u a t i o n  s u b j e c t
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t o  n o  w a l l  r e m o v a l  r e a c t i o n .  W i s s l e r  a n d  S c h e c h t e r  ( 1 9 6 1 ) ,  

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

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

n u m e r i c a l  m e t h o d  o f  C l e l a n d  a n d  W i l h e l m  ( 1 9 5 6 ) .  B l a c k ,  W i s e ,  

S c h e c h t e r  a n d  S h a r p l e s s  ( 1 9 7 4 )  t o o k  t h e  w a l l  r e a c t i o n  i n t o  

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

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

o n l y  w a l l  r e a c t i o n  o c c u r r i n g ,  e x c l u d e d  b u l k  r e a c t i o n .

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

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

a n d  t h e  w a l l  r e a c t i o n s .  P o i r i e r  a n d  C a r r  ( 1 9 7 1 )  e m p l o y e d  a 

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

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

s t u d y  w a s  b y  O r g e n  ( 1 9 7 5 ) ,  w h o  s o l v e d  t h e  e q u a t i o n  i n  

i n f i n i t e  s e r i e s .  He t h e n ,  w i t h o u t  e m p l o y i n g  t h e  

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

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

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

f l o w  m o d e l .

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

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

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

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

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

s o l v e d  u s i n g  C r a n k - N i c o 1 s o n  f i n i t e - d i f f e r e n c e  m e t h o d
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( L a p i d u s ,  1 9 6 7 )  f o r  c o m p a r i s o n  p u r p o s e .  T h e  r e s u l t s  s h o w  

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

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

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

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

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

S e c o n d l y ,  we a p p l y  t h e  r e s p o n s e  s u r f a c e  m e t h o d  ( B o x  a n d  

W i l s o n ,  1 9 5 1 ;  B o x ,  H u n t e r  a n d  H u n t e r ,  1 9 7 8 )  t o  e v a l u a t e  t h e  

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

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

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

c o n c e n t r a t i o n  d a t a )  v e r s u s  i t s  f a c t o r s  ( k ^  a n d  k w) , t h e  r a t e  

c o n s t a n t s .

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

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

d e t e r m i n e  t h e  r a t i o  o f  k ^  o v e r  k w ( L e v e n s p i e l ,  1 9 7 2 ) .  T h u s ,  

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

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

e x p e r i m e n t a l  d a t a .  P o i r i e r  a n d  C a r r ,  a s  m e n t i o n e d  a b o v e ,  

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

( e x p e r i m e n t a l )  r a t e  c o n s t a n t ,  k e x p t , i n  d e a l i n g  w i t h  t h e  

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

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

t h e  S m i t h ,  K r i e g e r  a n d  H e r z o g ' s  w o r k  ( 1 9 8 0 ) ,  c a l c u l a t e d  f r o m  

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

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

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

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

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

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

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

k w ma y  b e  d e t e r m i n e d  a l o n e .

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

i n t e r e s t e d  i s  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  i n  e x c e s s  h y d r o g e n ,  

w h o s e  t h e r m a l  d e c o m p o s i t i o n  ( 5 0 0  -  1 0 0 0  ° C )  h a s  n o t  b e e n  

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

B a r t o n  a n d  O n y o n  ( 1 9 5 0 )  s t u d i e d  t h e  p y r o l y s i s  o f  p u r e  1 , 1 , 1 — 

t r i c h l o r o e t h a n e  i n  b a t c h  r e a c t o r s  a t  t e m p e r a t u r e s  f r o m  6 3 5  

t o  7 0 7  °K a n d  p r e s s u r e s  f r o m  10  t o  1 2 0  mmHg.  T h e y  f o u n d  t h a t  

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

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

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

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

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

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

a n d  o b e y e d  f i r s t - o r d e r  k i n e t i c s .

B e n s o n  a n d  S p o k e s  ( 1 9 6 7 ) ,  i n  a d d i t i o n ,  e m p l o y e d  t h e  

v e r y  l o w  p r e s s u r e  t e c h n i q u e s  ( s o  t h a t  t h e  t u b u l a r - f l o w
1 c I £

r e a c t o r  w a s  o p e r a t i n g  a t  g a s  f l o w  r a t e s  f r o m  1 0  t o  1 0



6

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

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

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

t h e r m a l  d e c o m p o s i t i o n  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  a t  h i g h  

p r e s s u r e  l i m i t .  O u r  k i n e t i c  r e s u l t s  a r e  c o m p a r e d  a n d  i n  

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

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

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

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

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

m o d e l  i s  i n c l u d e d .



I I .  THEORY

A.  CONTI NUI TY EQUATION

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

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

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

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

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

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

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

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

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

9  C '  1 5  9  C '
4 ( 1  -  u ) ------------   ( u  ) -  4 o < C '  ( 1 )

0  v u 5  u 3  u

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 '  = 1 a t v  = 0 ,

2 .  C' = f i n i t e  a t  u = 0 ,

9  C '
3 --------- = 2ftc' a t u  = 1 .

9  u

w h e r e

r  4Dz C
u = -------, v = ----------------, C '    ,

7 o>R Vn R 2  r

k b R 2  „  k wR
o (    , a n d  R

4D £u

2 / R  i s  t h e  s u r f a c e - t o - v o 1 u m e  r a t i o  o f  a c y l i n d e r .  I t  i s
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t h e o r e t i c a l l y  s o u n d  a n d  n u m e r i c a l l y  c o n s i s t a n t  t o  d e f i n e  oC 

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

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

t o  t h e  c h a r a c t e r i s t i c  d i f f u s i o n  r a t e  c o n s t a n t ,  D / ( R / 2 ) 2 , a n d  

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

( 2 / R ) k w , t o  D / ( R / 2 ) 2 . T h e  r a d i a l  c o n c e n t r a t i o n  p r o f i l e  

t h e r e f o r e  f l a t e n s  o u t  a s  b o t h  a n d  ( 3  g e t  s m a l l e r ;  t h e

c r i t e r i o n  o n  w h i c h  t h e  c o n c e n t r a t i o n  c h a n g e  o f  t h e  r e a c t i n g  

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

c o n s i d e r i n g  t h e  r a d i a l  d i s p e r s i o n  i s  (o(  ) <. ( 0 . 2 5 ,  0 . 5 0 )

( S m i t h ,  K r i e g e r  a n d  H e r z o g ,  1 9 8 0 ) .  We w o u l d ,  m o r e o v e r ,  

i n s t e a d  o f  d e f i n i n g  o (  = D / ( k ] 3 R ^ ) ,  a v o i d  i n  d e t e r m i n a t i o n  

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

b e c o m i n g  i n f i n i t e .

We l e t  ( L a u w e r i e r ,  1 9 5 9 )

C '  ( u , v ) = R ' ( u ) Z ' ( v )

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

d 2 R ' 1 d R '
   + --------   4  4 [ w ( l  -  u ) = 0

d u  u d u

dZ '
  _  _ w Z '

d v

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

E q .  3 h a s  a r e g u l a r  s i n g u l a r i t y  a t  u = 0 a n d

c o e f f i c i e n t s  r e g u l a r  f o r  a l l  u ^  0 ; i t  c a n  b e  i n t e g r a t e d  i n  

t e r m s  o f  c o n f l u e n t  h y p e r g e o m e t r i c  f u n c t i o n  ( S l a t e r ,  1 9 6 0 ) .

( 2 )

( 3 )

( 4 )
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T h e  s o l u t i o n  o f  E q .  4 i s  o f  e x p o n e n t i a l  f u n c t i o n .

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

i s

CPO

C '  ( u  , v ) =  2  Bn E x p ( - w n v ) E x p ( - w ^ / /2u 2 ) 1F 1 [ a n ; l  ; 2 w^ ' / 2 u 2 ] ( 5 )
n = l

w h e r e  B,. i s  c o e f f i c i e n t  o f  f u n c t i o n ,  a „  = --------   a n dD Ij

( a ) r  x r

2 „ 1 / 2  
2wn

^ F ^ [ a ; b ; x ]  =  , i n  g e n e r a l .
r = 0  ( b ) r  r !

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

s a t i s f y i n g  t h e  b o u n d a r y  c o n d i t i o n  a t  u = 1 .  I t  r e q u i r e s  

s o l v i n g  Eq .  6  f o r  i t s  r o o t s :

f ( w )  = ( i p  - w ^ ^ ) [ a ; 1  ; 2 w ^ ^  ] + 2 aw^' / / ^ ^ F ^  [ a + 1 ; 2  ; 2 w^ ^  j  ( 6 )

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

s a t i s f y i n g  t h e  b o u n d a r y  c o n d i t i o n  a t  v = 0 , a n d  i t  y i e l d s  

t h e  e x p r e s s i o n :

) u ( 1 -  u 2  ) E x p ( - w ^ 2 u 2  ) -.F-, [ a n ; 1 ; 2w^)'/ 2 u 2  ] d u  
/  0

Bn =  ------------------------------------------------------------------------------------------------  t 7 ” 1 *

) u ( 1 -  u 2  ) { E x p ( - w ^ ^ u 2  ) 1 F 1  [ a n ; 1 ; 2w*' / ‘ u 2  ] } 2 d u
/  o
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—  (C1 ) 1 ( 2« y 2 ) i + 1

i = 0  ( i + l ) ( i + 2 )
  ( 7 - 2 )

1 /  0

2  J.hliLl'l/.S.ll.
i = 0  ( i + l ) ( i + 2 )

w h e r e

i  — 1  . ( a  \
( C l } i  =  ^   ) 3 ------------------  J

j = 0  2  j !  ( b ) ( i _ j ) ( i - j ) !

a n d

i  ( - 1 ) 3  i - j  ( a ) k ( a ) M
(c2 )i = ^  {---------  'S  t--------------------------------- ]}

j = 0  j !  k = 0  ( b ) k ( b ) ( i _ j _ k ) k ! ( i - j - k ) I

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

o r d e r  t o  o b t a i n  E q .  7 - 1 .

\  {u ( 1  -  u 2 ) E x p ( - w ^ 2 u 2 ) 1 F 1 [ a n1; l  ; 2 w^ |/ ' 2 u 2 ]
/  0

E x p ( - w ^ 2 u 2  ) 1 F 1  [ a n ; 1 ;  2w*' / 2 u 2  ] } d u  =  0 ,  in ^  n  ( 8 )
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B.  DETERMI NATION OF EIGENVALUES

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

o f  t h e  f u n c t i o n  f ( w )  i n  Eq .  6  b e f o r e  we  d e t e r m i n e  t h e  r o o t s  

o f  f ( w ) .  We r e w r i t e  f ( w )  i n  a d i f f e r e n t  f o r m  b y  f i r s t  

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

s e r i e s ,  a n d  d i s t r i b u t i n g  e a c h  2 w ^ / / 2  i n  p o w e r s  a m o n g  e a c h  o f  

( a ) r . T h e  d i s t r i b u t i o n  i s  i n  g e n e r a l

( a  + r  -  l ) ( 2 w ^ / 2 ) = ( 2 r  -  1 ) w 1 / / 2  -  w +

T h e n  E q . 6  b e c o m e s

^  7 C [ ( 2 r - l  ) w 1 / / 2 - w+ ) ]

f  (w)  = ( Q  -  w1 / 2 ) { 1  + 2  } ^
n = l  n !  n !

CO [ ( 2r  + l  )w 1 / /2 -w +o(  ) ]

( w 1 / 2  -  w + oC ) {1 + Z  ---------------------------------------------- } ( 9 )
n = l  ( n + 1 ) ! n !

We h a v e  a t  w = 0

> 2  , n
f ( o ) =  S  ( i  i  ctC -------------- + • • • •  + --------------------  + • • • )  +

V 4 n !  n !

i ,2 , n
J  (1 + ---------- +--- - -•------ + . . .  + ----------------------  + . . . )  ( 1 0 )

2 1 2  ( n + 1 ) !  n !

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

o f  f ( w ) ,  s t a r t i n g  a t  [ 0 ,  f ( 0 ) ] ,  a s  s h o w n  i n  F i g .  1 .  f ( w )  i s

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

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

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

b e c a u s e  f ( w )  i s  s o  s t e e p .  H o w e v e r ,  t h e r e  a r e  s e v e r a l  k e y
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f (w)

'w.
0

1+1

Fig. 1: The typical numerical behavior of f(w),
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e l e m e n t s  i m p o r t a n t  t o  a s u c c e s s f u l  e v a l u a t i o n  p r o g r a m .

T h e s e  e l e m e n t s  a r e :

1 .  T h e  d e r i v a t i v e  o f  f ( w )  w i t h  r e s p e c t  t o  w.

2 .  I n i t i a l  v a l u e  f o r  t h e  f i r s t  e i g e n v a l u e ,  w-^.

3 .  I n i t i a l  v a l u e  f o r  t h e  n e x t  e i g e n v a l u e .

4 .  R e s t r i c t i o n  o n  t h e  c o r r e c t i o n  v a l u e  d u r i n g  i t e r a t i o n ,  

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

E l e m e n t  1 :  t h e  d e r i v a t i v e  o f   ̂F [ a  ; b ; x  ] w i t h  r e s p e c t

t o  w i s  n e e d e d  i n  u s i n g  N e w t o n - R a p s h o n  m e t h o d  t o  e s t i m a t e  w. 

H e r e ,  b o t h  a a n d  x  d e p e n d  o f  w,  w h i l e  b  i s  a c o n s t a n t .  T h e  

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

d l F l  ^ 1 F 1  d a  3 l F l  d x  =    ( 1 1 )
dw 9  a  dw 3  x  dw

w h e r e

3  i F j  ^  ( a  ) r  x r  r  1

( 1 2 )
3  a r = l  ( b ) r  r !  n = l  ( a + n - 1 )

a n d

3 i F i  a + l
------------  =  ----------  1 F 1 [ a + l ; b + l ; x ]  ( 1 3 )

3  x  b + 1

A s p e c i a l  t r e a t m e n t  o f  E q .  11 i s  n e c e s s a r y  i f

a + r  -  1 = 0 ( 1 4 )

L e t  M b e  t h e  a b s o l u t e  v a l u e  o f  a .  T h e  r e s u l t  i s

C>o M
^ 1 F 1  M ( a ) r  x  r  1 ( a ) t  x
----------------- _  ^ j T ---------------------------------------------------------  +  —   ( 1 j )

3  a r = l  ( b ) r  r !  n = l  ( a + n - 1 )  t = M + l  ( b ) t  t !

M
w h e r e  ( a ) t  =  a ( a + 1 ) . . . ( a + M - 1 ) ( a + M + 1 ) . . . ( a + t - 2 ) ( a + t - 1 ) .



14

E l e m e n t  2 :  T h e  f i r s t  e i g e n v a l u e  w^ m a y  g o  i n t o  t h e

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

v a l u e .  T h e  f o l l o w i n g  r e l a t i o n s h i p  i s  v a l i d  ( L a u w e r i e r ,  1 9 5 9 )

2 3

wj  =  2 o(  -  - - -  + + 0 ( c ^ 4 ) ( 1 6 )
1 2  60

f o r  s m a l l  a n d  n o  w a l l  r e a c t i o n  w h e r e  t h e  0 ( ^  4 ) i s  t h e

f o u r t h  o r d e r  r e m a i n d e r .  I n  t h e  c a s e  o f  b o t h  cL  a n d  ("S’ b e i n g  

s m a l l  t h e  p l u g - f l o w  a p p r o x i m a t i o n  i s  v a l i d .  K a u f m a n  ( 1 9 6 1 )  

s h o w e d  t h a t

2
k e x p t  k b + k w ( I V )

R

A s s u m i n g  t h a t

i _  k e x p t p 2

e x p t  ~ ~ ( 1 8 )
4D

o ^ e x p t  = + ( 2  ( 1 9 )

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

a r e  e x c h a n g e a b l e  a s  ( $ 1  , ( ^  ) i s  l e s s  t h a n  ( 0 . 0 1 , 0 . 0 1 ) .  

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

i n i t i a l  g u e s s  f o r  t h e  f i r s t  e i g e n v a l u e ,  w^ :

( Ok + ( >  ) 2
wx = 2 (  ^  + {'I ) ---------------------------------- H < S  ( 2 0 )

1 2

w h e r e  t h e  ^ ------ > 0 + i s  a d d e d  t o  p r e v e n t  w^ f r o m  b e c o m i n g

z e r o  o r  n e g a t i v e ,  e v e n  t h o u g h  t h e  t r u e  v a l u e  o f  w^ i s  z e r o  

w h e n  b o t h  o (  a n d  a r e  z e r o .

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

1 . = 0  a n d  ------> l a r g e  a n d

2 . = 0  a n d  ( 3 ------> l a r g e

Whe n  = 0 ,  E q .  6  b e c o m e s :

f ( w )  = -  xF i [ a ; l ; 2 w* V^ ]  + a x F x [ a + l ; 2 ; 2 w ^ ^ ^ ]  ( 2 1 )

a n d  i t  w i l l  b e  i m p o s s i b l e  t o  m a k e  f ( w )  = 0  i f  w < ^  ( t h e  

s e c o n d  t e r m  i s  a l w a y s  l a r g e r  t h a n  t h e  f i r s t  i n  E q .  2 1 ) ,  

t h e r e f o r e ,  t h e  f i r s t  r o o t ,  w ^ , o f  f ( w )  m u s t  b e  g r e a t e r  t h a n

ck  •

T h e  e x t r e m e  c o n d i t i o n  i n  c a s e  2 i s  w h e n  ( 2  g o e s  i n t o  

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

f ( w ) f  i n i t e :

x F ^ a j l  ; 2 w1 / 2 ] = 0  ( 2 2 )

w i t h  w j  = 1 . 8 2 8 4 .  E q .  2 2  i s  i n d e p e n d e n t  o f  ^3 , w h i c h

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

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

c o n c e n t r a t i o n  c h a n g e  o f  t h e  r e a c t i n g  s p e c i e s  a s  ( 3  g r o w s .  

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

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

f o l l o w s :

w^ = 1 . 8  284 w h e n ^  i s  s m a l l  a n d  (S i s  l a r g e ,  a n d  

w^ = w h e n  ^  i s  l a r g e .

T h e  r t h  r o o t  o f  f ( w ) ,  i f  i s  l a r g e ,  e . g . ,  cA > 1 0 0 ,

c a n  b e  a p p r o x i m a t e d  b y  s o l v i n g  E q .  14 f o r  w,  i . e . ,

1 / 2
wr -  ( 2 r  -  l ) w r  _ = 0 ( 2 3 )
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T h e  a c c u r a c y  o f  wr  f r o m  E q .  2 3  i m p r o v e s  a s  oL  g e t s  l a r g e r  

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

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

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

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

T h e  r e m a i n d e r ,  R e ( w r ) ,  o b t a i n e d  b y  s u b s t i t u t i o n  o f  w r  f r o m  

E q .  2 3  i n t o  E q .  9 ,  i s

R e f w ^  = ^> -  wj - / 2  ( 2 4 - 1 )

a n d

. .  r j .  ( a ) i  x 1  r - 2  ( a + l ) i  x 1

H e ( w r ) = ( R -  w1 / 2 ) ( ^  ) + 2 w1 / 2 ( S T ------------- = ---------),
r  i = 0  ( b ) j _  i !  r  i = 0  ( b ) j _  i !

f o r  r  > 2 ( 2 4 - 2 )

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

e x c e p t  t h o s e  c l o s e  t o  f ( w )  =  0 .

E l e m e n t  3 :  f ( w )  i s  n o t  a p e r i o d i c  f u n c t i o n  a n d  a g o o d

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

i s  n o w  n e c e s s a r y .  F i g .  1 s h o w s  t h a t  a n y  t w o  c o n s e c u t i v e  

e i g e n v a l u e s ,  s a y  w^ a n d  vtj. + l’ h a v e  s l o p e s  o f  o p p o s i t e  s i g n .  

T h e  f o l l o w i n g  r e l a t i o n s h i p s  a r e  d e f i n e d :

d f  d f
R i  = { (w)  : ------------------------ > 0 }  ( 2 5 - 1  )

dw dw^

d f  d f
R i  + 1  = { ( w)  : ------------------------ < 0} ( 2 5 - 2 )

dw dw^

f o r  e v e r y  w < -  S ^ + ^ ,  w h e r e  i s  t h e  p o s s i b l e  d o m a i n  o f

t h e  i n i t i a l  g u e s s  f o r  I f  t h e  i n i t i a l  g u e s s  f a l l s  i n
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T a b l e  1 - 1 :  C o m p a r i s o n  b e t w e e n  w^.r u e  a " a  " e s t i m a t e  a t  @  = 0

1 g t  = 2 5 . 0 o< = 1 0 0 . 0

n wt r u e we s t i m a t e n wt r u e we s t i m a t e

1 3 0 . 5 2 2 5 3 0 . 5 2 4 9 1 1 1 0 . 5 1 2 5 1 1 0 . 5 1 2 5

2 4 5 . 1 0 9 0 4 5 .  1 6 0 5 2 1 3 4 . 8 3 5 6 1 34 . 8 3 5 6

3 6 5 . 1 4 1 5 6 5 .  4 5 0 9 3 1 6 4 . 0 3 8 4 164  . 0 3 8 8

4 9 1 . 2 4 2 1 9 2 . 2 2 2 9 4 1 9 8 . 6 6 0 2 1 9 8 . 6 6 3 7

5 1 2 3 . 9 0 6 4 1 2 6 . 0 4 1 3 5 2 3 9 . 1 7 5 6 2 3 9 . 1 9 2 7

6 1 6 3 . 5 9 4 1 1 6 7 . 2 6 3 4 6 2 8 5 . 9 8 0 0 2 8 6  . 0 3 9 1

T a b l e  1 - 2 :  C o m p a r i s o n  b e t w e e n  wt r  a n d  we s t i r n a t e  a t  = * ^ 0

n
E s t i m a t e d  v a l u e s T r u e  v a l u e s

( 2  = 0 . 0 (3 = 0 . 0 @  = 1 0 0 (3 = 1 0 0 0 0

1 1 1 0 . 5 1 2 5 1 1 0 . 5 1 2 5 1 1 0 . 5 1 2 5 1 1 0 . 5 1 2 5

2 1 3 4 . 8 3 5 6 1 3 4 . 8 3 5 6 1 3 4 . 8 3 5 6 1 3 4 . 8 3 5 6

3 1 6 4 . 0 3 8 8 164  . 0 3 8 4 164  . 0 3 9 1 1 6 4 . 0 3 9 2

4 1 9 8 . 6 6 3 7 1 9 8 . 6 6 0 2 1 9 8 . 6 6 6 1 1 9 8 . 6 6 6 6

5 2 3 9 . 1 9 2 7 2 3 9 . 1 7 5 6 2 3 9 . 2 0 4 4 2 3 9  . 2 0 6 9

6 2 8 6  . 0 3 9 1 2 8 5 . 9 8 0 0 2 8 6 . 0 7 9 4 2 8 6 . 0 8 3 3
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t h e  r e g i o n  R ^ ,  m u l t i p l y  i t  b y  s o m e  f a c t o r  l a r g e r  t h a n  u n i t y .  

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

r e g i o n  + w h e r e  t h e  N e w t o n - R a p h s o n  m e t h o d  a p p l i e s .

E l e m e n t  4 :  I f  t h e  i n i t i a l  g u e s s  i s  n e a r  t h e  p e a k  o r  t h e  

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

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

v a l u e ,  s a y  15% o f  t h e  i n i t i a l  g u e s s ,  i s  r e q u i r e d .  T h e  f i r s t  

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

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

a n d  B n a r e  t a b u l a t e d  i n  T a b l e  2 ,  w i t h  ^  a n d  a s

p a r a m e t e r s .
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T a b l e  2 :  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s .

h.
oo

•

oIIIS

't
Q il o • o o = 0 . 2 5 ,  | <

0 II o • ro

n wn Bn n wwn Bn

1 0 . 0 0 0 0 1 . 0 0 0 0 1 0 . 8 4 6 6 1 . 1 6 9 4

2 6 . 4 1 9 9 0 . 0 0 0 0 2 7 . 5 6 5 5 - 0  . 2 3 6 4

3 2 0 . 9 6 5 5 0 . 0 0 0 0 3 2 2 . 1 5 1 0 0 . 1 0 4 4

4 4 3 . 5 4 1 6 0 . 0 0 0 0 4 4 4 . 8 0 1 6 - 0 . 0 6 1 9

5 7 4 . 1 3 4 1 0 . 0 0 0 0 5 7 5 . 4 5 5 0 0 . 0 4 2 3

6 1 1 2 . 7 3 6 8 0 . 0 0 0 0 6 1 1 4 . 1 1 0 6 - 0 . 0 3 1 3

= 0 . 5 0 ( 3  = o . o o u = 0 (3 = 0 . 5

n wn Bn n wn Bn

1 0 . 9 6 0 5 1 . 1 1 8 0 1 0 . 6 7 3 4 1 . 2 0 1 3

2 7 . 4 2 8 9 - 0 . 1 5 3 2 2 7 . 5 0 3 0 - 0 . 2 9 2 9

3 2 1 . 9 7 0 6 0 . 0 5 1 3 3 2 2 . 2 5 9 4 0 . 1 4 6 7

4 4 4 . 5 4 5 1 - 0 . 0 2 5 2 4 44 . 9 9 2 2 - 0 . 0 9 3 1

5 7 5 . 1 3 6 5 0 . 0 1 5 0 5 7 5 . 7 1 2 5 0 . 0 6 6 3

6 1 1 3 . 7 3 8 6 - 0 . 0 0 9 9 6 1 1 4 . 4 2 4 9 - 0 . 0 5 0 6

ck = 0 . 1 0

«—
I •

oIICS^

ino11 ( 9 = 0 . 5

n wn Bn n wn Bn

1 0 . 3 7 2 6 1 . 0 7 6 7 1 1 . 4 8 6 5 1 . 2 7 8 2

2 6 . 8 6 7 4 - 0 . 1 0 5 1 2 8  . 4 7 2 4 - 0 . 4 0 0 0

3 21 . 4 497 0 . 0 4 3 8 3 2 3 . 2 4 8 4 0 . 1 9 2 0

4 4 4 . 0 5 4 3 - 0 . 0 2 5 6 4 4 5 . 9 8 6 8 - 0  . 1 1 7 0

5 7 4 . 6 7 0 2 0 . 0 1 7 3 5 7 6 . 7 0 9 2 0 . 0 8 1 0

6 1 1 3 . 2 9 3 1 - 0 . 0 1 2 7 6 1 1 5 . 4 2 2 8 - 0 . 0 6 0 4
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T ab l e  2: ( Co n t i n ue )

oJ. = 1 . 0 0

! 
1

1! 1—* • o o 1 d =  2 . 5 0 ( ?  = 2 . 5 0

n wn Bn 1 n wn Bn

1 2 . 4 7 2 6 1 . 3 9 9 8 1 4 . 6 8 1 5 1 . 5 3 3 6

2 1 0 . 0 8 5 0 - 0 . 6 0 1 4 2 1 3 . 5 3 1 3 - 0 . 8 5 3 8

3 25 . 1 8 2 0 0 . 3 2 4 8 3 2 9 . 5 2 3 5 0 . 5 3 6 2

4 4 8 . 1 3 1 3 - 0 . 2 0 7 9 4 53 . 1 4 7 6 - 0 . 3 7 4 1

5 7 9 . 0 1 4 6 0 . 1 4 7 5 5 84 . 5 7 1 8 0 . 2 8 0 3

6 1 1 7 . 8 6 0 6 - 0 . 1 1 1 9 6 1 2 3 . 8 7 0 7 - 0  . 2 2 0 8

o< = 2 5 . 0 p  = 0 . 0 0 o( = 2 5 . 0 (3 = 1 0 0

n wn Bn n wn Bn

1 3 0 . 5 2 2 5 1 . 8 0 4 8 1 3 0 . 5 2 6 7 1 . 8 0 1 0

2 4 5 . 1 0 9 0 - 1 . 4 4 1 5 2 4 5 . 1 9 5 2 - 1  . 4 2 6 8

3 6 5 . 1 4 1 5 1 . 1 3 6 9 3 6 5 . 6 4 3 5 1 . 1 1 4 2

4 9 1 . 2 4 2 1 - 0 . 8 9 0 1 4 9 2 . 7 9 2 1 - 0 . 8 7 6 6

5 1 2 3 . 9 0 6 4 0 . 8 9 1 5 5 1 2 7 . 2 2 2 8 0 . 7 0 5 1

6 1 6 3 . 5 9 4 1 - 0 . 5 3 4 7 6 1 6 9 . 2 5 1 9 - 0 .  5 8 2 3

P
- II #—
• 

o o ( 3 = 0 . 0 0 ja
 il o • o P = 1 0 , 0 0 0

n wn Bn n wn Bn

1 1 1 0 . 5 1 2 5 1 . 9 0 0 3 1 1 . 8 2 8 3 1 . 4 7 6 4

2 1 34 . 8 3 5 6 - 1 . 7 0 3 4 2 1 1 . 1 5 1 8 - 0 . 8 0 6 1

3 1 6 4 . 0 3 8 4 1 . 5 1 5 5 3 2 8 . 4 7 8 9 0 . 5 8 8 7

4 1 9 8 . 6 6 0 2 - 1  . 3 4 1 1 4 5 3 . 8 0 7 9 - 0 . 4 7 5 8

5 2 3 9  . 1 7 5 6 1 . 1 8 2 9 5 8 7 . 1 3 7 6 0 . 4 0 5 0

6 2 8 5 . 9 8 0 0 - 1 . 0 3 5 1 6 1 2 8 . 4 6 7 9 - 0  . 3 5 6 1
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C.  NUMERICAL SOLUTI ON

T h e r e  i s ,  h o w e v e r ,  a  d i s a d v a n t a g e  i n  u s e  o f  t h e  

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

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

a w k w a r d  w h e n  c o m b i n e d  w i t h  t h e  o p t i m i z a t i o n  ( s e e  b e l o w )  

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

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

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

e q u a t i o n  i s  t r a n s f o r m e d  i n t o  a s e t  o f  s i m u l t a n e o u s  f i n i t e  

d i f f e r e n c e  e q u a t i o n s  u s i n g  t h e  C r a n k - N i c h o 1 s o n  m e t h o d .

T h e  r e a c t o r  i s  p a r t i t i o n e d  i n t o  2 0  s e g m e n t s  i n  t h e  

r a d i a l  d i r e c t i o n  a n d  1 0 0  s e c t i o n s  i n  t h e  a x i a l  d i r e c t i o n .  

We t h e n  h a v e  a s e t  o f  2 1  s i m u l t a n e o u s  f i n i t e  d i f f e r e n c e  

e q u a t i o n s  w h i c h  n e e d s  t o  b e  s o l v e d  1 0 0  t i m e s .  T h e  s e t  o f  

e q u a t i o n s  i s :

E c ' i - i , j t i  + F c ' i , j+i  + G c ' i+i , j+i

= a + B c ' i , j  + c (26- u

w h e r e

1  4 ( 1 - u 2 ) - 1  1

= ( + -------------------- + 2 o O ,  C =  ( ------------------- )
h 2  k 4 u h  2 h 2

4 ( 1 - u 2 ) 1  1  1

1 1

= ( ----------
" 0 ) '

4 u h 2 h

1 1

= ( ---------- — ) ,
2 h 2 4 u h k h

f o r  i n t e r i o r  p o i n t s  2  <_ i  2 0 ,

^ ) , C = ( — -  + -------)
2  2 h 2  4 u h

-  2

( 2 6 - 2 )



22

f o r  p o i n t s  o n  t h e  c e n t e r  a x i s  w h e r e  i / H o s p i t a l ' s  r u l e  i s

u s e d  t o  t r e a t  t h e  i n d e t e r m i n a t e  c a s e  o f  -  --------  a s  u = 0  a n d
u ^  u

w h e r e  t h e  b o u n d a r y  c o n d i t i o n  C '  = f i n i t e  a t  u = 0 i s  a p p l i e d  

t o  e l i m i n a t e  C ' g  j +  ̂ a n d  C ' g ^ j .  And  t h e  r e l a t i o n s h i p

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

^  C ' nb o u n d a r y  c o n d i t i o n   ----------- =  2 »  C a t  u = 1 i s  a p p l i e d  t o
3  u

e l i m i n a t e  c 2 2 , j + l *  T ': le s u b s c r i P t s  i  a n d  j  r e f e r  t o  

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

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

E q .  26  i s  t h e n  s o l v e d  b y  G a u s s i a n  e l i m i n a t i o n .  A 

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

T a b l e  3 s h o w s  e x c e l l e n t  a g r e e m e n t .  T h e  n u m e r i c a l  m e t h o d ,  

o n c e  cJL a n d  (•$ a r e  g i v e n ,  n e e d s  l e s s  t h a n  o n e  s e c o n d  c p u  

t i m e  o n  t h e  U N I V A C  9 0 / 8 0 - 4  c o m p u t e r  t o  g e t  t h e  r e a c t a n t  

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

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

a n a l y t i c a l  s o l u t i o n .

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

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

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

b y  o p e r a t i n g  t h e  r e a c t o r  w i t h  a  f l u i d  v e l o c i t y  L / z  

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

h 2 C ' 2 0 , j + l

- 1 1

h
( 2 6 - 3 )
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T a b l e  3 :  C o m p a r i s o n  o f  a n a l y t i c a l  a n d  n u m e r i c a l  s o l u t i o n s

w i t h  e x p e r i m e n t a l  r e s u l t s .

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 2  cm L e n g t h :  4 5 . 0  cm

T e m p . : 8 2 8  ° K A v e r a g e  v e l o c i t y : 1 4 2  c m / s e c

D:  2 . 0 3  c m ^ / s e c k ^ :  0 . 5 6 1  1 / s e c k w : 0 . 0 0 3 8  c m / s e c

A l p h a :  0 . 0 0 2 7 6 B e t a :  0 . 0 0 0 1 8 7 v * :  0 . 7 1 5

N o t e :  v *  =  v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 0 0 5 8 1 . 0 0 0 8

2 6 . 4 2 5 9 - 0 . 0 0 1 0

3 2 0 . 9 7 1 6 0 . 0 0 0 3

4 4 3 . 5 4 7 8 - 0 . 0 0 0 2

5 7 4 . 1 4 0 2 0 . 0 0 0 1

6 1 1 2 . 7 4 3 0 - 0 . 0 0 0 1

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e (  %) E x p e r i m e n t s  1 Ana  1 y t i c a 1 N u m e r i c a 1

25 0 . 9 5 0 . 9 5 3 7 0 . 9 5 5 5

32 0 . 9 4 0 . 9 4 1 1 0 . 9 4 3 4

45 0 . 9 2 0 . 9 1 8 2 0 . 9 2 1 3

61 0 . 8 9 0 . 8 9 0 7 0 . 8 9 4 8

77 0 . 8 6 0 . 8 6 4 1 0 . 8 6 9 1

1 0 0 0 . 8 2 0 . 8 2 7 2 0 . 8 3 3 5

D: SSR be t ween  e x p e r i m e n t a l  & a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 0 8 7 3
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Ta b le  3: ( Co n t i n ue )

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 5  cm L e n g t h :  4 5 . 0  cm

T e m p . : 8 2 8  °K A v e r a g e  v e l o c i t y :  71 0  c m / s e c

D:  2 .
n

03  cm / s e c k b : 0 . 5 6 1  1 / s e c  k w : 0 . 0 0 3 8  c m / s e c

A l p h a : 0 . 0 1 7 3 B e t a :  0 . 0 0 0 4 6 8  v* 0 . 2  29 1 / c m

N o t e :  v* = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 0 3 5 4 1 . 0 0 4 6

2 6 . 4 5 5 6 - 0 . 0 0 5 9

3 2 1 . 0 0 1 4 0 . 0 0 1 9

4 4 3 . 5 7 7 7 - 0 . 0 0 1 0

5 7 4 . 1 7 0 1 0 . 0 0 0 6

6 1 1 2 . 7 7 2 8 - 0 . 0 0 0 4

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e  (%) E x p e r i m e n t a l  A n a l y t i c a l N u m e r i c a 1

33 0 . 8 9 0 . 8 8 6 6 0 . 8 8 7 7

38 0 . 8 8 0 . 8 7 0 5 0 . 8 7 1 8

44 0 . 8 5 0 . 8 5 1 8 0 . 8 5 3 1

52 0 . 8 2 0 . 8 2 7 3 0  . 8 2 8 8

6 3 0 . 7 9 0 . 7 9 4 8 0 . 7 9 6 6

77 0 . 7 5 0 . 7 5 5 2 0 . 7 5 7 3

1 0 0 0 . 7 0 0 . 6 9 4 5 0 . 6 9 7 0

D: SSR be t ween  e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 2 3 7
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Ta b l e  3: ( C o n t i n u e)

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 4  cm L e n g t h :  4 5 . 0  cm

T e m p .

oCOCM0
0f 
• A v e r a g e  v e l o c i t y :  81 . 0  c m / s e c

D:  2 . 03  c m ' V s e c k b : 0 . 5 6 1  1 / s e c  k w : 0 . 0 0 3 8  c m / s e c

A l p h a : 0 . 0 1 1 1 B e t a :  0 . 0 0 0 3 7 4  v* 0 . 3 1 3  1 / c m

N o t e :  v* = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 0 2 2 8 1 . 0 0 3 0

2 6 . 4 4 3 0 - 0 . 0 0 3 8

3 2 0 . 9 8 8 7 0 . 0 0 1 3

4 43 . 5 6 4 9 - 0 . 0 0 0 6

5 74  . 1 5 7 5 0 . 0 0 0 4

6 1 1 2 . 7 5 0 2 - 0 . 0 0 0 2

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e ( % )  E x p e r i m e n t a l  A n a l y t i c a l N u m e r i c a 1

24 0 . 9 3 0 . 9 2 5 7 0 . 9 2 6 5

28 0 . 9 1 0 . 9 1 3 8 0 . 9 1 4 8

38 0 . 8 9 0 . 8 8 4 9 0 . 8 8 6 1

46 0 . 8 7 0 . 8 6 2 4 0 . 8 6 3 8

56 0 . 8 5 0 . 8 3 5 1 0 . 8 3 6 7

73 0 . 7 9 0 . 7 9 0 6 0 . 7 9 2 9

1 0 0 0 . 7 3 0 . 7 2 4 8 0 . 7 2 7 4

D: SSR between e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 3 6 6
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T a b l e  3: ( C o n t i n u e)

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 2  cm L e n g t h :  4 5 . 0  cm

T e m p .  8 8 1  °K A v e r a g e  v e l o c i t y : 1 0 2  c m / s e c

D:  2 . 2 6  c m 2 / s e c k ^ :  2 . 6 6  1 / s e c k w : 0 . 0 5 7 0  c m / s e c

A l p h a :  0 . 0 1 1 8 B e t a :  0 . 0 0 2 5 2 v * : 1 . 1 1  1 / c m

N o t e :  v*  = v / z

C:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 0 2 8 5 1 . 0 0 4 4

2 6  . 4 4 9 9 - 0 . 0 0 5 8

3 2 0 . 9 9 6 4 0 . 0 0 2 1

4 4 3 . 5 7 3 2 - 0 . 0 0 1 1

5 74 . 1 6 6 2 0 . 0 0 0 7

6 1 1 2 . 7 6 9 5 - 0 . 0 0 0 5

C.  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e  (%) E x p e r i m e n t a 1 Ana  1 y t i c a 1 N u m e r i c a 1

19 0 . 7 5 0 . 7 6 3 3 0 . 7 6 5 7

2 2 0 . 7 1 0 . 7 3 1 4 0 . 7 3 3 9

35 0 . 6 0 0 . 6 0 8 0 0 . 6 1 0 8

60 0 . 4 4 0 . 4 2 6 1 0 . 4 2 8 7

78 0 . 3 5 0 . 3 2 9 9 0 . 3 3 2 2

1 0 0 0 . 2 4 0 . 2 4 1 3 0 . 2 4 3 3

D: SSR between e x p e r i m e n t a 1 and a n a l y t i c a l  c a l c u l a t i o n :

0 . 0 0 1 3 0
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T a b l e  3: ( C on t i nu e)

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 5  cm L e n g t h :  4 5 . 0  cm

T e m p . : 8 8 1  °K A v e r a g e  v e l o c i t y :  45 . 4  c m / s e c

D:  2 . 26  c m ^ / s e c k ^ :  2 . 6 6  1 / s e c  k w : 0 . 0 5 7 0  c m / s e c

A l p h a : 0 . 0 7 3 6 B e t a :  0 . 0 0 6 3 1  v* : 0 . 3 9 8  1 / c m

N o t e :  v* = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 1 5 8 3 1 . 0 2 1 8

2 6 . 5 8 3 3 - 0 . 0 2 8 4

3 2 1 . 1 3 1 0 0 . 0 0 9 7

4 4 3 . 7 0 9 0 - 0 . 0 0 5 0

5 74  . 3 0 2 7 0 . 0 0 3 1

6 1 1 2 . 9 0 6 6 - 0 . 0 0 2 1

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e ( % )  E x p e r i m e n t a l  A n a l y t i c a l N u m e r i c a 1

19 0 . 6 1 0 . 5 8 3 2 0 . 5 8 4 7

31 0 . 4 3 0 . 4 1 4 9 0 . 4 1 6 2

36 0 . 3 1 0 . 3 6 0 1 0 . 3 6 1 2

57 0 . 1 8 0 . 1 9 8 4 0 . 1 9 9 2

80 0 . 1 4 0 . 1 0 3 3 0 . 1 0 3 8

1 0 0 0 . 1 0 0 . 0 5 8 6 0 . 0 5 8 9

D: SSR Between e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 6 9 0
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T ab l e  3: ( C o n t i n ue )

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 4  cm L e n g t h :  4 5 . 0  cm

T e m p . : 9 0 6  °K A v e r a g e  v e l o c i t y : 9 0 . 7  c m / s e c

D:  2 . 3 8  c m ^ / s e c k ^ :  9 . 1 5  1 / s e c k w : 0 . 2 8 0  c m / s e c

A l p h a :  0 . 1 5 4 B e t a :  0 . 0 2 3 5 v * :  0 . 3 2 8  1 / c m

N o t e :  v*  = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 3 4 6 3 1 . 0 5 0 6

2 6 . 7 8 8 0 - 0 . 0 6 6 5

3 2 1 . 3 4 1 5 0 . 0 2 3 8

4 4 3 . 9 2 4 2 - 0 . 0 1 2 6

5 7 4 . 5 2 1 8 0 . 0 0 8 0

6 1 1 3 . 1 2 9 2 - 0 . 0 0 5 6

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e (%) E x p e r i m e n t a 1 A n a l y t i c a 1 N u m e r i c a 1

25 0 . 2 8 0 . 2 7 8 4 0 . 2 7 9 6

28 0 . 2 4 0 . 2 3 8 8 0 . 2 3 9 8

47 0 . 0 8 1 0 . 0 9 0 4 0 . 0 9 0 8

76 0 . 0 2 6 0 . 0 2 0 5 0  . 0 2 0 6

89 0 . 0 0 8 0 . 0 1 0 6 0 . 0 1 0 6

1 0 0 0  . 0 0 6 0 . 0 0 6 0 0 . 0 0 6 0

D: SSR between e x p e r i m e n t a 1 and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 1 3 0
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Ta b le  3: ( Co n t i n ue )

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 2  cm L e n g t h : 4 5 . 0  cm

T e m p . : 9 0 6  °K A v e r a g e v e l o c i t y : 1 9 0 c m / s e c

D:  2 . 3 8  c m ^ / s e c k b : 9 . 1 5 1 / s e c k  ° w • 0 . 2 8 0  c m / s e c

A l p h a :  0 . 0 3 8 4 B e t a :  0 . 0 1 1 8 v*  : 0 . 6 2 6  1 / c m

N o t e :  v*  = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 0 9 9 5 1 . 0 1 6 3

2 6 . 5 2 6 8 - 0 . 0 2 1 6

3 2 1 . 0 7 6 5 0 . 0 0 8 0

4 4 3 . 6 5 5 9 - 0 . 0 0 4 4

5 7 4 . 2 5 1 1 0 . 0 0 2 9

6 1 1 2 . 8 5 6 2 - 0 . 0 0 2 0

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e  (%) E x p e r i m e n t a 1 A n a l y t i c a 1 N u m e r i c a 1

31 0 . 4 3 0 . 4 1 9 3 0 . 4 2 1 6

40 0 . 3 5 0 . 3 2 5 8 0 . 3 2 7 7

56 0 . 2 1 0 . 2 0 8 0 0 . 2 0 9 4

65 0 . 1 5 0 . 1 6 1 6 0 . 1 6 2 8

75 0 . 1 1 0 . 1 2 2 1 0 . 1 2 3 0

82 0 . 0 8 0 0 . 1 0 0 3 0 . 1 0 1 1

1 0 0 0 . 0 6 1 0 . 0 6 0 6 0 . 0 6 1 1

D: SSR between e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 1 4 0
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Ta bl e  3: ( C o n t i n u e)

A:  R e a c t o r  c o n d i t i o n s

R a d i u s : 0 . 1  cm L e n g t h :  4 5 . 0  cm

T e m p . : 9 5 4  °K A v e r a g e  v e l o c i t y :  1 1 0 0 c m / s e c

D:  2 . 60  c m ^ / s e c k b : 9 . 9 7  1 / s e c  k w s 4 . 4 7  c m / s e c

A l p h a : 0 . 0 0 9 5 9 B e t a :  0 . 0 8 6 0  v* • 0 . 4 7 2  1 / c m

N o t e :  v* = v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 1 7 7 6 1 . 0 4 9 1

2 6 . 6 5 2 8 - 0 . 0 6 8 4

3 2 1 . 2 2 9 7 0 . 0 3 0 2

4 4 3 . 8 3 0 1 - 0 . 0 1 8 2

5 7 4 . 4 4 2 8 0 . 0 1 2 7

6 1 1 3 . 0 6 3 1 - 0 . 0 0 9 5

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e ( % )  E x p e r i m e n t a l  A n a l y t i c a l N u m e r i c a 1

34 0 . 2 9 0 . 2 7 6 5 0 . 2 8 1 3

42 0 . 2 1 0 . 2 0 4 3 0 . 2 0 8 0

55 0 . 1 2 0 . 1 2 5 0 0 . 1 2 7 3

72 0 . 0 6 9 0 . 0 6 5 8 0 . 0 6 7 0

92 0 . 0 2 1 0 . 0 3 0 9 0 . 0 3 1 5

1 0 0 0 . 0 3 3 0 . 0 2 2 9 0 . 0 2 3 3

D: SSR be t ween  e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 4 5 0
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T ab l e  3: ( Con t i nu ed )

A:  R e a c t o r  c o n d i t i o n s

R a d i u s :  0 . 2  cm L e n g t h :  4 5 . 0  cm

T e m p . : 95 4 °K A v e r a g e  v e l o c i t y : 5 0 6 c m / s e c

D:  2 . 6 0  c m ^ / s e c k ^ :  9 . 9 7  1 / s e c k w : 4 . 4  7 c m / s e c

A l p h a : 0 . 0 3 8 3 B e t a :  0 . 1 7 2 v*  : 0 . 2 5 7  1 / c m

N o t e :  v *  =  v / z

B:  E i g e n v a l u e s  a n d  f u n c t i o n  c o e f f i c i e n t s

n E i g e n v a l u e C o e f f i c i e n t

1 0 . 3 6 6 9 1 . 0 9 6 1

2 6 . 9 1 2 2 - 0 . 1 3 4 6

3 2 1 . 5 2 2 7 0 . 0 6 0 5

4 4 4 . 1 4 8 7 - 0 . 0 3 6 7

5 74  . 7 8 2 2 0 . 0 2 5 5

6 1 1 3 . 4 2 0 8 - 0 . 0 1 9 1

C:  C u p - m i x i n g - c o n c e n t r a t i o n

D i s t a n c e (%) E x p e r i m e n t a 1 A n a l y t i c a 1 N u m e r i c a 1

44 0 . 1 7 0 . 1 5 4 1 0 . 1 5 6 9

52 0 . 1 1 0 . 1 0 9 7 0 . 1 1 1 8

63 0 . 0 5 7 0 . 0 6 8 8 0 . 0 7 0 1

77 0 . 0 2 7 0 . 0 3 8 0 0 . 0 3 8 7

89 0 . 0 1 9 0 . 0 2 2 8 0 . 0 2 3 3

1 0 0 0 . 0 1 6 0 . 0 1 4 3 0 . 0 1 4 6

D: SSR between e x p e r i m e n t a l  and a n a l y t i c a l  c a l c u l a t i o n s :

0 . 0 0 0 5 3 1
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D.  OP TI MI ZATI ON

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

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

t h e  r e s i d u a l s  ( S S R ) ,  n o w n e e d s  t o  b e  m i n i m i z e d .

N 9
M i n i m i z e  S S R ( k b , k w ) = _ £  ( Cc a l c , i  "  C expt,i) <2 7 >

T h e  C c a 1 c  a n d  c  e X p t  a r e  t h e  c u p - m i x i n g - c o n c e n t r a t i o n s , 

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

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

T h e  t e c h n i q u e  t o  o b t a i n  t h e  o p t i m u m  ( p o s i t i v e  ) v a l u e s  

o f  k b  a n d  k w m a k e s  u s e  o f  t h e  R e s p o n s e  S u r f a c e  M e t h o d  (RSM)  

( B o x  a n d  W i l s o n ,  1 9 5 1 ;  B o x ,  H u n t e r ,  a n d  H u n t e r ,  1 9 7 8 )  w h i c h  

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

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

e x p e r i m e n t s ,  I n  t h i s  R S M,  t h e  r e s p o n s e  i s  t h e  S S R ,  a n d  t h e  

f a c t o r s  a r e  k b a n d  k w . T h e  RSM n o w  b e c o m e s  a n  o p t i m i z a t i o n  

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

F i g .  2 s h o w s  s o m e  t y p i c a l  r e s u l t s  o f  t h e  s i m u l a t i o n .  

I t  i s  n o  s u r p r i s e  t h a t  t h e r e  e x i s t  a n  i n f i n i t e  n u m b e r  o f  

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

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

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

F i g .  3 s h o w s  t h e  c o r r e p o n d i n g  r e s p o n s e  s u r f a c e
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log k

log k

log Vlb.max
!°g kb

Fig 2: The continuous curve is constituted by an infinite number 
of pairs of the coupled optimum log k^ and log k .
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108 kb

Fig, 3: Response Surface represents SSR versus log and log k^.
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r e p r e s e n t i n g  t h e  SSR v e r s u s  l o g  k b  a n d  l o g  k . I t  c o n t a i n s  

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

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

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

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

a n d  k w d i f f i c u l t .

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

r e l a t i o n s h i p s  f o r  f u r t h e r  a n a l y s i s  i n  t h i s  c a 1 c u 1  a t i o n a 1  

p r o c e d u r e :

w h e r e ,  f ( k t7, R)  i s  t h e  w a l l  r a t e  c o n s t a n t  b a s e d  o n  t h e  u n i t  

b u l k  v o l u m e  o f  a r e a c t o r ,  a n d  g ( k k '  R)  t h e  b u l k  r a t e  

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

E q . 2 8 - 1  b e c o m e s  E q . 17 i f  t h e  p l u g - f l o w  m o d e l  i s  v a l i d .

b  , m a x

w , m a x

= k b  + f ( k w'  R)  

= k w + 9 ( k b '  R)

( 2 8 - 1 )

( 2 8 - 2 )
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E .  DECOUPLI NG

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

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

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

i n d i v i d u a l  r a t e  c o n s t a n t s  f r o m  t h e  e x p e r i m e n t a l  d a t a .  F i g .  2 

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

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

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

v a l u e s  f o r  k ^  a n d  k w.

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

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

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

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

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

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

t h e r e f o r e ,  a  f u n c t i o n  o f  t h e  s u r f a c e  t o  v o l u m e  r a t i o ,  2 / R .  

T h e  r e a c t i o n s  a r e  r u n  w i t h  r e a c t o r s  o f  d i f f e r e n t  2 / R  r a t i o ,  

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

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

k ^  v s  k w c u r v e  s h o w n  i n  F i g .  2 w i l l  b e  d i f f e r e n t  f o r  t h e  

d i f f e r e n t  S / V  r a t i o s .  T h e  r e s u l t s  o f  t h i s  s i m u l a t i o n  i s  

s h o w n  i n  F i g .  4 ,  d e m o n s t r a t i n g  t h a t  d i f f e r e n t  c u r v e s  a r e  

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

s i n g l e ,  t r u e ,  k ^  a n d  k w v a l u e s .

T h e  l a r g e r  d i a m e t e r  r e a c t o r ,  w i t h  s m a l l e r  S / V  r a t i o ,
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Larger diameter

l°g k w

Smaller diameter

Fig. 4: The intersection of two curves characterized by diameter
gives the true values of log k, and log k .b w
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h a s  a s m a l l e r  f ( k w » R)  v a l u e .  T h u s  i t s  k b ^ma x  v a l u e  i s  l o w e r  

t h a n  t h a t  o f  t h e  s m a l l e r  ( l a r g e r  S / V )  r e a c t o r .  On t h e  o t h e r  

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

r e a c t o r  ( s e e  E q .  2 8 ) .  T h e  t r u e  v a l u e s  o f  k b  a n d  k w a r e  a t  

t h e  i n t e r s e c t i o n ,  a n d  a s  s h o w n  i n  F i g .  4 ;  t h e y  a r e  

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

T h e y  a r e  t h e  a c t u a l  k i n e t i c  r a t e  c o n s t a n t s .
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F .  L I M I T I N G  CONDI TI ONS

T h e  r e l a t i o n s h i p  d e m o n s t r a t e d  b y  K a u f m a n ( 1 9 6 1 )

2
k e x p t  = k b  + ( 1 7 )

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

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

I n  g e n e r a l ,  k e x p t  i s  t h e  s um k b  a n d  f ^k w'  a s  s h o w n  i n  

E q .  2 8 .  F i g .  4 s h o w s  t h a t  k e x p t  a p p r o a c h e s  k b  a s  R g e t s  

l a r g e r ,  a n d  t h a t  k ^  b e c o m e s  n e g l i g i b l e  a s  R g e t s  s m a l l e r ,  

k ^ ,  t h e r e f o r e ,  m a y  b e  a p p r o x i m a t e d  b y  k e x p t  w h e n  a  l a r g e  

r e a c t o r  i s  e m p l o y e d ,  w h i l e  k w m a y  b e  a p p r o x i m a t e d  b y  

( R / 2 ) k e X p t  w h e n  a s m a l l  r e a c t o r  i s  e m p l o y e d .  T h e  l a t t e r  i s  

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

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

f l o w  a p p r o x i m a t i o n  i s  v a l i d  a n d  E q .  17 i s  a p p l i c a b l e .  I t  i s  

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

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

k w ’
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G. VALIDITY OF PLUG-FLOW MODEL

A 1 a m i n a r - f 1 ow s y s t e m  w i t h  b o u n d a r y  c o n d i t i o n s  a s  

s t a t e d  a b o v e  m a y ,  i f  i t s  ( o ( * ) i s  l e s s  t h a n  ( 0 . 2 5  , 0 . 5 0 ) ,

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

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

m o d e l ,  i f  t h e  d i m e n s i o n  1  e s s  l e n g t h ,  v ,  i s  s u f f i c i e n t l y  

s m a 1 1 .

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

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

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

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

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

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

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

p r o f i l e  f r o m  t h e  u n i f o r m  p r o f i l e  ma y  r e m a i n  s m a l l .  T h e r e  i s  

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

l n ( C c a i c ) v s  v  i s  p l o t t e d  ( P o i r i e r  a n d  C a r r ,  1 9 7 1 ) .

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

o n  v a s  w e l l  a s  ^  a n d  ^  . S i m u l a t i o n  s h o w s  t h a t  t h e  p l u g -  

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

r e a c t i n g  s p e c i e s  i n  a s y s t e m  w i t h  ( ck r ) b e i n g  e q u a l  t o  

( 0 . 0 1 ,  0 . 0 1 )  b y  m o r e  t h a n  5% a t  v = 2 0 0 ,  a n d  a - 1 0 %  e r r o r  

i s  e x p e c t e d  a t  v  = 0 . 5  f o r  a s y s t e m  w i t h  ( 0 . 2 5  , 0 . 5 0 ) .
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H.  BULK REACTION VERSUS WALL REACTION

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

t u b u l a r - f l o w  r e a c t o r  i s  m o d e l e d  b y  Eq .  1 .  T h e  b u l k  r e a c t i o n  

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

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

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

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

a n d  ^  , a b o u n d a r y  p r o p e r t y .

B o u n d a r y  c o n d i t i o n  3 s t a t e s  t h a t  t h e  a m o u n t  o f  r e a g e n t  

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

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

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

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

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

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

w h e n  t h e  w a l l  r e a c t i o n  r a t e ,  m o r e  a c c u r a t e l y ,  ^  , i s  s m a l l .  

( 3  i s  t h e r e f o r e  c o m p e t i t i v e  w i t h  ^  w h e n  ^  i s  s m a l l ,  a n d  

E q .  1 9  i s  v a l i d .  T h e  e f f e c t  o f  ( 3  o n  t h e  a x i a l  

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

a s  ( 3  i n c r e a s e s .

O n e  i n t e r e s t i n g  p h e n o m e n u m  i s  t h a t  f ( 0 )  = ( 3  ( E q .  1 0 )  

b u t  w^ a p p r o a c h e s  1 . 8 2 8  4 ( E q .  2 2 )  w h e n  o l  =  0* T h e  s p e c i e s  

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

r e a c t i o n  a t  t h e  r e a c t o r  e n t r a n c e  a n d  f ( 0 )  =  ^  . A r a d i a l  

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

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

t h e  r a d i a l  d i s p e r s i o n  a n d  w^ a p p r o a c h e s  1 . 8 2 8 4  n o  m a t t e r  

how l a r g e  ( 3  i s .

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

b u l k  r e a c t i o n ) ,  e . g . ,  i s  c h a r a c t e r i z e d  b y  ^3 a n d  v ( S e c .

I I . G ) .  I t s  p e r f o r m a n c e  c a n  b e  i m p r o v e d  b y  o p t i m i z i n g  t h e  

v a l u e  o f  ^  , t h a t  m e a n s  we  s h o u l d  k e e p  a b a l a n c i n g

k w/ ( 2 D / R )  r a t i o  w h i l e  t r y i n g  t o  i n c r e a s e  t h e  k w v a l u e s .  T h e  

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

i n  t u r n ,  i s  a  f u n c t i o n  o f  D / R  ( S m i t h ,  K r i e g e r ,  a n d  H e r z o g ,  

1 9 8 0  ) a s  w e l l  a s  z / V Q i f  ^  i s  t o o  l a r g e .  T h e  b e s t  w a y  t o  

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

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

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

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

S t e w a r t ,  a n d  L i g h t f o o t ,  1 9 6 0 ) .



III. EXPERIMENTAL

A.  APPARATUS

A d i a g r a m  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s  ( M a h m o o d ,  1 9 8 5 )  

i s  s h o w n  i n  F i g .  5 .  T h e  t u b u l a r  f l o w  r e a c t o r  w a s  m a d e  o f  

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

( w i t h i n  _+ 3 ° C ,  o v e r  m o r e  t h a n  8 0  % o f  t h e  4 5  c m - l e n g t h  

r e a c t o r )  b y  a t h r e e - z o n e  o v e n .  A h i g h e r  q u a n t i t y  o f  e n e r g y  

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

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

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

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

r e a c t o r ,  w h i c h  h a d  15  c m o f  l e n g t h  a n d  b r o u g h t  t h e  r e a c t o r  

i n l e t  t e m p e r a t u r e  u p  t o  4 0 0  ° C  ( n o  r e a c t i o n  o b s e r v e d  a t  

t h e  p r e h e a t  z o n e ) .

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

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

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

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

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

q u a n t i t a t i v e l y ,  a n d  a  G C / M a s s  S p e c t r o m e t e r  w a s  r o u t i n e l y  

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

T h e  h a l o c a r b o n  r e a g e n t  u s e d  ( 1 , 1 , 1 - t r i c h 1 o r o e t h a n e ) w a s  

a d d e d  t o  a h y d r o g e n  r e a g e n t  s t r e a m  u s i n g  t w o  s a t u r a t e r s
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( e v a p o r a t o r s )  i n  s e r i e s ,  a t  5 ° C .  T h e  99% 1 , 1 , 1 - t r i c h l o r o -  

e t h a n e  w a s  s u p p l i e d  b y  t h e  A l d r i c h  C h e m i c a l  C o . .  T h e  9 9 . 9 9 % 

h y d r o g e n  a n d  t h e  9 9 . 9 9 % n i t r o g e n  ( u s e d  i n  GC) w e r e  p u r c h a s e d  

f r o m  t h e  MG S c i e n t i f i c  G a s e s .

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

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

c o n s t a n t s ,  k ^  a n d  k w. T h e  d i a m e t e r s  o f  r e a c t o r s  r a n g e d  f r o m

0 . 2  t o  1 . 0  cm a n d  t h e y  w e r e  4 5  c m l o n g  i n  l e n g t h .  T h e  g a s  

v e l o c i t i e s  r a n g e d  f r o m  4 5  t o  1 2 0 0  c m / s e c ,  a n d  d e p e n d e d  o n  

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

p r e s s u r e  w a s  1 . 0 5  a t m .  F o u r  t e m p e r a t u r e s  w e r e  r u n ,  8 2 8 ,  8 8 1 ,  

9 0 6  a n d  9 5 4  ° K ,  w h e r e  k i n e t i c  d a t a  o v e r  a  s i g n i f i c a n t  r a n g e  

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

T h e  i n i t i a l  c o n c e n t r a t i o n  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  w a s  

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

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

t e m p e r a t u r e .  T h e  m o l a r  r a t i o  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  t o  

h y d r o g e n  i n  t h i s  s t u d y  w a s  1 : 1 6 ,  a n d  t h e  m o l e c u l a r  d i f f u s i o n  

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

F u l l e r ,  S c h e t t l e r  a n d  G i d d i n g s  ( F S G )  ( 1 9 6 0 ) .  T h e  m o r e  

a c c u r a t e  C h a p m a n - E n s k o g  f o r m u l a  w a s  n o t  u s e d  t o  e s t i m a t e  t h e  

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

n o t  o b t a i n a b l e  f o r  1 , 1 , 1 - t r i c h l o r o e t h a n e .  T h e  FSG m e t h o d  i s  

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

t e m p e r a t u r e s  ( M a r r e r o  a n d  M a s o n ,  1 9 7 3 )  c o m b i n e d  w i t h  t h e  l o w
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c r i t i c a l  t e m p e r a t u r e  o f  h y d r o g e n  ( N a i n  a n d  F e r r o n ,  1 9 7 2 ) ,  

f o r  t h i s  b i n a r y  s y s t e m .
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B.  EXPERI MENTAL RESULTS

T h e  e x p e r i m e n t a l  d a t a  o n  d e c o m p o s i t i o n  o f  1 , 1 , 1 -  

t r i c h 1 o r o e t h a n e ,  a s  s h o w n  i n  F i g .  6  a n d  7 ,  e x h i b i t s  g o o d  

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

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

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

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

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

d i a m e t e r  b e c o m e s  l a r g e r  a s  t e m p e r a t u r e  i n c r e a s e s .
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3-
1.0 cm-ID

0.4 cm-ID

2~1

-In C 881 Kexpt

828 K

0 0 . 2 0 . 60.4 0 . 8 1 . 0

t (sec)

Fig. 6: Concentration-time curves for the pyrolysis of
1,1,1-trichloroethane in the presence of hydrogen.
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954 K

954 K 906 K
4 -

906 °K

“In C expt

0.8 cm-ID

0.4 cm-ID

0 0.1 0 . 2 0.3 0.4

t (sec)

Fig. 7: Concentration-time curves for the pyrolysis of
1,1,1-trichloroethane in the presence of hydrogen.
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C. KINETIC MODELLING OF LAMINAR-FLOW REACTOR

F i g .  8  s h o w s  t h e  r e s u l t s  o f  o p t i m i z a t i o n  a n d  

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

c o r r e s p o n d i n g  i n t e r s e c t i o n  o f  t h e  o p t i m u m  c u r v e s .  F i g .  9 

s h o w s  t h e  s a m e  r e s u l t s  a s  t h o s e  o f  F i g .  8  a t  8 2 8  ° K , o n l y  

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

c u r v e  c r o s s i n g  w h i c h  i s  d i f f i c u l t  t o  o b s e r v e  i n  F i g .  8 . T h e  

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

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

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

T a b l e  4 a n d  F i g .  10  s h o w  t h e  d e p e n d e n c i e s  o f  k ^  a n d  k w 

on  t e m p e r a t u r e .  T h e  w a l l  r e a c t i o n  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  

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

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

h a v e  a s i g n i f i c a n t  d i f f e r e n c e  ( S e c .  I I I . F ) .  T h i s  m a y  b e  

e x p l a i n e d  b y

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

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

r e a c t i o n .

2 .  A m o r e  l i k e l y  " s t a b i l i z a t i o n "  o f  t h e  a c t i v a t e d  1 , 1 , 1 —

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

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

r e a c t i o n s .

3 .  A c o m b i n a t i o n  o f  ( 1 )  a n d  ( 2 )  a b o v e .
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1  ~

0 -

log k
- 1  _

- 2  -

1.0 cm-ID

0.8 cm-ID
-3 -

0.4 cm-ID 828 K 881 K 906 K 954 R

0 . 2  cm-ID

-3 - 2 1 21 0

l o g  kb

Fig. 8: The intersection of curves in each set gives the true log k̂_

and log k for the pyrolysis of CH„CC10 in H „ .w .3 j JL



0.009"

1.0 cm-ID
0.008-

0.8 cm-ID

0.4 cm-ID
0.007"

Centroid of the triangle

0.006"

(cm/sec)

0.005-

828 K
0.004-

0.003-

0 .0 0 2-
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0.000
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Fig. 9: The center of gravity of the triangle gives the true values
of k, and k . b w



T a b le  4: kb and kw w i t h  t e m p e r a t u r e .
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T ( ° K) k b  ( 1 / s e c ) k w ( c m / s e c )

8 2 8 0 . 5 6 1 0 . 0 0 3 8

881 2 . 6 6 0 . 0 5 7 0

9 0 6 9 . 1 5 0 . 2 8 1

9 5 4 9 . 9 7 ( 3 0 . 1 ) 4 . 4 7  ( 1 . 8 6 )

E / R  ( ° K ) 2 0 , 5 0 0  ( 2 5 , 3 0 0 ) 4 4 , 3 0 0  ( 3 7 , 9 0 0 )

A ( 1 / s e c ) 3 . 3 6 x l 0 10 ( 1 . 0 9 x 1  0 1  3  ) 4 . 8 3 x l 0 2 0  ( 3 . 5 1 x l 0 1 7 )

N o t e :  N u m b e r  i n  t h e  b r a c k e t  i s  t h e  c o r r e c t e d  v a l u e .
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In kw In k

-3

-4

- 6

1 . 0 1 . 1 1 . 2

1000/T (°K X)

Fig. 10: Dependencies of rate constants on temperature.
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D.  COMPARISON OF ANALYTI CAL-  WITH NUMERI CAL-  SOLUTI ONS

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

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

w e r e  c o m p a r e d  w i t h  e x p e r i m e n t a l  d a t a ,  a s  s h o w n  i n  T a b l e  3.  

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

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

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

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

c l e a r ,  b e c a u s e  o f  s m a l l  v a l u e s  o f  o t  a n d  ^3 , t h a t  t h e  

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

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

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

c o e f f i c i e n t s .
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E . COMPARISON WITH PLUG-FLOW MODEL

T h e  r e a c t i n g  s y s t e m s  [ e x c e p t  t h o s e  a t  9 5 4  °K b e c a u s e  o f  

t h e  h i g h  ( d  '  ( 3  l v )  v a l u e s ,  S e c . I I . G ]  c a n  b e  w e l l  

r e p r e s e n t e d  b y  t h e  p l u g - f l o w  m o d e l .  T h e  k e X p t  v a l u e s ,  b a s e d  

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

i n  T a b l e  5 .  A p l o t  o f  k e X p t  v e r s u s  2 / R  i s  s h o w n  i n  F i g .  11 

f o r  t h e  e x p e r i m e n t a l  d a t a  a t  f o u r  t e m p e r a t u r e s :  9 5 4 ,  9 0 6 ,  

8 8 1  a n d  8 2 8  ° K .  T h e  s l o p e s  y i e l d  t h e  w a l l  r a t e  c o n s t a n t s ,  

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

d e s c r i b e d  i n  E q .  1 7 .  T a b l e  6  p r e s e n t s  t h e  r e s u l t s  o f  t h e  

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

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

e q u a t i o n  w i t h  t h e  o p t i m i z a t i o n  p r o c e d u r e  d e s c r i b e d .  T h e  

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

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

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

r e a c t o r  c o n d i t i o n s  u s e d  i n  t h i s  s t u d y .
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T a b l e  5 :  k e x p t ( l / s e c )  a s  c a l c u l a t e d  u s i n g  t h e  p l u g - f l o w  m o d e l

R a d i u s ( c m ) 0 . 1 0 . 2

i 
i 

•

o

0 . 5

8 2 8 ------ 0 .  6 0 5 0 . 5 7 2 0 . 5 7 1

881 ------ 3 . 2 3 ------ 2 . 5 9
T e m p . ( ° K )

9 0 6 ------
1 2 . 1 1 0 . 4 ------

9 5 4 8 7 . 5  ( 6 7 . 3 ) 4 8 . 8 ------ ------

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



58

A: 954 K (k = 20 x k)expt

expt
= lc)expt

expt
7-

for 0.2 cm-ID at 954 KCorrected value of kexpt

6 -

16 204 8 12

2/R (cm *)

Fig. 11: k^ and k^ from the plug-flow model.
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T a b l e  6 : C o m p a r i s o n  o f  k h  a n d  k . , ------
U Vv

l a m i n a r -  v e r s u s  p l u g -  f l o w  m o d e l s

wo
i

E-*

k b  ( 1 / s e c )  

L a m i n a r  P l u g

k w ( c m / s e c )  

L a m i n a r  P l u g

8 2 8 0 . 561 0 . 5 3 7 0 . 0 0 3 8 0 . 0 0 5 7

8 8 1 2  . 6 6 2 . 1 7 0 . 0 5 7 0 0 .  107

9 0 6 9 . 1 5 8 . 7 0 0 . 2 8 1 0 .  340

9 5 4 9 . 9 7 ( 3 0 . 1 ) 1 1 . 2 ( 3 0 . 7 ) 4 . 4 7 ( 1 . 8 6 ) 3 . 8 7 ( 1 . 8 5 )

N o t e :  N u m b e r  i n  t h e  b r a c k e t  i s  t h e  c o r r e c t e d  v a l u e .
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F . CORRECTI ON OF RATE CONSTANTS

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

t h e  0 . 2  c m - I D  r e a c t o r .  T h e  d e c o m p o s i t i o n  r e a c t i o n  w a s  s o  

v i g o r o u s  a t  9 5 4 ° K  t h a t  a 0 . 2  c m - I D  r e a c t o r  o p e r a t i n g  a t  

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

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

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

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

d i a m e t e r  o f  r e a c t o r .  T h e  0 . 2  c m - I D  r e a c t o r  w a s  i n s t e a d  

a s s u m e d  t o  h a v e  t h e  s a m e  t e m p e r a t u r e  a s  t h a t  i n  t h e  0 . 4  c m -  

I D  r e a c t o r .  T h e  c o r r e c t i o n  o n  k b a n d  k w w a s  p o s s i b l e  b y  

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

t h e  i n t e r s e c t i o n s  o f  c u r v e s  i n  F i g .  8  a r e  c o n n e c t e d  b e c a u s e  

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

t e m p e r a t u r e .  F i g .  12  s h o w s  t h a t  t h e  i n t e r s e c t i o n  o f  t h i s  

s t r a i g h t  l i n e  w i t h  t h e  0 . 4  c m - I D ' s  c u r v e  g i v e s  t h e  c o r r e c t e d  

k b  a n d  k w v a l u e s  w h i c h  a r e  3 0 . 1  1 / s e c  a n d  1 . 8 6  c m / s e c ,  

r e s p e c t i v e l y ,  a s  s h o w n  i n  T a b l e  4 .  T h e  c o r r e c t e d  

d e p e n d e n c i e s  o f  k b a n d  k w o n  t e m p e r a t u r e  a r e  i n  F i g .  1 3 .  

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

i n c l u d e d  i n  T a b l e  4 .  T h e  r a t e  e q u a t i o n s  we  o b t a i n e d  a r e  

k b  = 1 . 0 9  x  1 0 1 3 E x p ( - 2 5 , 3 0 0 / T )  ( 2 9 )

k „  = 3 .  51 x  1 0 2 0 E x p ( -  3 7 , 9 0 0 / T ) ( 3 0 )

T h e  c o r r e c t e d  v a l u e  o f  k e x p ^ i n  t h e  2 c m - I D  r e a c t o r  a t  

95  4 ° K i s  6 7 . 3  s e c ' ^ ,  a s  s h o w n  i n  T a b l e  5 .  T h e  c o r r e c t e d  k b
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2 -

1

log kw 

0  H

-1  -

-3

- 4

-5
-4

A  : 1.0 cm-ID

▼ : 0 . 8  cm-ID

B : 0.4 cm-ID 828°K 881°K 906°K 954°K

: 0.2 cm-ID

-3 - 2 - 1

T
0

iog k.

Fig. 12: k^ and kw at 954 °K are corrected by extrapolating the

straight log kw - log line to the 0.4 cm-curve at 954 K.
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 , 1 1 1 1 1“

0 1.04 1.08 1.12 1.16 1.20 1.24
1000/T (°K-1)

The values of lc, and k at 954 °K are corrected.
D W
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a n d  k w a r e  a c c o r d i n g l y  3 0 . 7  s e c - 1  a n d  1 . 8 5  c m / s e c ,  

r e s p e c t i v e l y  ( F i g .  11 a n d  T a b l e  6 ) .
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G.  COMPARISON OF PATE CONSTANTS WITH LI TERATURE VALUES

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

1 , I , 1 - t r i c h l o r o e t h a n e  d e c o m p o s i t i o n  w i t h  l i t e r a t u r e  v a l u e s ,  

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

s h o u l d  b e  n o t e d  t h a t  1 , 1 , 1 - t r i c h  1 o r o e t h a n e  w a s ,  i n  t h e  

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

B a r t o n  a n d  O n y o n  ( 1 9 5 0 )  s t u d i e d  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  

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

r a n g e  6 3 5 . 7  t o  7 0 7 . 0  ° K .  T h e i r  r e s u l t s  s h o w e d  t h a t  t h e  w a l l  

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

" k e y "  f r e e  r a d i a l ,  ’CH 2 C C I 3  w a s  c o n s u m e d  f a s t e r  a t  t h e  w a l l .  

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

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

b y  1 0 ^ ^ E x p ( - 5 4  , 0 0 0 / R T )  s e c . ” ^.

B e n s o n  a n d  S p o k e s  ( 1 9 6 7 ) ,  u s i n g  t h e  v e r y  l o w  p r e s s u r e  

t e c h n i q u e ,  c o v e r e d  a h i g h  t e m p e r a t u r e  r a n g e  ( 8 9 0  t o  1 2 6 5  

° K ) .  T h e  c o r r e s p o n d i n g  h i g h  p r e s s u r e  r a t e  e q u a t i o n  i s  

1 0 1  3 ‘ 8 E x p ( - 5 1  , 70  0 / R T ) s e c - 1 .

T h e  d e c o m p o s i t i o n  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  i n  t h i s  

r e s e a r c h  s t u d y  o c c u r r e d  i n  a  h y d r o g e n  m i x t u r e  a t  1  a t m  

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

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

s o m e w h a t  d i f f e r e n t  f r o m  t h a t  p r o p o s e d  b y  B a r t o n  a n d  O n y o n .  

T h e  c o m b i n a t i o n  o f  t h e  t w o  r a d i c a l s ,  * 0 1 1 2 0 0 1 3  a n d  C l ’ , i n
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B a r t o n  a n d  O n y o n ' s  m o d e l  m i g h t ,  e . g . ,  n o t  o c c u r  o r  h a v e  a 

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

F i g .  14  i l l u s t r a t e s  a n  i n t e r e s t i n g  c o m p a r i s o n  o f  t h e  

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

r e a c t i o n  m a k e s  i t s  r a t e  c o n s t a n t  n e g l i g i b l e  a t  l o w  

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

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

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

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

T h e  w a l l  a n d  t h e  b u l k  r a t e  c o n s t a n t  e q u a t i o n s  s e r v e  a s  

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

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

t e m p e r a  t u r e s .
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Barton and Onyon (Batch reactor)

10 - Benson and Spokes (2/R = 1.5 cm ) 

This work (From Eqs. 17.29 and 30,

In (2/R)k (2/R = 1.5 cm )

In kexpt.

In (2/R)k

-8

0 . 8 0.9 1 . 0 J..1 1 . 2 1.4 1.5
1000/T ( V 1 )

Fig. 14: Comparison with literature values..
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H.  ERROR ANALYSI S

T h e  e x p e r i m e n t a l  r a t e  c o n s t a n t ,  k 0 Xp t , i s

T 7 6 0  1 d ( l n  C t )

k e x p t  =  F T ---------------------------------------   ( 3 1 )
S X p t  1  2-73 P 7 C R d z

T h e  c u m u l a t i v e  v a l u e  o f  t h e  r e l a t i v e  e r r o r  o f  k e x p t  ( H o w a r d ,

1 9 7 9 ;  C v e t a n o v i c ,  S i n g l e t o n  a n d  P a r a s k e v o p o u l o s ,  1 9 7 9 ) ,  c a n

b e  w r i t t e n  a s

A k p x r .i. AFm o AT o AP  ry ^ R  j j ASl op  ^ 1 / 2
= [ ( — i )  + ( — ) + ( — ) + ( 2  —  ) + ( ---------- ) ] ( 3 2 )

k e x p t  FT T P R S l o p

T a b l e  7 s u m m a r i e s  t h e  e s t i m a t e d  p r e c i s i o n  o f  i n d i v i d u a l  

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

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

r a t e  a n d  e v a p o r a t i o n  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  i n t o  h y d r o g e n .

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

s t u d y  r a n g e d  f r o m  8 2 8  t o  9 5 4  ° K ,  m u c h  h i g h e r  t h a n  6 0 0  ° K ,  

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

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

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

8 0 0  ° K .  T h e r e  e x i s t e d  n o n i s o t h e r m a  1 r e g i o n s  a t  e a c h  e n d  o f  

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

h i g h e r  h e a t  l o s s e s .  Ma h mo o d  ( 1 9 8 5 )  p e r f o r m e d  c o r r e c t i o n  on  

t h e  n o n i s o t h e r m a 1 d a t a  ( F r o m e n t  a n d  B i s c h o f f ,  1 9 7 9 ) ,  a n d  h i s  

r e s u l t s  s h o w e d  t h a t  a n  a p p r o x i m a t e  ( p o s i t i v e )  5% c o r r e c t i o n  

i s  r e q u i r e d  o n  e a c h  o f  k ^  a n d  k w f r o m  t h e  r e a c t o r s  w h e n  t h e
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Ta b le  7: E s t i m a t e d  P r e c i s i o n  w i t h  95% C o n f i d e n c e  I n t e r v a l

M e a s u r e m e n t
X

A X / x
1 N o t e

No r ma  1 T h i s  s t u d y

f t 0 . 0 3 0 . 0 6

T 0 . 0 1 0 . 0 1 + 3 °K

P 0 . 0 1 0 . 0 1

R 0 . 0 1 0 . 0 2 D e p o s i t  o f  c a r b o n  p a r t i c l e s

S l o p e 0 . 0 2 0 . 0 2

k e x p t 0 . 1 3

k K a n d  k „D W 0 . 1 3 F r o m  E q .  17
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r e f e r e n c e  t e m p e r a t u r e  i s  b a s e d  o n  t h e  m o s t  p r o b a b l e  

t e m p e r a t u r e  i n  t h e  r e a c t o r .
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I . MECHANISM

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

b e  1 , 1 - d i c h l o r o e t h y l e n e  ( v i n y l i d e n e  c h l o r i d e ) ,  c h l o r o f o r m ,

1 , 1 - d i c h l o r o e t h a n e ,  t r i c h l o r o e t h y l e n e ,  m e t h l y e n e  c h l o r i d e ,  

1 ,  1 , 1 , 2 - t e t r a c h 1 o r o e t h a n e  a n d  h y d r o g e n  c h l o r i d e .  T h e  

i n i t i a t i o n  s t e p  s u g g e s t e d  b y  B a r t o n  a n d  O n y o n  ( 1 9 5 0 )  w a s  

s u p p o r t e d  b y  t h e  a b o v e  p r o d u c t s  a n d  a d o p t e d  h e r e .  T h e  

p o s s i b l e  m e c h a n i s m  i s  a s  f o l l o w s

CH 3 C C I 3  = = =  CH 2 = C C 1 2  + HCl

CH 3 C C I 3  = = =  * c c i 2 c h 3  + C l -

C l ’ + H2  = = =  HCl  + H*

CH 3 C C I 3  + H- = = =  ' CH 2 C C l 3  + H 2  

CH 3 C C I 3  + H ’ = = =  *CC1 2 CH 3  + HCl

• c c i 2 c h 3  + h 2  = = =  c h 3 c h c i 2  + H '

• c h 2 c c i 3  + C l -  = = =  CH 2 C 1 C C 1 3  

c h 2 c i c c i 3  = = =  CHC1 = CC1 2  + HCl  

CH 2 C 1 C C 1 3  = = =  - CH 2 C1 + - C C 1 3  

• CH 2 C1 + H 2  = = =  CH 3 CI  + H- 

• C C I 3  + H2  = = =  C H C l 3  + H- 

C l *  + H* = = =  HCl  

2H-  = = =  H 2

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

d e c o m p o s i t i o n  o f  t r i c h  1 o r o e t h a n e  n e e d s  f u r t h e r  s t u d y  ( S e e  

A p p e n d i x  6 ) .



IV. CONCLUSIONS

A. CONTINUITY EQUATION

T h e  l a m i n a r - f  l o w  m o d e l ,  Eq .  1 ( S e c .  I I . A ) ,  r e p r e s e n t i n g  

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

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

v a r i a b l e s ,  a s  w e l l  a s  n u m e r i c a l l y  b y  t h e  C r a n k - N i c o 1 s o n  

f i n i t e - d i f f e r e n c e  m e t h o d  ( S e c .  I I . C ) .  T h e  a n a l y t i c  s o l u t i o n ,  

E q .  5 ,  c o n t a i n s  t h e  c o n f l u e n t  h y p e r g e o m e t r i c  f u n c t i o n .

S o l u t i o n  o f  a 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  b y  

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

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

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

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

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

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

l a r g e  ( 1 0 0 , e . g . ) ,  a n  a c c u r a t e  a p p r o x i m a t e  t o  t h e

e i g e n v a l u e s .

T h r e e  i m p o r t a n t  d i m e n s i o n  1 e s s  v a r i a b l e s ,  ^  , (3 a n d  v

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

t h e m .  T h e  v a l u e s  o f  a n d  ^3 a r e ,  w h e n  b o t h  o f  t h e m  a r e  

l e s s  t h a n  0 . 0 1 ,  e x c h a n g e a b l e  s o  t h a t  E q .  17  i s  a p p l i c a b l e  a t  

v u p  t o  2 0 0 .  T h e  e f f e c t  o f  ^3 o n  t h e  r e a g e n t  c o n c e n t r a t i o n  

c h a n g e  d e c a y s  w h e n  ( 3  i n c r e a s e s ,  w h i c h  c a n  b e  o b s e r v e d  f r o m

71
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t h e  c o n v e r g e n c e  o f  t h e  f i r s t  e i g e n v a l u e  t o  1 . 8 2 8 4  i f  t h e r e  

i s  n o  b u l k  r e a c t i o n  ( S e c .  I I . B ) .  G e n e r a l l y  s p e a k i n g ,  t h e  

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

c o n t r o l l e d  b y  r a d i a l  d i s p e r s i o n  i f  0  i s  l a r g e r  t h a n  5 

( S m i t h ,  K r i e g e r ,  a n d  H e r z o g ,  1 9 8 0 ) .  T h e  c o n c e n t r a t i o n  c h a n g e  

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

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

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

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

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

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

u n d e r e s t i m a t e  o f  10% a t  v  = 0 . 5  b y  t h e  p l u g - f l o w  m o d e l  t o  a 

l a m i n a r - f l o w  s y s t e m  w i t h  ( O l  r  ( 2  ) b e i n g  e q u a l  t o  ( 0 . 2 5 ,  

0 . 5 0 )  ( S e c .  I I . G ) .
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B.  RATE CONSTANTS

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

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

i n  o r d e r  t o  f u l f i l l  t h i s  p u r p o s e :  ( 1 ) s e t  u p  t h e  m o d e l  a n d

s o l v e d  i t  ( S e c .  I I . A  t o  I I . C ) ;  ( 2 )  o b t a i n e d  o p t i m u m  v a l u e s  

o f  k ^  a n d  k w b y  t h e  RS M ( S e c .  I I . D ) ;  a n d  f i n a l l y ,  ( 3 )  

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

i n t e r a c t i o n  b e t w e e n  t h e m  ( S e c .  I I . E ) .

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

s u r f a c e ,  r e p r e s e n t i n g  t h e  S S R v e r s u s  l o g  k ^  a n d  l o g  k w , 

m o n o t o n i c a 1 1 y  i n c r e a s e s  o u t w a r d s  f r o m  t h e  l o n g ,  n a r r o w  

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

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

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

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

v a l u e s  o f  k ^  a n d  k w.

T h e  r a t e  c o n t a n t s  i n  a l a m i n a r - f l o w  r e a c t o r  c a n  b e  

c a l c u l a t e d  b y  t h e  p l u g - f l o w  m o d e l  ( S e c .  I I . G )  i f  $(  , a n d  v 

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

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

l a m i n a r - f l o w  s y s t e m  w i t h ,  e . g . ,  ( r (3 r v ) <_ ( 0 . 2 5 ,

0 . 5 0 ,  0 . 5 0 )  ma y  b e  r e p r e s e n t e d  b y  t h e  p l u g - f l o w  m o d e l .

k ^  o r  k w c a n  b e  d e t e r m i n e d  a l o n e  i f  a l a r g e  o r  s m a l l  

d i a m e t e r  r e a c t o r  i s  c h o s e n  ( S e c .  I I . F ) ,  r e s p e c t i v e l y .  T h e
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r e q u i r e d  s i z e  o f  t h e  r e a c t o r  d e p e n d s ,  h o w e v e r ,  o n  t h e  

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

o f  r a d i u s  ( E q .  1 7  a n d  E q .  2 8 )



C.  THERMAL DECOMPOSI TI ON OF 1 , 1 , 1- TRI CHLOROETHANE
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A m a j o r i t y  o f  1 , 1 , 1 - t r i c h 1 o r o e t h a n e  d e c o m p o s e d  i n t o

1 , 1 - d i c h 1 o r o e t h y 1 e n e  a n d  h y d r o g e n  c h l o r i d e  a t  t e m p e r a t u r e s  

r a n g i n g  f r o m  8 2 8  t o  9 5 4  ° K ,  w h e r e  b o t h  t h e  w a l l  r e a c t i o n  a s  

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

o f  d e c o m p o s i t i o n  o b e y e d  f i r s t - o r d e r  k i n e t i c  e q u a t i o n s  

( F i g s .  6  a n d  7 ) .  T h e  r a t e  c o n s t a n t s  o b t a i n e d  f r o m  t h e  

1 a m i n a r - f 1  ow m o d e  1  w e r e

k ^  = 1 . 0 9  x 1 0 ^ E x p ( - 2 5  , 3 0 0 / T ) 1 / s e c  _+13%, a n d  

k w =  3 . 5 1  x  1 O ^ E x p  ( - 3 7  , 9 0 0 / T ) c m / s e c  +^13%

F o r  t h e  s y s t e m  s t u d i e d ,  ^  ^  a n d  v w e r e  w i t h i n  t h e

p l u g - f l o w  r e g i m e .



NOTATIONS

1  w "  o l
a  =    .

2  i /  ° i  *■/e.
2 w

( a ) r  =  a ( a + 1 ) ( a  + 2 ) . . . ( a + r - 2 ) ( a + r - 1 ) .

M
( a ) t  =  a ( a + 1 ) ( a + 2 ) . . . ( a + M - 1 ) ( a + M + 1 ) . . . ( a + t - 2 ) ( a + t - 1 ) .

Bn = F u n c t i o n  c o e f f i c i e n t .

C = C ( r , z )  =  P o i n t  c o n c e n t r a t i o n  o f  s p e c i e s ,  m o l e s / c m ^ .

CQ = C o n c e n t r a t i o n  o f  s p e c i e s  a t  r e a c t o r  i n l e t ,  m o l  e s / c m  ^.

C
C' = C ' ( u ,  v )  = ---------  = N o r m a l i z e d  p o i n t  c o n c e n t r a t i o n .

c o

Cc a l c '  c e x p t  =  No r m a l i z e d  c u p - m i x i n g - c o n c e n t r a t i o n s .

D = D i f f u s i o n  c o e f f i c i e n t ,  cm / s e c .

F t  = T a t a l  g a s  f l o w  r a t e ,  c m ^ / s e c .

( a )  x r
1 F-i [ a ; b ; x  ] = ------------------- .

r = 0  ( b ) r  r !

f ( w )  = e i g e n v a l u e  e q u a t i o n .

f ( k w , R)  = k w e x p r e s s e d  i n  1 / s e c .

g ( k j 3 , R)  = k ^  e x p r e s s e d  i n  c m / s e c .

k ^  = B u l k  r a t e  c o n s t a n t ,  1 / s e c .

k e x p t  =  E x p e r i m e n t a 1 ( a p p a r e n t ) r a t e  c o n s t a n t ,  1 / s e c .  

k w = W a l l  r a t e  c o n s t a n t ,  c m / s e c .

k b , m a x ' k w , m a x : D e f i n e d  i n  E q .  26 

L = L e n g t h  o f  t h e  r e a c t o r ,  cm 

P = R e a c t o r  p r e s s u r e ,  a t m .

R = R a d i u s  o f  t h e  r e a c t o r ,  c m.

76



77

S = 

SSR 

T =

u =

V =

R a d i a l  d i s t a n c e  i n  t h e  r e a c t o r ,  c m.

9
S u r f a c e  o f  a r e a c t o r ,  cm .

=  Sum o f  t h e  s q u a r e s  o f  t h e  r e s i d u a l s .  

R e a c t o r  t e m p e r a t u r e ,  ° K .  

r  

R
•3

V o l u m e  o f  a t u b u l a r  r e a c t o r ,  cm .

; F l u i d  v e l o c i t y  a l o n g  t h e  c e n t r a l  l i n e  o f  
t h e  r e a c t o r ,  c m / s e c .

4Dz

V0 E 2  ‘ 

e i g e n v a l u e .

A x i a l  d i s t a n c e  i n  t h e  r e a c t o r ,  c m.

4D

2D



APPENDIX 1. SOME PHYSICAL PROPERTIES OF HYDROGEN 
AND 1,1,1-TRICHLOROETHANE*

H 2  (A) CH 3 CCI

M o l e c u l a r  w e i g h t  ( M ) ,  g r a m s / m o l e 2 . 0 1 5 8 1 3 3 . 4 1

M e l t i n g  p o i n t  ( m p ) , ° C - 2 5 9 . 4 - 3 0 .  4

B o i l i n g  p o i n t  ( b p ) ,  ° C - 2 5 2 . 8 7 4 . 1

L e n n a r d - J o n e s  p o t e n t i a l  p a r a m e t e r s

S 3 "  , A 2 . 8 2 7

£ / k ,  ° K 5 9 . 7

* R e i d ,  P r a u s n i t z ,  a n d  S h e r w o o d ,  1 9 7 6 .



APPENDIX 2. VAPOR PRESSURE OF 1 ,1 ,1-TRICHLOROETHANE

300

2 0 0 -

P (mmHg)

100 ”

60400-40 - 2 0 20-60

Fig. Al: Vapor pressure of 1,1,1-trichloroethane.
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APENDIX 3. CALCULATION OF RENOLDS NUMBER

T h e  l a m i n a r - f l o w  p a t t e r n  i s  v a l i d  i f  t h e  R e n o l d s  n u m b e r  

o f  t h e  f l u i d  i s  b e l o w  2 1 0 0 .  T h e  m i x t u r e  d e n s i t y  w a s  

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

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

c a l c u l a t e d  b y  t h e  C h a p m a n - E n s k o g  f o r m u l a  ( R e i d ,  P r a u s n i t z ,  

a n d  S h e r w o o d ,  1 9 7 6 ) .  H i g h  l i m i t s  o f  t h e  NRe  w e r e  o b t a i n e d  

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

S a m p l e  C a l c u l a t i o n ;

A f l u i d  w i t h  a n  a v e r a g e  v e l o c i t y  o f  1 4 2  c m / s e c  f l o w s  i n  

a 0 . 4  cm I D  r e a c t o r  a t  8 2 8  ° K  a n d  1 . 0 5  a t m .  T h e  c o m p o s i t i o n  

o f  t h e  f l u i d  i s  9 4 . 1 %  H 2 (A)  a n d  5 . 9% C H ^ C C l ^ B ) .

T h e  d e n s i t y  o f  t h e  m i x t u r e :

MP
( A D

RT RT

( 2 . 0 2  x  0 . 9 4 1  + 1 3 3 .  x  0 . 0 5 9 )  x  1 . 0 5

8 2 . 0 5  x  8 2 8  

1 . 5 1  x  1 0 “ 4  ( g r a m s / c m ^ )

T h e  v i s c o s i t y  o f  h y d r o g e n :

JU  = 2 6 .  69 x  ( MT) / ( < 3 - 2  X L  v )

=  2 6 . 6 9  x  ( 2 . 0 2  x  8 2 8 ) 1/2/ ( 2 . 8 2 7 2 x 0 . 7 8 5 )  

= 1 . 7 5  x  1 0 - 4  g r a m s / ( s e c - c m )

( A2 )
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w h e r e
0

S I
A B / '

:cr ( D T * )

w h e r e

T =

T * B Ex

1 . 1 6 1 4 5  

6714874

0 . 7 8 5

T  T 
1

---------------x  8  28
5 9 . 7

( ET )
( A3 )

( A4 )

T h u s ,

NRe

= 1 3 . 9

EVo f  
-  - J J -

0 . 4  x  1 4 2  x  1 . 5 1  x  10 

1 . 7  5 x  1 0 " 4

= 4 9 . 0

- 4

( A5 )

T a b l e  A l :  T h e  r a n g e s  o f  Np e  a t  v a r i o u s  d i a m e t e r s  a n d
t e m p e r a t u r e s

D i m e t e r  
( c m )

T e m p e r a t u r e  ( ° K )

8 2 8 881 9 0 6 9 5 4

0 . 2
------ ----- ------ 151  -  4 4 4

0 . 4 4 9 . 0  - 199 5 2 . 3  -  2 6 8 5 7 . 0  -  186 1 3 9  -  318

0
0•

o

5 6 . 2  - 2 3 5 ----- 5 4 . 4  -  2 2 0 ------

1 . 0 6 1 . 6  - 187 5 8 . 2  -  305 ----- ------



APENDIX 4. CALCULATION OF DIFFUSION COEFFICIENT

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

S c h e t t l e r  a n d  G i d d i n g s  ( 1 9 6 0 )  w a s  u s e d  t o  c a l c u l a t e

t h e  d i f f u s i o n  c o e f f i c i e n t  o f  a n  A- B b i n a r y  s y s t e m .  I t  i s

0 . 0 0 1 T 1 * 7 5 [ ( M a  + MB ) / ( M AMB ) ] 0 * 5

D =       ( A6)
P H l v ) ^ / 3  + ( ^ v ) B 1 / 3 ] 2

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

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

P r a u s n i t z ,  a n d  S h e r w o o d ,  1 9 7 6 )  i s

C = 1 6 . 5  H =  1 . 9 8  C l  = 1 9 . 5  H 2  = 7 . 0 7

S a m p l e  c a l c u l a t i o n :

D i f f u s i o n  c o e f f i c i e n t  o f  H 2  (A)  -  C H ^ C C l j  ( B)  b i n a r y  

s y s t e m  a t  8 2 8  ° K  a n d  1 . 0 5  a t m .

( Z  v ) A = 7 . 0 7 ,

( Z  v ) B = 1 6 . 5  x 2 + 1 . 9 8  x 3 + 1 9 . 5  x  3 =  9 7 . 4

T h u s  ,

0 . 0 0 1  x 8 2 8 1 *7 5 [ ( 2 . 0 2  + 13 3 . ) / (  2 . 0 2  x  1 3 3  . ) ] 0  - 5

^  w— m. —.  —  — — ^  mm m<- wr ^  ^  ^  - M.. »  — m- ^  m- ^  m. ~  - ___________ i l ____________ 1 —

1 . 0 5 ( 7 .  0 7 1/ /3 + 9 7 . 4 1 / 3 ) 2  

= 2  . 0 3 ( c m 2 / s e c )

T a b l e  A2 :  D i f f u s i o n  c o e f f i c i e n t s  a t  v a r i o u s  t e m p e r a t u r e s .

T e m p e r a t u r e  ( ° K ) D i f f u s i o n n  C o e f f i c i e n t  ( c m 2 / s e c )

8 2 8 2 . 0 3

881 2 . 2 6

9 0 6 2 .  38

9 5 4 2 . 6 0
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APENDIX 5. LISTING OF COMPUTER PROGRAMS

A.  ANALYTICAL SOLUTI ON

A l .  GENERAL GUI DES

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

o f  t h e  r e a c t i n g  s p e c i e s  m o d e l e d  b y  E q .  1 ( S e c .  I I . A ) .  T h e  

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

c u p - m i x i n g - c o n c e n t r a t i o n s  i s  t h e  G a u s s - L e g e n d r e  Q u a d r a t u r e  

( F i f t e e n - p o i n t  f o r m u l a ) .  T h e  p r o g r a m  m a y  n e e d  s o m e  

m o d i f i c a t i o n s  i f  i s  l a r g e  ( i . e . ,  5 . 0 ) .  T h e s e  m o d i f i c a t i o n s

i n c l u d e :

( 1 )  I n c r e a s e  t h e  a r r a y  c o n t a i n i n g  t h e  e i g e n v a l u e s ,

W ( 9 )  [ 4  & 1 2 5 ] ,  e . g . ,  t o  W ( 1 5 ) ,  a n d  NW [ 9  & 1 2 6 ]  

t o  1 5 .

( 2 )  R e d u c e  t h e  v a l u e s  o f  t h e  c o n s t a n t s ,  1 . 1  [ 1 5 5 ] ,

0 . 1  [ 1 6 4 ] ,  a n d  1 . 4 0  [ 1 7 0 ] .

T h e  p r o g r a m  w i l l  b e  o u t  o f  w o r k  i f  > 1 0 0 , b e c a u s e  i t  

d o e s n ' t  i n c l u d e  t h e  s p e c i a l  t r e a m e n t  a s  d e s c r i b e d  i n  E q .  

( 1 5 )  ( S e c .  I I . B ) .

N o t e :  T h e  n u m b e r  i n  [ ] s t a n d s  f o r  t h e  s t a t e m e n t  n u m b e r  i n

t h e  p r o g r a m .
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A 2 .  I D E N T I F I C A T I O N  VARI ABLES I N  DATA BLOCK

ND:  N u m b e r  o f  e x p e r i m e n t a l  d a t a .

T R : R e a c t o r  d i a m e t e r ,  c m.

T Z :  R e a c t o r  l e n g t h ,  c m.

TEM: R e a c t o r  t e m p e r a t u r e ,  ° K .

D:  B i n a r y  d i f f u s i o n  c o e f f i c i e n t ,  cm / s e c .

VA: Mi n i m u m  o f  a v e r a g e  v e l o c i t i e s ,  c m / s e c .

BK:  B u l k  r a t e  c o n s t a n t ,  s e c " ^ .

WK: W a l l  r a t e  c o n s t a n t ,  c m / s e c .

NS :  On e  d i m e n s i o n a l  a r r a y ,  c o n t a i n i n g  t h e  r e l a t i v e

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

C E : On e  d i m e n s i o n a l  a r r a y ,  c o n t a i n i n g  t h e  n o m a l i z e d

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

t o  NS .



A3.  PROGRAM LISTING
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1 ♦ 0000 C
2.0000 C
3.0000
4.0000
5.0000
6 .0000
7.0000
0.0000
9.0000

10.0000
1 :L . 0000 C
12.0000 C

O O o c
14.0000
15.0000
16.0000
17.0000
18.0000
19.0000
20.0000 c
21.0000 c
22.0000 c
23.0000
24.0000
25.0000
26.0000
27.0000
28.0000
29.0000
30.0000
31.0000
32.0000
33.0000
34.0000
35.0000
36 .0000
37.0000
38.0000
39.0000
40.0000
4.1 . 0000
42 . 0000
43.0000
44,0000 5
45.0000
46.0000
47.0000 10
48.0000
49 . 0000
50.0000 20

C( R y Z ) CALCULATION.

JO I MENS I  ON C A < .1.5 > t  CE (  9 )  y CMC < 9 )  y C ( 9 ) y F < 9 y 15) y Z :L < 15 ) y A ( 9 ) y 
NS<9)yRl<15)yR2<15)y 15)yW<9) yWOC15) yW3(9) 

DATA (Z1 ( I ) y1=1y8)/0.987993y0.937273y0.848207y0,72441S*
0.57 0 9 7 2 y 0.39 4151y 0 . 2 01194?0.000 0 0 0/ 

DATA (U0<I) y1=1y8)/O♦030753y0.070366y0.107159y0.139571y
0.166269yO.186161»0,198431y0.202578/ 

D A T A N R y N F y N W /15 y 5 0 y 6 /
DATA B y 0/1 . 0 y 0 . 0/

DATA TO BE UPDATED.

D A I A N D y I R ? T Z y I E M y D y 0 A y I'1, y W11 /
■ 6 ? 0.2?4 5.0? 881.0 y2.2 6y10 2.0 y2.6 6 y 0 * 0 b/ 0/
DATA <NS(I ) y1 = 1y 6)/
• 19 y 2 2 y 3 5 y 6 0 y 7 8 y 1 0 0 /
DATA (CE(I ) y1=1y6)/
• 0 . 7 5 y 0 * 71 y 0 . 6 0 y 0 » 4 4 y 0 * 3 b y 0 . 2 4 /

DATA END

WRITE(2 y800)
WRITE(2y700)
WRITE(2 y 300 > TRyTZ 
WRITE(2 y705)
WRI TE ( 2 y 300 ) TEM y 0A 
WEITE(2y709)
W R I T E ( 2  y 3 0 0 )  D y B K y W K

00=2,0*0A
AF=BK#TR*TE/<4.0*D)
BT=WK#TR/<2»0#D)
Z D = 4 . 0 * D./ ( 0 0 * T R * T R )
ZLJ = 0 ,01*TZ*ZD 
WRITE<2y108)
WRITE< 2 y 350) AF yBT yZD 
CALL EIGENO(AF y BTy W) 
NH=(NR+l)/2 
DO 5 1=1yNH 
J=NE--I + 1
El(J) = <1.0 + 21(I ) ) /2 > 0 
R :• ■: I ) = ( 1 . 0--Z1 <I ) )/2.0 
W0<J)=WO<I)
CONTINUE
DO 10 1=1yMR
R2 ( I ) -"El (' I ) *E1 ( I )
0(I)=00*<1.0 -R2(I) )
DO 20 M::= 1 y N W 
WS( M) = S Q R T ( W( M) )
A ( M ) =0 . 5~ < W ( M ) •• AF ) /  < 2 » 0>KWS ( M ) )



51.0000 WRITEC2y100)
52.0000 DC) 30 M=lyNW
53.0000 FX=0.0
54.0000 F Y ~ 0 . 0
55.0000 DC) 29 1 = 1 ip NR
56.0000 X=2. 0*W3CM)*R2CI)
57.0000 CALL Cl IF C 0 y A ( M ) y B  •> X y F C M y I > y FS )
58.0000 t i - w o ( :i:) 'X r i c:i: > %  c:i. ♦ o •••■ r 2  c j: ) >
59.0000 T2=EXP C -WS C M ) >KR2 CD) *F C M v I >
60.0000 T=T1#T2
61.0000 FX=FX+T
62.0000 29 F Y - F Y f • T M  )" 2
63.0000 C(M)=FX/FY
64.0000 30 WRI IE C 2 y 200 ) M * W C M ) y C C M )
65.0000 WRHE <2 y 150)
6 6 » 0000 DC) 35 1...•-1 y N O
67.0000 ZX=ZU*NSCL)
68.0000 DC) 36 1=1yNR
69.0000 CACI)=0.0
70.0000 DC) 37 M-l :<NW
71.0000 WR=WSCM)>KR2C I )
72.0000 WW=WCM)#ZX+WR
73.0000 IFCWW .01. 100) GO TO 36
74.0000 3 7 CA C I ) =CA ( I ) f C (ii ) *EXP C -WW ) *F C M y I)
75.0000 36 CONTINUE
76.0000 OR=0.0
77.0000 CR-0.0
78.0000 DO 40 1=1yNR
79.0000 UD=WO<I)*R1CI>*V<I)
80.0000 CD=CA(I)*VD
81.0000 OR-URLOD
82.0000 40 CIDCRiCD
83.0000 CMC(L)-CR/UR
84.0000 WR ITE (2 y 200 > NS < L ) y CE C L ) y CMC C1... >
85.0 000 a = Q-f ( CMC (1...) -CE CL) ) 5k C CMC C1...) - CE C1...) )
86 .0000 35 CO NT IiNUE
87.0000 WRITE C 2 :/500) Q
88.0000 STOP
89.0000 800 FORMA l"C ;k:|<>l<)|<5-k*5{< CIJP-MIXINO-CONC BY LAMINAR FLOW MODEL..'
90.0000 )|<3k5k3k5K#>k " y/ / )
9.1 .0000 700 FORMAT C /  y 7X y ' RADIUS C CM )S3Xv/ LENGTH C CM ) ' )
92.0000 705 FORMAT ( / y 9X » ' TEMP C JkK ) 9EL C CM/SEC ) ' )
93.0000 709 FORMAT C/y 5X0 '' D C CM*CM/SEC ) KBC1/SEC) KWCCM/SEC) ' )
94.0000 200 FORMA r C 1 OX y 13 y 7X y F9 . 4 y 6.C y F9 . 4 )
95.0000 100 F0RMAT C / y :l. 1X y ' N0 . EIGEN0A1...CJE C0EFFICIENT ' )
96.0000 108 FORMAT C/ / y 12Xy 'ALPHA" y£JXy 'BETA' 1/ 4X 1/ ' 1... A M D A C .1 /  C M ) ' )
V7.OuOO 150 F 0 R M A T ( / i/ c>  X > ■" DIS T A N C E C % ) E X P T C C /  C 0 ) C A1... C C C /COLD
98.0000 300 FORMAT C 8X, F9.4 y3X yF9.4 y 6X yF9.4)
99.0000 350 FORMAT C OXyF9. 4/3X yF9.5 y 6X yF9.4)

100.0000 50 0 F 0 R M A TO / y 5 X y ' S LJ M 0 F S 0 LJ A R E S 0 F R E SID U A1... S IS y F 9.6)
10.1 .0000 END



1 0 2 . 0 0 0 0  C
103.0000 C
1 0 4 . 0 0 0 0
105.0000
1 0 6 . 0 0 0 0
1 0 7 . 0 0 0 0  
10 8 . 0 0 0 0 
.109 . 0 0 0 0

1 1 0 . 0 0 0 0  

1 1 1 . 0 0 0 0  20  
1 1 2 . 0 0 0 0
1 1 3 . 0 0 0 0
1 1 4 . 0 0 0 0
115.0000
116.0000
117.0000
118.0000
119.0000 30
1 2 0 . 0 0 0 0  
1 2 1 . 0000

F ( A t B y X ) C A L C U L A T I O N

S U B R 0 U T :i: N E C H F < K E Y y A y B y X 
BATA NR yNF yNld/15y50 y6/ 
T=A/B#X 
F-l . 0-f T
IF(KEY . EQ. 0) GO TO 20
SDL .0/A
FS=T*S
DO 30 1=2yNF
:i:f (abs( d  . lt. o. oooood 
J = I  - 1

r = T # < A + j > / <  ( b •}•..j >;{<I ) tx  
| :: :::: "|

IF(KEY .EQ. 0) GO TO 30 
S=S+1.0/(A+J)
FS = FS + TJKS 
GGNTINLJE 
RETURN 
END

•j F y I-' S )

RETURN
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122.0000 c
123.0000 c
124.0000
125.0000
.1.26.0000
127.0000
128.0000
1.29 ,0000
130.0000
131.0000
132. 0 0 0 0

133,0000 24
134,0000
135,0000 25
136,0000
137.0000
138.0000
139.0000
140.0000
141.0000
142.0000
143.0000
144.0000
145,0000
146,0000
147.0000
148.0000
149.0000
150.0000
151,0000
152.0000
153.0000
.1.54 ,0000
155.0000 28
158,0000
157,0000 29
158,0000
159,0000
160,0000

o o o

162.0000 8 0
163.0000
164 .0000 3 L
165 .0000
166,0000 32
167,0000
168,0000 33
169,0000
170,0000 36
171,0000
172.0000 20
173,0000
174,0000

W C A L C LJ L A 1 1 O N , , , , , , , . , . . . , , , ,

S U B R 0 U TIN E EIG E N U ( A F y B T y W )
DIMENSION W<9)
D A T A N R v N F y N U /15 » 5 0 y 6 /
D A ) A B v B1 y B 2 / .1. (0? 2 , 0 y >5 , 0  /
AB-AF-f BT
WI2 , 0 %  A B •••• A B ;{< A B /  :l. 2 * 0 4- 0 * 0 0 0 :l.
IF <BT * G T <• :l. . 8 284) WI = .1. , 8 2 8 4 
:i:i- (af . gt. 8) w:i> af 
DO 20 M••■■•••• .1 yNW 
WOW I 
K C •- 0
CONTINUE
W8=SGRT(WG>
W R 1 , 0 /  U 8
X=2.0#W8
WB=W8--BT
WUl:::: < W84-AF*WR ) / < 4 . 0#W0 >
A = 0 , 5" ( WO--AF ) /X 
A1-A 4-1 ,0 
A 2 A14-1 * 0 
KC-KC11
C A L.. L C14 F ( 1 v A y B y X \> I ’ 0 y1" 8 0 )
C A L I... C141- ( :l. v A :l. v B1 v X * F :l. y F 81 )
CALL CI4F ( 0 y A2 y B2 y X y F2 y F82 )
F=WB#F0-A*X#F1
D F1 » 0 , 5 ;K Ul R # F 04-WB#<A/B*WR# F14-WW* F 8 0 )
D F 2 •- ( A -1U) F' 1X1W tJ) 1F11A >K X ?i< ( A1 / B11W E >!< F 2 4- WUI1F 8.1. )
DF-DF1--DF2
BUI™ • F/'DF
IF CM <■ E0 > 1) GO TO 29 
IF (BF/PUI - 0,0) 29y29y28 
WJ>WI>!<1 , 1 
GO TO 24 
AW-AB8 (DW)
W(M)~--W01DW
IF<KC , GT♦ 10) GO TO 86
IF (AW/WO . L E ♦ 0,001 .AND, ABS(F) ■> I... E * 0,1) GO TO
IF (WO - 5 ♦ 0 ) 80 y 30 v 31
WM=0,5#W0
GO TO 35
Ul M ” 0 , .1. ;!< W 0
IF (AW ■••• WM) 32 y 32 y 33 
WO--W < M)
GO TO 25 
W 0:::: W 01W M1A W / D W 
GO CO 25
WI •“ W ( N ) # 1 , 4 0 4- 6 , 0 0 
PW ••••• Dl::
CONTINUE 
RE I'URN 
END

36
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**FASTFOR (CONVERSATIONAL VER 10)**

******* CUF'-MIXIN6-C0NC BY LAMINAR FLOW MODEL

RADIUS(CM) LENGTH(CM)
0.2000 45.0000

TEMP(*K) VEL(CM/SEC)
881.0000 102.0000

<CM#CM/SEC) KB(1/SEC) KW(CM/SEC)
2.2600 2.6600 0.0570

ALPHA BETA LAMDAC 1/CM)
0.0113 0.00252 1.1078

NO. EIGENVALUE COEFFICIENT
1 0.0235 1.0044

6.4499 -0.0053
3 20.9964 0.0021
4 43.5732 -0.0011
5 74.1662 0.0007
6 112.7695 -0.0005

DISTANCED) EXPT(C/CO) CALC(C/CO)
19 0.7500 0.7633
22 0.7100 0.7314
35 0.6000 0.6080
60 0.4400 0.4261
73 0.3500 0.3299

100 0.2400 0.2413

SUM OF SQUARES OF RESIDUALS IS 0.001297
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B . RESPONSE SURFACE METHOD FOR k b  & ESTI MATI ONS 

B l .  GENERAL GUI DES

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

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

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

o f  o p t i m u m  k ^  a n d  k w d u r i n g  t h e  e x e c u t i o n  o f  t h e  p r o g r a m .

T h e  m a g n i t u d e s  o f  C R I T l  a n d  C R I T 2  d e p e n d  o n  t h e  

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

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

r e q u i r e d  t o  a d j u s t  t h e  c o n s t a n t s ,  1 . 5  [ 7 7 ]  a n d  8 . 0  [ 1 1 5 ] .

N o t e :  T h e  n u m b e r  i n  [ ] s t a n d s  f o r  t h e  s t a t e m e n t  n u m b e r  i n

t h e  p r o g r a m .
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B2. IDENTIFICATION VARIABLES IN DATA BOLCK

C R I T l :  C r i t e r i o n  t o  s t o p  t h e  p r o c e d u r e  o f  m o d i f y i n g

t h e  i n i t i a l  v a l u e s  o f  a n d  k w .

C R I T 2 :  C r i t e r i o n  t o  s t o p  t h e  p r o g r a m m i n g .

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

T R : R e a c t o r  d i a m e t e r ,  c m.

T Z : R e a c t o r  l e n g t h ,  c m.

VA: Mi n i mu m o f  a v e r a g e  v e l o c i t i e s ,  c m / s e c .

DC:  B i n a r y  d i f f u s i o n  c o e f f i c i e n t ,  cm / s e c .

NBS:  On e  D i m e n s i o n a l  a r r a y ,  c o n t a i n i n g  t h e  r e l a t i v e

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

v e r y  p r e v i o u s  p o i n t s ) .

CE:  On e  d i m e n s i o n a l  a r r a y ,  c o n t a i n i n g  t h e  n o m a l i z e d

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

t o  NBS.
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B3. PROGRAM LISTING

1*0000 c RESPONSE SURFACE METHOD FOR KB X
2,0000 c
3,0000 c NOTE i THIS PROGRAM IS GOOD FOR
4,0000 c
5,0000 DIMENSION CEO) v X ( 2 ) yp<2) y R < 2 y 2
6,0000 CA(8)yD(2) yN BS(8)yXM(
7,0000 C 0 M M 0 N./ 0 C T /  C A y X y 0 y 0 C y IE
8,0000 INTEGER YESyJUDGE
9,0000 DATA JUDGE yYES/7 YES 7y7YES 7/

L0,0000 t:
1I ,0000 c DATA------TO BE UPDATED.
12,0000 c
.1.3,0000 .0 A T A C RIT1 y C RIT 2 /  0 . 0 7 y 0 » 0 0.1 /
14,0000 DATA N y T'R y TZ y 9A y DC/
15,0000 ■■■• 6 y 0 ♦ 2 y 4 5 , 0 y 10 2 ,0.2, 2 6 /
16,0000 DATA (NBS(I ) y1-1y6)/
17.0000 -19 y 3 y 1 3 y 2 5 y 1 8 y .2 2 /
18.0000 DATA (CE(I ) yl=l»6)/
19.0000 -0,75 y 0 . 71y 0,60 y0.44 y0.35 y0.24/
20.0000
21.0000 DATA........END,
22.0000
23,0000 MAIN PROGRAM
24,0000
25.0000 WRII E(2 y 500)
26,0000 WRITE(2y101)
27,0000 WEITE(2y102) TR
28.0000 WRITE ( 2 y 103 ) 1'Z
29.0000 WRITE ( 2y 104) 9A'
30.0000 WRITE<2y105) DC
31 .0000 URITE(2y106)
32 .0000 c
33,0000 c .IE--TIMES OF FUNCTIONAL EQUATION
34,0000 e
35.0000 IP=0
36,0000 c
37,0000 1001 I E"0
38.0000 IP=IPi 1
39 .0000 WRITE(2y107) IP
40,0000 READ < 1 y * ) X ( 1 .) y X ( 2 )
41.0000 c
42,0000 c IT = S T E P S y IN = I-1R S T E X P1... 0 R A T10 N }
43,0000 c
44.0000 I T-3
45,0000 IN-0
46.0000 in--o
47,0000 i u- 1
48,0000 G

IP-RIJNS OF PAIR
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49.0000 C
50.0000 C 
51 .0000
52.0000
53.0000 :l.
54.0000
55.0000
5 6 . 0 0 0 0
57.0000 2
58.0000
5 9.0000
60.0000 
61 ,0000
62.0000 3
63.0000
64.0000
65.0000
66.0000
67.0 0 0 0  4
68.0000
6 9.0000
70.0000 C

SECTION O N E A  BETTER START

WRITE(2y125)
WRITE(2 v 150)
CALL SIMOL(N v NBSv TR t TZ ? 0A ?CEyCA yX(1) , X(2)yDC yQM) 
IE~IE-f 1
WRITE<2y155) X<1)yX(2)yQM 
IF(QM-CR1'T15HN) 5 y 2 y 2 
CAL-0.0 
EXP-0.0 
DO 3 1=1yN 
C A L C A L + C A ( I )
EXP-EXPICE <I )
CONTINUE
IF (GAL. ,LT» EXP) GO TO 4 
X<1)=X(1)*1,25 
X<2)=X<2)#1,25 
GO TO :l.
X(I)=X<1)#0.8 
X<2)”X(2)#0.8 
GO TO :l.
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71,0000 c SECTION TWO............................. . .CALCULATION OF DIRECTION
72,0000 c
73,0000 5 CONTINUE
7 4.0000 C
75,0000 C 31::= 8TEP SIZE
76,0000 c
77,0000 S.'I>1 , 5 $ S 0 R T ( 0 M ) Y 0 . 0 5
78,0000 QC::-QM
79,0000 DO 9 1...:::: J. >' 2
80,0000 Y (1... y 1 ) ;:-X (1...) >K ( 1 , o -81 )
81,0000 Y <1... y 2 ) X (1...) Y C 1 , 0181 )
82,0000 9 CONTINUE
83.0000 URITE(2*135)
8 4 > 0 0 0 0 URITE(2150)V. T > \/ «• v
85,0000 00 19 r = 1 y 2
86.0000 DO 19 J~ly2
87,0000 P<1>= Y(1yI)
88.0000 P ( 2 > Y ( 2 y J )
89,0000 C A1... L 81M U L (N * N B 8 y T R y T Z y 0 A y C E y C A y P < J. ) y P < 2 ) y D C y Q (I y J ) )
90,0000 I e -= j: e f i
91,0000 WR i:TE < 2*155) P ( 1 ) y P < 2 ) * 0 ( I * J )
92,0000 j:l:" < 0 < I * ,J) . 1...T , 00) ID~1
93.0000 19 CONTINOE
94,0000 IF  ( 0C , i...)". ( CRI T2YN ) ) G0 1"0 21
95.0000 IF(ID , EQ, 1) GO TO 27
96,0000 21 WRITE(2*300)
97,0000 READ(1 * 100) JUDGE
98,0000 IF(JUDGE , NE. YES) GO TO 9999
9 9,0000 IF(IU ,NE, 0) GO TO 27

100,0000 PIPI *2,0 -I .0
101,0000 
1 r f •' > { ' \ A i \  (’i

GO TO 49
J II TO ( )1. ' J .V. fr \ J  \ f  \ /  \ }

1. o 3 , 0 0 0 0 DO 29 L:::: 1 y 2
10 4 , 0 0 0 0 DO 29 I:::: 1 v 2
10 5 , 0 0 0 0 T(LyI)-0,0
10 6 , 0 0 0 0 2 9 CONTINUE
10 7 , 0 0 0 0 DO 39 1=1y2
108 - 0000 DO 39 K=1y 2
109,0000 T(1yK)=T(1yK)TO(K* I )
110,0000 T ( 2 y K ) T ( 2 y K ) 10 ( I y K )
1 1 1 , 0 0 0 0 39 CONTINUE
112,0000 BA8E::-AB8 ( T ( 2 :< 1 )-T < 2 * 2 ) )
113,0000 IF (BASE , 1...E , 0.000001 ) BA8E=AB8 ( T ( 1 * 1 ) - T (1 y 2 ) )
114,0000 DO 45 I...:;= J. y 2
115,0000 D ( L ) =8 , 0* ( T (1... y 1 ) --T (I... y 2 ) ) /BASEYSIYX (1...)
1.16 ,0000 45 CONTINUE
117,0000 C
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118.0000 C
119.0000 C
120.0000 C
121.0000 C
1 2 2 . 0 0 0 0
123.0000
124.0000 49
125.0000
126.0000
127.0000 C
128.0000 C
129.0000 C
130.0000 50
131.0000 51
132.0000 52
133.0000 
1.3 4 . 0000
135.0000
136.0000 61
137.0000
138.0000
139.0000
140.0000
141.0000
142.0000 62
143.0000
144.0000
145.0000
146.0000
147.0000 58
148.0000
149.0000 65 
.1.50.0 0 0 0
151.0000 59 
I 52 - 0000
153.0000 66
154.0000
155.0000
156.0000
157.0000
158.0000
159.0000 69

1 6 6 . 0 0 0 0
1 6 7 . 0 0 0 0
168.0000 89 
1 6 9 . 0 0 0 0
170-0000 C

SECTION THREE. . . . . . . . . . .  GOAL

PI=PA R TITION? IU=FAIL5 IS = S16N

PI=1.0 
I U = 0  

I S "  1

WRITE(2v145)
WRITE(2k150)

IB~IF BACKWARD? IG-TOTAL SUCCESS? IN“IF TOTAL SUCCESS

I BM)
IG == 1  

I MM) 
DO 59 
DO 61

G E . Q M ) G 0 T 0 6 5

P<L)=X<L>+Da.)*I/PI* IS 
CONTINUE
CALI... SIMUI... ( N ? NBS y )"R y TZ y OA y CE y CA y P (  1 ) y P (' 2 ) y DC y Q0 ( I ) )
n : >  1  e  •{• 1
WRITE< 2 r 155) P(1> yP(2)vQO<I)
ID :::: I B M  
IF (00(1)
ID™ 1 
I MM
0 M:::: 0 0 ( I )
DO 58 I...:::: j. y 2 
XM ( I. ) M:' ( I...)
CONTINUE 
GO TO 59 
IF(PI >GT 
IF(IN .EQ 
CONTINUE 
IN

2.0) GO TO 66 
1) GO TO 66

IF(IM .NE. 
IF(ID .EQ. 
IUMl.
I D 0

DO 69 I...; 1 •/ 2  

X (I...) = XM (I...) 
CONTINUE

IT) IG“0 
0) GO TO 79

160,0000 79 IF C IG .EQ, 1 ) GO TO 52
161,0000 IF (PI . I...E , 2. 0 ) GO TO 89
162.0000 IF ( IS , EQ . 1 ) GO TO 81
163 » 0000 IF ( 1U , E Q ♦ 0) GO TO 21
164.0 0 0 0 GO TO I.V

165,0000 81 IF ( I! B , NE . 1) GO TO 5
I S~-:L 
GO TO 51
P ]>PI + FLOAT(IT*8) 
GO TO 50
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171.0000 999
172.0000
173.0000

175*0000
.1.7 A. 00 00 1.00
1.77.0000 50 0
1,78.0000 1 01
1,79.0000 1.02
1.80.0000 103
.1.81. .0000 1.04
1.82.0000 105
1.83.0000 .LOA
1.84.0000 107
1.85.0000 1.25
1.8 A. 0000
1.87.0000 135
1.88.0000
1.89 , 0000 1.45
1.90 .0000 150
191.0000 155
1.92.0000 160
1.93.0000 300
1,94.0000
195.0000 305
.1.9A * 0000
197.0000
198.0000 C

CALL 0CTA<NyN BSr TR»TZ yV A yDCyC E)
WRITE(2y305)
READ (1 9 100 ) JIJBGE
IF(JUDGE * E Q. YES) GO TO 1001
STOP
FORMAT(A4 >
F 0 R MA T(1X y2 0(' * ' ) y' RE SP0N 3E SIJ RFAGE M E TH0 D ' y 2 0 < ' 
I- 0RhAT  (  / / /  y 20X y " ;{<*?• OPERATING CONDITION ***') 
FORMAT (  /  y 1 A X  y '  REACTOR J RADIUS t  '  y FA .  2 y '  CM '  )

FORMAT (  3 2 X  y ' LENG TH i '  y FA .  2 y '  CM ' )

FORMAT ( /  y .1. AX y ' AVERAGE VELOCITY J
F 0 R M A T ( /  y 1A X y " DIF F U S10 N C 0 E F F1 CIE N T
F0 R M A T( / y1A X y ' M E S H NUMB ERI

F 0 R MAT ( /  ' IN ITI A L G LJ E S S F 0 R KB &  K W J ' y 
FORMAT( / / y15Xy 

-'POINT **>!< '■ )
F 0 R M A T ( /  /  y 1A X y ' Y * >!< )i< *  T H E R E S LJ L T S 
/ >!< :={< X< >{< ;{<' >
FORMAT<//y20Xy'##* THE RESULTS ON THE PROBE ***')
F0RMAT ( /  y 1. AX y ’ KB' y 8X y ' KW y y 9X y " SUM-SQUARE-RESIDUAL " > 
FORMAT ( 14 X  •> 2  (  1 X  ,  F9 ♦ A ) y F13 . 8 )

F 0 R M A T ( '■ C LJ P M J! XI N (3 - C 0 N C ♦ D OWN T H E R E A C T 0 R ' )
FORMAT(//y' IS MORE ITERATION NEEDED ?------ 'y

-'TYPE IN YES OR N 0 )
FORMAT(//y' IS MORE PAIR OF KB X KW NEEDED? -..... ' ?

■■•■'TYPE IN YES OR NO')
END

*  ' ) )

y F 7 > 2 y' CM/SEC')
' y FA.2 y' CM/SEC') 
20 X 100')
5Xy'PAIRi' y15)

*** THE RESULTS ON A BETTER STARTING

ON THE SQUARE RLJN'y



1.99,0000 C SOLOING DIFFERENTIAL EQUATION BY CEANK -• NIC0L80N METHOD
200.0000 C
201,0000 SUBROUTINE SIMUL<N xNBS x TE xTZxOA xCExCMC xKBx KWxDxQ)
202.0000 DIMENSION C ( 21 ) xE<21> xU(2:L) xEH(21 ) x E ( 21 ) x F ( 21 ) x G ( 21 ) x
203,0000 CE(N) x CMC(N) x NBS(N) x Y(21)x Z(21)xCO(5)
204,0000 REAL KB x KW
205.0000 DATA GO/O.015556 x 0.071111x0.026667 x 0.071111x0.015556/
206,0000 DATA NExNZxNl/20x100x21/
207.0000 0=0.0
208.0000 DZ=TZ/NZ
209,0000 DR=TR/NR
210.0000 R2=TR*TR
211,0000 DO 9 1=1vNl
212,0000 E ( I ) - FLOAT (I --D/NR
213,0000 0(1) =2 , OYOAY (1 , 0 E < I ) YE ( I ) )
214,0000 C ( I ) = 1. , 0
215.0000 9 CONTINUE
216 ,0000 DL=2.0*D*DZ/(UA*E2)
217 ,0000 ,U EII E / )' E
218.0000 A=KB#R2/(4.0#D)
219,00 0 0 B=KW#TR/(2»0#D>
220,0000 X = 0 . 5/ ( DEYDE )
221,0000 XI=2.0*(X+A)
222,0000 DO 19 1 = 2x NE
223,0000 Y ( I ) =4 . 0* (1 , 0--E CI) YE (11) /DL
224v0000 Z(.I)=1 ,0/(4,0YE(I>YDE)
*125, 0 0 0 0 E ( I ) ::::Z ( I ) -X
226.0000 F(I > =Y(I )+X1
227,0000 G(I )=-Z(I )~X
228,0000 19 CONTINUE
229,0000 F' ( 1 ) =2 . OYXf 2 . O/DLfA
230,0000 G ( 1 ) -2.0YX
231,0000 E ( N1 ) =--2 , OYX
232.0000 F(Ml)=2,OY(X+B/DE+A) IB
233,0000 DO 69 M»"lxN
234,0000 JP=NBS(M)
235.0000 DO 4 9 J”-lxJF'
236,0000 DO 39 I~2x NE
237,0000 RH (I ) -  E ( I ) YC ( I -1) •{• ( Y ( I ) •XI ) YC ( I > -G ( I ) *C (1 + 1 )
238,0000 39 CONTINUE
239 , 0000 EH (1 ) = ( 2 , O/DL f G ( .1 ) -A ) YC ( 1 ) -G ( 1 ) YC ( 2 )
240 * 0O00 EH ( N1 ) ;":0 . 0
241,0000 CALL TRID (Nix E x I- x G x C x EH )
242 ,0000 49 CONTINUE
243,0000 U E ••-• 0 , 0
244 ,0000 CE=0.0
245 ,0000 DO 59 M0•••-1 x 5
246 ,0000 L..= (M0--1 )*4
247.0000 DO 59 MI = 1x 5
248,0000 I=L+MI
249,0000 UD = CO(MI) YO(I )* E ( I )
2 5 0 , 0 0 0 0 CD”:C ( I ) YOD
251. 0000 UE=VE+VD
252,0000 (!) I:(:::: C h; f C D
253,0000 59 CONTINUE
254, 0 0 00 CMC ( M ) --CE/UE
255.0000 Q = Q-f ( CMC ( M ) -CE ( M ) ) YY2
256 ,0000 69 CONTINUE
257,0000 ' RETURN
258.00 0 0 END
259,0000 C
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2 6 0 . 0 0 0 0  C SOLVI NG DI FFERENCE EQUATIONS BY TRI DI AGONAL MATRIX
2 6 1 . 0 0 0 0  C
2 6 2 . 0 0 0 0 SUBROUTI NE TRI D <N>A»B»C»X»G>
2 6 3 , 0 0 0 0 DI MENSI ON A ( 2 1 ) yB < 2 1 ) y C ( 2 1 ) y X < 2 1 >  * G < 2 1 ) *  B B ( 2 1 )
2 6 4 . 0 0 0 0 DO 1 1 = 1 yN
2 6 5 . 0 0 0 0 B B ( I ) B ( I  )
2 6 6 . 0 0 0 0  1 CONTINUE
2 6 7 . 0 0 0 0 DO 2 1 = 2  yN
2 6 8 . 0 0 0 0 T=A< I  >/ BB< I - - 1  )
2 6 9 . 0 0 0 0 BB< I  )=BB< I  )■■-C< I - .1. ) r r
2 7 0 . 0 0 0 0 G ( I  ) - G < I  ) -  G ( I  •-1 ) &T
2 7 1 . 0 0 0 0  2 CONTINUE
2 7 2 . 0 0 0 0 X ( N ) ::=G ( N ) /B B  ( N )
2 7 3 . 0 0 0 0 NI  ~ N -1
2 7 4 . 0 0 0 0 DO 3 I 1 ') N I
2 7 5 . 0 0 0 0 >.J -  N - 1
2 7 6 . 0 0 0 0 X ( J  ) = ( G ( , J ) --C < J  ) *X ( J T 1 ) ) / BB < J  )
2 7 7 . 0 0 0 0  3 CONTINUE
273.0000 RETURN
279.0000 END
23 0 . 0000 C
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281.0000 C PRINT OUT SQUARE
282.0000 C
283.0000 SUBROUTINE OCTA(NxNBS xTR xTZ x9AxDCxCE)
284.0000 DIMENSION IW <2)xQ <2x2 ) xX ( 2 ) xNBS(8)xCE(8)xCA(8)
283.0000 COMMON/OCT/CAQCxIE
286.0000 DATA IW/'EXPT7x'CALC'/
287.0000 WRITE(2v150)
288.0000 WRITE(2y175) IE
289.0000 WRITE(2x230)
290.0000 WRI TE ( 2 x 235 ) ( Q (I x 2 ) xl=lx2)
291.0000 DO 10 l \ 1 x 7
292.0000 WRITE(2x240)
293.0000 10 CONTINUE
294.0000 WRITE(2x202) QC
295.0000 DO 20 K 1 x 7
296.0000 WRITE(2x240)
297.0000 20 CONTINUE
298.0000 WRITE(2x236) (Q(Ixl)x1=1y2)
299.0000 WRITE(2x280) X(1)xX(2)
300.0000 WRITE(2x285)
301.0000 WRITE(2x290) IW(l)x (CE(I) x1=1xN)
302.0000 CALL SIMUL(Nx NBS x TR xTZxOAxCE x CA x X(1)x X(2)x DC x QM)
303.0000 WRITE<2x290) IW(2)x (CA( I ) xI~1x N)
304.0000 RETURN
305.0000 150 F0RMAT (.//x 15X y ' # # * # # THE FINAL RESULTS ON THIS ' x
306.0000 ' p R 0 G R A M MING ##**#'x/ / )
307.0000 175 F0RMAT ( 16X x ' T0TAL E0ALUAT10NS 0F FIJNCT10NAL ' x
308.0000 - EQUATI ON t ' 13y//)
309.0000 202 FORMAT(25Xx' ! ' x 9X x F10.8 x 8X x ' ! ' )
310.0000 230 FORMAT( / x 2 5 Xx'KW'x69X x ' ! ' )
311.0000 235 FORMAT ( 2OX x ' ( ' x F10 . 8 x ' ) ----------------------------( ' x F10 . 8 x ' ) ' )
312.0000 236 FORMAT ( 2 OX x ' ( ' xFlO.Sx ' )..........................-.....- .....( ' xF10.8x ' )-KB
313.0000 2 4 0 FORMAT(25Xx' ! ' x27Xx'! ' )
314 .0000 280 F0RMAT( / / '  THE SQUARE HAS KB = 'x F7.4 x' KW =' x F7.4 x
315.0000 -' AS ITS CENTER')
316.0000 285 F 0 RMAT(//x ' T H E C U P - MIXING •••• C 0 N C . D 0 LJ N T H E R E A C T 0 R ' )
317.0000 290 F ORMAT(IX y A4 x' i ' y9F7.4 x/ x 6X x 9F7.4)
318.0000 END
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B 4 . COMPUTER OUTPUT

**FASTFOR (CONVERSATIONAL VER 10)**

******************** RESPONSE SURFACE METHOD ******************

*** OPERATING CONDITION ***

reactor: radius: 0 . 2 0  cm
length: 45.00 CM

AVERAGE VELOCITY: 102.00 CM/SEC

DIFFUSION COEFFICIENT: 2.26 CM/SEC

MESH number: 20 X 100

INITIAL GUESS FOR KB & KW: PAIR: 1
* 2 . 0  r 2 . 0

*** THE RESULTS ON A BETTER STARTING POINT ***

KB
2 . 0 0 0 0 0 0  
1.599999 
.1 .279999 
1,023998 
0.819199 
0.655359

KW
2 . 0 0 0 0 0 0  
1.599999 
1.279999 
1.023998 
0.819199 
0.655359

SUM-SQUARE-
1,31340300
1.12411300
0.91959340
0.70793120
0,50628470
0.32278020

■RESIDUAL

***** THE RESULTS ON THE SQUARE RUN *****

KB
0.627434
0.627434
0.683234
0.683284

KW
0.627434
0.633234
0.627434
0.633284

SUM-SQUARE-RESIDUAL
0.29041330
0.34891640
0.29667040
0.35510840



101

*** THE RESULTS ON THE PROBE ***

KB KW SUM--SQUARE-RESIDUAL
0.631576 0.431959 0.09293395
0.607794 0.208558 0.02426628
0.584012 -0.014842 1.07051100
0.606343 0.199622 0.03210342
0.608745 0.217494 0.01765744
0.609697 0.226430 0,01229197
0.610648 0.235366 0.00817186
0.611599 0.244302 0.00512177
0.612550 0.253233 0.00304334
0.613502 0.262174 0,00187940
0.614453 0.271110 0.00167494
0.615404 0.280046 0.00243016

***** THE RESULTS ON THE SQUARE RUN *****

KB KW SUM-SQUARE-RE3IDUAL
0.612567 0♦2702 73 0,00158967
0.612567 0.271942 0.00161636
0,616339 0.270278 0,00164213
0.616339 0.271942 0.00171322

IS MORE ITERATION NEEDED ?   TYPE IN YES OR NO
* YES

*** THE RESULTS ON THE PROBE ***

KB
0,591603
0.613539
0.612625
0.611711
0.610797
0.609883
0.603969

KW
0,264453 
0.270844 
0.270578 
0.270311 
0.270045 
0,269779 
0 ♦ 2695.13

SUM-SQUARE' 
0.00173579 
0.00159536

RESIDUAL

0  

0  

0  . 
0

00159324
00153967
00153745
00153723

0.00159001

***** THE :SULT'S UN THE SQUARE RUN *****

KB
0.603061 
0,608061 
0,611705 
0.61L705

KW
0 . 268973 
0,270535 
0.263973 
0.270535

SUM-SQUARE- 
0 . 00159002 
0 ,00159324
0.00159002 
0 .00159324

RESIDUAL

IS MURE ITERATIUN NEEDED ? 
*NU

TYPE IN YES DR NO
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***** THE FINAL RESULTS ON THIS PROGRAMMING ***** 

TOTAL EVALUATIONS OF FUNCTIONAL EQUATIONJ 37

KW
I
I

(0.00139324)---------------------------------(0.00159324)
I I
t  I

I I
I I

I t

I I
I I

I I
i  i

I I
l t

i i
i  l

: 0.00158723 :
I i
I I

I I

I I
I I

I I
I I

t I
I I

I I
I I

I II I
(0.00139002)-------------------------------(0.00159002 ) -KB

THE SQUARE HAS KB = 0.6099 KW = 0.2693 AS ITS CENTER

THE CUP-MIXING-CONC. DOWN-THE REACTOR
expt: o . 7 5 o o  0 . 7 1 0 0  0 . 6 0 0 0  0 . 4 4 0 0  0 . 3 5 0 0  0 . 2 4 0 0

CALCt 0.7663 0.7347 0.6101 0.4266 0.3297 0.2406

IS MORE PAIR OF KB <4 KW NEEDED? .....- TYPE IN YES OR NO
♦(CONTINUE TO OBTAIN THE SECOND PAIR OF OPTIMUM KB %  KW VALUES)



APPENDIX 6 MECHANISTIC ANALYSIS

T h e  m e c h a n i s m  o f  t h e  p y r o l y s i s  o f  1 , 1 , 1 - t r i c h l o r o e t h a n e  

i n  h y d r o g e n  a t  8 8 1  ° K w a s  s t u d i e d .  T h e  w a l l  r e a c t i o n  w a s  

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

d e p e n d e d  w e a k l y  o n  t h e  d i a m e t e r  o f  a r e a c t o r .  F i g .  A2 s h o w s  

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

h y d r o c a r b o n  p r o d u c t s .  T a b l e  A3 o u t l i n e s  a g e n e r a l  p r o c e d u r e  

f o r  m e c h a n i s t i c  m o d e l i n g  a n a l y s i s .  T a b l e  A4 i l l u s t r a t e s  t h e  

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

n o t e d  t h a t  t h i s  i s  o n l y  a n  i n i t i a 1 - f i r s t  t r y  a t  m o d e l i n g  

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

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

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

103



C
on

e.
/C

on
e,

 
of 

(C
H

3
C

C
I3

)

104
1 .0  cm-ID

0 .4  cm-ID

0 . 7 "

0 . 6 -

CHoCl

CHC10 . 5 -

CHC1=CC1

O

For CHC1=CC10 , the reading on the

ordinate times 0.1 to give its

concentration value

0 0 . 2 0 .4 0 . 6 0 . 8 1.0
S p ace  tim e  (se c )

F ig .  A2 : E x p e r im e n ta l  d i s t r i b u t i o n s  o f  m a jo r  c h l o r i n a t e d  h y d ro c a rb o n  
p r o d u c t s .



T able  A3: P r o ce d u re  f o r  mechanism s tu d y
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1 .  S e t  u p  a s  m a n y  p r o b a b l e  e l e m e n t a r y  r e a c t i o n s  a s  

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

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

c h e m i s t r y .

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

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

( B e n s o n ,  1 9 7 6 ) ,  o r  b y  c o m p a r i s o n  t o  s i m i l i a r  r e a c t i o n s .

3.  S e t  u p  t h e  r a t e  e q u a t i o n  f o r  e a c h  c o m p o n e n t .

*
4.  P e r f o r m  m e c h a n i s m  r e d u c t i o n  a n d  q u a s i - s t e a d y - s t a t e  

a p p r o x i m a t i o n  b y  s e n s i t i v i t y  a n a l y s i s  ( H w a n g ,  D o u g h e r t y ,  

R a b i t z ,  a n d  R a b i t z ,  1 9 7 8 ) / P r i n c i p a  1 C o m p o n e n t  A n a l y s i s  

( V a j d a ,  V a l k o ,  a n d  T u r a n y i ,  1 9 8 5 ) .

5 .  I n t e g r a t e  t h e  r a t e  e q u a t i o n s  b y  S T I N T  i n t e g r a t o r  

( T e n d l e r ,  B i c k a r t  a n d  P i c e l ,  1 9 7 8 )  t o  o b t a i n  t h e  

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

*
6 . A d j u s t  t h e  v a l u e s  o f  t h o s e  r a t e  c o n s t a n t s  w h i c h  a r e  

m o s t  q u e s t i o n a b l e  b y  o p t i m i z a t i o n  t e c h n i q u e .

7 .  R e t u r n  t o  S t e p  1 i f  n e c e s s a r y .

* N o t  y e t  d o n e .
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T a b le  A4: C a l c u l a t e d  m a jo r  p r o d u c t  d i s t r i b u t i o n s  o f  t h e

p y r o l y s i s  o f  CH 3 C C I 3  i n  H 2 .

P r o d u c t
T i m e ( s e c )

3 . 0 5 ( - 5 ) a 6 . 1 0 ( - 5 )  11 . 2 2 ( —4)  | 2 . 4  4 ( - 4 )  | 4 . 8 8 ( -  4)

h 2 i . o o (  o ) b 9 . 9 9 ( - 1 ) 9 . 9 8 ( - 1 ) 9 . 9 3 ( - 1 ) 9 . 7  4 ( - 1 )

CH 3 C C I 3 6  . 6 5 ( - 2 ) 6 . 6 1 ( - 2 ) 6  . 4 7 ( - 2 ) 5 . 9 4 ( - 2 ) 4 . 0 4 ( - 2 )

HCl 2  . 0 6 ( -  4) 6  . 0 8 ( - 4 ) 2 . 0 2 ( -  3 ) 7 .  3 1 ( - 3 ) 2  . 6  3 ( - 2 )

c h 3 c h c i 2 1 . 8 5 ( - 4 ) 5 . 7 0 ( - 4 ) 1 .  9 5 ( -  3 ) 7 . 1 8 ( - 3 ) 2 . 6 0 ( - 2 )

c h 2 = c c i 2 1 . 9 6 ( - 6 ) 3 . 5 5 ( - 6 ) 6  . 7 0 ( - 6 ) 1 . 2 7 ( - 5 ) 2 . 2 4 ( - 5 )

• c c i 2 c h 3 1 . 9 0 ( - 5 ) 3 . 4 4 ( -  5 ) 6  . 4 9 ( - 5 ) 1 . 2 3 ( - 4 ) 2  . 1 6 ( - 4 )

• c h 2 c c i 3 2 . 7 1 ( - 9 ) 5 . 0 3 ( - 9 ) 9 . 0  3 ( - 9 ) 1 . 7 0 ( - 8 ) 2 . 9 7 ( - 8 )

H* 4 . 8 ( - 1 1 ) 9 . 0 ( - 1 1 ) 1 . 6  ( - 1 0  ) 3 . 4 ( - 1 0 ) 8  . 4 ( - 1 0 )

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

b .  C o n c e n t r a t i o n  w a s  n o r m a l i z e d ,  b a s e d  o n  [ H 2 ] q .

c .  I n t e g r a t i o n  s t o p p e d  a t  4 . 8 8  x 1 0 - ^ s e c  b e c a u s e  o f  t h e

f a i l u r e  i n  t h e  c o n v e r g e n c e  t e s t .
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T a b l e  A5 :  C a l c u l a t e d  r a t e  c o n s t a n t s  a t  8 8 1  ° K f o r  t h e

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

o f  C H 3 C C I 3  i n  H2 .

R e a c t i o n
R a t e  c o n s t a n t 0  

F o r w a r d  | R e v e r s e

CH 3 C C I 3  = = =  CH 2 = C C 1 2  + HC1 7 . 8 8 ( - l ) b 4 . 8 9  ( - 4 )

C H 3 C C I 3  = = =  ‘ C C l 2 c h 3  + C l • 3 . 8 2 ( 0 ) 1 . 8 6  ( 1 2 )

Cl  '  + H 2  = = =  HCl  + H* 2 . 3 2 ( 1 5 ) c 2 . 3 6  ( 1 5 )

CH 3 C C I 3  + H* = = =  - CH 2 C C 1 3  + H 2 3 . 5 1 ( 1 2 ) 4 . 1 9  ( 9 )

C H 3 C C I 3  + H* = = =  *CC1 2 CH 3  + HCl 2 . 8 1 ( 1 2 ) 3 . 6 0  ( 1 )

• c c i 2 c h 3  + h 2  = = =  c h 3 c h c i 2  +H * 4 . 5 6 ( 5) 7 . 3 7  ( 9)

• c h 2 c c i 3  + C l *  = = =  CH 2 C 1C C 1 3 2 . 2 0 ( 6 ) 1 . 7 5  ( 2 )

c h 2 c i c c i 3  = = =  CH C1=CC 1 2  + H Cl 8 . 9 7 ( 0 ) 2 . 5 7  ( - 1 )

CH 2 C 1C C 1 3  = = =  *CH2 C1 + *CC1 3 1  . 8 6 ( - 1 6 ) 3 . 9 2  ( - 3 )

• CH 2 C1 + H 2  = = =  CH 3 CI  + H* 4 . 5 9 ( 8 ) 2 . 0 4  ( 1 0 )

• C C l 3  + H 2  = = =  C H C l 3  + H* 1 . 6 1 ( 7) 1 . 6 4  ( 1 0 )

C l *  + H* = = =  HCl 1  . 0 0 ( 1 5 ) 2 . 6 4  ( - 7 )

2H* = = =  H2 1  . 0 0 ( 1 5 ) 2 . 6 9  ( - 7 )

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

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

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

c .  F r o m  B e n s o n ,  S . W,  F . R .  C r u i c k s h a n k ,  a n d  R .  S h a w ,  I n t .  J .

C h e m.  K i n e t . ,  1 ,  29  ( 1 9 6 9 ) .
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