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Science -is nothing hut trained and organized common sense3 differing 

from the latter only as a veteran may differ from a raw recruit: and 

its methods differ from those of common sense only as far as the 
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T.H. Huxley 

(1825 - 1895) 



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

"Never pain to tell thy love3 

Love that never told can be; 

For the gentle wind does move 

Silently 3 invisibly." 

William Blake 

(1 757 - 1827) 
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C H A P T E R 1 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

r e a c t i o n s . 

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

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

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

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

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

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

u s e d t o s i m u l a t e t h e d a t a . 

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

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

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

s i t i o n t o t h e r e a c t o r a n d n o t i n g t h e r e l e v a n t c h a n g e s a t t h e r e a c t o r e x i t . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

d i f f i c u l t t o j u s t i f y . 

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

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

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

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

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

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

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

b e t w e e n p a r a m e t e r e s t i m a t e s . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

c o n d i t i o n s . 

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

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

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

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

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

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

s t u d y w e r e p e r f o r m e d i n t h e l a m i n a r f l o w r e g i m e ( R e ^ 1 5 0 ) . O n t h i s 

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

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

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

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

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

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

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

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

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

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

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

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

a n d t h u s t o t h e f i n a l r e s u l t s . 
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C H A P T E R 2 

L I T E R A T U R E R E V I E W 

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

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

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

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

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

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

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

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

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

c o n t r a d i c t o r y d a t a p r e v a l e n t i n l i t e r a t u r e . A t t e n t i o n w i l l b e d r a w n 

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

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

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

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

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

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

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

E a r l y W o r k o n P y r o l y s i s 

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

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

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

t o t a l p r o c e s s . U p t o a b o u t 1 9 2 5 , m o s t w o r k w a s c o n c e r n e d w i t h p y r o l y s i s 

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

G a r d n e r ( 1 9 2 5 ) . O v e r t h e n e x t d e c a d e s e v e r a l a u t h o r s ( P e a s e , 1 9 2 8 ; 
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F r e y a n d S m i t h , 1 9 2 8 ; H u r d a n d S p e n c e , 1 9 2 9 ) h a d i n d i c a t e d t h a t t h e 

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

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

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

a n d D u r g a n ( 1 9 3 0 ) i n v e s t i g a t e d b u t a n e p y r o l y s i s i n t h e t e m p e r a t u r e 

r a n g e 6 0 0 - 6 5 0 ° C a n d c o n f i r m e d f i r s t - o r d e r h o m o g e n e o u s k i n e t i c s . T h e y 

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

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

c r e a t e d b y p a c k i n g t h e g l a s s r e a c t o r . P a u l a n d M a r e k ( 1 9 3 4 ) i n v e s t i g a t e d 

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

5 3 0 - 6 2 5 ° C i n t w o r e a c t o r s f a b r i c a t e d f r o m c o p p e r a n d f u s e d s i l i c a a n d 

d e t e r m i n e d a n o v e r a l l a c t i v a t i o n e n e r g y f o r b u t a n e d i s a p p e a r a n c e o f 7 3 . 9 

k c a l / m o l e , s u b s t a n t i a l l y h i g h e r t h a n t h a t r e p o r t e d b y P e a s e a n d D u r g a n 

( 1 9 3 0 ) o f 6 5 . 0 k c a l / m o l e , w h i l e S t e a c i e a n d P u d d i n g t o n ( 1 9 3 8 ) d e t e r m i n e d 

a n a c t i v a t i o n e n e r g y o f 5 8 . 7 k c a l / m o l e . P a u l a n d M a r e k ( 1 9 3 4 ) a l s o 

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

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

w i t h n i t r o g e n . 

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

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

w o r k o n b u t a n e ( H u r d a n d S p e n c e , 1 9 2 9 ; P e a s e a n d D u r g a n , 1 9 3 0 ; C a m b r o n , 

1 9 3 2 ) i n d i c a t e d t h e m a i n c a u s e o f i t s p y r o l y s i s t o b e r e p r e s e n t e d b y 

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

C 4 H 1 0 C 3 H 6 + C H 4 

C 4 H 1 0 C 2 H 4 + C 2 H 6 

F r e e R a d i c a l R e a c t i o n s 

I n 1 9 3 1 , E b r e y a n d E n g e l d e r , a n d e s p e c i a l l y R i c e , p r o p o s e d t h e i d e a w h i c h 

h a s b e e n g e n e r a l l y a c c e p t e d a s b e i n g t h e m a j o r c o n t r i b u t o r y p r o c e s s i n 
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h y d r o c a r b o n d e c o m p o s i t i o n s ( L a i d l e r , 1 9 6 5 ) . I t w a s s u g g e s t e d t h a t t h e 

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

c r e a t e d b y b r e a k - u p o f s p e c i f i c m o l e c u l a r s p e c i e s . R i c e ' s p r o p o s e d 

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

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

p r o d u c t s o f p r o p a n e p y r o l y s i s ( F r e y a n d S m i t h , 1 9 2 8 ) . 

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

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

e n e r g i e s a n d a n y o b s e r v e d r a d i c a l c o n c e n t r a t i o n s , a n d R i c e a n d H e r z f i e l d 

( 1 9 3 4 ) s h o w e d t h a t f r e e r a d i c a l m e c h a n i s m s c o u l d b e d e v i s e d w h i c h w e r e 

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

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

r e a c t i o n t y p e s : 

I n i t i a t i o n i s t h e o n l y w a y i n w h i c h t h e f r e e r a d i c a l s o r i g i n a t e ( S t e a c i e , 

1 9 5 4 ) . I n i t i a t i o n r e a c t i o n s i n v o l v e n o r m a l l y C - C b o n d r u p t u r e b e c a u s e 

i t i s w e a k e r t h a n t h e C - H b o n d . T y p i c a l l y f o r b u t a n e t h e i n i t i a t i o n s 

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

C 4 H 1 0 ^ 2 C 2 H 5 ' 

C 4 H 1 0 - C H 3 - + I - C 3 H 7 -

A b s t r a c t i o n r e a c t i o n s a r e m e t a t h e t i c a l r e a c t i o n s i n w h i c h a r a d i c a l 

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

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

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

C 4 H 1 q + C H 3 - - l - C 4 H g ' + C H 4 

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

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

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

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

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

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

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

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

r e c o m b i n a t i o n a n d d i s p r o p o r t i o n a t i o n . D i s p r o p o r t i o n a t i o n i s t h e b i -

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

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

C 2 H 5 * + C 2 H 5 * * C 2 H 4 + C 2 H 6 

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

C 2 H 5 * + C 2 H 5 * C 4 H 1 0 

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

( S t e a c i e , 1 9 5 4 ) a n d t h e r a d i c a l s w h i c h a r e r e g e n e r a t e d i n s u c h r e a c t i o n s , 

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

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

G o l d f i n g e r , L e t o r t a n d N i c l a u s e ( 1 9 4 8 ) s h o w e d t h e o r d e r o f t h e o v e r a l l 

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

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

T h e y d e f i n e d a 3 r a d i c a l a s o n e w h i c h w a s i n v o l v e d i n a b i m o l e c u l a r p r o p a -

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

r e s u l t s a r e s u m m a r i s e d b e l o w : 

F i r s t - O r d e r S e c o n d - O r d e r 

I n i t i a t i o n I n i t i a t i o n O v e r a l l o r d e r 

e . g . R ^ ^ R - j ' + R 2 ' e . g . 2 R 1 R 2 + R 1 R 1 + 2 R 2 ' 

T e r m i n a t i o n T e r m i n a t i o n 

33 2 

3 3 B y 3 / 2 

By y y 1 

y y - I 

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

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

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

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

f r o m t h i s i d e a . T o r o k a n d S a n d l e r ( 1 9 6 9 ) c r i t i c i s e d t h i s a p p r o a c h s i n c e 

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

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

C 2 H ^ * a c t i n g b o t h a s 3 a n d y r a d i c a l s . T h e y p r o p o s e d a m e t h o d t o 

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

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

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

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

p l i s h e d b y R i c e a n d c o w o r k e r s ( R i c e , J o h n s t o n a n d E v e r i n g , 1 9 3 2 ; R i c e 

a n d J o h n s t o n , 1 9 3 4 ; E v e r i n g , 1 9 3 9 ) a n d p a r t i c u l a r l y f o r b u t a n e w a s 

c o n f i r m e d b y H u r d a n d A z a r l o s a ( 1 9 5 1 ) . 

M o r e R e c e n t S t u d i e s o n P y r o l y s i s 

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

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

s p e c i a l c o n s i d e r a t i o n ; r e a c t o r S / V r a t i o s , c a t a l y t i c e f f e c t s , t e m p e r a t u r e , 
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d u r a t i o n o f r e a c t i o n , p r e s s u r e , d i l u t i o n e f f e c t s , t r a c e i m p u r i t i e s i n 

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

b u t i o n . 

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

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

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

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

i n l i t e r a t u r e c o n c e r n i n g 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 , p r e - e x p o n e n t i a l 

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

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

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

t e m p e r a t u r e r a n g e 4 5 0 - 6 0 0 ° C , w h e r e r e a c t i o n i s s l o w e n o u g h t h a t m u c h 

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

c o m p a r e s w i t h t h e i n d u s t r i a l l y i m p o r t a n t r a n g e 7 0 0 - 9 5 0 ° C . I n a g r e e m e n t 

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

h a v e b e e n e s t a b i s h e d a s m e t h a n e , p r o p y l e n e , e t h a n e a n d e t h y l e n e . P u r n e l l 

a n d Q u i n n ( 1 9 6 2 ) c a r r i e d o u t a n e x t e n s i v e i n v e s t i g a t i o n i n t o t h e p r o d u c t 

d i s t r i b u t i o n i n t h e t e m p e r a t u r e r a n g e 4 2 0 - 5 3 0 ° C a n d s h o w e d t h a t a 

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

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

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

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

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

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

S a n d l e r a n d C h u n g ( 1 9 6 1 ) o b s e r v e d s i m i l a r p h e n o m e n a i n t h e t e m p e r a t u r e 

r a n g e 7 0 0 - 9 0 0 ° C b u t c o n c l u d e d t h a t t h e d i s c r e p a n c y c o u l d b e a c c o u n t e d 

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

C 4 H 1 0 2 C 2 H 4 + H 2 
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A t c o n v e r s i o n s g r e a t e r t h a n 1 0 % P u r n e l l a n d Q u i n n ( 1 9 6 2 ) r e p o r t e d 

s m a l l q u a n t i t i e s o f s e c o n d a r y p r o d u c t s , 1 - b u t e n e , c i s - 2 - b u t e n e , t r a n s - 2 -

b u t e n e , 1 , 3 b u t a d i e n e a n d 1 - p e n t a n e . S u n d a r a m a n d F r a m e n t ( 1 9 7 8 a ) 

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

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

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

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

F r e y a n d H e p p ( 1 9 5 3 ) s t u d i e d t h e p y r o l y s i s o f p r o p a n e a n d b u t a n e u n d e r 

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

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

S e n s i t i z a t i o n a n d I n h i b i t i o n o f t h e D e c o m p o s i t i o n R a t e 

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

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

w i t h f r e e r a d i c a l s . E c h o l s a n d P e a s e ( 1 9 3 6 ) , S t e a c i e a n d F o l k i n s 

( 1 9 3 9 ) , a n d S t u b b s a n d H i n s h e l w o o d ( 1 9 5 0 ) t o n a m e b u t a f e w , a l l 

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

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

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

l i m i t i n g v a l u e a s m o r e a n d m o r e n i t r i c o x i d e w a s a d d e d . S t u b b s a n d 

H i n s h e l w o o d ( 1 9 5 0 ) r e p o r t e d t h a t t h e r e s i d u a l r a t e c o r r e s p o n d e d t o a 

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

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

L a i d l e r , S a g e r t a n d c o w o r k e r s ( W o j c i e c h o w s k i a n d L a i d l e r , 1 9 6 0 ; L a i d l e r 

a n d W o j c i e c h o w s k i , 1 9 6 1 ; L a i d l e r , S a g e r t a n d W o j c i e c h o w s k i , 1 9 6 2 ) 

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

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

t h e u n i n h i b i t e d d e c o m p o s i t i o n . 
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R i c e a n d P o l l y ( 1 9 3 8 ) , B l a k e m o r e e t a l _ . ( 1 9 7 3 ) , I l l e s e t e H . ( 1 9 7 9 ) , a n d 

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

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

H i l l ( 1 9 7 7 ) o b s e r v e d t h a t i n t r o d u c t i o n o f b r o m i d e s a n d s u l p h i d e s m o d i -

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

a t t a i n e d . M a i z u s e t a ] _ . ( 1 9 4 9 ) a n d A p p l e b y e t a l . ( 1 9 5 3 ) s h o w e d t h a t 

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

f o r i n s t a n c e , 0 . 5 % o x y g e n i n c r e a s e d t h e d e c o m p o s i t i o n r a t e 1 0 0 f o l d . 

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

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

c o n t a m i n a t e d w i t h o x y g e n , u p t o 1% ( e . g . P e a s e a n d D u r g a n , 1 9 3 0 ) . 

B l a k e m o r e e t a l . ( 1 9 7 3 ) s h o w e d t h a t t r a c e q u a n t i t i e s o f o x y g e n ( a b o v e 

1 0 p p m t o 8 0 0 p p m ) h a d a m a r k e d e f f e c t o n t h e p r o d u c t d i s t r i b u t i o n a t 

v e r y l o w c o n v e r s i o n s , l e s s t h a n 1 % , w i t h y i e l d s o f t h e b u t e n e s m u c h 

m o r e p r o m i n e n t . A l b r i g h t ( 1 9 7 8 ) s u g g e s t e d t h a t t h e p r e s e n c e o f t r a c e 

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

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

W a l l E f f e c t s 

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

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

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

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

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

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

t h e r e a c t o r S / V r a t i o . S o m e a u t h o r s h a v e s u g g e s t e d t h a t t h e w a l l , i f 

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

s i s ( V o e v o d s k y , 1 9 5 9 ; P o l t o r a k e t a l . , 1 9 5 9 ; S a g e r t a n d L a i d l e r , 1 9 6 3 ) . 
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K i n g , S a n d l e r a n d C h u n g ( 1 9 5 9 ) i n v e s t i g a t e d b u t a n e p y r o l y s i s t h r o u g h 

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

l e s s s t e e l a n d c h r o m i u m i r o n i n t h e t e m p e r a t u r e r a n g e 7 3 0 - 8 0 0 ° C . 

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

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

w i t h p r o f u s e c a r b o n l a y d o w n . C r y n e s a n d A l b r i g h t ( 1 9 6 9 ) i n v e s t i g a t e d 

p r o p a n e p y r o l y s i s i n t h e t e m p e r a t u r e r a n g e 6 0 0 - 7 5 0 ° C i n t u b u l a r f l o w 

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

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

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

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

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

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

b y D u n k l e m a n a n d A l b r i g h t ( 1 9 7 6 ) f o r e t h a n e p y r o l y s i s . 

B l a k e m o r e e t a l . ( 1 9 7 3 ) o b s e r v e d t h a t a t l o w c o n v e r s i o n s o f b u t a n e 

p y r o l y s i s i n t h e t e m p e r a t u r e r a n g e 5 3 0 - 6 0 0 ° C , r e s u l t s f r o m t h e i r g o l d 

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

s t a i n l e s s s t e e l v e s s e l s . P u r n e l l a n d Q u i n n ( 1 9 6 1 ) p r e t r e a t e d a p y r e x 

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

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

s i u m c h l o r i d e . P o w e r s a n d C o r c o r a n ( 1 9 7 4 ) i n t h e t e m p e r a t u r e r a n g e 

5 1 5 - 6 0 5 ° C , f o u n d t h e r a t e o f r e a c t i o n o f b u t a n e d e c o m p o s i t i o n t o b e 

i n d e p e n d e n t o f r e a c t o r p r e t r e a t m e n t w i t h n i t r i c a c i d a n d / o r o x y g e n i n a 

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

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

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

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

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

r a t i o s b u t t o d a t e , t h e e x a c t e x t e n t o f t h i s e f f e c t h a s n o t b e e n c o n f i r m e d . 
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P r a t t a n d R o g e r s ( 1 9 7 9 ) h a v e c a r r i e d o u t e x t e n s i v e t e s t i n g o n e t h a n e , 

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

d e v e l o p e d b y T a y l o r a n d c o w o r k e r s ( 1 9 6 9 ) . T h e y e f f e c t i v e l y s h o w e d t h a t 

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

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

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

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

V o e v o d s k y ( 1 9 5 9 ) p r e s e n t e d e v i d e n c e t h a t a t e n f o l d i n c r e a s e i n S / V r e d u c e d 

t h e r a t e o f p r o p a n e p y r o l y s i s a t 6 1 0 ° C i n a q u a r t z r e a c t o r . L a i d l e r e t 

a l . ( 1 9 6 2 ) s u b s t a n t i a t e d t h i s b y o b s e r v i n g a r e d u c t i o n o f 35% i n t h e 

r e a c t i o n r a t e f o r p r o p a n e a t 5 8 0 ° C a l s o i n a q u a r t z r e a c t o r . D u n k l e m a n 

a n d A l b r i g h t ( 1 9 7 6 ) i n d i c a t e d t h a t s i g n i f i c a n t d i f f e r e n c e s f o r e t h a n e 

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

b e d u e t o S / V e f f e c t s . 

P u r n e l l a n d Q u i n n ( 1 9 6 1 ) s t u d i e d t h e e f f e c t o f v a r i a t i o n o f S / V r a t i o 

f o r p y r e x g l a s s a t 5 2 7 ° C o n b u t a n e p y r o l y s i s u p t o 9% c o n v e r s i o n a n d 

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

s e r i e s o f e x p e r i m e n t s . S a g e r t a n d L a i d l e r ( 1 9 6 3 ) s t u d i e d b u t a n e p y r o l y -

s i s a t 5 2 0 - 5 9 0 ° C i n a q u a r t z r e a c t o r a n d c o n c l u d e d t h e r e a c t i o n t o b e 

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

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

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

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

M a r t i n e t a l _ . ( 1 9 6 4 ) , N i c l a u s e e t a l . ( 1 9 6 7 ) , L e a t h a r d a n d P u r n e l l 

( 1 9 6 8 ) , a n d m o r e r e c e n t l y , B l a k e m o r e e t a j _ . ( 1 9 7 3 ) h a v e a l l s h o w n t h a t 

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

i n h i b i t o r a t l a r g e S / V r a t i o s , o r a s a n a c c e l e r a t o r a t l o w S / V r a t i o s . 
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G l o b a l K i n e t i c s 

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

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

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

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

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

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

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

a s o n e . B u e k e n s a n d F r o m e n t ( 1 9 6 8 ) h a v e r e p o r t e d a n o r d e r o f 1 f o r 

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

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

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

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

c o n s t a n t a t z e r o c o n v e r s i o n . M u r a t a a n d S a i t o ( 1 9 7 5 ) o b s e r v e d s i m i l a r 

c h a r a c t e r i s t i c s f o r b u t a n e b y a s s u m i n g i t w a s f i r s t - o r d e r a t 7 0 0 ° C . 

A t e n d e n c y i n l i t e r a t u r e s u g g e s t s a t l o w t e m p e r a t u r e s ( 5 0 0 - 6 0 0 ° C ) t h e 

o r d e r f o r b u t a n e p y r o l y s i s i s 3 / 2 , s t e a d i l y d e c r e a s i n g t o w a r d s 1 a s t h e 

r e a c t i o n t e m p e r a t u r e i n c r e a s e s . F r o m e n t e t_ a j _ . ( 1 9 7 7 ) f o u n d t h e o r d e r 

t o b e 1 i n t h e t e m p e r a t u r e r a n g e 6 5 0 - 8 5 0 ° C , w h i l s t S a g e r t a n d L a i d l e r 

( 1 9 6 3 ) a n d B l a k e m o r e e t a ] _ . ( 1 9 7 3 ) d e t e r m i n e d a n o r d e r o f 3 / 2 b e t w e e n 

5 2 0 - 5 9 0 ° C . I l l e s a n d S z a l a i ( 1 9 7 9 ) o b s e r v e d t h e s a m e t r e n d b u t 

r e p o r t e d t h a t a n o r d e r o f 3 / 2 e x i s t e d a t t e m p e r a t u r e s a s h i g h a s 7 0 0 ° C 

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

I l l e s ( 1 9 6 9 ) h a d e a r l i e r o b s e r v e d t h a t i n t h e r a n g e 6 0 0 - 8 2 0 ° C t h e o v e r -

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

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

K u p p a r m a n a n d L a r s o n ( 1 9 6 2 ) r e p o r t e d a n o r d e r o f o n e b e t w e e n 4 8 0 - 5 7 0 ° C , 

i n d i r e c t c o n t r a s t t o t h e f i n d i n g s o f S a g e r t a n d L a i d l e r ( 1 9 6 3 ) w h i l e 



F r i t z e t a l _ . ( 1 9 7 7 ) r e p o r t e d a n o v e r a l l o r d e r o f 3 / 2 b e t w e e n 9 0 0 - 1 2 0 0 ° C 

i n s h o c k t u b e p y r o l y s i s o f b u t a n e . W a n g e t a l _ . ( 1 9 6 3 ) f o u n d a n o r d e r 

o f b e t w e e n 1 a n d 2 f o r t h e o v e r a l l d i s a p p e a r a n c e o f b u t a n e i n t h e r a n g e 

4 6 0 - 5 6 0 ° C . 

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

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

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

f r o m 4 0 k c a l / m o l e ( K i n g e t a l . , 1 9 5 9 ) t o 7 3 . 9 k c a l / m o l e ( P a u l a n d M a r e k , 

1 9 3 4 ) . T h i s s u g g e s t s t h a t t h e r e i s s o m e t h i n g m o r e f u n d a m e n t a l l y w r o n g 

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

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

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

( e . g . P u r n e l l a n d Q u i n n , 1 9 6 2 ; S a g e r t a n d L a i d l e r , 1 9 6 3 ) , o r a c o n t i n u o u s 

t u b u l a r f l o w r e a c t o r ( e . g . S a n d l e r a n d C h u n g , 1 9 6 2 ; B l a k e m o r e e t a l . , 

1 9 7 3 ) . T h e r e s u l t i n g n o n - i s o t h e r m a l i t y o f d a t a f r o m t u b u l a r f l o w r e a c t o r s 

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

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

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

W a t s o n ( 1 9 4 7 ) a n d u s e d , f o r e x a m p l e , b y B u e k e n s a n d F r o m e n t ( 1 9 6 8 ) . T h e 

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

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

a s t h e a c t u a l r e a c t o r v o l u m e . E i s e n b e r g a n d B l i s s ( 1 9 6 6 ) u s e d a s i m i l a r 

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

e q u a l t o t h a t o f t h e a c t u a l r e a c t o r . 

S a n d l e r a n d C h u n g ( 1 9 6 1 ) h a v e h i g h l i g h t e d t h e d a n g e r s o f d e t e r m i n i n g 

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

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

t o l a r g e r a d i a l t e m p e r a t u r e d i f f e r e n t i a l s r e s u l t i n g f r o m t h e e n d o t h e r m i c 
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n a t u r e o f t h e r e a c t i o n . C a l d e r b a n k ( 1 9 5 4 ) h a s e v e n s u g g e s t e d t h a t 

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

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

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

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

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

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

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

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

F r e e R a d i c a l M e c h a n i s m s 

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

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

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

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

l a r g e l y o n t h e R i c e - H e r z f i e l d m e c h a n i s m s ( R i c e a n d H e r z f i e l d , 1 9 3 4 ) a n d 

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

p o s i t i o n i s t h a t g i v e n b y P a c e y a n d P u r n e l l ( 1 9 7 2 a ) : 

+ C H 0 * + C 0 H ' 
3 

C H ^ ' + C ^ H - j q C H 4 + C ^ H g ' 

H* + C ^ H - j q H 2 + C 4 H g * 
4 1 0 2 

C 4Hg ^^Hg + CH3 
4 9 

C^Hg* C 2 H 4 + C 2H^' 
4 9 

C o N r * C/5H/1 + H * 
2 4 

2C 2H 5* + C 4 H 1 q 
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O f t e n t h e r e h a s b e e n d i s a g r e e m e n t a m o n g w o r k e r s a s t o t h e s i g n i f i c a n c e 

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

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

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

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

f o r a n y o f t h e m . 

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

s t e m m e d f r o m t h e f o l l o w i n g ( A l l a r a a n d E d e l s o n , 1 9 7 5 ) : 

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

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

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

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

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

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

m o l e c u l e s . 

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

r a n g i n g i n s i z e f r o m 1 8 ( W a n g e t_ a l _ . , 1 9 6 3 ) u p t o 5 0 0 ( A l l a r a a n d 

E d e l s o n , 1 9 7 5 ) . 

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

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

b e m a t h e m a t i c a l l y d e r i v e d a s N s i m u l t a n e o u s c o u p l e d a n d n o n - l i n e a r 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 ( S u n d a r a m a n d F r o m e n t , 1 9 7 8 a ) . T h e c o u p l i n g a n d 

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

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

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

1 0 " 3 s e c " 1 f o r i n i t i a t i o n , 1 0 1 0 s e c " 1 f o r d e c o m p o s i t i o n ) m e a n t h a t t o 

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

c l a s s e d " s t i f f " . 

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

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

i n t e g r a t i o n m e t h o d s ( S e i n f e l d e t c f [ . , 1 9 7 0 ; G e a r , 1 9 7 1 ; S e n a a n d 

K e r s h e n b a u m , 1 9 7 5 ; A i k e n a n d L a p i d u s , 1 9 7 5 ) . B y f a r t h e m o s t e f f i c i e n t 

a n d p o p u l a r m e t h o d i s t h e o n e p r o p o s e d b y G e a r ( 1 9 7 1 ) w h i c h c a n b e u s e d 

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

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

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

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

T h e S t e a d y S t a t e A p p r o x i m a t i o n f o r p y r o l y t i c s y s t e m s w a s f i r s t p r o p o s e d 

b y S n o w ( 1 9 6 6 ) i n t h e k i n e t i c m o d e l l i n g o f e t h a n e p y r o l y s i s . S i n c e t h e 

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

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

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

a n d a r e t h u s a p p r o x i m a t e d t o b e z e r o . I n t h i s w a y , t h e " s t i f f n e s s " i s 

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

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

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

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

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

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

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

E d e l s o n , 1 9 7 5 ; S u n d a r a m a n d F r o m e n t , 1 9 7 8 a ) , p a r t i c u l a r l y i n t h e e a r l y 

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

H o w e v e r , s e v e r a l a u t h o r s h a v e e n d o r s e d i t s u s e ( W a n g £ t a l _ . , 1 9 6 3 ; D e n t e 
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et a K , 1 9 7 9 ) , w h i l e s o m e h a v e u s e d i t w i t h o u t e v e n c o m m e n t i n g o n i t s 

v a l i d i t y ( P a c e y a n d P u r n e l l , 1 9 7 2 b ; I l l £ s a n d S z a l a i , 1 9 7 9 ) . 

S u n d a r a m a n d F r o m e n t ( 1 9 7 8 b ) h a v e r e c e n t l y q u e s t i o n e d t h e a c c u r a c y o f 

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

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

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

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

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

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

o f f r e e r a d i c a l k i n e t i c r a t e d a t a r e q u i r e d . S o m e w o r k e r s ( A l l a r a a n d 

E d e l s o n , 1 9 7 5 ) h a v e c h o s e n t o u s e r a t e p a r a m e t e r s a s d e t e r m i n e d f r o m 

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

d e t e r m i n e d a t t e m p e r a t u r e s s i g n i f i c a n t l y l o w e r , 2 0 - 4 5 0 ° C , t h a n t h e 

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

7 0 0 - 9 5 0 ° C . 

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

m e t e r s h a v e a s s o c i a t e d w i t h t h e m ( A l l a r a a n d S h a w , 1 9 8 0 ) , o t h e r w o r k e r s 

( H e r r i o t e j t a i j ^ . , 1 9 7 2 ; S u n d a r a m a n d F r o m e n t , 1 9 7 8 a ) h a v e u s e d s o m e a s 

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

m e n t a l r e s u l t s . S u n d a r a m a n d F r o m e n t ( 1 9 7 8 a ) u s e d t h e e q u i v a l e n t r e a c t o r 

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

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

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

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

a n d p r e d i c t e d p r o d u c t d i s t r i b u t i o n s w e r e a s g r e a t a s 1 0 0 % . 

B o t h a p p r o a c h e s h a v e b e e n c r i t i c i s e d . E d e l s o n a n d A l l a r a ( 1 9 7 3 ) o b j e c t e d 

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

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

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

I n a l a t e r p u b l i c a t i o n ( A l l a r a a n d E d e l s o n , 1 9 7 5 ) t h e y a d v o c a t e d t h e 

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

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

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

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

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

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

a n d e x p e r i m e n t a l d a t a f r o m l i t e r a t u r e i n t h e r a n g e 4 0 0 - 5 6 0 ° C . 

M o r e r e c e n t l y , E d e l s o n a n d A l l a r a 0 9 8 0 ) s u p p l e m e n t e d t h i s w o r k 

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

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

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

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

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

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

e a r l i e r r e p o r t e d ( A l l a r a a n d E d e l s o n , 1 9 7 5 ) . T h e r e a c t i o n s o f l a r g e s t 

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

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

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

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

S u n d a r a m et a j _ . ( 1 9 7 8 a ) h a v e p o i n t e d o u t t h e d i s a d v a n t a g e o f u s i n g d a t a 

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

r e p o r t e d s t u d i e s a r e l i m i t e d t o l o w t e m p e r a t u r e s a n d p r e s s u r e s . E x p e r i -

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

o v e r o n l y a s m a l l t e m p e r a t u r e r a n g e ^ 1 0 0 ° C a l t h o u g h i t i s n o t u n c o m m o n 

t o h a v e l i t t l e v a r i a t i o n o v e r l a r g e r r a n g e s o , 5 0 0 ° C ( B e n s o n , 1 9 6 8 ) . 
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P a c e y a n d P u r n e l l ( 1 9 7 2 a ) r e p o r t t h a t A r r h e n i u s p l o t s f o r a l k y l r a d i c a l -

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

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

b e t w e e n A r r h e n i u s p a r a m e t e r s m e a s u r e d a t 6 7 4 ° C a n d t h o s e o b t a i n e d a t l o w e r 

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

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

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

i n a f l o w r e a c t o r a t 6 0 0 - 7 2 0 ° C ( 1 9 7 2 b ) . 

M o l e c u l a r R e a c t i o n S c h e m e s 

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

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

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

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

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

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

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

a n d p r o p a n e ( M u r a t a a n d S a i t o , 1 9 7 5 ; V a n Damme et a l . , 1 9 7 5 ) h a d s o m a n y 

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

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

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

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

b y A n d r e w s a n d P o l l o c k ( 1 9 5 9 ) a n d S h a h ( 1 9 6 7 ) a n d w e r e u t i l i s e d p r i n c i -

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

M o r e r e c e n t l y , S u n d a r a m a n d F r o m e n t ( 1 9 7 7 ) u s e d t h i s i d e a t o m o d e l m o s t 

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

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

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

a l s o o b t a i n e d w i t h o u t a n y a d j u s t m e n t t o t h e r a t e d a t a . 
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P r e s e n t S t u d y 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B u e k e n s a n d F r o m e n t ( 1 9 6 8 ) u s e d t h i s a p p r o a c h t o c o l l e c t d a t a , a s s u m i n g 

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

b e l o w t h e f u l l y - t u r b u l e n t r a n g e g i v e n b y Re > 1 0 , 0 0 0 ( e . g . M a s s e y , 

1 9 7 0 ) . T h e r e d o e s , h o w e v e r , a p p e a r t o b e a n i n c r e a s i n g a w a r e n e s s o f 

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



- 36 -

v e r y r e c e n t p a p e r b y H a u t m a n et a j _ . ( 1 9 8 1 ) . T h e g l o b a l k i n e t i c s f o r 

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

f l o w r e a c t o r i n t h e r a n g e 1 1 1 0 - 1 2 3 5 K a n d a t m o s p h e r i c p r e s s u r e u s i n g 

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

o f t h e r e a c t o r . 

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

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

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

t h e e q u i v a l e n t v o l u m e o r t e m p e r a t u r e c o n c e p t . 

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

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

E d e l s o n a n d A l l a r a ( 1 9 8 0 ) p o i n t e d o u t t h a t b y m a k i n g n o m a t h e m a t i c a l 

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

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

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

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

e f f e c t s . B y e l i m i n a t i n g l a c k o f c o n f i d e n c e i n t h e e x p e r i m e n t a l d e s i g n , 

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

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

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

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

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

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

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

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

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

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

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

p y r o l y s i s o f b u t a n e . 



C H A P T E R 3 

E X P E R I M E N T A L A P P A R A T U S A N D PROBE D E S I G N 

3 . 1 I n t r o d u c t i o n 

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

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

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

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

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

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

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

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

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

w e r e n o n - i s o t h e r m a l . 

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

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

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

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

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

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

o f u n c e r t a i n t y . 

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

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

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

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

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

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

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

o v e r a l l e f f i c i e n t s a m p l i n g . 
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3 . 2 E x p e r i m e n t a l A p p a r a t u s 

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

( a ) R e a c t o r f e e d g a s s u p p l y a n d f l o w m e t e r i n g s y s t e m ; 

( b ) R e a c t o r a n d F u r n a c e A s s e m b l y ; 

( c ) E l e c t r i c a l m e a s u r e m e n t a n d c o n t r o l ; 

( d ) A n a l y t i c a l S y s t e m . 

P l a t e 1 s h o w s t h e g e n e r a l f e a t u r e s o f t h e e x p e r i m e n t a l s y s t e m a n d F i g . 3 . 1 

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

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

a n d c o n t r o l w a s p e r f o r m e d b y B e s h t y ( 1 9 7 8 ) i n h i s w o r k o n t h e h o m o g e n e o u s 

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

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

F i g u r e 3 . 2 s h o w s t h e m a i n d i m e n s i o n s o f t h e r e a c t o r - f u r n a c e a s s e m b l y . 

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

e l e c t r i c a l h e a t e r s , f a b r i c a t e d f r o m SWG K a n t h o l A - l w i r e . A x i a l w a l l 

t e m p e r a t u r e p r o f i l e s w e r e m e a s u r e d u s i n g 1 9 P t / P t 1 3 % Rh t h e r m o c o u p l e s , 

d i a m e t e r 0 . 3 7 5 mm, e m b e d d e d i n t o t h e r e a c t o r t u b e w a l l a x i a l l y 5 c m 

a p a r t , 5 o f w h i c h a r e u s e d a s m e a s u r e m e n t f o r t h e t e m p e r a t u r e c o n t r o l l e r s . 

C o n t r o l l e r s 1 - 4 a r e t h r e e - t e r m , w h e r e a s c o n t r o l l e r 5 i s a n o n - o f f w i t h 

a c o n s t a n t v o l t a g e s u p p l y o f 1 0 0 v o l t s . T h e o u t p u t s i g n a l s f r o m 

c o n t r o l l e r s 1 - 4 t r i g g e r a b a n k o f t h y r i s t o r s w h i c h b e c o m e c o n d u c t i v e 

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

T h e r e a c t o r t u b e i s f a b r i c a t e d f r o m s c h e d u l e 4 0 i n c o n e l 6 0 0 , 6 . 0 3 c m 

o u t e r d i a m e t e r , 5 . 2 5 c m i n n e r d i a m e t e r . T h i s i s l o c a t e d i n t h e f u r n a c e , 

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

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

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

a l u m i n a t u b e , 1 m l o n g , 7 . 5 c m o u t e r d i a m e t e r , 6 . 5 c m b o r e w i t h g r o o v e s , 

4 t u r n s p e r c m , 1 . 3 3 mm w i d e , 1 . 5 mm d e e p i n t o w h i c h t h e h e a t i n g e l e m e n t 
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PLATE 1: General Features of the Experimental Apparatus 





1 8 2 . 5 c m 

C o m p o s i t i o n P r o b e R e a c h 

4 5 c m 

R e a c t o r E x i t 

_ N J 

i 

T e m p e r a t u r e P r o b e R e a c h 

F u r n a c e , 1 1 1 c m 

5 3 c m -

4 5 c m 
— > 

• 2 6 . 5 c m - ^ 

TV. 

.TJTV. . % IIIUNIII Jis^a mtSfai | ij 

R e a c t o r 

I n l e t 

5 4 3 2 1 H e a t e r N o . 

8 2 3 . 9 2 3 . 4 2 2 . 9 1 9 . 2 L e n g h t , c m 

9 2 6 . 2 2 5 . 5 2 4 . 8 2 1 . 0 R e s i s t a n c e , ft 

. 3 1 9 4 9 2 9 1 7 6 N o . o f T u r n s 

F i g . 3 . 2 T h e R e a c t o r - F u r n a c e A s s e m b l y 
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w a s l a i d . T h i s i s i n s u l a t e d b y K a o w o o l f i b r e s d e s i g n e d t o a c h i e v e a 

s a f e f u r n a c e o u t e r c a s i n g t e m p e r a t u r e o f 6 0 - 7 0 ° C . T h e i n s u l a t i o n i s 

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

2 5 . 5 c m s q u a r e a n d 1 . 5 m h i g h a l l o w i n g 1 . 5 c m c l e a r a n c e b e t w e e n i n s u l a n t 

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

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

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

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

3 . 3 F l o w G a s S u p p l y a n d M e t e r i n g S y s t e m 

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

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

n o m i n a l l y t o b e e i t h e r 5 o r 1 0 % ( m o l e / m o l e ) b u t a n e i n n i t r o g e n . F e e d 

f l o w r a t e s w e r e n o m i n a l l y m e a s u r e d a s e i t h e r 1 0 0 c c / s e c o r 2 0 0 c c / s e c a t 

a t m o s p h e r i c p r e s s u r e a n d r o o m t e m p e r a t u r e , t a k e n t o b e 2 9 0 K . T h e b u t a n e 

f e e d s u p p l y w a s C . P . g r a d e , a p p r o x i m a t e l y 9 9 . 4 % w / w p u r e w i t h t y p i c a l 

i m p u r i t i e s , 0 . 3 % w / w i s o b u t a n e , 0 . 2 % w / w i s o p e n t a n e a n d 0 . 1 % w / w n - p e n t a n e . 

T h e n i t r o g e n w a s 9 9 . 9 % w / w p u r e w i t h i m p u r i t i e s 0 . 1 % w / w a r g o n , 1 0 p p m 

o x y g e n a n d 8 p p m m o i s t u r e . 

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

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

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

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

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

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

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

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

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

p r e s s u r e s u s e d i n t h i s s t u d y , t h i s a s s u m p t i o n i n c u r r e d a l m o s t n o e r r o r . 
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T h e f e e d l i n e w a s J " ( 0 . 6 3 5 c m ) l o w p r e s s u r e c o p p e r t u b i n g i n t r o d u c e d 

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

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

w h e n t h e f e e d i s i n t r o d u c e d a x i a l l y ( B a t t e n , 1 9 7 0 ) . 

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

u s i n g a s t a n d a r d m i x t u r e o f k n o w n c o m p o s i t i o n ( s e e S e c t i o n 3 . 4 ) . R e a c t o r 

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

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

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

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

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

3 . 4 T h e A n a l y t i c a l S y s t e m 

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

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

a f l a m e i o n i s a t i o n d e t e c t o r ( F I D ) m e a s u r e d t h e m a j o r i t y o f t h e h y d r o -

c a r b o n s w h i l s t a T a y l o r S e r v o m e x o v e n , t y p e A 0 2 2 1 , w i t h a t h e r m a l c o n -

d u c t i v i t y d e t e c t o r ( T C D ) m e a s u r e d t h e n o n - i o n i s a b l e m o l e c u l a r c o m p o n e n t s 

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

m e a s u r i n g C H 4 , C 2 H 4 , C 2 H g , C g H g , C ^ H - j q , l - C ^ H g , t r a n s - 2 - C ^ H g , c i s - 2 - C ^ H g 

1 , 3 C ^ H g , C g H g , H ^ a n d N 2 . O n l y a c e t y l e n e w a s u n m e a s u r a b l e . I n t h e 

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

T y p i c a l c h r o m a t o g r a m s a r e g i v e n i n F i g s . 3 . 3 a a n d 3 . 3 b a n d c o l u m n d e t a i l s 

a n d o p e r a t i n g c o n d i t i o n s a r e g i v e n i n T a b l e 3 . 1 . B e c a u s e o f t h e r e g u l a r 

g a u s s i a n - t y p e s h a p e s o f t h e p e a k s , p e a k h e i g h t s r a t h e r t h a n a r e a s w e r e 

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

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

m i x t u r e s b a s e d o n t h e a s s u m p t i o n t h a t p a r t i a l p r e s s u r e s w e r e d i r e c t l y 
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T A B L E 3 . 1 

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

C h r o m a t o g r a p h C o l u m n 
S a m p l e L o o p 

S i z e ( c m 3 ) 
O p e r a t i n g C o n d i t i o n s 

C o m p o n e n t s 

M e a s u r e d 

P y e U n i c a m F I D 

P y e U n i c a m F I D 

T a y l o r S e r v o m e x 

AO 2 2 1 o v e n + 

B r i d g e c o n t r o l 

u n i t t y p e G C 1 9 7 

+ M i c r o - K a t h a -

r o m e t e r M K . 1 5 8 

A s a b o v e 

A s a b o v e 

9 m x I " OD 

17% S e b a c o n i t r i l e 

/ C h r o m o s o r b 

PAW 7 0 / 8 0 

2 m x i " OD 

C h r o m o s o r b 1 0 2 

8 0 / 1 0 0 m e s h s i z e 

2 m x i " OD 

P o r a p a k Q 

2 m x i " OD 

P o r a p a k Q 

2 m x T OD 

P o r a p a k Q 

M 3 . 0 3 

M O . 0 3 

2.0 

2.0 

2.0 

O v e n t e m p e r a t u r e = 5 0 C ; P r e s s u r e d r o p = 5 0 p s i ; 

F l o w r a t e t h r o u g h c o l u m n = 1 . 0 1 / h r ; C a r r i e r g a s 

= n i t r o g e n ; D e t e c t o r h e a d t e m p e r a t u r e = 1 0 0 ° C ; 

I n j e c t o r t e m p e r a t u r e = 1 0 0 ° C ; A i r / h y d r o g e n 

r a t i o = 3 . 

O v e n t e m p e r a t u r e = 5 0 ° C ; P r e s s u r e d r o p = 5 0 p s i ; 

F l o w r a t e t h r o u g h c o l u m n = 5 . 7 1 / h r ; C a r r i e r g a s 

= n i t r o g e n . 

O v e n t e m p e r a t u r e = 3 0 ° C ; P r e s s u r e d r o p = 1 5 p s i ; 

F l o w r a t e t h r o u g h c o l u m n = 2 . 9 1 / h r ( R e f e r e n c e 

c o l u m n f l o w r a t e = 1 . 8 1 / h r ) ; C a r r i e r g a s = 

n i t r o g e n ; B r i d g e s e n s i t i v i t y = 4 . 5 v ; D e t e c t o r 

h e a d t e m p e r a t u r e = 1 0 0 ° C . 

O v e n t e m p e r a t u r e = 1 5 0 ° C ; P r e s s u r e d r o p = 2 0 p s i 

F l o w r a t e t h r o u g h c o l u m n = 4 . 7 1 / h r ( R e f e r e n c e 

c o l u m n f l o w r a t e = 2 . 9 1 / h r ) ; C a r r i e r g a s = 

h y d r o g e n ; B r i d g e s e n s i t i v i t y = 6 . 5 v ; D e t e c t o r 

h e a d t e m p e r a t u r e = 1 0 0 ° C . 

O v e n t e m p e r a t u r e = 3 0 ° C ; P r e s s u r e d r o p = 2 0 p s i ; 

F l o w r a t e t h r o u g h c o l u m n = 8 . 1 1 / h r ( R e f e r e n c e 

c o l u m n f l o w r a t e = 5 . 2 1 / h r ) ; C a r r i e r g a s = 

h y d r o g e n ; B r i d g e s e n s i t i v i t y = 6 . 5 v ; D e t e c t o r 

h e a d t e m p e r a t u r e = 1 0 0 ° C . 

C h r o m o s o r b 1 0 2 c o l u m n i n r e f e r e n c e p o s i t i o n f o r s e b a c o n i t r i l e c o l u m n 

C H / u c 3 h 8 > c 3 h 6 

C 4 H i o , 1 - C 4 H Q 

trans-2-C4H 8, 
ci S-2-C4H5, 
1 , 3 C 4 H 6 

C 2 H 4 > C 2 H 6 s C 3 H 6 

h 3 , c h 4 

C 4 H 1 0 ' N 2 

CH 4 , N 2 
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p r o p o r t i o n a l t o t h e i n d i v i d u a l g a s f l o w r a t e s . D e t a i l s o f t h e c a l i b r a t i o n 

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

e l u t i o n t i m e s f r o m t h e c o l u m n s i n t h e F I D c h r o m a t o g r a p h m e a n t o n e c o m p -

l e t e m e a s u r e m e n t t o o k a b o u t 4 0 m i n u t e s . T h e m a j o r d e l a y w a s t h e e l u t i o n 

o f C ^ H - j q f r o m t h e c h r o m o s o r b 1 0 2 c o l u m n . T h i s r e s t r i c t e d t h e n u m b e r o f 

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

3 . 5 E r r o r A n a l y s i s o f t h e C o m p o s i t i o n M e a s u r e m e n t 

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

p e r i o d o f a r u n , a u t o c o v a r i a n c e f u n c t i o n s ( e . g . s e e P a p o u l i s , 1 9 6 5 ) w e r e 

e s t i m a t e d f o r t h e f e e d n o i s e ( n i t r o g e n / b u t a n e ) a n d f o r t h e b u t a n e / m e t h a n e 

n o i s e a t 7 0 0 ° C , 7 p s i g a n d c o n v e r s i o n , <j> ^ 3 2 % , a n d a r e s h o w n i n F i g s . 

3 . 4 a a n d 3 . 4 b . T h e p l o t s s h o w a s a t i s f a c t o r y l a c k o f c o r r e l a t i o n b e t w e e n 

s a m p l e s t h r o u g h o u t t h e s a m p l i n g p e r i o d ^ 6 h o u r s . A d r i f t i n 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 w o u l d h a v e b e e n r e f l e c t e d i n t h e s e p l o t s , s e e A p p e n d i x 

I I I . 

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

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

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

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

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

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

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

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

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

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

T a b l e 3 . 2 g i v e s r e s u l t s f o r a n a n a l y s i s o f a c c u r a c y o n t h e s i x m a j o r 

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

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



3 . 4 a B u t a n e / M e t h a n e r e s / d u a l s 

N o m i n a l R e a c t o r T e m p e r a t u r e = 7 0 0 ° C 

A x i a l C e n t r e l i n e S a m p l i n g P o s i t i o n 

= 1 0 2 c m f r o m R e a c t o r I n l e t . 

Re i n I s o t h e r m a l R e g i o n ^ 8 0 

T i m e L a g , x 

— = 1 0 m i n s 

3.4b N i t r o g e n / B u t a n e • residuals 
( F e e d t o R e a c t o r ) 

-pi 
00 

T i m e L a g , x 

= 1 0 m i n s 

F i g . 3 . 4 A u t o c o v a r i a n c e F u n c t i o n s 



T A B L E 3 . 2 

E r r o r A n a l y s i s f o r C o m p o s i t i o n M e a s u r e m e n t 

C 4 H 1 0 

C 3 H 6 

C H 4 

C 3 H 6 

C 2 H 4 

C 3 H 6 

C 2 H 6 

C 3 H 6 

H 2 

C H 4 
R e s u l t i n g C h a n g e i n C o m p o s i t i o n ( % ) 

r N o r m a l i s e d 9 5 % C o n f i d e n c e 

L i m i t s o f S a m p l e M e a n 
LOW C O N V E R S I O N , <f> ^ 2 6 % 

± 5 . 2 % ± 4 . 1 % ± 2 . 0 % ± 5 . 8 % ± 3 . 7 % C H 4 C 3 H 6 C 4 H 1 0 
C 2 H 6 C 2 H 6 H 2 

E r r o r T e s t 1 4 . 0 - 3 . 0 1 . 0 - 2 . 0 2 . 5 - 4 . 8 - 1 . 8 2 . 0 - 0 . 8 - 3 . 9 - 2 . 4 

E r r o r T e s t 2 - 4 . 0 4 . 0 - 1 . 0 - 2 . 0 - 2 . 0 5 . 9 1 . 9 - 2 . 2 0 . 9 - 0 . 3 3 . 8 

E r r o r T e s t 3 2 . 0 - 1 . 0 - 2 . 0 2 . 5 - 1 . 0 - 1 . 7 - 0 . 7 1 . 3 - 2 . 7 1 . 7 - 2 . 7 

H I G H C O N V E R S I O N , <j> n, 7 2 % 

E r r o r T e s t 1 4 . 0 - 3 . 0 1 . 0 - 2 . 0 2 . 5 - 2 . 8 0 . 2 4 . 2 1 . 2 1 . 9 - 0 . 4 

E r r o r T e s t 2 ; - 4 . 0 4 . 0 - 1 . 0 - 2 . 0 - 2 . 0 - 1 . 3 2 . 8 - 1 . 4 1 . 7 0 . 7 - 3 . 3 

E r r o r T e s t 3 2 . 0 - 1 . 0 - 2 . 0 2 . 5 - 1 . 0 - 0 . 3 0 . 8 2 . 8 - 1 . 3 3 . 2 - 1 . 3 



- 50 -

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

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

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

a p p e a r s m o s t c o m p o s i t i o n s a r e a c c u r a t e t o w i t h i n ± 5 % r e l a t i v e t o t h e 

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

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

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

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

n a t u r e . 

V a r i a t i o n i n f e e d c o m p o s i t i o n w a s o f t h e o r d e r ± 6 % r e l a t i v e (95% c o n f i -

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

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

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

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

m i x i n g b e t w e e n t h e t w o f e e d c o m p o n e n t s d e c r e a s e d o n l y m a r g i n a l l y ( ± 5 . 2 % 

r e l a t i v e ) t h e s c a t t e r o f t h e m e a s u r e m e n t v a r i a t i o n ( s e e A p p e n d i x I I I ) . 

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

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

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

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

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

w i t h d r a w n . 

3 . 6 D e s i g n o f t h e P r o b e s 

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

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

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

p e r a t u r e a n d c o m p o s i t i o n f r o m o n e p r o b e w o u l d h a v e b e e n h i g h l y d e s i r a b l e , 
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but Beshty (1978) has shown the enormous design limitations this 

would have presented. Emphasis was placed on designing separate probes 

for measurement of temperature and composition. The low axial gas velo-

cities used in this system meant no adequate velocity probe could be 

designed. 

For both the temperature and composition probes a number of errors are 

incurred during measurement. Specifically for temperature measurements, 

corrections due to convection, radiation and conduction are necessary. 

The errors of gas sampling are more complex and a simplified mathematical 

model was used to estimate the errors and assist in the final design of 

the probe. 

There is strong motivation to sample axial composition profiles from 

just one radial position, most conveniently the centreline. Then comp-

lexity of data collection is reduced considerably. Design, therefore, 

of the measuring probes was based on sampling from the centreline. 

3.7 The Temperature Probe 

The most direct method of temperature measurement is by thermocouple. 

Then the principal errors would be the increase in recorded temperature 

due to radiation effects from the reactor tube wall. Disturbance to 

the thermal field and gas flow around the probe tip would be insignifi-

cant providing the diameter of the probe was small compared to the reactor 

di ameter. 

A minerally-insulated nickel chromium/nickel aluminium thermocouple with 

a 3 mm O.D. outer inconel sheath was supplied by Stanton Redcroft Ltd. 

where the couple tip was shielded, but electrically insulated, by the 

sheath for physical protection. The probe was supported by an outer 

tube, O.D., constructed from seamless 321 stainless steel which ended 
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a significant distance, 10 cm, from the probe tip to avoid thermal 

disturbance. The probe was capable of being inserted 135 cm into the 

reactor through the mechanism at the base of the reactor. 

There are numerous reviews in literature (e.g. Bradley and Matthews, 

1968) covering the problem of radiation from the tube wall but deal 

mainly with thermocouples exposed to the gas flow, although the heat 

transfer principles here remain unchanged. An energy balance around 

the tip shows the true gas temperature, Tg, to be expressed by 

£0 T 4 

T g = V ^ (1 - (T s/T w)
4) ( 3 . 1 ) 

where: T s is the indicated thermocouple temperature (K) 

T w is the wall temperature (K) 

e is the emissivity of inconel 

a c is the Stefan's constant = 5.75 x 10" 8 (W/m 2 K 4) 

h is the heat transfer coefficient between the thermocouple tip 

p 
and process gas (W/m K) 

The conduction term is considered zero since the temperature gradient 

along the probe near the probe tip is zero, principally because of the 

high external thermal conductivity, small thermal capacitance of the 

probe tip and the large portion of probe immersed within the furnace. 

Typical calculations and derivation of equation (3.1) are given in 

Appendix IV. 

3.8 Temperature Zones in the Reactor 

The design feature to attain an isothermal gas region was verified con-

clusively using the temperature probe. Beshty's intensive measurements 

revealed an isothermal region, axially and radially, within a section 

of the reactor. These results were reproduced during this study and 

Figs. 3.5a and 3.5b show a typical axial and radial profile within the 

isothermal region. 
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Preliminary experiments showed isothermal gas regions to be of length 

^ 36 cm, in which measured temperatures varied normally by less than 

Continuous centreline gas measurements throughout the time of a 

typical run showed local temperature variation to be less than ±1°C. 

This correlates well with the results for drifting in composition 

during the period of an experimental run. 

3.9 The Gas Sampling Probe 

It was important during sampling that a representative gas sample could 

be withdrawn from the reactor with a known disturbance. With so many 

degrees of freedom on the design variables, e.g. reactor pressure, probe 

material and probe dimensions, emphasis was placed not on optimising the 

sampling procedure, but on designing a probe which gave an error much 

s m a l l e r than any o t h e r i n h e r e n t e r r o r s i n the sampl ing a n a l y s i s , 

notably the composition measurement error. 

Preliminary investigation showed basically three sources of potential 

major disturbance: aerodynamic effects exist because the presence of 

the probe disturbs the aerodynamic flow at and around the probe tip. 

Distortion introduced by the sample withdrawal has been discussed by 

Rosen (1954) using a disc sink model. The theoretical analysis revealed 

an expression for the fractional flow distortion, f, that is the ratio 

of radial velocity of the fluid elements to the nominal gas velocity, 

u , as a function of the distance perpendicular to the sink and the 
CO 

sampling rate, a 1 

a' = - S — (3.2) 
, r c u . 

where: Q is the volumetric sampling flowrate 

rc is the radius of the probe capillary 

Secondly, the probe represents a heat sink which would disturb the flow 

and temperature fields especially near the probe tip. The degree of 
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thermal effect depends primarily-upon the design features of the 

probe. Finally, there is reaction occurring in the capillary since the 

surface of the capillary represents an interference with the sample 

through its heterogeneous catalytic effect, negligible before the gas 

enters the probe. In addition, insufficient cooling of the sample would 

mean continuation of homogeneous reaction even after the gas has been 

sampled, an error which must not be overlooked. In fact, quenching of 

the reaction mixture is the most important single requirement if the 

probe is to obtain a meaningful sample. 

3.10 Established Sampling Techniques 

Most work done on gas sampling has been associated with flames (Fristrom 

and Westenberg, 1965). Two of the common techniques were re-examined 

with a view to their effectiveness in sampling from this reactor system. 

I§2!siD§T.l9_§§D!PllD9 occurs when the gas is removed without any increase 

in its velocity thus ensuring no aerodynamic disturbance to the flow 

field apart from the actual presence of the probe. Quenching is 

achieved by use of a coolant, normally water, when sampling from flames. 

This method proved totally unacceptable because the low axial velocities 

in this study 0.2 m/s) would demand a very efficient cooling system, 

which quenched the sample immediately upon entering the probe capillary. 

Such a probe would prove difficult to design without introducing serious 

thermal effects on the surrounding flow field. 

Aerodynamic_Samp]inq requires the use of a critical flow probe where 

efficient sampling depends on maintaining supersonic flow downstream 

of a converging-diverging nozzle situated at the capillary tip. In this 

way pressure and temperature profiles along the sample line continue to 

drop and the sample composition effectively freezes. The main principal 

behind the quenching is the decrease in sensible heat energy, hence the 

gas temperature, to accommodate the corresponding increase in sample 

gas kinetic energy. 



Preliminary calculations showed no possibility of maintaining super-

sonic flow downstream of the nozzle for typical L/D ratios necessary 

for the probe design (Shapiro, 1954). An enthalpy balance around the 

nozzle showed subsonic flow would not achieve the necessary cooling 

to quench the sample. For example, a capillary velocity of 40 m/sec 

would drop the sample temperature by only 1°C. At these velocities 

to ensure small aerodynamic disturbance, a very small capillary diameter 

would be necessary 0.2 mm). The problems associated with such an 

idea, e.g. available pressure drop, insufficient quenching, clearly 

showed the idea of aerodynamic sampling alone to be inadequate. 

3.11 Construction of the Test Probes 

The investigation showed that individually, neither technique could 

provide a design readily acceptable for sampling from this system and 

a compromise design was necessary. For a fixed sample flowrate reducing 

the sample capillary diameter reduces the residence time and hence any 

chemical reaction of the fluid elements within the probe, with or 

without a cooling medium. The pressure drop through the capillary could 

provide a control on the sampling flowrate and hence the correspond!"ng 

aerodynamic disturbance. Subsequent construction of several probes 

was therefore based around trying to minimise the inner capillary dia-

meter whilst being capable of withdrawing samples over a typical experi-

mental time period without blockage due to carbon buildup. The results 

are summarised in Table 3.3 and details of the probe construction are 

given in Fig. 3.6. 

The minimum I.D. for the capillary without danger of blockage during 

sampling due to carbon laydown appeared to be ^0.6 mm. The carbon is 

produced mainly by the heterogeneous catalytic effect of the capillary 

wall. Construction of a nozzle in probe I clearly demonstrated the 

impossibility of using such a design due to immediate blockage of the 



TABLE 3.3 

Construction and Testing of the Gas Sampling Probe 

dl* 
(mm ) 

d 2 

(mm) 

d 3 
(mm) 

d 4 

(mm) 

d5 
(mm) 

d6 
(mm) 

Probe 
Length 
(cm) 

Material of 
Constructi on Reactor Conditions DetaiIs 

PROBE I 0.38 0.80 3.50 4.00 5.33 6.35 139.2 
321 

(Seamless) 
Stainless 

Steel 

Wall temperature 
= 700°C. 
Reactor pressure 
= 7 p s i g 

Convergi ng-di vergi ng 
nozzle ^0.2 mm diameter 
constructed at probe 
tip. Repeated block-
age of capillary after 
^2 minutes operation. 

PROBE II 0.38 0.80 3.50 4.00 5.33 6.35 139.2 

321 
(Seamless) 
Stainless 

Steel 

Feed composition 
= 10% molar 
butane in 
ni trogen 

No nozzle. Repeated 
blockage of capillary 
after 2-3 hours opera-
tion. 

PROBE III 0.55 1 .02 2.69 3.51 4.52 6.35 139.2 

321 
(Seamless) 
Stai nless 

Steel 

Feed flowrate 
(1 atm, 300 K) = 
100 cm3/sec 
(Re n, 80). Centre-
line sampling 
position = 102 cm 
from reactor inlet 

No blockage after maxi-
mum period of test <̂6 
hours. Test repeatable. 

For nomenclature, see Fig. 3.6. 
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capillary. The enhanced laydown appears to correlate well with the 

results from Beshty (1978) who discovered local turbulence creates 

greater opportunity for heterogeneous reaction because of increased 

mass transfer near the wall. 

Inner capillaries constructed of less catalytically active materials 

were considered. Such material as quartz, known to have little cata-

lytic activity, was discounted because of its fragility and hence 

unsuitability for probes of this length. 

3.12 Modelling the Sampling Probe 

Details were confirmed after developing a model to describe the probe's 

behaviour when the capillary was surrounded by a stream of nitrogen gas 

coolant. 

One of the advantages of using a gas rather than a liquid, such as water, 

is immediately apparent. Since gases are not restricted by a temperature 

limitation and because the mass flowrate and hence thermal capacitance 

of the coolant is proportionately much smaller than for a liquid, the 

thermal effect of cooling on the temperature field around the probe tip 

can be considerably reduced. A second, perhaps less obvious, advantage 

is the larger heat transfer between gas sample and coolant than between 

coolant and reactor system. The typical correlation for flow conditions 

in the probe (Shah and London, 1978) clearly shows the near hyperbolic 

relationship between heat transfer coefficient, h, and diameter, D 

h 

v 
(3.3) 

where: C^ is the specific heat capacity (J/kg K) 

o 

G is the mass velocity (kg/rrr s) 

K is the thermal conductivity (W/mK) 
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A series of mass, energy and momentum balances on the probe (see 

Fig. 3.6) lead to seven ordinary differential equations constituting 

a two-point boundary value problem, solvable by simultaneous estimation 

of three of the model variables. Instabilities frequently encountered 

with use of the "shooting method" (e.g. Carnahan et aj_.> 1969) and the 

simplicity of the model led to a simplification to the equations such that 

sequential iteration could be used to solve the model equations. The 

series of assumptions discussed in Appendix V led to the following 

differential balances. 

dT ] h 0 2Trd 3A 1(T 1-T 2) 
e n e n ^ y = ^ 

d t 2 h 0 1 - d 5 a 2 ( y t
2 > h q 2 , d 3 a 2 ( t r t 2 ) 

^ G 2 Cp + G 2 Cp 

dT c h 0 3 , d 1 A c ( T ] - T c ) 

d£ G^ C 
c p 

dP ] G 1
2C f7r(d 3+d 2) 

~dT = 2p i A-| ( 3 ' 4 > 

dP2 -G 2
2C fTT(d5+d4) 

" d F " 2p2A2 

dP -2Cx-G 2 

c t c 
d£ p „d c ul 

dF 

^ "dF k b C b A c 

where: hp denotes overall heat transfer coefficient. Individual coef-

ficients were calculated using eon. (3.3) with the hydraulic 

diameter substituted for the diameter when relevant 

F is the flowrate of butane through the capillary 

Cf is the friction factor 

p is the density 

Boundary Conditions 0 £ = 0 (Probe Tip) T-j = T 2 , P-| = P 2 

@ £ = L p (Probe End) P c - P 2 = 1 atm, T ] = 300 K 



- 61 -

The model generates a temperature profile to which the sample elements 

are subjected as they pass down the capillary from the reactor space. 

In this way the amount of reaction which occurs within the capillary 

can be estimated. 

3.13 Sampling Errors in the Model 

One of the difficulties was the characterisation of each disturbance 

such that each error could be directly compared. Individual studies 

showed that the thermal effect, even with a cooling medium, was much 

smaller than the other two effects. The study revealed that thermal 

influences due to cooling were propagated upstream of the probe tip so 

littleastebe virtually undetectable. For example, at a nominal gas 

temperature of 700°C, a temperature difference between the coolant gas 

and unaffected process gas of 50°C depressed the process gas temperature 

by only 1°C a distance 1.5 mm from the probe tip. The thermal influence 

of the probe itself would tend to be a small and constant effect, pro-

ducing no significant disturbance on the sampling procedure. The remai-

ning aerodynamic and chemical reaction errors were represented as posi-

tional errors in the assumed sampling point. 

Specifying a point upstream of the probe tip where there is little dis-

turbance the positional error in the assumed sampling part due to aero-

dynamic effects could be estimated by evaluating the residence time of 
ro 

all the elements which pass into the probe upon sampling. The accuracy 

of the model did not necessitate work of this complexity and an alter-

native, less accurate, but still satisfactory strategy was employed; 

the residence time of elements flowing along the axis of the probe from 

the point of little disturbance to the probe tip was calculated and taken 

to represent the mean residence time of all the elements flowing into 

the capillary. Rosen (1954) showed that the residence time, T, of the 

probe axis elements is given by 
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(3.5) T 

where A is a dummy variable of integration and the value x is related 

to the fractional flow distortion, f, by 

Effective axial error due to chemical reaction in the capillary is theo-

retically more amenable. The degree of reaction in the probe can be 

related directly to the distance necessary for the gases in the undis-

turbed flow field, experiencing nominal reactor operating conditions to 

travel to achieve the same degree of reaction. 

3.14 Simulation Results and Discussion 

Two basic sets of simulations were performed at nominal isothermal wall 

temperatures of 700°C and 800°C. In each set, sampling was simulated 

from three different axial positions along the centreline within the 

isothermal region. A constant cooling flowrate of 100 cc/sec (1 atmos-

phere, 300 K) was used irrespective of the simulated sampling position. 

These conditions were in fact tested experimentally and close correlation 

between experimental and predicted capillary flowrates for both simu-

lations added confidence to the results (see Appendix V). 

Table 3.4 shows the principal results for the axial sampling errors as 

predicted by the model compared to typical errors, prevalent in the 

chromatographic measurement of butane. From measurements discussed 

in Section 3.5 a typical error of ±4% for the error in butane composition 

was chosen. The comparison clearly shows the simulated sampling errors 

are much smaller than the composition error. Furthermore, the aero-

dynamic axial error acts in an opposite direction to the chemical 

reaction error leading to an overall error which is smaller than the indi-

vidual errors. In addition, as sampling is from an isothermal region, 

> 10 (3.6) 



TABLE 3.4 

Principal Results From the Gas Sampling Probe Model 

Simulation 
Isothermal 

Zone 
Temperature (K) 

Simulated 
Position of 
the Sampling 
Probe Tip 

Aerodynamic Error (mm) 
Reaction Error 

(mm) 

Summation 
of Samplinq 

Errors (f = 0".05) 
(mm) 

Equi valent Axi al 
Error Due to 

Chromatograph ic 
Measurement (mm) 

Simulation 
Isothermal 

Zone 
Temperature (K) 

Simulated 
Position of 
the Sampling 
Probe Tip 

f = 0.05 f = 0.01 

Reaction Error 
(mm) 

Summation 
of Samplinq 

Errors (f = 0".05) 
(mm) 

Equi valent Axi al 
Error Due to 

Chromatograph ic 
Measurement (mm) 

973.0 

Top of the 
isothermal^ 
gas region 

1.76 2.04 1.32 0.44 

7.6 973.0 20 cm below 
the top 

2.01 2.33 0.33 1.68 7.6 973.0 

40 cm below 
the top 

2.36 2.73 0.04 2.32 

7.6 

1073.0 

Top of the 
isothermal 
gas region 

1.69 1.91 1.68 0.01 

0.9 1073.0 
20 cm below 
the top 

1.89 2.19 0.45 1 .44 0.9 1073.0 

40 cm below 
the top 

2.22 2.68 0.06 2.16 

0.9 

Assumed to be 50 cm length, situated 62.5 cm from the exit of the reactor 



the overall disturbance of the probe would effectively disappear if the 

overall error remained constant irrespective of the sampling position. 

3.15 Experimental Tests on the Sampling Probe 

Continuous measurement from the same position in the isothermal region 

under identical experimental conditions showed that measurements with 

a cooling medium had a butane/methane ratio ^2% higher than the ratio 

obtained without cooling and was further characterised by a marked 

decrease in the data scatter. 

Measurements of heater input against probe position within the reactor 

showed a sizeable thermal load on heater 5 for a nominal cooling rate 

of 100 cc/sec. This became important only for sampling in the lower 

regions of the gas isothermal zone since it suggested that for a cooling 

flowrate that large, the coolant gas temperature may be significantly 

below the reactor gas temperature. This would create a decrease in the 

previously measured value of the temperature. This conclusion was 

reflected in the axial wall temperature profile which distorted by up 

to 1 - 2°C in this region. Hence in collection of experimental data, the 

cooling flowrate was reduced to avoid such distortion. This was the 

criterion used for setting the coolant flowrate during the experimental 

runs (see Appendix XI). 

3.16 Conclusions on the Sampling Design 

The simulations and experimental tests have shown conclusively that 

representative samples can be withdrawn from the reactor. For this 

system the sampling errors appear to be much smaller than other inherent 

errors in the composition measurement, particularly the chromatographic 

analysis. 

Previously, justification for assuming negligible probe sampling errors 

has centred on varying the sampling rate and observing any trend in the 
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resulting measurements. One of the uncertainties, inducing lack of 

confidence in this method, is whether the sample composition is from a 

point or is the sum of fluxes of the various species passing through 

the sampled cross-section, since the sampling process alters the original 

gradients. It is quite probable that even variation in the sampling 

rate is unable to detect which is more likely to be occurring. Further-

more, there could be no confidence that tests under one set of reactor 

conditions could be applied to the whole range of sampling positions and 

reactor conditions used in the experiments. 

The principally theoretical approach in this study has shown categorically 

that the sampling errors are negligible for this probe design and this 

reactor system. 
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C H A P T E R 4 

ESTIMATION OF THE GLOBAL RATE CONSTANT 

4.1 Introducti on 

The primary objective of kinetically modelling the isothermal laminar 

flow region was to estimate the rate constant for the overall homogeneous 

disappearance of butane during the pyrolysis. In this Chapter, a study 

of the available models for estimation of rate constants in isothermal 

laminar flow reactors is made. The two principal models, the Radial 

Dispersion Model (RDM) and the Plug Flow Model (PFM) are compared to 

show under what conditions estimates of the rate constants from both 

models are comparable. 

4.2 Modelling the Isothermal Gas Region 

A number of models are used when interpreting data from isothermal 

laminar flow reactors. These range from simple one-dimensional models 

to more complex models incorporating the analysis in two dimensions. 

A simple model can only be applied, however, if the effects which comp-

licate the mathematical modelling have been minimised by careful design 

of the reactor. In the limiting ideal situation, experimentally collected 

kinetic data would not be influenced by the experimental apparatus, being 

free from critical factors such as heat and mass transfer effects and/or 

heterogeneous effects which occur at and near the reactor wall. 

4.3 The Radial Dispersion Model (RDM) 

The parabolic velocity profile characteristic of laminar flow creates a 

residence time distribution for fluid elements passing through the reactor. 

Since the flow should be streamlined, no mixing should occur in the radial 
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direction and strictly, only mass transfer by diffusion can provide 

effects necessary to counterbalance the concentration gradient set up 

by the residence time distribution. The resulting radial gradient will 

be governed by the balance between the speed of reaction and the effec-

tiveness of the diffusive properties of the reacting mixture. 

Under conditions of steady state, axial symmetry and convective flow in 

the axial direction and assuming negligible axial dispersion, the diffe-

rential equation for a first-order homogeneous chemical reaction in 

dimensionless form is given by 

* * - (1-R 2 ) ^ + a) 

9Z 

p * * 3 C + 1 3C 
* p T * * 3R R 3R 

- 3C* = 0 (4.1) 

* p 

where: R = -5— 
R o 

* r 

C 

8 l d r 

a) = — = a6 where a = r\ U. (J V* I I t. I G U, r\ 
v k r „ 

0 0 0 

Boundary Conditions 

k 
3 f * * 

= 0 R 0 , 1 Z > 0 
3R 

C = 1 0 £ R ' £ 1 Z = 0 

The velocity, v(R) has been replaced by the analytical solution for 

laminar flow. No readily available solution can be determined for 

equation (4.1). Lauwerier (1959) reduced the system to an eigenvalue 

problem determining an orthogonal set of eigenfunctions. The simplicity 

and directness of a numerical solution outweighs any advantage of this 

type of analytical representation and equation (4.1) is normally solved 

numeri cally. 
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4.4 The Axial Dispersion Model 

The axial dispersion model is a step down in complexity from the radial 

dispersion model. The one-dimensional approach replaces the superimposed 

radial dispersion by an effective axial dispersion and for a first-order 

homogeneous reaction is expressed by 

2 * * 
1 d C dC n 

p- - —Tf - 3C = 0 (4.2) 
K e dZ L dZ 

where: Pe = 
A 

Boundary Conditions (Danckwerts, 1953) 

* 
•k 

1 = c*(0) - z = o 
K e dZ 

8 c 0 = ^ z = 1 
8 z 

Taylor (1953) first proposed this model for non-reactive systems and many 

workers (e.g. Vignes and Trambouze, 1962; Wan and Ziegler, 1970; Nigam and 

Nigam, 1980) have studied the applicability of using the axial dispersion 

idea to model laminar flow reactor systems. If necessary care is taken 

the axial dispersion model can be used to represent the two-dimensional 

RDM with a reasonable degree of accuracy. 

4.5 The Plug Flow Model 

This, of course, is the simplest one-dimensional model in common use for 

characterising isothermal laminar flow reactors. The total absence of 

radial concentration and temperature profiles implies each reacting 

element of fluid undergoes the same conditions whilst passing through 

the reactor, even with an imposed radial velocity profile. Both the axial 

dispersion and plug flow models are deliberate approximations to con-

ditions in the reactor, in an attempt to reduce the complexity of the 

modelling. For both models, a bulk axial concentration, C R , is used to 
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represent any variation of concentration in the radial direction, given 

in dimension less form by 

1 q k k 

C R = 4 / R (1 - R )C dR (4.3) 
d 0 

In addition, the residence time of the reacting fluid elements is taken 

as the mean value for flow with a parabolic velocity profile, giving a 

mean axial velocity one half of the centreline velocity. Under this 

assumption the analytical solution for plug flow with a reaction A nB 

for a laminar flow reactor is given as 

n+s' , 
1+? l n + M r M = - ^ Z (4.4) 

where: 6 = dilution ratio = 
at Z* = 0 

Inert Flow moles/sec] 
Reactant Flow (moles/sec) * 

Z = 0 

In this study, 6 is of the order 10 and equation (4.4) simplifies to 

C B • y • e " 2 6 Z * (4.5) 

Any error in this simplification will give a constant bias in the pre-

exponential factor for the rate constant but should not affect evaluation 

of the activation energy. 

4.6 Rate Constant Estimation 

A typical set of data from the experimental system will consist of a set 

of gas compositions as a function of axial position measured at the 

centreline over an isothermal region of the reactor. 

When there are no radial concentration gradients the data can be convenien 

analysed by the straightforward treatment for an isothermal plug flow 

reactor using equation (4.5). 

However, the radial composition will generally vary because of the dis-

tribution of residence times. The size of this variation will depend on 
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the relative restoring effect created by the dispersive nature of the 

reactant against the disruptive effect created by the speed at which 

the reaction proceeds. 

In the cases where this effect is noticeable, it would be more accurate 

to use the RDM. Clearly, though, if the dispersive properties of the 

reacting components are so great that the radial gradients tend to zero, 

the more convenient use of the plug flow model would facilitate the esti-

mation of the rate constant. To justify this simplification it is vital 

to determine the error introduced by such an operation. 

Previously, justification for plug flow has come by comparing the axial 

bulk concentration profiles which are produced for limiting values of 

a = gu/3, where oj is the dimensionless radial diffusivity and 3, the 

dimensionless first-order homogeneous Damkbhler number, both defined in 

equation (4.1). Cleland and Wilhelm (1956), in particular, have compared 

the plug flow profile where a 00, to the numerical solution to equation 

(4.1) for values of a f- ». In conclusion they stated that the bulk 

concentration profiles differ appreciably only when 3 becomes large or 

alternatively, when a is low, and set a criterion for acceptable use of 

plug flow as 

<D = ct3 > 1 (4.6) 

Equation (4.6) carried the implicit assumption that 3 remained low enough 

such that the criterion did not fail, although no limit for 3 was sug-

gested. 

More recently, Chandrasekharan and Calderbank (1980) used a similar 

approach to simplify the model from two dimensions to one dimension for 

rate constant estimation from an isothermal tube-wall-catalytic reactor 

with laminar flow. Common with both examples is the idea that justifica-



- 71 -

tion for model reduction can be derived from comparison of concentration 

profiles from the two models under review. 

Although useful for design purposes, this approach is not adequate for 

the inverse problem of parameter estimation. No account is taken of 

estimate sensitivity to data corrupted with noise inherent in measurement 

from any experimental system. The more correct procedure is to compare 

estimation capabilities, particularly for the dimensionless rate constant 

3, of both plug flow and the RDM from the same experimental data. 

4.7 Simulation of Composition Data 

In order to justify use of plug flow to estimate the rate constant, an 

analysis has been performed, characterising the reactor behaviour with 

the RDM. 

In a typical system, data analysis is corrupted by three main sources of 

error: 

(a) Measurement error; 

(b) Process error; 

(c) Model error. 

Measurement error was assumed larger than the other sources and accordingly, 

simulated data was generated by substitution of fixed values of a and 3 

into equation (4.1) which was solved numerically using the implicit 

Crank-Nicholson finite difference method. Solution to the finite dif-

ference equations was achieved by Thomas's Method (e.g. Roach, 1972), 

a special form of Gaussian Elimination (see Appendix VI). 

Addition of a normally distributed random number, f, to the centreline 

data points provided pseudo-experimental data, similar to that reported 

by Beshty (1978) from fixed axial points along the reactor centreline. 
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The discussion in Chapter 3 on composition measurement error (see 

Section 3.5) suggests that the assumption of little process noise is 

reasonable. Negligible drift as determined by the autocovariance 

function (see Fig. 3.4) suggested little low frequency process noise 

and analysis on the accuracy of point compositions revealed a limited 

degree of higher frequency process noise, even more so because the com-

position variation encompassed both sampling and measurement uncertainties 

as well as those due to process noise. Zero model error implies the 

RDM describes deterministically the conditions in the isothermal region, 

assuming zero process noise. This is unlikely to be totally true since 

the dispersion coefficient will change at different points in the reactor 

due to such intrinsic factors as variation in reactant concentration. 

Application of random noise to the first data point merits discussion. 

In a typical kinetic experiment, the composition of the feed is known 

with much greater accuracy than that at other points within the reactor, 

and hence should not be subjected to perturbation by noise. However, 

in flow reactors for pyrolysis mechanisms, significant amounts of reaction 

may occur in the preheat section of the reactor, upstream of the isothermal 

zone. Hence the composition at the first data point is known with no 

more accuracy than all the other points and must therefore be treated 

1i kewi se. 

4.8 Parameter Re-estimation 

For data obtained from a single simulated experimental run, in which the 

overall reaction was assumed to be first-order, three approaches were 

used to estimate the unknown rate constant, incorporated in 6: 

(i) The parameter, w , is calculated a priori by equating the radial 

diffusivity to the molecular diffusivity. The rate constant, 3, can then 
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be found by non-linear least squares regression techniques using the RDM 

with this value of w substituted into the model. 

(ii) Alternatively, it can be assumed the radial diffusivity is 

infinitely larger than the reaction effect and thus assumed that a 

equivalent to perfect radial mixing. Then the parameter, 6, can be 

estimated from the data using the plug flow model, either by linear or 

non-linear regression. 

(iii) A third approach is to simultaneously estimate a and b using the 

RDM as regression model. This method provides an idea of the degree of 

correlation between simultaneous estimates of a and 3. Of course, for 

a linear model and noise which is Gaussian with zero mean, 

E(cx) = a s 

(4.7) 

E ( 8 ) = 3 S 

where s denotes values substituted to produce the simulated data and 

E is the expectation operator. 

By definition, the dimensionless concentration is unity at Z = 0 . 

Accordingly, in order to ensure that the uncertainty in this first point 

had some influence on the estimated profile, a third parameter y was 

introduced into the simulation model 

C s * = Y C S (4.8) 

where: C s is the point concentration predicted from the RDM 

C g is the point concentration used in the regression of the 

simulated data. 

By scaling all the predicted point concentrations as in equation (4.8) 

the simulated dimensionless concentration was now not necessarily unity 

at 1 = 0. 
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Standard linear and non-linear regression techniques are a familar tool 

for parameter estimation in time invariant processes and will not be 

described. A summary of the methods used in this study is given in 

Appendix VII but a more extensive coverage can be found elsewhere 

(e.g. Himmelblau, 1970). 

Normally for analytically-represented models the minimisation procedure 

requires the solution of a set of equations given by aS/aa- = 0 where 
vj 

S represents the sum of squares of deviations between simulated and 

pseudo-experimental points and aj represents the parameter in the 

model. As no simple analytical representation was possible, minimisation 

of S for the non-linear regression in (i) and (ii) was carried out by 

the algorithm developed by M.J.D. Powell (1964). 

4.9 Confidence Regions for Simultaneous Estimation 

Predicted concentrations at the various axial positions from the RDM are 

clearly non-linear functions of a and 3, and require use, therefore, of 

non-linear statistics for the determination of confidence regions and 

variance for the estimates. 

Evaluation of simultaneous parameter estimate confidence regions of a 

system defined by non-linear statistics is cumbersome and difficult 

(e.g. Draper and Smith, 1966). An exact confidence contour for either 

a linear or non-linear regression model is defined by S(b ) = constant, 

* 

where b denotes estimates of the vector set of parameters b in the 

-k 
model. The value of this S(b ) is related to a specific probability 

level, x", by the equation (e.g. Draper and Smith, 1966) 

S(b*) = S(b){l + ^ f r ( p , N-p, l-x')l (4.9) 

where: b is the best estimates of b 

p is the number of model parameters 
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N is the number of experimental data points 

F is the Fishers F-distribution 

Since the correct distribution properties of the estimates in the 

general non-linear case are unknown, it is impossible to attribute a 

k 

specific probability level to a chosen S(b ). Although the parameters 

are no longer normally distributed and the error variance estimate of the 

model is no longer unbiased with respect to the true variance, an estimate 

of the approximate probability level can be obtained from equation (4.9). 

k 

The S(b ) contour can be examined by selecting a grid network in the 

parameter subspace and evaluating S at each grid point. Construction 

of the contour can then be achieved by interpolation around local grid 

points. For this system, these calculations proved time-consuming and were. 

carried out for only a few cases. A linear statistics approximation 

was used for the remaining simulations. 
4.10 Linear Approximation to the Confidence Regions 

In a linear system the variance-covariance matrix of parameter estimates, 

2 

V(b), and the error variance, o , are related by 

V (b) = ( X T X ) " V (4.10) 

where X TX is the information matrix (Davies and Goldsmith, 1970). 

2 

In reality, a is not known, although it was defined for the purposes 

of simulating the experimental data. In equation (4.10), therefore, it 
9 

is replaced by the sample variance, s Q , based on the N-P degrees of 

freedom. 

V(b) = ( X T X ) _ 1 s 0
2 (4.11) 

The 100(1 -x')% confidence region for the parameters b is given by the 

hyper-elliptical boundary 
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(b-b) T(X TX)(b-b) = ps 0
2F(p, N-p, 1-X') (4.12) 

Substituting equation (4.11) into equation (4.12 

(b-b) TV~ ](b-b) = pF(p, N-p, 1 - x ' ) (4.13) 

~ t 

For the RDM b represents the parameter set (a, 6, y) . What is required 

is the projection of the ellipsoid given by equation (4.13) onto the a-3 

plane. This will give information on the correlation characterisecs 

between simultaneous estimates of a and 6. This can be achieved by 

partitioning the variance covariance matrix, V, and inverting the par-

tition Vp for correlation between a and 3 and replacing V ^ in equation 

(4.13) by this new matrix V p
 1
 (Schweppe, 1973) 

( a , 3 l y ) T V = V V D V 
aa a 8 a y 

V 0 V 
3a 3 3 By 

V v „ V 
_ Y a y 3 y y 

v . • = v . . 
"i J ji 

(4.14) 

( a , 3 ) V V . 
a a a 

V V 
3 a 33 

Thus the linear confidence ellipse is given by 

V V V V V = pp(p' n-p' i-x ') 

Hence an ellipse can be constructed quickly and conveniently if there 

is available knowledge of the variance-covariance matrix of the para-

meter estimates. A chi-squared test indicated that to obtain a reasonable 

estimate of effective parameter variances a data set of at least 50 

simulated runs was required. In applying this idea for the RDM to con-

struct approximate linear confidence regions, the distribution of the 

parameter estimates are assumed normal, consistent with a linear model, 
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rather than the true unknown distribution created by the non-linearity 

of the model. The greater the similarity between the two sets of dis-

tributions, the greater would be the accuracy of the approximation. 

In the cases where the non-linear calculations were performed, the linear 

contours were compared with the non-linear contours. In this way some 

idea of the accuracy of the approximation was obtained. 

4.11 Simulation Results and Discussion 

In the generation of the pseudo-experimental data the error variance, 
p 

a , used in the random number generator depicted two hypothetical 

? 
situations. In the first, it was assumed cr was independent of the 

simulated value of the dimensionless concentration, thus making system 

2 
errors normal with zero mean and fixed variance, a . In the second 

2 

instance, the variance, a^ , was made proportional to the value of the 

simulated concentration being perturbed. As the statistical analysis 

arbitrarily assumed a constant variance, this served to test the robust-

ness of the regression technique when this assumption was violated. The 

pseudo-experimental data was assumed to be thirteen axial composition 

measurements, perturbed with noise characterised as above. 

Figure 4.1a and 4.1b illustrate the approximate contours for 95% con-

fidence limits for estimation of the parameters a and 3 from two random 

sets of simulated data, obtained by solution to the RDM with a = 0.45, 

3 = 0.85, a = 0.01. Both Figures depict the ellipsoidal approximation 

to the region using linear statistics and the non-linear asymmetrical 

approximation for the contour with an approximate confidence limit of 

95%. 

A summary of other linear correlation studies is presented in Table 4.1. 

Figures 4.1 and 4.2 correspond to run 1. 
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Fig. 4.1 Approximate Linear and Non-linear 95% Confidence 
Regions for Two Random Sets of Data for the 
Simulation Set a = 0.45, 3 = 0.85, y = 1.0, a = 0.01 
(For further reference, see Appendix VIII) 



TABLE 4.1 

Linear Elliptical Approximations for the 95% Confidence Regions for the 
Simultaneous Estimation of a and 6 Using the RDM 

Simul ati on 
Run 
No. 

a , c . 
Simulation Simulation 

». «. SIZE OF LINEAR ELLIPSE A n g ] e o P . 
Mean Mean Inclination 
of a of 8 c • m • a • c • m- a • of Major Axis, 

Semi-Major Axis Semi-Minor Axis . n „ J to Horizontal 

0.01 

0 .01 

0.033C 

0.033C 

0.01 

0.01 

0.033C 

0.01C 

0.01C 

0.45 

1 .5 

0.45 

1.5 

0.45 

1.5 

0.45 

0.45 

1.5 

0.85 

0.85 

0.85 

0.85 

2.0 

2.0 

2.0 

0.25 

0.25 

0.4558 0.8556 

1.8881 0.8505 

0.4914 0.8862 

1.4937 0.8693 

0.4556 2.0138 

1.5526 2.0081 

0.5233 2.0226 

0.6346 0.2507 

1.6119 0.2564 

0.396 

3.450 

1.113 

4.192 

0.476 

2.322 

1 .328 

1.724 

2.539 

0.045 

0.043 

0.274 

0.075 

0.066 

0.009 

0.190 

0.070 

0.064 

15.5l 

0 . 7 1 

1 4 . 4 

0.9 

28.5k 

2 . 6 

10.9 

3.5 

1 . 2 

Negative correlation, abscissa axis a , ordinate axis 8 
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The results show that both a and B can, in fact, be observed from 

measurement of centreline data alone (see Appendix VIII). This 

is because the radial diffusivity distorts the centreline axial concent-

ration profile from that which would otherwise have been of exponential 

form. The purpose of this study, however, was solely the determination 

of the rate constant, B> whereas the estimated value of a is irrelevant. 

Thus the information desired is the effect estimation of a has on the 

simultaneous estimation of 3, that is, to what extent they might be 

correlated. 

From Figs. 4.1a and 4.1b it appears that the use of linear statistics 

maintains the overall properties of the non-linear plots, in particular, 

the inclination of the contour to the horizontal axis, whilst still 

preserving a reasonably conservative estimate of its size. With this 

in mind, the simulations were extended for a 3 range 0.25 - 2.0, 

constituting small and large rate constants and an a range 0 - 1.5, the 

range of major interest. Table 4.1 demonstrates clearly that at a value 

of a - 1.5, inclination of the ellipse is approximately 1° and there is 

virtually no correlation between estimates of a and estimates of 3. 

Indeed, the value of a appears immaterial and would become totally 

unobservable in the limit a + At a value of 0.45 the inclination 

no longer remains negligible and there is an obvious negative correlation 

between the two estimates. Even at these values of a the angle of 

inclination is less than 20° for most of the simulations considered. 

It is interesting that this angle of inclination does not significantly 

vary throughout the considered range of 3. 

The results from the simulations to simultaneously estimate a and 3 using 

the RDM are indicative of what might be expected for a general set of 

experimental data with a general number of experimental points and value 



of the error variance. In a linear model the expected values of the 

model parameters would not depend on either the error variance or the 

number of the experimental data points, providing of course, that the 

number of degrees of freedom ^ 0. What would change would be the 

variance, or spread, of the parameter estimates as dictated by equation 

(4.10). Obviously the smaller the error variance and the larger the 

number of experimental points, the better would be the accuracy of the 

resulting estimates. 

In a non-linear model, this is not quite the situation. The asymmetry 

of the conditional non-linear parameter probability density function 

will mean that both the expected value as well as the variance of the 

estimates will change if the error variance or number of experimental 

points is altered. Since no information is available about the distri-

bution of the non-linear parameter estimates, however, the simulations 

have tacitly assumed that the distribution can be approximated as 

Gaussian and the validity of the assumption has been verified by a com-

parison between the 1inear and approximate non-linear confidence regions 

for estimates of a and 3 in Figs. 4.1a and 4.1b. This approach also 

assumes, therefore, that the expected values of the parameter estimates 

do not significantly vary when the error variance or number of experimental 

points is changed. Although no simulations with a change in the number 

of experimental points was performed, some simulations were performed 

where not only was the error variance increased, but also weighted to 

the simulated experimental point concentrations as in runs 3, 4 and 7. 

The results clearly indicate that the expected values of the parameter 

estimates a and 3 are not noticeably different from those obtained 

with similar simulations using a smaller, constant error variance, 

runs 1, 2 and 5. 
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Because of the low correlation between estimates of a and 6, the 

estimation of 3 might be carried out using a predetermined value of 

the radial diffusivity by equating it to the molecular diffusivity 

or even a value which tends to infinity. Figures 4.2a and 4.2b show 

the estimation using an a priori value of to, estimated from data on 

molecular diffusion coefficients which could be subject to some con-

siderable error. The plots show that the 3 estimation can be sensitive 

to the assumed value of go, even at large a when correlation between a and 

3 becomes negligibly small. Specifically, the greatest sensitivity 

occurs in the range where the _a priori value of go is lower than the 

true value, that used in simulating the data. 

A desirable simplification in the estimation procedure is to assume the 

plug flow model where a and hence go even when it might be known 

that the radial mixing is incomplete. Figure 4.3 shows the characteri-

stics of the error associated with such an operation when the real value 

of a is not infinite. It is clear from Fig. 4.3 that errors in estimating 

6 using plug flow decrease rapidly as a increases from 0, significantly 

more so for the much-used simplification using linear regression than 

for the strictly more correct non-linear regression. 

At the limits a = 0 and a = °° the prevailing conditions in the reactor 

for the centreline are plug flow. At a = « plug flow exists with a mean 

velocity, v
Q / 2 , whilst at a = 0, in the completely segregated case, 

conditions can be assumed to be plug flow with a velocity, v , since 

the fluid elements flowing along the centreline do not interfere with 

any other elements flowing through the reactor. Figure 4.3 shows that 

the bias of the mean created by using linear statistics at these values 

of a is negligible. The increase in variance of the estimates is due to 

the non-linearity characteristics of the logarithm function which adds 
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far greater weighting to the concentration points which approach 0. 

Between these two extremities a clear bias can be detected for the linear 

regression estimates over the strictly correct estimates determined by 

non-linear regression. 

Simulations where the wrong model was applied to the pseudo-experimental 

data to estimate the rate constant, such as the RDM with an a priori 

radial diffusivity or the plug flow model when the radial mixing was 

not infinite, will lead to a bias parameter estimate distribution, 

because the experimental error noise no longer has zero mean around the 

best model fit. In these instances also, the expected values as well as 

the variance of the 8 estimates will also be conditional upon the size 

of the error variance. For example, the curves in Figs. 4.2a, 4.2b and 

4.3 belong to a whole family of curves which are conditional upon the 

size of the error variance. Apart from performing a complete series of 

simulations in which the error variance or number of experimental points 

are varied, there is no straightforward way of determining the spread 

of these curves. Nevertheless, the simulations serve well to qualify 

the trends which occur if the rate constant is estimated using an 

incorrect model. 

An interesting fact to note is that Fig. 4.3 represents the locus of 

the asymptotes as a and hence GO of the estimates of 6 with an a_ 

priori value of go such as in Fig. 4.2a and Fig. 4.2b. Thus the asymptote 

of the curve in Fig. 4.2a, where the true value of a is 0.45, is given 

by 8 = 0.7402 as shown in Fig. 4.3. It shows that estimation of rate 

constants using the radial dispersion model with an a priori value of 

GO is not significantly better than estimates from assuming plug flow. 

Indeed, if the calculated radial diffusivity is markedly lower than the 

true value, the estimates of 6 from the plug flow model may even be 

more accurate. 
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Estimates of the third parameter, y, introduced to reduce the bias of 

the simulation model on the first experimental point varied little 

about its value used when simulating the data and appeared to have 

little effect on the a and 3 estimates. 

4.12 Conclusions 

From the simulations, several important factors have been determined. 

Centreline measurements in a laminar flow reactor can lead to accurate 

estimates of homogeneous first-order rate constants with or without 

accurate prior knowledge of the radial diffusivity. A negative corre-

lation between estimates of a and 3 becomes appreciable only for very 

small values of a ̂ 0 .5. At a = 1.5, all the simulations revealed very 

little correlation with an angle of inclination to the horizontal for 

the linear confidence regions generally less than 1°. This indicates 

that as a approaches large values it becomes progressively more and more 

unobservable from centreline data alone and in the limit a «becomes 

totally unobservable. Only at these low values when a < 0.5 can both 

a and 3 be well estimated from the centreline data. 

In addition, the rate constants derived from the RDM using a priori data 

for the radial diffusivity were comparable with those obtained by assuming 

the plug flow model. Only when this value is very accurately determined 

or when the flow tends to be segregated (a = 0) does the use of the RDM 

become considerably more accurate and hence advantageous. 
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C H A P T E R 5 

MODELLING TECHNIQUES FOR THE PYROLYSIS MECHANISM 

5.1 Introducti on 

It has already been shown under what conditions within the reactor, a 

plug flow approximation can conveniently be used for estimating the 

global rate constant for the homogeneous decomposition of butane. 

When studying the product distributions, it is also important to have some 

idea of how much the residence time distribution is affecting the radial 

profiles for the product component concentrations. The radical mecha-

nism which contains N molecular or radical species in an ideal plug 

flow tubular reactor has governing ordinary differential equations 

^ = A r S cr = f(F, Q, A r , K') (5.1) 

where: S is a N x N' stoichiometric coefficient matrix 
c 

F is a N x 1 vector of species flow 

K' is a N' x 1 vector of rate constants 

r is a N' x 1 vector of rate expressions 

A r is the cross-sectional area of the reactor 

N' is the Number of free radical rate expressions in the model 

Q is the volumetric flowrate through the reactor 

Z is the axial distance 

Boundary Conditions - 0 Z = 0 F = F Q (known) 

Evidence that no radial product concentration profiles exist must be 

presented before the model given by equation (5.1) can be utilised for 

data from the isothermal laminar flow reactor. Theoretically, this is 
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difficult to justify. Much of the burden must be produced experimentally. 

Qualitatively the factors determining whether significant radial con-

centration profilesare present remain unchanged from those discussed for 

the disappearance of butane. In this instance, however, the components 

are being produced but the ratio of the radial dispersion properties 

counterbalancing the kinetic effect still remains the determining factor. 

Wakeham and Slater (1973) have shown that methane, ethane and propane 

all have higher binary diffusion coefficients than butane for diffusion 

through nitrogen in the range 300 - 700 K. In addition, it is unlikely 

that the stoichiometric coefficient, or selectivity, of any of the product 

species exceeds that for butane in the global stoichiometric represen-

tation of the pyrolysis; 

a l C 4 H 1 0 a 2 C H 4 + a 3 C 2 H 6 + a 4 C 2 H 4 + 

In effect this means that the butane is disappearing more quickly than 

the rate at which any of the products is being formed. If, for sake of 

simplicity, radial diffusivity is equated to the molecular diffusivity, 

the smoothing properties for the product species would appear at least as 

great as for butane. 

In addition, extensive testing by Beshty (1978) under similar conditions 

to that in this study, showed radial product concentrations to be almost 

non-existent in the isothermal section of the reactor developed for 

propane pyrolysis. Similar measurement for butane reconfirmed his 

results. Figure 5.1 shows typical variation for the butane/methane 

ratio and butane/propylene ratios in the radial direction at a nominal 

wall temperature of 720°C. 
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5.2 The Role of the Radical Species 

Reactions accounting for the butane pyrolysis comprise processes of 

initiation, radical decomposition, chain transfer, radical addition to 

non-radical species and radical radical termination. For the case of 

butane, radicals are initially generated by cleavage of the C-C bond 

of the butane molecules via two parallel initiation steps 

C 4 H 1 0 1 " C3 H7* + C H3* 

C 4 H 1 0 C2 H5* + C2 H5* 

Even in the most unfavourable case the C-C cleavage will be at least 

ten times faster than C-H breakage up to temperatures as high as 1500 K 

(Bradley, 1974). Generation of new, different radicals is then accomp-

lished by continuous reaction between more butane molecules and the 

radical species produced from the initiation. As new species develop 

they too enter into all types of reaction and, in this manner, the 

diverging tree of reactions and species can continue indefinitely. 

This rapidly gives rise to an exponentially increasing number of pos-

sibilities. When the initial pyrolysing mixture consists of a number 

of hydrocarbons, radical initiation proceeds in a similar way. Unsatu-

rated hydrocarbons particularly of low carbon number, such as ethylene, 

tend to be more stable and less likely to partake in the initiation pro 

cedure because of the strength of the carbon double bond. Nevertheless 

they readily become involved in radical addition reactions because of 

the high reactivity of the radical species. 

One of the problems with progressing in such a way is the need to ter-

minate the reaction set at a point when the mechanism does not present 

a mathematical problem of seemingly insurmountable proportions. As a 
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result, many simplified mechanisms have been proposed which were 

developed principally to contain those radical reactions which most 

governed the overall rate of pyrolysis and the product distribution. 

A danger of this approach is the uncertainty of knowing for each cir-

cumstance when experiment and prediction fall into agreement, whether all 

the significant reactions have been included or whether it is merely 

a coincidence. The status of many radical reactions is becoming inc-

reasingly more apparent and the influence of many have been confirmed 

with little doubt. In spite of this, to date an overall mechanism 

for butane pyrolysis which encompasses secondary, as well as primary, 

reactions still remains lacking. This is important because secondary 

reactions are known to be present at conversions as low as 10% (Purnell 

and Quinn, 1962). The awareness of the major radical species which 

play a significant role in the butane pyrolysis is more well established 

from the vast amount of work which has been performed in the past. 

Many of the important radicals which appear to dominate butane pyrolysis 

can be illustrated by analysing a typical simplified mechanism, that 

proposed by Powers and Corcoran (1974) which was used to model the 

explicit effects of the primary and secondary butyl radicals and of 

secondary reactions. The rate equations and the rate data which was 

used in their analysis are presented in Table 5.1. The mechanism 

indicates the radicals which most actively participate in controlling 

the product composition, apart from the hydrogen atom, H", appear to 

be predominantly the following alkyl radicals: the methyl radical CH 3", 

the propyl radical l-C^Hy', the ethyl radical, C 2Hg' and the two 

isomeric butyl radicals, l-C^Hg* and 2-C^Hg*. Expression 23, in fact, 

couples together the two isomeric radicals l-C^Hy* and 2 - C ^ j ' as both 

radicals can be formed through the same reaction path. 
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TABLE 5.1 

Free Radical Mechanism Proposed by Powers and Corcoran (1974) 
for the Pyrolysis of Butane 

Reaction 
Number Elementary Reaction Step 

Pre-exponenti al 
factor, A 
sec"' or 

litre.mole"^ sec~l 

Acti vation 
Energy 

(kcal/mole) 

1 
c 4 h 1 0 c 2 h 5 * + c 2 h 5 * 

5 . 0 e l 5 8 1 . 0 

2 c 4 h 1 0 
c h 3 + c 3 h 7 5 . 0 e l 5 8 5 . 0 

3 
w 

+ 
c 4 h 1 0 

2 - c 4 h g " + c 2 h 6 3 . 0 e 1 0 2 0 . 1 

4 c 2 h 5 - + 
c 4 h 1 0 

i - c 4 h 9 - + c 2 h 6 9 , . 0 e 1 0 2 2 . 8 

5 c h 3 - + 
c 4 h 1 0 

- * 2 - c 4 h g * + c h 4 5 . . 0 e 1 0 1 8 . 2 

6 c h 3 - + c 4 h 1 0 
-k 1 - c 4 h g ' 4- c h 4 1 , . 0 Ell 2 0 . 9 

7 c 2 h 5 * c 2 h 4 + h * 1 , .7 e l 3 4 0 . 5 

8 H' + c 4 h 1 0 
2 - c 4 h g ' + h 2 1 . . 0 e l 2 1 4 . 0 

9 h ' + c 4 h 1 0 
1 - c 4 h g ' + h 2 1 . . 3 e l 2 1 6 . 7 

1 0 c 3 h 7 - -k c 3 h 6 + h - 2 . . 6 e l 4 3 7 . 8 

1 1 c 3 h 7 - -V c 2 h 4 4- c h 3 ' 2 . , 0 e l 3 2 8 . 0 

1 2 1 - C 4 H g ' 
-k c 2 h 4 + c

2
h

5 ' 2 . , 0 e l 3 2 4 . 0 

1 3 1 - C 4 H 9 * 
-k 1 - c 4 h 8 4- h - 2 . , 6 e l 4 3 8 . 0 

1 4 2 - C 4 H 9 * c 3 h 6 + c h 3 * 
2 . 0 e l 3 2 6 . 0 

1 5 2 - C 4 H 9 * 2 - c 4 h 8 4- h * 2 . 6 e l 4 3 7 . 5 

1 6 c 2 h 5 - + c 2 h 5 ' c 4 h 1 0 
1 . 6 e 9 0 . 

1 7 c 2 h 5 - + c 2 h 5 - c 2 h 6 + c 2 h 4 
2 . 5 e 8 0 . 

1 8 c h 3 - 4 
' c h 3 ' 

-k c 2 h 6 2 . 0 e 9 0 . 

1 9 h ' ' 4 • c 2 h 4 c 2 h 5 - 1 . 0 e 1 0 0 . 5 

2 0 c 2 h 5 - ' 4 • C 2 H 4 1 - c 4 h g * 5 . 0 e 6 2 . 0 

2 1 c h 3 " ' 4 • c 2 h 4 c 3 h 7 - 1 . 0 E 7 2 . 0 

2 2 c h 3 - 4 
• c 3 h 6 

2 - c 4 H g ' 1 . 0 e 7 2 . 0 

2 3 h ' + c 3 h 6 
c 3 h 7 * 6 . 0 e 9 0 . 5 

2 4 c h 3 - + c 2 h 5 * c 3 h 8 
2 . 0 e 9 0 . 
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The absence of two radical terminations merits a little discussion 

One might expect both these reactions to be necessary additions to any 

mechanism since both hydrogen and methane are extremely stable products. 

However, one of the factors which limits the type of radicals undergoing 

recombination is the so-called third body restriction (Steacie, 1954). 

By conservation of momentum the molecule which is formed instantaneously 

after its formation still possesses the necessary energy for dissociation. 

Normally this is redistributed among the internal degrees of freedom of 

the molecule which subsequently achieves stability. However, in the 

case of the H' and CH 3* radicals there are not enough degrees of freedom 

available and only the unlikely simultaneous termolecular collision with 

another molecule which can carry away some of the translational energy, 

will lead to hydrogen and methane being formed in this way. 

At higher temperatures the presence of larger alkyl radicals would be 

limited because of their tendency to decompose to smaller radicals which 

are thermally more stable though chemically more reactive. For instance, 

consider the typical radical reaction 

Using rate data from the reference data set compiled by Allara and 

Shaw (1980), even at temperatures as low as 800 K, the ratio of the 

two rate constants K-j/K2 is 160, and at 1000 K is as high as 2400. 

Clearly, although many radicals larger than C^Hg' will be present in 

the pyrolysing mixture, their concentrations will be noticeably lower 

than the smaller radicals, e.g. C H R ' or C ?H '. 

H' + H' H 2 

CH 3* + H' -> CH 
4 
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Edelson and Allara (1980) have shown that the reactions which appear to 

have the greatest influence on the butane pyrolysis are a combination 

of initiation, abstraction, decomposition and recombination. Certainly 

no single type of radical reaction appears to dominate. Apart from 

initiation reactions 1 and 2 (see Table 5.1) the most sensitive reactions 

to the available rate data are those which contain CH^' and C^Hg' radicals. 

These include the abstraction reactions 3 and 6, the decomposition reaction 

7 and the recombination reaction 24. Reactions 8, 9 and 11 involving H' 

and l-C^Hy' radicals also gave a pronounced influence on the product 

distribution. 

The importance of the butyl radicals was suggested by Powers and Corcoran 

and the major pathway for their generation is through participation of 

the butane molecules in abstraction reaction such as 3, 5 and 8. Leathard 

and Purnell (1970) have indicated that the 2-C^Hg* decomposes via reaction 

14 yielding propylene and CH^' radicals and that the l-C^Hg* decomposes 

to ethylene and C^Hg* radicals via reaction 12. Accordingly, Sundaram 

<st aj_. (1978a) conclude one of the major reactions in butane pyrolysis 

is the isomerisation reaction 

1 - c ^ h g ' -v 2 - c ^ h g -

The influence of allylic reactions particularly in termination reactions 

has also been observed. In several notably important studies including 

that by Powers and Corcoran, allylic radicals have not been considered 

in the butane termination reaction set (Purnell and Quinn, 1962; Sagert 

and Laidler, 1963; Large ej: aj_., 1972). The major allylic radicals 

present are C^H^' and C^Hy' and are generated mainly by alkyl radical 

attack on the higher olefins in an abstraction reaction 

methylallyl 
radi cal 
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This type of reaction correlates well with the observed inhibitory 

effect created by propylene caused by disappearance of alkyl radicals 

to accommodate generation of allyl radicals 

C 3 H 6 + C2 H5* " C3 H5" + C 2 H 6 

c 3 h 6 + c h 3 - - c 3 h 5 * + c h 4 

c 3 h 6 + h - - c 3 h 5 - + h 2 

Termination of the al lyTi c radi cals with alkyl radicals results in for-

mation of olefins other than ethylene and propylene. In fact, this is 

one of the important pathways to formation of the butenes, e.g. 

c h 3 - + c 3 h 5 - - 1 - c 4 h 8 

Not surprisingly, termination reactions are known to be extremely fast, 

since both reactants are radicals. However, the extremely low radical 

concentrations make the overall rate of production of the products very 

small compared to the rates of production caused by abstraction and 

decomposition. Apart from alkyl/allylic termination there are no other 

major pathways to butene formation and this explains why the butenes 

are only minor products in butane pyrolysis. The mechanism by Powers and 

Corcoran suggests that butenes can form by decomposition of the butyl 

radical species. The high activation energies associated with these 

reactions, however, indicate that they only become significant at high 

temperatures. 

In the later stages of the reaction at higher conversions >80%, the Cg + 

yield constituting heavy molecular components with a carbon number of 

five or over, becomes of noticeable proportion. Froment et ajL (1977) 

estimated a 7% wt/wt contribution for the heavy component yields at a 



- 96 -

conversion of 90%. This is a direct result of the stability of the 

high hydrogen / carbon ratio molecules such as hydrogen and methane 

which increase the carbon/hydrogen ratio of the residual reacting mix-

ture. This leads to formation of molecules with large carbon/hydrogen 

ratios such as aromatics and cyclic olefins. The process at this stage 

of the pyrolysis, however, is not well understood, and no attempt will 

be made to elucidate further on the possible kinetics. 

5.3 Mathematical Solution to the Radical Mechanism 

Three common approaches are used to model the pyrolysis of hydrocarbons 

in a tubular plug flow reactor: 

(i) Direct integration of the model given by equation (5.1). 

(ii) Using the steady-state approximation (SSA) to solve the model 

given by equation (5.1). 

(iii) The pseudo-molecular reaction scheme where the direct presence of 

the radicals is eliminated. 

All the methods are discussed in further detail in the literature survey, 

Chapter 2. The pseudo-molecular reaction scheme was devised principally 

to overcome the mathematical difficulties associated with (i) and (ii). 

The ever-increasing availability of more powerful computers are, however, 

eliminating the original barriers which evoked this approach and hence 

it was not considered during the data modelling. For an ideal plug flow 

reactor, integration of the differential equations directly as proposed 

in (i) is the correct procedure. In the past, however, the SSA has been 

used because of its mathematical simplicity compared to direct integration. 

Surprisingly, there is little in literature on attempts to quantify the 

errors introduced by imposing such an assumption on the radical mecha-

nistics. In some cases (e.g. Illes and Szalai, 1979) the SSA has been 
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used without any discussion on its validity whatsoever. 

Assigning numerical values to all the rate constants and providing an 

initial flow vector defines equation (5.1) as an initial value problem 

in non-linear ordinary differential equations. Almost invariably, 

analytic solutions are not available for these problems but numerical 

solutions have been extensively studied. Instabilities, however, arise 

in the usual numerical treatment of these problems because of the stabi-

lity regions for the classical methods of integration. Instability can 

be described as a growth of error which is a result of the step size 

being so large that the numerical formulae no longer give reasonable 

approximations to the true solution. Stability for a typical numerical 

formula is characterised by a domain in the complex plane of the product 

h'x where h1 is the step-size of integration and X are the eigenvalues of 

the Jacobian given by 

df-

J = gp 1 i, j = 1, 2 ... N (5.2) 

As a result of the quickly decaying terms associated with the radical 

species, some of the eigenvalues of J are very large and this limits 

the value of h'which can be used to ensure the product h'x remains within 

the stable region. Classical integration formulae such as Runge-Kutta 

have stability domains which are so restrictive that excessively small 

values of h1 must be taken to maintain a stable solution. Normally, the 

stability domains of the classical methods are no problem when the problem 

is more well-posed with a smaller range in value of the eigenvalues. In 

these situations the step length is limited by the local accuracy of the 

approximation, rather than the maintenance of stability. A system of 

differential equations which have large eigenvalues associated with its 

Jacobian such as this system is termed "stiff" principally because of the 

apparent reluctance to move forward in the integration. 
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The most common approach of overcoming this stability restriction is 

the linear multistep "Backward Differentiation Formulae" (BDF) proposed 

by Curtiss and Hirschfelder (1952 ), developed and implemented by 

Gear (1971) and which have the form 

Fn-i = h ' e 0
 fj< Fn> d = 1. 2 ... N (5.3) 

where: a., 3 Q are known constants 

F 3 . are point solutions for component j at step intervals n, 

n-1 ... n-p1 

p'is the order of the BDF 

h' is the step length 

Since the solution being sought is F d (j = 1 , 2 ... N) equation (5.3) 

is implicit and is solved iteratively, normally by Newton's method. 

The advantage of this approach is the large domain of stability. The BDF 

of orders up to 4 have a stable domain which encircles almost the whole 

of the left-hand complex plane. Thus the step size, h', can be increased 

whilst still ensuring the stability of terms involving the large eigen-

values. Now step size and accuracy are not limited by the fast decaying 

terms but by the slow decaying terms. 

The implementation by Gear is a BDF variable step, variable order code. 

After k + 1 steps at order k a change in step and/or order is always 

considered. The criterion which determines the order is that one which 

gives the largest step within the required accuracy, although this is 

weighted in favour of the lower order formulae because they demand less 

computer time. At the starting point to the solution the order is 1, 

given by the Backward Euler Formulae since there is no available infor-

mation for use of higher orders. 
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The alternative use of the SSA is mathematically more straightforward 

and requires less programming and computing time. This approximation 

is based on the occurrence of steady or near-steady states in which the 

rate of change of the radical species is given as a small difference 

between two fast processes, creating and destroying the species through 

chemical reaction. Then it is assumed the differential terms are zero 

and the differential equations for the radical species are replaced by 

algebraic expressions. Since the fast decaying eigenvalues of the 

original Jacobian were associated with the radical species, the stiff-

ness is removed from the integration of the remaining differential 

equations for the molecular species and simultaneous solution of the 

algebraic equations for the radical species. 

Normally these algebraic equations are non-linear and must be solved 

iteratively. In the past, the non-linear set has been solved using 

Newton's method. This makes use of the local linear approximation to 

the non-linear equations by expanding the function vector using a 

Taylor's series 

P k = -J" 1(x k)g(x k) 

(5.4) 

V l = xk + Pk 

where: x represents the independent variable vector (N x 1) 

g represents the function vector (N x 1) 

N r is the number of radical species 

The sequence x , x-j, x 2 ... x k , x k + 1 converges to a solution x, pro-

viding the initial starting point x Q is sufficiently close to the 

solution. Difficulty has been encountered for its use for estimating the 

concentrations of the radical species in the algebraic equations created 

by the SSA (Snow, 1966). A modified Newton's method is that proposed by 
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Broyden (1965) and is one of a family referred to as quasi-Newton 

methods. Broyden's approach replaces the Jacobian by an approximation 

which is required to satisfy the Secant rule 

11 = B i + 1 Pi (3.5) 

where: q- is the change in function value between the i + 1 t h and i t h 

i terati on. 

The matrix B.+-j is the approximated updated Jacobian, defined so that 

the change in g predicted by B . -j in the direction t. orthogonal to p. 

is the same as would be predicted by B^, thus 

B i + 1 y = B it i , t. T p. = 0 (5.6) 

Combined with equation (5.5) this uniquely defines the updated approxi-

mation 

(q, - B i P i ) P i
T 

B i + 1 = Bi + T < 5 " 7 ) 

Pi Pi 

Normally this is stored as the inverse because the update equation is 

of the form 
P i = " B T 1 g i ( 5 . 8 ) 

This approach has the advantage that although B^ changes from step to 

step, not as many evaluations are necessary as with Newton's approach, 

where the Jacobian must be updated every step. 

5.4 Modelling the Isothermal Data 

Irrespective of the method to solve the integration, there are basically 

two approaches of employing the model described by equation (5.1) for 

data collected from this specific reactor: 

(i) To integrate from the start of the reactor, whilst imposing a tem-

perature profile on the integration up to the point when the isothermal 
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region is assumed to commence. The experimental data could then be com-

pared with the component trajectories obtained by integrating within the 

isothermal region at the defined isothermal temperature. Initial 

conditions, F , would then be given by the feed to the reactor. It 

became apparent that this approach could be fraught with serious error 

and deviation from assumed experimental conditions. Notably, in the 

preheat region of the reactor, the assumption of plug flow is violated 

on one important count. This is the region where the radial conditions, 

most importantly the temperature profile, are being established and in 

the early stages of preheat will certainly not approximate plug flow. 

Moreover, the imposition of the temperature profile introduces further 

error since the profile has inherent with its measurement, a certain 

degree of uncertainty. 

(ii) Alternatively, integration could proceed from the start of the 

isothermal region using the experimentally obtained data at the start 

of the region as the initial conditions for the model. In this way, 

whatever is happening upstream of the isothermal region is being 

totally ignored during the modelling. Thus the combination of the 

varying radial velocity profile and the residence time in the preheat 

region have produced a product distribution given by the measured com-

position at the start of the isothermal region. This, of course, is 

entirely feasible since the rate expressions characterising the pyrolysis 

radical mechanism comprise a whole spectrum of different activation 

energies. An error is introduced with the initial conditions when the 

radical concentrations at the start of the isothermal zone could not 

be measured and would tacitly be assumed zero, or even the steady-state 

concentrations, calculated by substituting the molecular species into 

the algebraic equations developed from the proposed radical mechanism. 
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Data from the reactor system could then be compared with the model 

predictions through the isothermal length of the reactor. 

5.5 Analysis of the Integration Techniques 

The preliminary investigation described above suggested that use of 

approach (ii) might prove more accurate for modelling the data. To 

substantiate this proposal, the free radical model proposed by Powers 

and Corcoran was employed to assess the effects of a poorly-determined 

non-isothermal preheat zone and to assess the sensitivity of the inte-

gration solution to unknown initial radical concentrations. 

The resulting differential equations from the assumed model were inte-

grated directly using Gear's Algorithm and secondly, assuming the vali-

dity of the SSA. Integration using the SSA was achieved by the Kutta-Mers 

variable step size method whilst the non-linear equations for the radi-

cal concentrations were solved by scaling the equations and using 

Broyden's method at every integration point to solve the scaled equations. 

The results of the simulations using this simple model helped determine 

the approach'by which any larger, more sophisticated radical scheme might 

be utilised when modelling the isothermal data. 

5.6 Discussion of Simulation Results 

The results in Table 5.2 show for this simple model that under isothermal 

conditions, integration by using the SSA generates a solution very 

similar to that as obtained using the Gear's Algorithm. Indeed, in most 

cases, the percentage deviations were well below 0.5% for both molecular 

and radical species. These findings are in direct contrast to suppo-

sitions made by Sundaram and Froment (1978a). In a later communication 

which compared the advantages and disadvantages of using SSA (1978b) it 

appears that they used a non-standard formula for the SSA and did not 
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TABLE 5.2 

Major Component Yields (moles/100 moles butane feed) From 

Isothermal Integration Using Gear's Method and the SSA for the 

Free Radical Model Given in Table 5.1 

900 K, 4> ~ 4.8% 1000 K, j) ̂  54.0% 1100 K, f> * 84.0% 

Gear's 
Method 

SSA 
Gear's 
Method 

SSA 
Gear's 
Method 

SSA 

C 2 H 4 

C 3 H 6 

H 2 

C H 4 

1.83 

3.13 

0.273 

3.19 

1 .84 

3.15 

0.274 

3.21 

29.96 

29.98 

5.33 

37.14 

29.97 

29.99 

5.34 

37.16 

61.62 

38.08 

15.03 

68.21 

61.62 

38.08 

15.03 

68.21 
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consider application of the SSA as used in these simulations. 

Since the analytical equations for the radical species did not contain 

many non-linear terms, the solution was determined without undue diffi-

culty. In a larger model, the non-linearity of the radical equations 

increases somewhat and obtaining a solution could prove more difficult, 

although theoretically, the problem still remains straightforward. 

The remaining simulations were performed under conditions which closely 

approximated those obtained during the collection of the experimental 

data, to represent the situation where low and high conversions were 

achieved respectively. Gear's method was used to integrate equation 

(5.1) from the start of the reactor, under isothermal conditions and 

then with an imposed non-isothermal profile up to the isothermal region. 

Comparison of the product distribution from the two solutions amply 

demonstrated the sensitivity of the integrated solution to an imposed 

non-isothermal temperature profile. This indicates that method (i) 

introduces extraneous errors into the solution which could distort the 

accuracy of the proposed kinetic model. Figures 5.2 and 5.3, Tables 5.3 and 

5.4, show the significant discrepancies between major products for both 

the low conversion and high conversion simulations, (see Appendix IX). 

An interesting observation appeared to be the constant off-set between 

product yields once the isothermal region had been reached. In addition, 

integration with the same temperature profile as that imposed on the 

high conversion simulation using the SSA once again produced no signi-

ficant change in the product distribution predicted using Gear's method. 

Simulation was also carried out to test the sensitivity of integration 

using Gear's method to the initial conditions for the radical species 

at the start of the isothermal region. This is important since, in 
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TABLE 5.3 AND TABLE 5.4 

Major Component Yields (moles/100 moles butane feed) 

at <f>s = Simulated Conversion of the Entrance of the 

Isothermal Region (Temperature, T ) for the Integra-

tion of the Free Radical Model Given in Table 5.1 

Table 5. 3 - Low Conversion Simulation: <j> = 25.2; T = 939.3 K 

Gear's method with an 
imposed linear ^ 

temperature profile 

Gear's method 
under isothermal 
conditions, Tg 

1 Difference 

C 2 H 4 14.51 15.41 5.8 

C 3 H 5 
14.94 14.76 -1.2 

H2 3.25 4.25 23.5 

C H 4 18.77 18.41 -2.0 

C 2 H 6 
3.17 2.53 -25.3 

Table 5.4 - High Conversion Simulation: <|>s = 45.0; T = 970.0 K 

Gear's method with an 
imposed linear ^ 

temperature profile 

Gear's method 
under isothermal 
conditions, Tg 

SSA with an 
imposed linear ^ 

temperature profile 

C 2 H 4 
28.39 30.72 28.44 

C 3 H 6 
24.62 24.05 24.60 

H 2 5.10 7.60 5.11 

C H 4 34.48 33.46 34.48 

C 2 H 6 5.33 3.82 5.32 

T = 875.0 + 2.55<J> < M <l>s 

T = T = 939.3 K <f> > <j>c 
9 s 

•k-k 
T = 975.0 + 2.1 11c}) < M <|>s 

t = t = 970.0 <p > <|> 
q j 
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Fig. 5.2 Typical molecular yield (Ethylene) for the Low Conversion Simulations 



Fig. 5.3 Typical molecular yields (Ethylene and Hydrogen) for the High Conversion Simulations 
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reality, the radical concentrations are unknown at this point and 

would be assumed zero if integration was to commence there. Simulated 

molecular compositions were extracted from isothermal integration 

using Gear's method and used as pseudo-experimentally obtained data. 

The resulting integration using Gear's method at the same isothermal 

temperature showed that the radical concentrations were very quickly 

reestablished with no noticeable alteration to all the species, radical 

and molecular, throughout the whole of the isothermal region, e.g. 

see Fig. 5.2. In this respect, using the steady-state radical concent-

rations for initial conditions as generated from applying the SSA on 

the proposed mechanism would prove unnecessary. No simulations were 

carried out using this simplification because of the rapidity with 

which the radical concentrations were re-established. 

5.7 Cone!usions 

Several conclusions can be drawn from the simulations. Of the two 

methods suggested to model the pyrolysis free radical mechanism, the idea 

of integrating from the start of the isothermal region with initial 

conditions of zero concentration for the radical species plus experi-

mental values for the molecular species appears to stand out as the 

more accurate. In this instance, the accuracy of the radical scheme 

would be reflected in the predicted trajectories compared to the experi-

mental trajectories of primarily the major components produced by the 

pyrolysis. The advantage of using this approach is that it removes one 

of the extraneous factors, the temperature profile, which could distort 

the accuracy of the radical scheme. In non-isothermal experiments, 

the imposed temperature profile must be measured experimentally - with 

a notable degree of error. The simulations have indicated a possible 

high sensitivity of the integrated yields to errors of this kind. In 
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a recent review by Froment on industrial crackers (1981), the need 

for accurate instrumentation particularly for temperature is underlined 

if accurate modelling is to be achieved. 

The comparisons made between use of the SSA as a substitute for the 

mathematical complexities of integrating directly the model equations 

have shown favourable results for its use in terms of its accuracy. 

Certainly for the 24-equation model used in the simulations the two 

methods gave very comparable results, even when a mild temperature 

gradient was introduced into the integration. In addition, the program 

ming and computing time would be reduced considerably. However, with 

the advent of modern computers this is becoming less and less of a prob 

lem. Under more severe conditions, for instance a larger radical 

scheme or a larger temperature profile, the SSA may, however, break 

down. For instance, Bowen et aj_. (1963) have shown that over large 

time intervals the SSA may become unstable, even though stable during 

the incipient integration. 

5.8 Evaluation for a Proposed Radical Mechanism 

Discrepancies between a proposed model and accurately measured experi-

mental data may be apparent because of four significant factors: 

(i) The fundamental rate data is inaccurate. 

(ii) The proposed kinetic model may be wrong. 

(iii) There is significant lack of evidence in justifying a mathe-

matical simplification, for instance, the SSA. 

(iv) There is lack of justification for using a simple mathematical 

model for experimental data which has been collected under conditions 

which warrant use of a more complicated mathematical approach. 
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Fundamental to any mechanism suggested for the kinetics of the 

butane pyrolysis is the belief that the best experimental and theore-

tical values available in literature for rate data concerning the 

fundamental reactions should be used. In the past, some authors 

(e.g. Sundaram and Froment, 1978a) have adjusted the rate data to ensure 

a reasonable fit between experimental and predicted product distributions 

This has only led to increase the confusion prevalent in reported 

literature as to which rate data are the most correct for the indi-

vidual rate expressions. 

Even if measurements of all species including the radicals were available 

many multiple sets of rate data could still be generated to conveniently 

fit reported experimental data to predicted results. It is vital to 

realise that this procedure presents itself as no more than a mathe-

matical curve-fitting exercise with no real fundamental purpose at all. 

There is, however, no doubt that much of the available rate data is 

poorly known. Allara and Shaw (1980) purport errors for initiation rate 

constants to be as high as a factor of 10 and for radical decomposition, 

rate constant uncertainty is up to within about a factor of 30. Never-

theless, fitting experimental data merely confuses and delays more 

fundamental attempts to establish exactly what is occurring during 

pyrolysis. While acknowledging that the erroneous rate data plays a 

role in simulation discrepancies, more emphasis should be placed on 

ensuring consistent experimental technique and on changing or altering 

the proposed kinetic model. Indeed, this has been the approach by 

Edelson and Allara (1980) who have developed a model using rate data 

determined by theoretical and experimental techniques specifically 

designed for the study of the individual radical processes. In addition, 

the kinetic model they developed was generated by considering all pos-
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sible reactions to occur and then eliminating those reactions which 

did not influence the product distribution. 

The radical scheme which they developed for butane was used to model some 

of the data obtained in this study. Originally, the complete model 

comprised some 500 reactions which further reduced to 98 involving 

some 37 chemical species by consideration of the relative flux contri-

butions from each reaction. Arrhenius parameters extracted from the 

recent collective data reference for free radical reactions by Allara 

and Shaw (1980) were used. The model and appropriate rate data are 

given in Table 5.5. 

The proposed model was integrated using Gear's Algorithm rather than 

the SSA. Although the simulations have suggested the SSA might be as 

accurate, the correct procedure is by integrating equation (5.1) as it 

stands. Moreover, as a result of the simulations, integration was 

commenced from the start of the experimentally determined isothermal 

region where the molecular species' concentrations were those compo-

sitions measured experimentally and the radical species had initial 

concentrations assumed zero. This approach was used in favour of 

integrating from the reactor entrance, principally because of the 

possibilities of bias in the model predictions due to a poorly super-

imposed temperature profile. 
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TABLE 5.5 

Free Radical Mechanism Proposed by Edelson and Allara (1980) 
for the Pyrolysis of Butane 

Reacti on 

Number 
Elementary Reaction Step 

K = A e " E / R T sec" 1 

or 

litre.mole'l sec~1 

1 og-j qA 
(kcal/mole) 

Ini tiation 

1 C 3 H 8 
c h 3 - + c 2 h 5 - 16 .9 85. .1 

2 i - c 4 h 8 -y c h 3 * + c 3 h 5 - 16 .1 73, .4 

3 1 " C 5 H 1 0 
-V C2 H5* + C3 H5* 16 .0 71. .4 

4 i - c 6 h 1 2 4- i - c 3 h 7 - + c 3 h 5 ' 16 .4 71. .1 

5 ( c 3 h 5 ) 2 - > C3 H5* + C3 H5* 
14 .4 59. ,4 

6 1 ,5 heptadiene c 3 h 5 ' + c 4 h y - 15, .7 58. .7 

7 C 4 H 1 0 
c h 3 - + 1 - c ^ l l y " 17, .5 85. 7 

8 C 4 H 1 0 C2 H5* + C2 H5* 
16, .4 82. 1 

Hydrogen Transfer 

9 H 2 ± CH 3 * H* + CH 4 9, .2 11. 3 

10 h 2 + c 3 h 5 - - > h " + c 3 h 6 10. .5 19. 7 

11 C 3 H 8 + H- - > i - c 3 h 7 - + h 2 11, .1 9. 7 

12 C 3 H 8 + C H 3 * 
- > 1 - C 3 H 7 ' + CH^ 9. ,0 11. 5 

13 C 3 H 8 + C2 H5* 
- > i - c 3 h 7 ° + c 2 h 6 8. ,5 12. 3 

14 c 3
h ; g + 2 - C 3H 7* - > - 1 - c 3 h 7 * + c 3 h 8 8. ,0 12. 9 

15 C3 Hi g + 1 " C 3H 7* - > 2 - C 3 H 7 ' + C 3 H 8 7. ,7 10. 4 

16 C 3 H 8 + C 3H 5- i - c 3 h 7 * + c 3 h 6 8. 9 20. 5 

17 c 3 h 6 + h - - > c 3 h 5 ' + h 2 11. ,0 3. 5 

18 C 3 H 8 + H* - > 2 - C 3 H 7 ' + H 2 10. ,8 7. 7 

19 C 3 H 8 + C H3* 
2 - C 3 H 7 ' + CH 4 8. ,8 10. 5 

20 c 3 h 8 + c 2 h 5 ' - > - 2 - C 3H ?* + C 2 H 6 7. ,7 10. 4 

21 C 3 H 8 + C3 H5" 
-V 2 - C 3H 7* + C 3 H 5 8. ,3 16. 1 

22 H 2 + C 2H 5* H* + C 2 H 6 9. 6 14. 0 
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TABLE 5.5 (contd.) 

Reacti on 

Number 
Elementary Reaction Step 

K = A e " E / R T sec' 1 

or 
litre.mole""' sec"' 

log-jgA E 
(kcal/mole) 

2 3 
c 2 h 6 + c h 3 * 

c 2 h g * + c h 4 8 . 8 1 1 . 6 

2 4 c 4 h 1 0 + h ' 
1 - c 4 h g ' + h 2 1 1 . 1 9 . 7 

2 5 c 4 h 1 0 + c h 3 * 
- > i - c 4 h 9 - + c h 4 8 . 6 1 1 . 4 

2 6 c 4 h 1 0 + c 2 h 5 * 
-y 1 - c 4 h 9 - + c 2 h 6 

8 . 5 1 2 . 3 

2 7 c 4 h 1 0 + c 3 h 5 ' 
-y 1 - c 4 h 9 * + c 3 h 6 

8 . 9 2 0 . 5 

2 8 c 3 h 6 + c h 3 * 
-y c 3 h 5 * + c h 4 8 . 2 8 . 8 

2 9 c 3 h 6 + c 2 h 5 * -y c 3 h 5 * + c 2 h 6 8 . 0 9 . 8 

3 0 c 4 h 1 0 + h * -y 2 - c 4 h g * + h 2 1 1 . 1 7 . 7 

3 1 c 4 h 1 0 + c h 3 * 
-y 2 - c 4 h g * + c h 4 8 . 6 9 . 6 

3 2 c 4 h ] 0 + c 2 h 5 - -y 2 - c 4 h g * + C 2 H 6 
8 . 0 1 0 . 4 

3 3 c 4 h 1 0 + c 3 h 5 * 
-y 2 - c 4 h g * + c 3 h 6 

8 . 5 1 6 . 4 

Decomposi ti on 

3 4 c 2 h 5 ° -y h ' + c 2 h 4 1 3 . 6 4 0 . 5 

3 5 i - C 3 h 7 - -y c h 3 + c 2 h 4 1 3 . 1 3 2 . 5 

3 6 i - c 3 h 7 - -y h * + c 3 h 6 1 3 . 2 3 8 . 6 

3 7 2 - c 3 h 7 - -y h * + 
3 6 

1 3 . 9 4 0 . 4 

3 8 2 - c 4 h g " -y c h 3 * + c 3 h 6 1 4 . 3 3 3 . 2 

3 9 2 - methyl - 1 - propyl' -y c h 3 * + c 3 h 5 1 4 . 0 3 2 . 8 

4 0 3 - methyl - 1 - butyl* -y 2 - c 3 h 7 * + C 2 H 4 1 2 . 6 2 6 . 2 

41 4 - methyl - 2 - pentyl' -y 2 - c 3 h 7 * + c 3 h 6 
1 3 . 4 2 8 . 2 

4 2 i - c 4 h 9 * -y 
c 2 h 5 * + ^ 2 ^ 4 

1 3 . 4 2 8 . 8 

4 3 1 - c 5 H
l T 

-y i - c 3 h 7 * + C 2 H 4 1 3 . 5 2 8 . 4 

4 4 2 " C 5 H l l ' 
-y 

c 2 h 5 * + c 3 h 6 
1 2 . 7 2 9 . 1 

4 5 2 - methyl - 1 - butyl* -y c 2 h 5 * + c 3 h 6 1 3 . 1 2 9 . 5 
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Reacti on 

Number 

TABLE 5.5 (contd.) 

Elementary Reaction Step 

K = A e " E / R T sec"1 

or 
1 _ i 

litre.mole - 1 sec 1 

log 1 0A (kcal/ 
mole) 

Addi tion 

46 H ' 4 C 2 H 4 
C 2 H 

5' 

47 H' + C
3

H
6 

2 - C 3 H 7 -

48 H' + C
3

H
6 

1 - C
3

H
7 * 

49 CH 3- + C
2

H
4 

- > • 1 - C 3 H 7 * 

50 CH 3- 4 C
3

H
6 

2 - C
4

H
G ' 

51 CH 3- 4 C
3

H
6 

2 - methyl 

52 C 2 H 5 - + C
2

H 4 1 - C 4 H G ' 

53 c 2 H 5 - + C 3 H 6 
- > 2 - C 5 H L L " 

54 1 - C 3 H 7 - + C 3 H 6 
2 - C 6 H 1 3 * 

55 2 - C 3 H 7 ' + C 2 H 4 3 - methyl 

56 2 - C 3 H 7 - + C 3 H 6 
4 - methyl 

57 W 
+ C 3 H 6 

2 - methyl 

Isomeri zation 

Termination - Recombination 

10.6 

9.9 

9.9 

8.1 

8.5 

8.5 

7.8 

7.6 

7.8 

7.6 

7.6 

7.6 

2.6 

1.2 

2.9 

7.7 

7.4 

9.1 

7.6 

7.5 

7.0 

6.9 

6.9 

9.2 

58 1 - C 5 H l T 
2 

" C5 H11* 
11 .0 20.0 

59 2 - C 5 H l l ' 
1 

" C5 Hll" 
11, .1 23.4 

60 1 - C6 H13* 
2 ' C6 H13* 

9, .2 11.1 

61 2 - C6 H13* 
1 " C6 H13* 

9. .3 14.5 

62 H* + 2 - C 3 H 7 - -k C 3 H 8 
11. ,0 0 

63 CH 3- + CH 3- - > C 2 H 6 10. ,4 0 

64 CH 3- + 1 - C 3 H 7 - C 4 H 1 0 
10. .3 0 

65 CH 3-' + 2 • C3 H7* 
-k 2 - methyl propane 10, .2 0 

66 CH 3- 4 C 3 H 5 - -k 1 - C 4 H 8 10, .3 0 

67 C 2 H 5 -' + 2 - C 3 H 7 - 2 - methyl butane 9, .9 0 
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Reacti on 
Number 

TABLE 5.5 (contd.) 

Elementary Reaction Step 

K = A e " E / R T sec" 1 

or 

litre.mole -^ s e c - ' 

l o g ] 0 A E 
(kcal/mole) 

68 C 2 H 5 * + C 3 H 5 * 
1 " C 5 H ho 10. 0 0. 

69 1 - C 3 H 7 * + 2 - C 3 H 7 * 2 - methyl pentane 9. 9 0 . 

70 I - C 3 H 7 * + C 3 H 5 * -y 1 - C 6 H 12 10. 0 0. 

71 2 - C 3 H ? - + 2 - C 3 H 7 * -y "product" 9. 5 0. 

72 2 - C 3 H 7 - + C 3 H 5 * -y "product" 10. 0 0. 

73 C 3 H 5 * 
+ C 3 H 5 * 

-y ( C 3 H 5 ) 2 
9 .8 0 . 

74 C 3 H 5 * + C4H7* 
-y 1, 5 heptadiene 10 .1 0. 

75 CH 3* + C 2 H 5 * -y C3H8 
10 .3 0 . 

76 CH 3* + C4H7* 
-y 2 - C 5 H 10 10. 4 0 . 

77 C 2 H 5 - + C 2 H 5 * -y C4H10 9. 6 0. 

78 C 2 H 5 ' + C 4 H 7 * -y 2 - C 6 H 12 10. 0 0. 

Termination - Disproportionation 

79 H* + 2 - C 3 H 7 ' -y C 3 H 6 
+ H 2 10. 7 0. 

80 CH 3* + 1 - C 3 H 7 - •y C 3 H 6 
+ C H 4 9. 1 0. 

81 CH 3* + 2 - C 3 H 7 - •y C
3

H
6 

+ C H 4 9. 4 0. 

82 CH 3* + C
4

H
7 * 

-y C 4 H 6 
+ C H 4 9. 9 0 . 

83 C 2 H 5 * + 2 - C 3 H 7 * -y C
3

H
6 

+ c 2 H 6 9. 2 0. 

84 1 - C 3 H Y - + 2 - C 3 H 7 - -y C 3 H 6 
+ C3H8 9. 2 0. 

85 2 - C 3 H 7 * + 2 - C 3 H 7 * •y C 3 H 6 
+ C

3
H
8 

9. 3 0 . 

86 2 - C 3 H 7 * + C 4 H 7 ' 
-y 

C 4 H 6 
+ C

3
H
8 

9. 7 0 . 

87 C
3

H
5 * 

+ C 4 H 7 * -y 
C 4 H 6 

+ C
3

H
6 

9. .8 0. 

88 C 3 H 5 * + C 2 H 5 * -y C
2

H
4 

+ C
3

H
6 

9. ,1 0. 

89 C 3 H 5 * + 1 - C 3 H 7 * -y 
C
3

H
6 

+ C
3

H
6 

9. ,0 0. 

90 C 3 H 5 * + 2 - C 3 H 7 * 
-y 

C
3

H
6 

+ C
3

H
6 

9. ,0 0. 
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Reacti on 

Number 

TABLE 5.5 (contd 

Elementary Reaction Step 

K = A e "
E / R T

 sec"
1 

o r
- l -1 

litre.mole sec 

l o g i n A E 
1
 (kcal/mole) 

91 C 2 H 5 - + 2 - C 3 H 7 - - > • c 3 H 8 + c 2 H 4 9. .1 0 

92 1 - C 3 H 7 * + 2 - C 3 H 7 - C
3

H
8
 + C

2
H
4 

9. ,1 0 

93 CH 3- + C 2 H 5 - - > C
2

H
4
 + C H

4 8. .9 0 

94 C 2 H 5 * + C 2 H 5 - - > C
2

H
4
 + C

2
H
6 

8. .7 0 

95 C 2 H 5 - + 2 - C 4 H G ' - > 2 - C 4 H 8 + C 2 H 6 9. .2 0 

96 C 2 H 5 - + C 4 H 7 * c 4 H 6 + c 2 H 6 9. .6 0 

97 C 2 H 5 - + 2 - C 4 H G ' 
- > C 4 H 1 0 + C 2 H 4 

8. .9 0 

98 C 2 H 5 - + C 4 H 7 ' 
C 2 H 4 + 2 - C 4 H G 9. .0 0 
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c h a p t e r 6 

EXPERIMENTAL RESULTS 

6.1 Introduction 

Under experimentally verified isothermal conditions within a section of the 

reactor raw experimental data were collected from different axial positions 

along the centreline of the reactor within the isothermal region. In each 

run the temperature profiles both axially and radially were measured before 

and after the collection of the composition data. A typical set of data 

therefore for each run consisted of product compositions and reactant con-

version collected under isothermal conditions for a range of different 

residence times corresponding to the different axial points where a measure-

ment was taken. 

Three different experimental operating conditions led to three separate 

sets of raw data. The first set, set A (Runs 4 - 1 0 inc.) consisted of 

data collected in the isothermal gas range 920 - 990 K at a reactor pressure 

of 7 psig, with a nominal feed of 10% molar concentration of butane in 

inert nitrogen. Throughout the experimental runs the Reynolds number 

was held constant (^ 8 0 ) and continuous monitoring of the axial wall 

temperature profile, the feed flowrate and reactor pressure ensured that 

the experimental conditions did not drift during the collection of the data, 

which covered a time interval of 7 - 8 hours. A similar set of data, 

set B (Runs 11 - 19 inc.) was collected in the same isothermal gas 

temperature range with a nominal feed concentration of 5% molar butane 

in inert nitrogen but with an identical overall feed flowrate to the 

reactor. Thus the Reynolds number remained unchanged from that of the 

first set and any change in the experimentally collected data would be 

a direct consequence of changing the feed composition. Since the global 
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kinetics were analysed assuming first order characteristics for the 

butane disappearance, this served as an independent check for justifying 

such an assumption. 

The final set of data, set C (Runs 20 - 27 inc.) were collected under a 

Reynolds number approximately twice that of the first two sets, with a 

nominal feed concentration equal to the first set. Although no S/V 

investigation was performed in this study the result of doubling the 

flowrate will aid mass transfer to the reactor wall and any heterogeneous 

contribution to the assumed homogeneous reaction kinetics should be 

reflected in the analysis of the resulting data. The increase in feed 

flowrate to cause such a change in the Reynolds number, demanded the use 

of extra preheating facilities since the design of the reactor was 

principally for operation at lower flowrates. Without the preheat no 

adequate isothermal zone, specifically in the radial direction, was 

attainable. Pretreating the premixed feed gases to approximately 350°C 

before introducing it to the reactor led to an isothermal space suitably 

large enough from which to extract a reasonable set of data. 

Originally it was intended to extend the temperature range for set C 

but at higher temperatures the conversion of butane reached such high 

proportions that this was not possible due to excessive formation of 

liquid products and carbon build-up. Information on the feed to the 

reactor, subsequent evaluation of overall material balances and the probe 

sampling conditions used during the experiments is located in Appendix X. 

The experimental data and subsequent analyses are presented here in four 

sections. Typical measured axial centreline gas temperature profiles 

for each set of experimental conditions are illustrated in Section 6.2, 

together with typical plots of the major product yields through the 

isothermal gas space. Graphical representations of the composition data 
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collected during the experiments are presented in Section 6.3. These 

take the form of yield/conversion and selectivity/conversion plots 

and in this way Sections 6.2 and 6.3 encompass the presentation of 

typical conditions and composition data as collected from the experi-

mental runs. 

Section 6.4 deals principally with analysis of this information in the 

determination of the global characteristics for the butane pyrolysis; 

in particular estimation of the apparent rate constants and thus pre-

exponential factor and activation energy. Typical plots of rate constant 

estimation assuming plug flow and first order characteristics, using 

unweighted linear least squares regression, are presented for different 

experimental runs from each of the three sets of data. The Arrhenius 

plots for estimation of the activation energy and pre-exponential factor 

are also included. Rate constants were also estimated using the radial 

dispersion model and this tended to justify the simpler approach by 

which the global parameters were estimated. 

Section 6.5 presents the attempts to model the product distributions 

using the fundamental kinetic mechanism proposed by Allara and Edelson 

(1980) and described earlier in Chapter 5, Section 5.8. 

6.2 Axial Centreline Gas Temperature Profiles 

Confirmation of the ability to establish an isothermal region is presented 

in Figs. 6.1 - 6.5. Plotted on the same reactor profiles are some of the 

yields for the major products propylene, methane, hydrogen and ethylene and 

conversion of the parent hydrocarbon, butane. Full details of the axial 

wall and measured gas temperature profiles are located in Appendix XI. 

The profiles in Figs. 6.1 - 6.5 show clearly that an isothermal axial 

profile region was obtained approximately 30 - 36 cm of length for experi-

mental runs in set A and set B (Figs. 6.1 - 6.4) when the average Reynolds 
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number was M30, whereas a shorter region, 20 - 24 cm. long, was obtained 

in set C (Fig. 6.5) where a higher Reynolds number was used ^ 160, during 

each run. This increase in Reynolds number was achieved by increasing 

the mass velocity through the reactor and accounts for the reduction 

in size of the isothermal section. This occurred despite the fact 

that the feed gases were preheated up to a temperature of ^ 350°C before 

tangential introduction into the reactor. As previously mentioned 

in Chapter 3, Section 3.3, the variation of temperature through the 

isothermal region, measured axially and radially was generally less than 

3°C and local variation was measured to be within 1°C during a typical 

run. 

An average of all the gas temperatures recorded in the isothermal region 

was used to typify the thermal conditions and this value was used in 

equation (3.1) to enable correction of the thermocouple temperature due 

to correction and radiation heat transfer effects at the thermocouple 

tip which raise the recorded value higher than its true value. Average 

corrected temperature differences between gas and wall for set A and 

set B were of the order 20°C and in set C average differences were larger, 

^ 50°C (Corrected 'temperatures are tabulated and discussed in Appendix.IV.) 

6.3 Product Distributions 

One of the advantages of this experimental approach is the vast amount 

of reliable data which is available from a small number of experimental 

runs. The great variety of products obtained from the pyrolysis is 

indicative of the complexity of the radical reaction mechanism which 

is taking place. Product yields for all the major components and 

measured minor components are presented solely as a function of the 

conversion in Figs. 6.6 - 6.11. The composition data in full is located 

in tabular form in Appendix XII. The yield data has been collected from 
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individual runs under varying conditions of residence time and reaction 

temperature. If the product distribution depended on the conversion 

only the yield plots would be characterised by smooth continuous functions 

with a spread of points determined by experimental measurement errors. 

Then the conversion/yield characteristics would be independent of the 

combination of residence time, reaction temperature, reactor pressure 

and any other factors which might affect the pyrolysis. 

For the limitations of the data collected it appears that there is a 

reasonable correlation between yields of the same product from separate 

runs upto conversions of 30 - 40%. The certainty of this observation 

becomes doubtful when the isothermal reaction temperature is high because 

only a fraction of the composition data collected during these runs 

was in this nominal conversion range. From these runs therefore little 

information about the early stages of the reaction could be collected. 

Above a conversion of ^50% a spread of points for the propylene yield 

can clearly be observed in Figure 6.7 which indicates thatat higher 

conversions, the product distribution and yield are not solely a function 

of the conversion of the product distribution data. This spread of yield 

points is also apparent for hydrogen in Fig. 6.9 and to a lesser extent 

for ethane and ethylene in Figs. 6.8 and 6.10 respectively. The methane 

yield in Fig. 6.6 remains relatively stable irrespective of the reaction 

temperature at which the yield data was collected. This reflects the 

stable structure of methane which at these temperatures becomes a termi-

nal product and thus does not partake in any secondary reactions. If 

it is proposed that the spread of the yield data is as a result of the 

effect of subsequent secondary reactions then the idea that even at high 

temperatures the yield is only a function of conversion upto <30% becomes 
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more sound. 

In order to obtain an idea of the effect of temperature on the distri-

bution at higher conversions the yield data is divided into two classes; 

low temperature data when the calculated isothermal temperature during 

the experimental run was below 690°C and high temperature data when 

the temperature was above this. From this division of data some charac-

teristics of the yield spread became abundantly more clear. Yields for 

propylene and to a lesser extent ethane are favoured by lower reaction 

temperatures whilst ethylene yields increase at higher temperatures. 

The variation of hydrogen with temperature and conversion in Fig. 6.9 

is not understood. Hydrogen is a stable terminal product and would be 

expected to have a yield plot similar in stability to the methane plot, 

Fig. 6.6. Although the scatter of points does not appear to have any 

direct correlation with temperature or conversion, slightly higher 

yields appear to have been achieved from the runs in set C. The implications 

of this are discussed further in Chapter 7, Section 7.4. 

Figure 6.11 gives a cumulative yield plot for 1-butene, cis-2-butene, 

trans-2-butene and 1,3 butadiene. 1-butene was seen to go through a 

maximum at about 70% conversion and probably suffers from the same 

inhibition reactions as propylene due to attack by alkyl radicals, see 

Chapter 5, Section 5.2. Selectivity towards 1,3 butadiene increased 

noticeably at very high conversions, > 80%. Propane was also detected 

in small traces which varied little with change in experimental conditions. 

To complement the yield plots the selectivity of the major products, 

principally the olefins, are presented in Figs. 6.12, 6.13 and 6.14 

upto conversions ^ 50%. No new information could be obtained by plotting 

above this range since the product yields no longer remain a sole function 

of conversion. Initial selectiv.ities for ethylene and propylene are esti-
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mated to be approximately 45 - 50% and 60 - 65% respectively. The 

implication of this are discussed further in Chapter 7, Section 7.1. 

6.4 Evaluation of the Global Parameters 

Calculation of the rate constant from each individual run as presented 

in Figs. 6.15, 6.16 and 6.17 was based upon the assumption that radial 

mixing was sufficiently rapid to make the behaviour of the experimental 

laminar flow reactor equivalent to one with plug flow. This was checked 

experimentally and Fig. 5.1 in Chapter 5 demonstrates the typical profiles 

obtained within the isothermal region. Because measurements were available 

within the reactor space and not only at the effluent, it was computationally 

straightforward to find a unique value of the rate constant by linear or 

nonTlinear least squares. The plots typified by Figs. 6.15, 6.16 and 6.17 

indicate that the isothermal gas region stretches slightly further than 

the centreline gas temperature measurements have suggested. In most 

instances the composition points downstream of the isothermal gas region 

do not deviate away from the regression line passing through the composition 

points located within the isothermal region. This suggests, but does not 

confirm, that conductivity effects away from the thermocouple probe tip 

may become significant when measuring this close to the exit, due to the 

large thermal gradients which exist in this vicinity . 

The slight curvature observed in the plot for run 25 in Fig. 6.17 is indica-

tive that the axial temperature gradients within the isothermal region for 

runs in set C may have been larger than for sets A and B. This is perfectly 

conceivable because the temperature difference between the gas and wall 

is considerably larger than in the first two sets. However the measure-

ments taken of gas temperature revealed no discernible difference between 

the variation of temperature within the isothermal regions between the 

three sets. For further comment see Appendix IV. 
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The validity of the plug flow approximation was tested in several ways. 

The most direct approach was the simultaneous estimation of both the 

rate constant and the radial mixing parameter from the data, using the 

radial dispersion model, as described in Chapter 4. Alternatively it 

could be assumed that molecular diffusion was the only means by which 

radial dispersion was occurring and thus the radial dispersion coefficient 

was equated to the radial molecular diffusion coefficient. Wakeham and 

Slater (1973) developed an equation which was used to estimate the diffusion 

coeffient for butane in nitrogen 

ln(Dm) = -11.513 + 1.61 ln(T) (6.1) 

where: T is the temperature (K) 

2 

Dm is the diffusion coefficient (cm /sec) 

Although primarily applicable in the temperature range 300 - 700 K 

Wakeham (1981) estimates errors to be no greater than 10 - 15% for 

extrapolation to the temperature range used in this study. Using this 

a priori value of the dispersion coefficient led to an estimation of only 

the rate constant with the radial dispersion model. Lastly the rate 

constant was estimated assuming the validity of the plug flowmodel using 

linear and non-1 inear regression. Results for all three different approaches 

are summarised in Table 6.1. 

The simultaneous estimates of the rate constant and the radial dispersion 

coefficient seem to be divided into two types of results. In some cases, 

the simultaneous estimate of the dispersion coefficient, presented as 

the parameter a , see Chapter 4, Section 4.3, is very large and not 

surprisingly the estimate of the rate constant incorporated in the para-

meter 6 tallies well with estimates using plug flow. In the second 

instance the value of a is small enough that an effect on the simultaneous 

estimate of 8 is observed, which as a result deviates from the plug flow 

estimate. This agrees with the simulations in Chapter 4 which predicted 
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Run 
Number 

TABLE 6.1 

Summary of Results for Estimation of a and 

From the Experimental Data 

K 3 I 
(sec ') 

4 0 .0931 3 .10 0 .1122 1 .062 0 .0841 0 .0610 0 .0837 

5 0, .1246 3, .28 0 .1559 0 .765 0 .1164 0, .0866 0, .1155 

6 0, .2138 2, .31 0 .2732 0 .442 0 .2011 0, .1524 0, .1997 

7 0, .2799 146, .5 0, .3859 0 .318 0, .2817 0, .2143 0, .2797 

8 0, .4589 3735, .5 0. .6520 0 .191 0, .4500 0, .3467 0, .4590 

9 0. ,4721 0. .78 0. .5959 0 .206 0, .4251 0. .3313 0. .4167 

11 0. ,2103 1. ,03 0. ,2553 0 .391 0. .1795 0. .1658 0. ,1765 

12 0. ,1805 21419. 1 0. ,2407 0, .516 0. .1776 0, .1312 0. .1805 

13 0. ,2617 1779. 0 0. ,3534 0 .354 0. ,2473 0. ,1850 0. ,2618 

14 0. ,3326 23727. ,4 0. ,4892 0, .207 0. ,3250 0. ,3101 0. ,3326 

15 0. ,5334 0. ,3583 0. ,5921 0, .216 0. ,4351 0. ,3308 0. ,4177 

16 0. 5856 224. ,2 0. ,8499 0, .151 0. ,5477 0. ,4233 0. ,5855 

17 0. 1164 948. 5 0. ,1520 0, .813 0. ,1164 0. ,0847 0. ,1165 

18 0. 0734 13814. 0 0. 0965 1, .268 0. ,0720 0. ,0520 0. ,0734 

19 0. 1010 29123. 0 0. 1335 0, .921 0. ,1007 0. ,0727 0. ,1010 

20 0. 0435 2. 81 0. ,0583 0. .667 0. ,0327 0. ,0719 0. ,0324 

21 0. 0827 1. 70 0. 1146 0, .345 0. 0648 0. ,1453 0. ,0638 

22 0. 1629 1. 77 0. ,2596 0. .154 0. ,1462 0. 3347 0. ,1448 

23 0. 2696 0. 49 0. 3586 0, .112 0. ,2116 0. ,4969 0. ,1979 

25 0. 3634 0. 41 0. 4946 0, .083 0. ,2868 0. ,6837 0. ,2735 

26 0. 3323 14494. 0 0. 6156 0, .054 0. ,3299 0. ,9956 0. 3322 

1 Simultaneous estimation of a and 3 using the RDM. 

2 Estimation of 3 using the RDM using an a_ priori value of a, calculated 

using equation (6.1). 
3 Estimation of 3 using the PFM with linear regression, by assuming a ° 
4 Estimation of 3 using the PFM with non-linear regression, by assuming 

a -k 00 . 
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a correlation between estimates of a and 8 in the range where a was 

noticeably small. The second set of results where an a priori value 

of the dispersion coefficient is substituted into the regression model 

also exhibits this same effect, where the estimates of 8 differ signifi-

cantly from those of plug flow, directly as a result of the low values 

of a. The implications of this disparity are discussed in Chapter 7, 

Section 7.2. 

The rate constants obtained from the plug flow model were used to estimate 

the Arrhenius parameters of the global kinetics for the rate of butane 

decomposition. A comparison between the non-1inear piug flow regression 

estimates and the linear plug flow estimates revealed little difference 

and for convenience the 1inear estimates were used to generate the 

activation energy and pre-exponential factor. 

The weighted linear regression plots for the calculation of the Arrhenius 

parameters from the three data sets are shown in Figs. 6.18, 6.19 and 

6.20. The weights for the linear regression were determined from the 

estimated variances of each estimated rate constant. These Arrhenius 

parameters were also evaluated by non-1inear regression using the inverse 

of these variances as appropriate weights. The known high correlation 

between the pre-exponential factor and activation energy warranted a 

reparametization 

k = A < e " t 

(5.2) 

A' - Ae" E / R T * 

where T* is the average temperature for the rate constant data used in 

the regression. The results from the non-1 i near regression are presented 

alongside the linear regression estimates for comparison. Error bounds 

for the linear regression estimates were straightforward to calculate 
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Fig. 6.18 Arrhenius Plot for Experimental Set A 
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cf Non-linear Estimation 

A = 3.75 E10 sec - 1 

E = 204.3 KJ/mole 
(48.82 kcal/mole) 
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1/T x 10 3 ( K _ 1 ) 

Fig. 6.18 Arrhenius Plot for Experimental Set A 
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and the method is described in Appendix VII. This is not the case for 

the non-1 inear regression and a procedure similar to that described in 

Chapter 4, Section 4.9 would need to be adopted. 

The procedure revealed similar activation energies for Runs A and B 

but a slightly lower value with set C. The rate constants for the runs 

in set C were however predominantly higher than those in set A and set B 

and the implications of these findings are discussed in Chapter 7, 

Section 7.3. 

6.5 Kinetic Modelling of the Product Distribution 

The kinetic model proposed by Edelson and Allara (1980) and discussed 

in Chapter 5, Section 5.8, was used to predict experimental product 

yields from two experimental runs in set A , run 5 (Tg = 939.3 K) and 

run 7 (Tg = 970.0 K). The differential equations for this model, 

generalised by equation (5.1) were integrated using Gear's method from 

the entrance of the experimentally determined isothermal region in each 

run, using the measured molecular yields as initial conditions for the 

model. The radical concentrations were assumed zero but were very 

quickly established in the early stages of the integration. The simu-

lations discussed in Chapter 5 suggested that little error would be 

incurred by such a procedure and Fig. 6.21 confirms this for run 5. 

Figure 6.22 shows the prediction of the pyrolysis rate as a function 

of the calculated axial position along the reactor for run 5. Clearly 

the overall rate of butane disappearance is well below that obtained 

experimentally. This was observed for both the simulations and with 

both cases the observed rate was approximately double that predicted. 

Figures 6.23 and 6.24 present the predicted product yields as a function 

of conversion and there is a good fit for both the simulations. A slight 

discrepancy is observed for the product yield of methane which is lower 

than that measured. 
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Fig. 6.22 Predicted Butane Decomposition Rate using the Model of Edelson and 
Allara, (1980), Experimental Run 5 (Tg = 939.3K) 
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Two further simulations were performed principally to observe the 

effect probable errors in the rate data might have on both the simu-

lated product distribution and the simulated decomposition rate of 

butane. A sensitivity analysis by Edelson and Allara (1980) indicated 

that the expressions whose rate data had most influence were: 

Expression No. (see Table 5 

C 4 H 1 q CH^' + 1 — 0 3 H 7 ° 7 

C 4 H 1 0 ^ 2 C 2 8 5 * 8 

C 4 H 1 0 + CH 3- - 1 - C 4 H 9 . + CH 4 25 

C 4 H ] o + C 2 H 5 ' " I _ C4 89* + C 2 H 6 2 8 

Under experimental conditions pertaining to run 5 an increase in the 

rate data by a factor of 5 for the two initiation steps 7 and 8 pro-

duced little change in the product distribution, presented in Fig. 6.25, 

but revealed a marked increase in the decomposition rate as illustrated 

in Fig. 6.22. An increase in the rate data by the same magnitude for 

the two abstraction reactions 25 and 26 resulted in an effect quite 

opposite to that for change in the initiation rate data. More effect 

was produced with the product distribution, see Fig. 6.26, than the 

decomposition rate presented also on Fig. 6.22. In both simulations 

the change in rate data was well within the bounds of recognised 

uncertainty (Allara and Shaw, 1980) and this is discussed in greater 

detail in Chapter 7, Section 7.4. 
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C H A P T E R 7 

DISCUSSION OF EXPERIMENTAL RESULTS 

The major objective of this work has been to establish an experimental 

technique which adds credibility to the reliability of the data for the 

pyrolysis of butane. In addition it has been noted that it is vital to 

rigorously test and justify the application of any mathematical model to 

evaluate the kinetic information obtained from the experiments. The great 

care and detail taken to obtain reliable data would prove meaningless 

without such an operation. By proceeding in this manner there can be 

more confidence in the accuracy of the kinetic parameters and this leads 

to a more objective and worthwhile discussion on discrepancies between 

values reported from this study and values reported in .previous literature. 

7.1 Comparison of Product Distribution with Previous Literature 

There have been a number of studies on the product distribution in the 

pyrolysis of butane. The low temperatures used in many studies meant 

investigation in the 0 - 20% conversion range. Froment et al (1977) 

studied butane pyrolysis in a pilot plant reactor in the temperature range 

650 - 850°C and determined that the product distribution was a function of 

conversion, total pressure, temperature and the partial pressure of butane. 

On plotting the product yields against conversion the influence of tempera-

ture was found to be negligible in the range investigated. With methane 

the yield appeared to be independent of both temperature and butane par-

tial pressure and this agrees with the findings in this study. A contrast 

is apparent between Froment's data and that reported here regarding 

the influence of temperature on the product distribution. Pacey and 

Purnell (1972b), Hill (1977), Sandler and Chung (1961) and Illes and 

Szalai (1979) all report the propylene yield is sensitive to temperature. 
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They agree with this study that in the temperature range studied lower 

temperatures favour propylene production and conversely that higher 

temperatures favour production of ethylene. This is consistent with 

the idea that lower olefins are more thermally stable than higher olefins. 

Higher olefins are reported to decompose into lower olefins and produce 

other secondary products such as 1,3 butadiene. 

Yields for hydrogen and ethane are similar to those previously reported 

(e.g. Sandler and Chung, 1961; Sundaram and Froment, 1978a). Quantita-

tively it is difficult to compare product yields since the distribution 

depends to some extent on the catalytic activity of the reactor material, 

the S/V ratio of the reactor, reactor pressure and on the temperature 

range used in each study. Most of the minor products detected have been 

reported in previous literature. It is generally accepted that they 

account for no more than 3 - 4 % mole/mole of the product distribution 

upto moderately high conversions. This was also determined in this study, 

see Fig. 6.11. Sundaram and Froment (1978a), Purnell and Quinn (1962) and 

Sandler and Chung (1961) have all detected minor products similar to 

those detected in this study. Sundaram and Froment (1978a) in addition 

measured small quantities of acetylene and Purnell and Quinn (1962) 

measured small quantities of 1-pentane both of which were not measured. 

Very small traces of what is believed to be methyl acetylene detected 

in this study have not been reported in previous literature. 

It has been common in the past to represent the primary reactions by a 

stoichiometric molecular reaction scheme from which the initial selectivity 

at zero conversion for the primary products can be estimated. Steacie 

and Puddington (1938) found the reaction products could be represented 
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C 4 H 1 0 " 2 / 3 C H 4 + 2 / 3 C 3 H 6 + '/B C 2 H 4 + V 3 C 2 H 6 

More recently Sandler and Chung (1961) proposed the following 

0.62 ( C 4 H 1 q - CH 4 + C 3 H 6 ) 

0.25 ( C 4 H 1 q - C 2 H 4 + C 2 H 6 ) 

0.06 ( C 4 H 1 0 + 2C 2H 4 + H 2 ) 

0.07 ( C 4 H 1 q - C 4 H 8 + H 2 ) 

This scheme seemed to account for the reported observation that ethylene 

yields were normally considerably higher than those for ethane. 

Since the lowest conversion data from this study is approximately 10% 

any extrapolation to zero conversion might incur a considerable degree 

of error. 

Figure 6.12 indicates initial selectivities for methane and propylene 

of approximately 70 - 75% and 60 - 65% respectively. Sandler and Chung's 

reaction scheme predicts a value of 62% for both products. Initial 

selectivity for ethylene appears to be higher with a value ^ 50% compared 

to the predicted value of 37%. Similar discrepancies are noted for 

hydrogen and ethane selectivity. Clearly this stoichiometric relation-

ship does not fit well with the experimental data collected in this 

study. Even accounting for the inaccuracies incurred by extrapolation 

this indicates that a stoichiometric relationship of this relative simpli-

city is not complex enough to efficiently describe the primary product 

distribution of the pyrolysis. 

7.2 Generation of the Rate Constants from the Isothermal Data 

Having experimentally verified the data from each experimental run as 

isothermal, calculation of the global rate constant for the butane 



- 158 -

decomposition was achieved in three different ways as discussed and 

presented in Chapter 6, Section 6.4. 

The simultaneous estimates of the rate constant incorporated in the 

parameter 8 and radial dispersion coefficient incorporated in the 

parameter a, see Chapter 4, Section 4.3, appear to be of two distinct 

varieties. Some runs are characterised by large estimates of a and 

estimates of 8 which correspond closely to estimates from the same 

data using the plug flow model. In other cases the estimates are 

characterised by low values of a and accordingly the estimates of 8 

significantly deviate from the plug flow estimates. Superficially this 

might be explained by suggesting that the simultaneous estimate of a 

truly reflects the experimental conditions within the reactor. If this 

is the situation then there are some runs where factors other than 

molecular diffusion are contributing to the efficiency of radial mixing 

whilst in others this contribution is completely lacking and the mole-

cular diffusion dominates. This seems unlikely since if this were true 

some correlation would be expected between the a priori estimate and 

the simultaneous estimate of a. This does not appear to be the case. 

Furthermore, there is no logical, physical explanation why these runs 

should be particularly different from those runs where large values 

of the simultaneous estimate of a were obtained. 

A second, alternative suggestion appears more logical and consistent. 

Providing sufficient experimental data points are available any non-

uniformity in the distribution of experimental errors around the correct 

model will become sufficiently uncorrelated that a good fit to the 

experimental data will be procurable with model parameter estimates 

which closely reflect the correct values. Furthermore, decrease in the 

data error variance decreases the parameter estimate variance (e.g. for 
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a linear system see equation (4.10)) and the estimates become progressively 

more accurate and less sensitive to any non-uniformity in the experimental 

error distribution around the model fit. 

In the situation, however, where a poor distribution of errors around 

the true model is coupled with an excessively large error variance, 

biased estimates of the model parameters will be generated from the 

model fit. This seems to explain the random variation of the simulta-

neous estimation of the a and g parameters with the RDM. As discussed 

in Chapter 3, Section 3.4, the long elution times for the measurement 

of the product components meant only a limited number of experimental 

points could be taken from within the reactor during each typical run. 

Normally this number was limited to nine, of which six were situated 

within the isothermal region. With only six points there is a finite 

probability that biased estimates will be obtained if the experimental 

error distribution around the correct model is poor and the error 

variance is not small enough to minimise the consequences of this poor 

distribution. In these instances, since the radial dispersion model 

has more adjustable parameters than the plug flow model, the fit to 

the data will tend to be closer with a smaller estimated error variance. 

However, the model fitting generates parameter estimates which are not 

indicative of the true solution and in these instances these values must 

be considered having no fundamental importance. 

The decrease in adjustable model parameters with the plug flow model 

restricts the mobility of the plug flow model to accurately fit the 

data and in this respect a more accurate estimate of the rate constant 

should ultimately be obtained. 

It seems therefore that although satisfactory estimates of the rate 



- 160 -

constants have been attained the number of available experimental 

points during some runs was too small to minimise the effect of the 

apparent correlation created by the errors incurred during the experi-

mental measurement. 

From the runs where there is little correlation the estimates of the 

rate constant are similar from both the simultaneous estimation and 

the plug flow estimation. Moreover, the estimated radial dispersion 

coefficient is much larger than the a priori values which suggests some 

supplementary radial mixing is occurring besides diffusion; this is 

probably the result of natural convection currents superimposed onto 

the forced convection. Mixed convection occurs primarily for laminar 

flow and depends upon the relative magnitude of the Reynolds number, 

Prandtl number and Grashof number. The increased heat and mass transfer 

is a result of bouyancy forces present in the flowing gas due to local 

temperature and density variation. 

Eckert and Diagula (1954) studied mixed convection in a tubular pipe 

with its axis parallel to the direction of gravitational acceleration 

and developed some equations which bounded conditions when free convection is 

significant. Typical Reynolds numbers and Grashof numbers for this system 

indicate that free convection is occurring within the reactor, see 

AppendixXIII. The effect of this additional convection is to increase 

heat and mass transport both radially and axially within the bulk of 

the gas and would explain the large estimates of a. Since the radial 

dispersion coefficient is not simply the molecular diffusivity the one 

dimensional axial dispersion model might give estimates of the rate 

constant as accurate as the radial dispersion model for experiments 

in this reactor under conditions similar to these. 
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Attempts were also made to globally model the rate of generation of 

the products from the decomposition. Previous contributions include 

that by Powers and Corcoran (1974) who determined that the orders of 

reaction with respect to butane for the various products were not 

equal and varied from 1.15 to 1.67. If as a first approximation first 

order is assumed then the initial rates of production for each product 

is given by the rate of butane disappearance times each product fractional 

selectivity. If the fractional selectivity remains unchanged as the 

reaction proceeds under isothermal conditions then the first order approxi-

mation holds well. A preliminary investigation using data from this 

reactor shows that at low conversions this is an acceptable approximation. 

The limited data however near zero conversion limits the value of such 

an analysis from this study. 

7.3 Comparison of the Arrhenius Parameters with Previous Literature 

The global Arrhenius parameters from this study for the kinetics of the 

butane decomposition fall towards the lower end of a range of values 

previously reported in literature. To facilitate a comparison between 

reported values and values estimated in this study, Table 7.1 was con-

structed which summarises all the important contributions previously 

made towards analysis of the butane global kinetics. Included in the 

table for each contribution there is a concise discription of the reactor, 

reactor material and other important features which prove relevant during 

the subsequent discussion. 

The whole range of parameters in Table 7.1 illustrate effectively the 

confusion in literature regarding the characteristies of the global 

kinetics. The studies have been over a wide range of temperature, 

450 - 900°C, and have been carried out in both static and flow reactors. 

In both types of reactor, reactor material of known catalytic activity 



TABLE 7.1 

Summary of Previous Work on the Global Kinetics of Butane Pyrolysis 

Reference Reactor Details Tempera- Conversion S/V Assumed Activation Pre-exponential Other Comments 
ture Range ratio Order of Energy Factor (sec - 1 or 
Range cm"1 Reaction (Kcal/mole) litre mole"1 sec"1) 

(°C) 

Pease and 
Durgan 
(1930) 

Paul and 
Marek 
(1934) 

Steacie 
and 
Puddi ngton 
(1938) 

Ki ng,Sand-
ler and 
Chung 
(1959) 

Continuous 
glass flow 

Continuous flow 
reactor,copper 
and fused 
si 1ica 

Static Quartz 

Continuous flow 
vycor,stainless 
steel,chromi urn 
i ron 

625-550 0-35 65.0 

530-625 0-9 12.8 73.9 3.16 x 10 
17 

513-572 0-50 58.70 5.13 x 10 
12 

650-850 0-90 40.0 1 .0 x 10" 

First order rate con-
stant falls as conver-
sion increases 
Heterogeneous contri-
bution thought <1% of 
the total reaction. 

No heterogeneous 
contribution observed 

CD 
r o 

Product composition not a 
function of temperature 
and pressure over studied 
range 
First order constants fall 
off as reaction proceeds 



TABLE 7.1 (cont/d...) 

Reference Reactor Details Tempera- Conversion S/V Assumed Activation Pre-exponentjal Other Comments 
ture 
Rangi 
(OC) 

ture Range ratio Orderof Energy Factor (sec"' or 
Range cm"' Reaction (Kcal/mole) litre mole""' sec"^ 

Sandler 
and Chung 
(1961) 

Kupparman 
and Larson 
(1962) 

Wang et al 
(196 3~) 

Sagert and 
Laidler 
(1963) 

Continuous flow, 
vycor glass 

700-900 0-90 45.60 9.55 x 10" 

480-570 

460-560 

Static reactor 
Material 
unknown 

Continuous flow, 
quartz reactor, 
internal dia-
meter = 1 inch 

Static quartz 520-590 

0 - 1 0 M . 6 

0-15 ^3 

1 

2 

3 / : 

52.5 

54.6 

56.8 

59.9 

1.7 x 10 
10 

3.34 x 10 

2.55 x 10 

3.24 x 10 

12 

14 

15 

Most runs in annular 
reactor space. Use of 
novel reactor design to 
improve mixing. Other 
experiments included runs 
with a silica reactor, 
annular porcelain reactor 

CT> 
co 

Axial length of reactor 
adjustable 
Sampling at the exit, 
radially also. 
Reynolds number ^2000 

Experiments included 
11.6 fold increase in 
S/V ratio 



Reference Reactor Details Tempera- Conversion S/V 
ture Range ratio 
Range cm"' 

(°C) 

Illes Continuous flow 
(1969) quartz, internal 

diameter, 8mm 
length 110cm 

600-820 0-100 2.0 

Froment 
et al 
JT977) 

Continuous flow 
nickel chromium 
alloy (Sandrik/ 
Sanicro31), 
internal dia-
meter = 10 m 
length 21.75 
metres 

650-850 0-100 4.0 

THIS 
STUDY 

Continuous flow 650-715 7-85 
Inconel 600 rea-
ctor, internal 645-735 14-85 
diameter 5.25cm, 
length 180cm 645-740 10-83 

0.8 

0 . 8 

0.8 

TABLE 7.1 (cont/d...) 

Assumed 
Order of 
Reaction 

Activation 
Energy 
(Kcal/mole) 

Pre-exponential 
Factor (sec"^ or 
1itre mole~'sec"' ) 

Other Comments 

52.2 6.4 x 10 
11 

Atmospheric pressure 
sampling at exit of 
reactor 
Average Re ^,200 
Rate constant inhibited 
by products in the form 
K = K -8(f) for 1st order 

kinetics 

i. 49. 090 i. 7 .8 X 10 
i i. 48. ,720 i i. 6 .7 X 10 

i i i. 49. ,210 i i i. 7 .1 X 10 
i v. 50. ,450 i v. 1 .4 X 10 

10 
10 
10 
11 

1 50, .87 6.32 X 1 0
1 0 

1 50. .60 4.51 X 1 0 1 0 

1 47, .00 \M X 1 0
1 0 

Initial partial pressure 
butane variation , 

l 
i i 

i i i 
i v 

1 . 2 
0.8 
1 .4 
1.0 

atm. 
atm. 
atm. 
atm. 

CD 

Steam dilution ratio 
varied. Equivalent 
reactor volume concept 
used. Reynolds number 
4,500 - 7,000 

SET A 
Reynolds number <30 
SET B 
Reynolds number <30 
SET C 
Reynolds number ^160 

also 
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and reactor material of known limited catalytic activity have both 

been used. The use of catalytically active reactor materials gives 

rise to the possibility of heterogeneous reactions at the reactor 

surface in addition to the homogeneous reaction occurring within 

the reactor. In spite of the proven catalytic nature of many of the 

reactor materials used, previous workers have failed to assess fully 

the influence of possible interactions with the reactor wall, generally 

assuming the reaction to be fully homogeneous. A preliminary inspection 

reveals that in general the activation energies from the quartz reactors 

are higher than those from stainless steel reactors. Moreover, the 

general lack of reported radial and axial composition and temperature 

measurements within the reactor call for discussion on the possibility 

of heat and mass transfer limitations which might have existed with 

many of the previously report studies. 

The reactor material used in this study was Inconel, comprising approxi-

mately 76% w/w nickel, 1% w/w manganese, 15% w/w chromium and 8% w/w 

iron. The activity of nickel and iron has been clearly demonstrated 

by Crynes and Albright (1969) for propane pyrolysis in the range 600 -

750°C. They determined'that nickel reactors were effective in promoting 

secondary reactions, especially if pretreated with steam. The effect 

of chromium has been studied by King, Sandler and Chung (1959) who 

determined that carbon was not deposited on stainless steel surfaces 

which had been chromium plated. Furthermore, they noticed that there 

was a substantial improvement in the ethylene selectivity. Cambron 

and Bayley (1933) found that 18/8 Cr-Ni stainless steel was unsuitable 

for pyrolysis of the lower paraffins due to excessive carbon formation 

but claimed nickel free alloys containing over 20% w/w chromium were 

satisfactory. 
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The situation becomes more complex if the catalytic activity of the 

reactor surface is such that carbon is deposited since carbon coatings 

are known to be highly reactive (e.g. Purnell and Quinn, 1961; Volkan 

and April, 1977). In this event the role of the surface may actually 

alter depending on the time of reactor operation. Beshty (1978) recently 

discovered that catalytically reactive atoms from the surface can actually 

diffuse through the carbon to regain contact with the reacting mixture. 

Clearly the reactor in this study can influence the butane decomposition 

through heterogenous reactions with the surface. 

Since the main objective is to determine intrinsic chemical parameters 

it is important to ensure that the process is not restricted by heat 

or mass transfer limitation rather than the chemical kinetics which are 

characterised by these chemical parameters. The possible effects of 

heat transfer limitations were confidently excluded after taking direct 

gas and wall temperatures under all the conditions from which the kinetic 

data was extracted. A boundary layer must exist near the reactor wall 

because the gas temperature is lower than the wall temperature. The 

lack of temperature gradients measured both radially and axially showed, 

however, that the reaction was not limited by heat transfer within the 

bulk of the gas but by the chemical kinetics of the decomposition reaction. 

Since the pyrolysis reaction is endothermic this condition would be more 

difficult to achieve for undiluted systems unless radial heat transport 

was very rapid, such as in turbulent flow. 

It is conceivable that the change in Reynolds number in the runs for 

set C might alter this condition to the point where heat transfer 

limitations might become more important, since the temperature difference 

between the gas and wall is higher than for the runs in set A and set B. 
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Extensive measurements disclosed that within the bulk of the gas the 

temperature still remained isothermal and that the majority of the 

temperature drop must therefore still be across a thin boundary layer 

near the wall. The rate constants were then computed from the corrected 

temperatures due to convection and radiation between the thermocouple 

probe, the process gas and the reactor wall. In this way any heat 

transfer effects became of secondary importance. 

Confidently dismissing any possible heat transfer limitations as being 

secondary indicates that the primary reason for any change in the 

observed kinetics will be change in mass transfer limitations between 

the bulk gas and the reactor wall surface. Then at the reactor wall the 

rate of heterogenous reaction will equal the mass transfer rate of reactant 

from the bulk gas through the boundary layer to the wall. 

Experimental runs in set A and set B were achieved with approximately 

identical Reynolds number. Then any mass transfer through the boundary 

layer which determines the heterogeneous contribution to the reaction 

kinetics remains constant and its effect is minimised. Consequently .the 

kinetics of the homogeneous reaction will be more closely reflected 

in the overall kinetics which are observed. The study in both sets 

covered a wide range of conversion 7 - 85% and a similar gas temperature 

range 650 - 730°C. In addition the data were analysed assuming an order 

of 1 which was independently checked by a change in feed composition 

between the two sets. The results revealed an almost identical acti-

vation energy of 50.7 kcal/mol (212 KJ/mole) but pre-exponential factors 

which differed by 'v 30%, see Table 7.1. The reason for the difference 

in pre-exponential factor is not entirely known but may be caused in 

part by a constant bias detected in the measuring instrument used to 
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monitor the axial wall temperature profile in the runs in set A. For 

further comment, see Appendix IV. 

Experimental runs in set C were devised to confirm the suspicion that 

the heterogeneous contribution is significantly large that it will 

affect the overall observed kinetics. Runs in set C were identical 

to runs in set A in every aspect except that the mass velocity was 

approximately doubled. Since the reactor cjeatn etry was unchanged the 

net effect was doubling of the Reynolds number. The results from set C 

gave rate constants approximately twice as large as in the first two 

sets at the same reaction temperature. Although the heat transfer 

effects have been shown as secondary the larger corrected temperature 

difference recorded between the wall and the gas for runs in set C 

makes the calculated gas temperature more sensitive to errors in the 

parameters in equation (3.1) than for set A and set B. This is impor-

tant because substantial errors in the emissivity and heat transfer 

coefficient are most likely. This would generate the effect of moving 

the Arrhenius plot illustrated in Fig. 6.21 for set C closer to those 

for sets A and B and would thus tend to alleviate the observed difference 

in apparent rate constants calculated from runs in set C. Under typical 

thermal conditions reported in each data set the calculated gas tempera-

ture for runs in set C are approximately 3 times more sensitive to 

parameter errors in equation (3.1) than for set A and set B. The 

calculations described in Appendix IV show, however, that this effect 

is unlikely to account for more than 25% of the discrepancy between 

the observed rate constants from set C and the first two sets. 

The majority of this increase might therefore be related to increased 

mass transfer to the wall. Although the factors affecting the radial 

concentration within the reactor are complex this general trend is 
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predicted by general boundary layer theory for mass transfer in laminar 

flow. The Sherwood number based on the axial distance from the reactor 

inlet (Z.) is given by 

K m Z V 3 V 2 

Sh z = = (Constant) Sc Re z (7.1) 
m 

where D is the molecular diffusion coeffient. Thus the local mass trans-
m 

fer coefficient, K , is greater at higher mass velocity, as observed in 

this study. The developing velocity and temperature profiles upstream of 

the isothermal region, coupled with such complications as natural convection 

effects and homogeneous reaction prevent a rigorous application of the boun-

dary layer theory. Nevertheless if the General Film Theory is assumed the 

boundary layer thickness is given by 

(7.2) 

which suggests a decrease in the mass transfer boundary layer thickness 

with an increase in the Reynold's number. 

The increased mass transfer associated with this increases the hetero-

geneous contribution which accordingly increases the overall rate of 

reaction. However, the diffusive process to the wall is complicated 

by the thermal boundary layer through which the reacting fluid elements 

must travel before encountering the wall. The supplementary reaction 

occurring due to the higher temperatures will subsequently increase 

the mass transfer boundary concentration gradient, which will enhance 

apparent diffusion of reactant away from the bulk gas. The larger 

thermal gradients for the runs in set C result in this effect being 

more substantial for these runs than those in sets A and B, and accordingly 

part of the increase in the rate of reaction is associated with a homo-
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geneous contribution and cannot be attributed solely to heterogeneous 

effects. The slight decrease in the overall activation energy compared 

to the values from set A and set B is not inconsistent with the idea 

of an increased heterogeneous contribution since the activation energy 

associated with the wall activity is most likely lower than the activation 

energy characterising the homogeneous contribution. However, because 

it was more difficult to maintain an isothermal region for these runs 

the uncertainty in the estimated rate constants is higher than in sets 

A and B. A statistical analysis indicated that the activation energies 

from all three experimental sets were not statistically different from 

each other at a significance level of 5% (see Appendix VII). 

The experimental preparation made in this study has restricted the 

possible extraneous factors which have generated a spectrum of global 

parameters as previously reported and presented in Table 7.1. Activation 

energies vary from 40 Kcal/mole to 73.9 Kcal/mole and pre-exponential 

factors from 10 9 sec"1 to as high as 3.16 x 1 0 1 7 sec The results 

for this study are in good agreement with that by Froment et: al_ (1977) 

and Kupparman and Larson (1962). Correlation with the results of Froment 

et are improved further since their study was carried out in a nickel 

chromium alloy reactor and a temperature range similar to those in this 

study. Of all the previous studies made on butane pyrolysis these 

pilot scale studies are most likely to approximate the assumption of 

plug flow when no radial temperature or composition profiles exist. 

This is because the average Reynolds number was ^ 6000 which is approaching 

the region when fully turbulent conditions are achieved. Even so their 

use of the equivalent reactor volume concept because of the steep axial 

temperature gradients experienced cannot add credibility to their 

results. 
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Most of the other studies are character!"sed by use of static and con-

tinuous flow reactors almost invariably fabricated from quartz or 

glass. Some catalytic activity by quartz has been observed. Voevodsky 

(1959) and Laidler et _al_ (1962) both observed a reduction in the reaction 

rate for propane pyrolysis in static quartz reactors when the S/V ratio 

was increased in the temperature range 580 - 650°C. Sagert and Laidler 

(1963) observed a decrease in the rate for butane pyrolysis in a static 

quartz reactor in the range 520 - 590°C. A significant heterogeneous 

influence from the nickel chromium reactors will restrict the compata-

bility of comparing data from the work with that from the quartz reactors. 

If the decomposition could be shown to be almost totally homogeneous 

with little heterogeneous contribution irrespective of the reactor 

material then any discrepancy between results from this work and from 

previous work in quartz reactors could be related to variation in experi-

mental technique and theoretical analysis. 

The results from this work however indicate that heterogeneous contri-

butions from nickel chromium reactors can influence the overall observed 

kinetics within the temperature range studied. This disagrees with 

Pratt and Rogers (1979) and with earlier work (e.g. Pease, 1928; Frey 

and Smith, 1928) who discovered the reaction appeared first order and 

homogeneous with no effect on the kinetics from variation in the reactor 

S/V ratio or change in the reactor material. King, Sandler and Chung 

(1959) discovered that surfaces containing nickel and iron promoted 

undesirable secondary reaction products under high temperature and 

long residence time conditions. In any event, the consequences of 

the observed increase in apparent rate constant when the flow rate was 

increased in set C prohibits a direct comparison between results from 
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this study and those from the quartz reactor studies. 

Results from the static quartz reactor studies gave similar activation 

energies but a difference of 'v 1000 between the pre-exponential factors. 

Steacie and Puddington (1938) reported an order of 1 and a rate constant 

which fell off as reaction proceeded. Sagert and Laidler (1963) observed 

an order of 3 / 2 with no fall off during reaction. The discrepancy in 

noted order may account for the observed fall off in the apparent rate 

constant. Studies with continuous flow quartz reactors generally give 

activation energies lower than with the static reactors but still higher 

than the values determined in this study. Illes (1969) reports a value 

similar to that determined here but noted the rate constant fell off 

due to proposed inhibition from the reaction products. The method of 

data collection was from the reactor exit only which required subsequent 

changes in the throughput to obtain a full set of kinetic data. Flow 

conditions in the reactor were such that the average Reynold's number 

was Oi 200, clearly in the laminar flow regime. 

The reported higher activation energies with the continuous flow and 

static quartz reactors is probably due to the heterogeneous effects 

of the reactor surface. Increase in the S/V ratio with quartz as reactor 

material seems to decrease the rate of decomposition of butane, indi-

cating an increase in overall activation energy is to be expected. In 

this study the heterogeneous effect appears to increase the overall 

decomposition rate which would have a lower overall activation energy 

associated with it. Clearly the catalytic effects between the two 

materials is quite different. Sagert and Laidler (1963) suggest that 

the quartz activity is present because of the effects on the homogeneous 
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radical chain reactions created by termination and initiation of 

radicals occurring at the reactor wall, and its effect would diminish 

and become less important at higher temperatures than those used in 

their study, 520 - 590 UC. Nickel containing reactors are said to aid 

in promoting secondary reactions although probably the catalytic acti-

vity is not restricted to these reactions alone. 

In general it is difficult to analyse the factors which might resolve 

the variation in the reported order and activation energy. Too fre-

quently insufficient information is reported in many studies on how 

steps were taken to ensure that the experimental data was not taken 

from a system restricted by heat and/or mass transfer limitations, rather 

than from the chemical kinetics of the reaction. Furthermore, the 

illustrated catalytic activity of some reactor materials, particularly 

those containing nickel and iron e.g. 18/8 stainless steel or Inconel, 

coupled with the possibility of heat and/or mass transfer limitations 

can quite adequately describe the variation of the reported global 

kinetic parameters for the decomposition of butane. 

7.4 Kinetic Modelling of the Product Distribution 

The homogeneous free radical mechanism proposed by Edelson arid Allara 

(1980) and the rate data coupled by Allara and Shaw (1980) were used 

to predict experimental product yields from two experimental runs and 

results are presented in Chapter 6, Section 6.5. 

In consideration of the limitations imposed on the model, the simulations 

which were performed appear to fit the experimental data quite adequately 

Although predicted rates of butane disappearance were considerably below 

that observed experimentally, predicted product distributions appeared 

to fit well with the experimental data for both the simulations performed 
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The experimental data illustrated in Chapter 6, Section 6.2 clearly 

show that at conversions higher than ^ 40% the product distribution 

could no longer be described as a function of conversion alone but 

that additional variables such as temperature played a leading role. 

One of the factors which could also alter the product distribution 

is of course the heterogeneous contribution to the butane pyrolysis, 

and normally this would be reflected in two ways: 

(i) The product distribution from the runs in set C should 

vary from that obtained in set A and set B; 

(ii) The homogeneous model, used to predict the product distri-

bution should not fit consistently well with all the 

experimental product distributions from all the experimental 

runs. 

A slight tendency was observed in the product distribution for set C 

when compared to the first two sets. Principally, hydrogen and ethylene 

yields appeared slightly higher and propylene yields slightly lower for 

set C when compared to the other data sets, under similar conversion 

and temperature ranges. This would be consistent with the idea in 

literature that the heterogeneous contribution aids secondary reactions 

particularly molecular processes such as dehydrogenation. However the 

indirect way by which the heterogeneous contribution was measured does 

not provide conclusive evidence that the product distribution is depen-

dent upon the degree of heterogeneous contribution. Only a series of 

experiments which considerably vary the S/V ratio of the reactor geometry, 

under isothermal conditions, will help resolve the issue either way. 

Moreover, the limited number of simulations performed for predicting 

the product distribution using the homogeneous model adds nothing to 
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supplement the statement that the product distribution is significantly 

altered by variation in the heterogeneous effect of the wall. 

It is evident, however, that the heterogeneous effect does alter the 

overall rate of reaction from the experimental runs in set C. It is 

quite probable that the discrepancy between the predicted and observed 

rates of butane disappearance in the simulations may be in part due to 

the lack of heterogeneous contribution to the simulation model. It may 

also, in part, be due to inaccurate rate data, which is discussed later 

in this section. 

There are several important features of the radical model which should 

not be overlooked. The model uses rate data collected at temperatures 

substantially lower than the temperature range used to collect the 

experimental data being simulated. In spite of the apparent lack of 

heterogeneous contribution this does indicate the impressive way in 

which the state of knowledge about the rate data is improving. However 

since the model was developed and refined for prediction of experimental 

rates and product distribution at low temperaturers there is a possibility 

that equations which are not important at low temperatures but which 

become more important at higher temperatures may have been omitted 

from the model. For example the isomerisation of the butyl radicals 

1 - C 4 H 9 . - 2 - C 4 H g . 

is not included. Sundaram et aj_ (1978a) conclude this is a major reaction 

at high temperatures since each radical decomposes to generate different 

major products, see Chapter 5, Section 5.2. 

An additional inconsistency in the model equations is the notable absence 

of any independent reactions which generate the C AH 7- methyl ally! radical. 
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This radical dominates the production of 1,3 butadiene and the isomeric 

cis- and trans-2-butenes which are present especially in the latter 

stages of the reaction. This radical was not generated and hence no 

change in these product yields were observed in the model predictions. 

This explains why there is no plot for the predicted product cumulative 

yield versus that experimentally obtained. 

In this study no rigorous calculations were carried out on the sensi-

tivity of the predicted yields to variation in the available rate data. 

It is difficult to extract any sound information about any individual 

reaction or reaction set from the overall model simulation without an 

analysis of this kind. The main conclusions must be limited to the 

obvious that product distributions agree well with the data from this 

study although the predicted overall decomposition rate of butane is 

markedly below the observed rate. 

Edelson and Allara (1980) performed a sensitivity analysis using the 

same model but for data collected in a lower temperature range. This 

provides a useful procedure to help pinpoint elements of the mechanism 

which might require further study. 

Under the conditions studied in their analysis the initiation and 

abstraction reactions 

CH 3. + C 4 H 1 0 I-C 4H 9. + CH 4 

C 2 H 5 ' + C 4 H 1 0 1 _ C 4 H 9 * + C 2 H 6 

C 4 H 1 0 C 2 H 5 ' + C2 H5* 

C 4 H 1 0 ^ C H3* + 1 _ C 3 H 7 ' 

have the largest effect on the accuracy of the computed rate for the 
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given rate data. According to Allara and Shaw (1980) at the temperatures 

in this study the errors for the abstraction and initiation rate con-

stants are about a factor of 10. Quantitatively it is easy to see why 

the initiation reactions have such a large influence on the rate of 

butane decomposition. The initiation reactions that generate the radicals 

are much slower than those reactions which follow. Thus if the initial 

reaction rate is effectively accelerated or retarded a large change in 

the overall rate would be expected. This is the process which occurs 

during sensitisation which provides an additional source of radicals 

and inhibition which removes radicals that are initially formed. Since 

the initiation rate data for butane is not accurately known this could 

part explain the predicted low decomposition rate. It is worth noting 

that a change in the product composition might be expected if a change 

in the initiation rate is made, since the concentrations of the radicals 

are fixed by the rates at which initiation and termination occur. A 

typical simulation was carried out to test the sensitivity of the 

decomposition rate to the accuracy of the initiation rate data by 

arbitrarily increasing rate of initiation by a factor of 5, within 

the bounds of accuracy for contemporary rate data. The result on the 

overall decomposition rate is illustrated in Fig. 6.22 and demonstrates 

that the predicted rate can easily be adjusted to accurately fit the 

measured decomposition rate. The idea of the simulation was not this, 

however, but to illustrate that the observed decomposition rate was 

within the error bounds of the initiation rate data. The product 

distribution did not alter appreciably apart from the propylene yield 

which was lower than previously predicted, see Fig. 6.25. 

Compared to the rate of decomposition of butane via abstraction reactions 

the rate of butane decomposition by initiation is small. The initiation 
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reactions control the overall rate of disappearance by altering the 

concentration of the available radicals which partake in the abstraction 

reactions. The major abstraction reactions which involve butane mole-

cules and which therefore determine the overall rate and subsequent 

product distribution are the reactions with the alkyl radicals. There 

is surprisingly little good experimental data on abstraction reactions 

(Allara and Shaw, 1980) and accuracy is estimated to be about a factor 

of 10. A simulation was also performed in which the rate constants for 

the two abstraction reactions 

CH 3- + C 4 H 1 0 - l-C 4H g- + CH 4 

C 2 H 5 ' + C 4 H 1 0 * 1 " C 4 H 9 ' + C 2 H 6 

were also arbitrarily increased by a factor of 5. An increase of 

approximately 25% was observed in the overall decomposition rate but 

most influence appeared to be on the product distribution which altered 

quite significantly, see Fig. 6.26. This demonstrates quite effectively 

the sensitivity of the product distribution to variation in the available 

rate data which still lies within the recognised bounds of acceptable 

accuracy. 

The kinetics which control the overall rate of disappearance and the 

subsequent product distribution are obviously very complex. Even if 

predicted product distributions do not fit well with the experimental 

data, this does not verify that the heterogeneous contribution affects 

the product distribution because the simulations have clearly shown 

the sensitivity of the distribution to variation, within the estimated 

bounds of accuracy, of the model rate data. Indeed the limited simu-

lations on the product distribution so far suggest that the product 

distribution is not greatly affected by the presence of any heterogeneous 
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reaction, although the argument is always suspect because of the 

possible use of inaccurate rate data in the model. 

An experimental approach which could add credence to the idea that 

the product distribution is affected by heterogeneous reaction is to 

vary substantially the S/V ratio of the reactor under identical isothermal 

conditions, having initially demonstrated the lack of heat transfer 

limitations throughout the experiments. In this way, variation of 

the product distribution in the same conversion range will be principally 

as a result of the heterogeneous contribution to the kinetics and not 

due to other contributory factors such as temperature. Alternatively, 

the heterogeneous contribution can be effectively removed by using a 

reactor tube wall which is known to exhibit a limited catalytic activity, 

such as quartz. 

\ 
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C H A P T E R 8 

CONCLUSIONS 

The work presented in this study has demonstrated the feasibility of 

obtaining accurate experimental data for the pyrolysis of butane under 

well defined and consistent experimental conditions. Experiments were 

performed such as to minimise the effects of radial heat and mass transfer 

limitations and non-isothermal axial gas temperature profiles; these 

effects tend to obscure the kinetic evaluation of the subsequent data 

collected. Accordingly, at constant flowrates and using a set of probes 

inserted through the base of the reactor, experimental data were obtained 

for butane conversion and product composition as a function of residence 

time through a measured isothermal gas zone, situated in the lower section 

of the reactor space. Extensive measurement of temperature within the 

reactor space ensured that the process limiting the pyrolysis reaction 

was the chemical kinetics rather than any extraneous complications created 

by a poor experimental procedure. A thermocouple probe showed the existence 

of an isothermal gas region ^ 30cm length where the measured gas tempera-

ture in both axial and radial directions varied by less than 4°C. This 

confirmed that within the bulk of the process gas stream the rate of the 

pyrolysis reaction was not influenced by heat transfer limitations and 

that the majority of the radial temperature drop between the wall and 

gas was through a thin boundary layer situated at the wall surface. 

Furthermore, the isothermal reaction zone removed all uncertainty 

associated with kinetic analysis of non-isothermal data. 

A detailed design of the gas sampling probe revealed the sampling proce-

dure along the centreline of the isothermal region could remove samples 

representative of well determined point locations in the undisturbed 

unsampled process stream. Sample elements were removed from the reactor 
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down an inner capillary around which a coolant stream of nitrogen 

flowed. Major contributors to sampling error, which was represented 

as an uncertainty in the axial sampling point, were the aerodynamic 

disturbance upstream of the probe tip and insufficient quenching of the 

sampled gas. 

Thermal influences were considered and shown to be insignificant. 

Consequently it was established that each major disturbance created 

axial uncertainties in opposing directions and a mathematical model 

developed for the probe indicated that the individual errors, as well 

as the overall error were much smaller than other uncertainties in the 

measuring process, most pertinently the Gas Chromatographic measurement. 

A problem with using an isothermal laminar flow reactor is the existence 

of radial concentration profiles, whose magnitude will depend to a large 

extent on the degree of segregation and dispersion in the radial direction 

Experimental measurements indicated extremely flat radial concentration 

profiles which suggested the possibility of using a plug flowmodel for 

the isothermal zone despite the presence of the radial velocity profile. 

To justify this approach experimental data from the isothermal gas region 

were simulated using the radial dispersion model with superimposed noise 

to represent measurement error for a specified number of centreline 

sampling points. The simulations showed that estimates of the global 

rate constant for a pseudo first order reaction using a plug flow model 

were very similar to estimates obtained by attempting to remodel the 

isothermal region with radial dispersion. 

For each set of actual experimental data collected from the reactor, 

the global rate constant was estimated using the radial dispersion and 

both linear and non-linear forms of the plug flow model. The Arrhenius 
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parameters obtained for the overall global expression for each set 

of experimental operating conditions are presented in Table 8.1 

TABLE 

Summary of Results for the 

Pyrolysis from 

8.1 

Global Kineticsof Butane 

this Study 

Set Temperature Conversion Reynolds Order K=Ae ^ 
Range (°C) Range Number of Re- . 

action A(sec ) E(KJ/mole)±2S 

650-715 6-80 80 1 6.32xl0 1 0 212.9±14.0 

655-735 14-85 80 1 4.51xl0 1 0 211.7±12.3 

645-740 10-80 160 1 1.49xl0 1 0 196.6±18.6 

Thus it was shown that the overall kinetics could be well fitted by a 

pseudo first order rate expression with a constant activation energy 

over the entire conversion range studied. Activation energies from all 

three experimental sets were shown to be statistically identical at a 

significance level of 5%. The result that the overall kinetics appears 

first order upto the conversions studied may appear surprising princi-

pally because of the observed inhibition properties of some of the 

pyrolysis products, particularly propylene. Experimentally however 

the propylene peaks at a conversion as high as 75% which correlates 

well with the results determined here that the inhibitive effect does 

not exhibit itself as a major influence on the overall reaction at 

least upto conversions of 70% 

Apparent rate constants from experimental set C were approximately twice 
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those from sets A and B; this effect may have resulted from a combina-

tion of influences; a more pronounced homogeneous contribution to the 

reaction near the wall due to the larger temperature drop through the 

thermal boundary layer; and an increased heterogeneous contribution 

due to a decrease in the mass transfer boundary layer thickness with 

a subsequent increase in the mass transfer rate to the catalytic wall. 

In addition, at the higher gas velocities a measurement uncertainty was 

introduced by the larger parametric sensitivity for calculating the 

corrected isothermal gas temperature due to radiative effects from the 

reactor wall,raising the measured gas temperature above its true value. 

The contribution caused by the catalytic wall effects indicates the 

overall reaction is mixed homogeneous-heterogeneous which emphasises 

the special care which is necessary in carrying out experimental work 

for such systems. The argument for a heterogeneous influence is streng-

thened further by the consistently higher activation energies reported 

in the literature for studies in tubular flow and static reactors 

fabricated from material of little or no catalytic activity. The indirect 

method by which the heterogeneous contribution was attained in this study 

makes a quantitative judgement of its significance rather difficult and 

further studies should include more direct methods of achieving the 

same effect. This might include insertion of annuli through the reactor 

base to afford experiments with varying S/V ratios for the reactor or 

replacement of the reactor tube by one fabricated from material of 

different catalytic activity. 

The product distribution obtained in this study agrees with most work 

previously accomplished on butane pyrolysis, specifically that high 

temperatures favour production of ethylene whilst conversely propylene 
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and ethane production are favoured by lower temperatures. A homogeneous 

free radical model , proposed by Edelson and Allara (1980) for pyro-

lysis of butane in the temperature range 400 - 530°C and comprising 98 

elementary rate steps and 37 molecular and radical species was used to 

predict the product distribution for two experimental runs performed 

under conditions in set A. The rate data used for the model were from 

the reference set compiled by Allara and Shaw (1980) andarebased con-

sistently on fundamental experimental data, thermochemistry, theory 

and structural analogy independent from any pyrolys/s data. Integration 

of the model was achieved using Gear's method for "stiff" systems and 

the predicted distribution agreed very well with the experimentally 

observed distribution as a function of butane conversion. However the 

predicted decomposition rate of butane was considerably lower than the 

observed rate. 

A further set of simulations showed that the observed and predicted 

decomposition rates could be well matched by adjustment of the initiation 

rate data, yet remain within the currently recognised bounds of uncer-

tainty for the rate data as indicated by Allara and Shaw. 

Furthermore this change in rate data did not significantly alter the 

predicted product distribution which remained consistent with the 

experimental distribution. Clearly, providing sufficient care and 

preparation is made, a complex model for the mechanistic pyrolysis 

kinetics such as that by Edelson and Allara, based on a fundamental 

approach coupled with a rate data set independently constructed from 

the experimental data can lead to close agreement between predicted 

and experimental results. 
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A P P E N D I C E S 
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A P P E N D I X I 

SENSITIVITY COEFFICIENTS FOR THE COMPOSITION ANALYTICAL SYSTEM 

The sensitivity coefficients for each component under the relevant 

chromatographic conditions were obtained on the basis of peak heights 

using a series of gas mixtures from flowrate addition. Mixture compo-

sitions were chosen to reflect the same composition range expected for 

measurements from the reactor. Each component was added to the bulk 

gas stream using an independent rotameter, calibrated using a bubble 

gas flow meter. The composition of each standard mixture was then cal-

culated assuming Dal ton's Law and that the partial pressures were direc-

tly proportional to the individual flowrates. Internal standards were 

used in each mixture and these were given arbitrary sensitivity coef-

ficients of 1. Thus the sensitivity coefficient of a general component 

was that measure of its sensitivity relative to the sensitivity of the 

internal standard. Typically, then, a standard mixture would contain 

an internal standard, the component whose sensitivity coefficient was to 

be evaluated and nitrogen to make the gas mixture composition similar to 

that expected from the reactor during the experiments. 

In each calibration the sensitivity coefficient was evaluated 5 times 

under identical standard compositions and the average used in the sub-

sequent analysis of the measurement information from the experimental 

runs. 



- 187 -

Column + 
Chromatographic 

Detector 
Component Sensitivity Coefficient 

Chromosorb 102 

Mesh Size 80/100 

+ FID 

C 3 H 6 

C 2 H 6 

C 2 H 4 

1.00 

3.00 

3.56 

17% SebaconitriTe 

/Chromosorb PAW 70/80 

+ FID 

C 3 H 6 

t r a n s - 2 - C ^ 

cis-2-C^Hg 

I - C 4 H 8 

C 3 H 8 

CH„ 

1,3 C 4Hg 

C 

C 4 H 1 0 

0.91 

0.74 

0.67 

0.79 

0.98 

0.47 

0.58 

0.72 

1.00 

Porapak Q 

+ TCD 

(Feed Measurement) 

C 4 H 1 0 
1.00 

3.27 

Porapak Q 

+ TCD 

(Hydrogen Measurement) 

H 2 

CH 

6.6 

1.0 

Porapak Q 

+ TCD 

(Measurement of C/N ratio) 

2 

CH, 

1.67 

1.0 
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A P P E N D I X I I 

INTERPRETATION OF THE CHROMATOGRAPHIC MEASUREMENTS 

Normally there are two ways of evaluating the conversion for compo-

sition measurements from the reactor. 

(1) Continuous measurement of nitrogen, where for an arbitrary point 

in the reactor, the fractional conversion <j>f, assuming no volume 

expansion within the reactor because of the high dilution, is given as 

^bo " ^b 

^b 
(II.1) 

0 

where: is the calculated mole fraction of butane in the reactor feed 

y^ is the mole fraction of butane at the arbitrary point in the 

reactor 

As a result of the large dilution factor both y^ and y^ will be of small 

magnitude and thus this method may be subject to large inherent errors 

because of the subtraction between two relatively small numbers. 

(2) Since the chromatographic system was incapable of measuring nitrogen 

at each point the conversion was calculated on a nitrogen free basis. 

A typical set of sensitivity adjusted component heights h^, h 2 ... h^ 

accordingly leads to mole fractions y-j, y 2 ... y n for the n components 

measured. Let the reaction occurring within the reactor be represented 

as 

a l C 4 H 1 0 a 2 X 2 + a 3 X 3 + V l X n - l + a n X n 

where X^ is a typical product, e.g. CH^, C 2Hg ... etc., and then for an 

axial point, z, in the reactor, the mole fraction of butane on a nitro-

gen free basis y-j is given as 
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N b Nbo + V 
y l = NT = n 7 7 01.2) 

E Nbo + 5 .7 ai(z) 

where: N^ is the total molar flowrate of butane and the products 

N^ is the flowrate of the butane 

£ is the extent of reaction 

On rearranging equation (II.2) 

N b o O " Yl) 

5 = ( I I . 3 ) 
4 = 1

 ai " al 

By definition the fractional 
conversion is related to the extent of 

reaction as 

•f = NT- 0 1 . 4 ) 
bo 

whence from e q u a t i o n s ( I I . 3 ) and ( I I . 4 ) 
1 - y^ 

4>f = p (II.5) 
Y-, .E=i a i -

n 
Evaluation of z a. 

i =1
 1 

For a n - 1 product component composition, if a-j is forced to be -1, 

the unknown coefficients are a^, a^ ... a p if the fractional conversion 

is to be evaluated using equation (11.5). In this instance, the a- are 

equivalent to the fractional selectivity defined as 

Number of moles of component i generated 
a
i " One mole of butane reacted 

From the general definition of extent of reaction 

y. N. N. N. + a.£ 
J
i l t _ 10 I

s 

y d " N t • Nj N j 0 + a.5 

Since N R o = 0, k = 2, 3 ... n, then 

i,j = 1, 2, 3 ... n (II.6) 

^ = ^ = 2, 3, 4 ... n (II.7) 
y
3 J 
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This constitutes n-2 independent equations since no information is 

gained when i = j. An elemental balance on the overall representation 

of the reaction gives 

n 

Carbon balance: 4 = z a. c. (II.8) 
i =2 1 1 

n 
Hydrogen balance: 10 = z a. h. ( H - 9 ) 

i =2 1 1 

where h., c^ are the number of hydrogen and carbon atoms of product 

component X-. Either equation (II.8) or equation (II.9) can be used to 

provide the last independent equation necessary to evaluate the stoichio-

metric coefficients a^, a^ ... a p . Since the equations are not inde-

pendent of each other, the residual equation is fully defined and, in 

fact, can be used to assess the accuracy of the calculation of a- since 

both sides of the equation should of course exactly balance. For 

further comment on this, see Appendix X. 

In the evaluation of the fractional conversion equation (11.9) was used 

to ensure the hydrogen measurement had some influence on the final 

results. By substitution of a- (i / j) using equation (II.7) into 

equation (11.9) 

10y. 
a- = — -J— j = 2, 3 ... n (11.10) 

z yi hi 
i =2 

n 
Thus, substitution of .z a- into equation (II.5) aenerates the conver-

i =2 i 
si on for this measured set of mole fractions. 

In the determination of the products there are two principal factors 

which will give errors in the value of the calculated fractional con-

version. Firstly, the accuracy of the measurements and this has been 

discussed in Chapter 3, Section 3.5, and found to be satisfactorily small. 

Secondly, an error will be introduced if there exists some components 
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which have not been detected or could not be measured, e.g. 1-pentane, 

acetylene, C 5+ products. 

TABLE 11,1 

Actually Assuming 2% mole/mole of 
Determined products was unmeasured 

benzene 

Fractional Conversion, <|> 

n 
Z a. 

i =2 i 

Residual Carbon balance 
using equation (11.8) 

0.295 

2.260 

- 1 . 8 % 

0.306 

2.228 

+7% 

Table II.1 shows the difference in the calculated value for ^^ for a 

typical composition measurement assuming 2% of the products was unmeasured 

benzene. This indicates that o n l y at high c o n v e r s i o n s (> 80%) when high 

C/H ratio components are formed will a significant error in the conversion 

be evident. Most runs in this study were performed with <|>.p < 0.8. 

Determination of Product Yields 

Product yield p- is defined as 

number of moles of product i formed 
pi ~ 100 moles of reactant feed 

thus p i = 100 ~ (11.11) 

bo 

Selectivity, s^, is defined as 

number of moles of product i formed 
si ~ 100 moles of reactant reacted 

N. 

thus s. = 100 m \ N (11.12) 
bo b 

Using the definition of the fractional conversion 

p i = <f)f sn- = <j) a i (11.13) 

where <j> = 100 
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A P P E N D I X I I I 

SENSITIVITY OF THE COMPOSITION MEASUREMENTS 

One o f the problems w i t h the a n a l y t i c a l system was the l i m i t e d number 

o f measurements wh ich cou ld be taken d u r i n g each expe r imen ta l r u n . 

Th is provoked an accuracy a n a l y s i s on the s i x ma jo r components wh ich i s 

d i scussed i n Chapter 3 , S e c t i o n 3 . 5 . Th i s wais accompl ished by a s e r i e s 

o f peak h e i g h t r a t i o measurements, the s t a t i s t i c s o f which are p resen ted 

i n Tab le I I I . l . I t was assumed t h a t t he s t a t i s t i c s cou ld be a p p l i e d t o 

any measurement da ta by c o n v e r t i n g the s t a n d a r d d e v i a t i o n s t o a v a r i a t i o n 

about the mean. S i m i l a r s t a t i s t i c s were measured f o r the b u t a n e / n i t r o g e n 

feed r a t i o f o r c o n d i t i o n s as used d u r i n g t he e x p e r i m e n t a l runs i n Sets A, 

B and C, and when an a d d i t i o n a l 5 metres o f p r e m i x i n g was a v a i l a b l e b e f o r e 

the gas e n t e r e d t he r e a c t o r . Th is se rved t o check t h a t f l u c t u a t i o n s i n 

t he feed compos i t i on were no t due t o poor p r e m i x i n g o f t he two feed com-

ponen ts . A s e t o f measurements were a l s o taken on the e f f e c t s o f us ing 

n i t r o g e n c o o l i n g i n t he probe d u r i n g samp l ing and the s t a t i s t i c s o f these 

measurements a re a l s o g i ven i n Tab le I I I . l . 

The Au tocova r i ance F u n c t i o n 

The most i m p o r t a n t p r o p e r t y o f t he samp l ing sequence i s wh i teness o r 

independence between samples a t d i f f e r e n t t ime i n s t a n c e s . Tests f o r 

c o r r e l a t i o n are n o r m a l l y based on t he a u t o c o r r e l a t i o n f u n c t i o n o r the 

a u t o v a r i a n c e f u n c t i o n a k f o r t ime lags k = 1, 2 , 3 . . . n . 

a k = E{(m- - m ) ( m . j _ k - m)^} ( I I I . l ) 

where: m i s E(m-) 

E i s the e x p e c t a t i o n o p e r a t o r 

m- i s a measurement a t k = i 
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I f t he samp l ing sequence e x h i b i t s wh i teness then a k i s zero a t every 

p o i n t excep t t ime k. I f c o r r e l a t i o n i s expe r i enced then a k i s n o t 

zero a t p o i n t s o t h e r than k b u t decays away t o zero as the sequence 

tends to « . The r a t e o f decay i n d i c a t e s the degree o f c o r r e l a t i o n 

wh ich e x i s t s i n t he sequence. I f t he f u n c t i o n decays away q u i c k l y then 

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

where m i s the sample mean and a^ can be shown t o be an unbiased and 

c o n s i s t e n t e s t i m a t e o f a^ . 

Au tocova r i ance f u n c t i o n s f o r t he n i t r o g e n / b u t a n e r a t i o o f the f eed 

s t ream t o the r e a c t o r and the butane/methane r a t i o a t a t y p i c a l p o i n t 

i n the r e a c t o r were c a l c u l a t e d . Measurements f o r each r a t i o were taken 

a t t ime i n t e r v a l s o f 10 minutes over a t y p i c a l e x p e r i m e n t a t i o n p e r i o d o f 

h o u r s , and the a u t o c o v a r i a n c e f u n c t i o n s a re i l l u s t r a t e d i n Chapter 3, 

F i g s . 3 .4a and 3 .4b . The c a l c u l a t i o n s show t h a t t he n i t r o g e n / b u t a n e noise-

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

a l t h o u g h s a t i s f a c t o r i l y sma l l c o r r e l a t i o n f o r t he butane/methane. 

Th is may be as a consequence o f t he l i m i t e d number o f samples taken wh ich 

may n o t be t o t a l l y r e p r e s e n t a t i v e o f t he o v e r a l l sequence. 

1 N 

a k = N ( m i " m ) ( m - j - k ' m ) 
i = k 

— N T 
( I I I . 2 ) 

TABLE I I I . 1 

Compos i t ion E r r o r A n a l y s i s - R a t i o S t a t i s t i c s 

Measurement R a t i o Mean Value S tandard D e v i a t i o n 

N2/C4H10 w i t h a d d i t i o n a l 5 m m i x i n g 
C4H10/CH4 - probe no c o o l i n g 
C4H1Q/CH4 - probe c o o l i n g r a t e 

CAH1 0 /C3H6 5 .318 
1.216 
2 .024 
0 .1852 
0 .3772 

14.104 
15.573 
6 .96 

0 .1401 
0 .0261 
0 .0204 
0 .0054 
0.0071 
0 .4128 
0.4006 
0 .3448 

100 cc / sec (1 atm, 300 K) 7.16 0 .2283 

Wal l t empera tu re = 700°C, Sampl ing P o s i t i o n = 102 cm f rom r e a c t o r i n l e t . 
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A P P E N D I X I V 

MEASUREMENT OF THE GAS TEMPERATURE 

S p a t i a l gas tempera tures w i t h i n the r e a c t o r were measured us ing a 

chromel -a lume l thermocouple p robe , 3 mm d i a m e t e r , and i n c o n e l shea th . 

Local v a r i a t i o n d u r i n g each expe r imen ta l run was shown t o be o f t he 

o r d e r 1°C and a t y p i c a l t e m p e r a t u r e - t i m e h i s t o r y f o r the c e n t r e l i n e 

a x i a l measured gas tempera tu re p r o f i l e i s g i ven i n Tab le I V . 1 . 

Rad ia l t empera tu re measurements were a l s o taken a t each a x i a l p o i n t and 

l o c a l v a r i a t i o n was a l s o o f t he same o r d e r . The average r a d i a l tem-

p e r a t u r e p r o f i l e d i d no t d i f f e r f r om the a x i a l p o i n t measurements w i t h i n 

t he i s o t h e r m a l r e g i o n by more than 1 - 2°C. A t y p i c a l p r o f i l e i s 

i l l u s t r a t e d i n Chapter 3 , S e c t i o n 3 . 8 . 

TABLE I V . 1 

Temperature-T ime H i s t o r y f o r C e n t r e l i n e A x i a l Measured Gas Temperatures 

Nominal Wal l Temperature = 710°C 

A x i a l d i s t a n c e Time o f e x p e r i m e n t a l run ( h r ) 
f r om r e a c t o r 
i n l e t (cm) S t a r t 1 .0 2 .0 3.0 4 . 0 5 .0 6 . 0 

59. 0 957. 0 958.0 958. 5 958.5 958.5 956.5 958.5 

65. 0 964. 0 965.0 965. 5 965.5 966.0 965 .0 965.0 

71. 0 964. 0 966.0 966. 0 966.0 965.5 965 .0 965.5 

77. 0 965. 0 966.0 966. 5 966 .5 965 .0 966.0 966 .0 

83. 0 967. 5 967.5 967. 5 967.0 967.5 967.5 967.5 

89. 0 969. 5 969.5 970. 0 970 .5 970.5 970 .0 970 .0 

95. 0 970. 0 970.5 971. 0 971.5 971.5 972 .0 971 .5 

101. 0 970. ,5 971.0 971. 5 971.5 971 .5 971.0 971.0 

107. 0 973. 0 973 .0 973. 5 972.5 972.5 973.5 973.0 

113. 0 973. 5 974 .0 974. 5 974 .0 973.0 974.0 973.0 

119. 0 971. 0 972.0 972. 0 971.5 971.0 971.5 971.5 

125. 0 962. 0 963 .0 963. 5 963 .0 963.0 962.5 963 .0 
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E v a l u a t i o n o f t he Gas Temperature C o r r e c t i o n Equa t ion 

The recorded tempera tu re o f the gas by the thermocouple probe was 

h i g h e r than the t r u e gas tempera tu re because o f r a d i a t i o n e f f e c t s 

f r om the w a l l . A p p r o x i m a t i n g the t i p t o be h e m i s p h e r i c a l and p e r f o r m i n g 

a s imp le energy ba lance on the h e m i s p h e r i c a l s e c t i o n 

= Ah^2 + + At^4 + A W 5 

where: Ah i s t he s u r f a c e area o f the h e m i s p h e r i c a l s e c t i o n (m^) 

p 
A. i s the c r o s s - s e c t i o n a l area o f the m ine ra l i n s u l a n t (m ) 

p 
Am i s the c r o s s - s e c t i o n a l area o f t he i n c o n e l sheath (m ) 

p 

A t i s the c r o s s - s e c t i o n a l area o f t he thermocoup le w i r e s (m ) 

q-| i s t he r a t e o f r a d i a t i o n wh ich f a l l s on to the h e m i s p h e r i c a l 
p 

s e c t i o n (W/m ) 

q 2 i s t he r a t e o f c o n v e c t i o n hea t loss f rom the h e m i s p h e r i c a l 
p 

s e c t i o n t o the process gas (W/m ) 

q 3 i s the c o n d u c t i v e hea t l oss f rom the t i p a l ong the i n c o n e l 

sheath (W/m2) 

q 4 i s t he c o n d u c t i v e hea t l oss f rom the t i p a l ong the thermocoup le 

w i r e s (W/m2) 
q 3 i s the c o n d u c t i v e hea t l oss f rom the t i p t h rough the m ine ra l 

p 

i n s u l a n t (W/m ) 

S ince the hea t c a p a c i t y o f t he probe i s s m a l l , and the e x t e r i o r i s 

f a b r i c a t e d f rom a m a t e r i a l o f good therma l c o n d u c t i v i t y , i t i s reasonab le 

t o assume t h a t a t and near t he probe t i p the tempera tu re i s u n i f o r m and 

t h e r e i s no conduc t i on o f energy away f rom the t i p . Thus e q u a t i o n ( I V . 1 ) 

reduces t o 

q-, = q 2 (IV.2) 
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Cons ide r a sphere o f a rea Ag (= 2A^) s i t u a t e d w i t h i n t he r e a c t o r space . 

S ince a sphere d i s t r i b u t e s r a d i a t i o n u n i f o r m l y 

2w-i 
Fsw = T ' - J F ( I V . 3) 

where : F $ w i s t he r a d i a t i o n v iew f a c t o r ( f o r r a d i a t i o n f r o m t h e sphere ) 

t o t he r e a c t o r w a l l 

oj-j i s t he s o l i d a n g l e o f t he r e a c t o r e x i t and e n t r a n c e r e l a t i v e 

t o t he sphere 

N o r m a l l y , t h e s o l i d ang les f o r t h e r e a c t o r e x i t and e n t r a n c e w i l l 

d i f f e r , depend ing on t he p o s i t i o n o f t he sphere w i t h i n t h e r e a c t o r . 

For a r e a c t o r c r o s s - s e c t i o n a l a rea A p and d i a m e t e r , d , 

A .2 -i r _ Trd I / T W 
u ^ ? _ = ( I V . 4 ) 

4ttL 4ttL . 4 1 6 ( L / d ) 

where L i s t he d i s t a n c e o f t he sphere f r om the e x i t o r e n t r a n c e . Thus , 

s u b s t i t u t i n g e q u a t i o n ( I V . 4 ) i n t o e q u a t i o n ( I V . 3 ) 

F s w = 1 ^ 2 ( I V ' 5 > 
SW 32tt ( L / d ) 

I n t h e w o r s t i n s t a n c e L / d % 2 , thus F s w ^ 1 i s a good a p p r o x i m a t i o n , 

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

Us ing the r e c i p r o c i t y theorem f o r v iew f a c t o r s 

A w F w s = As ( I V . 6 ) 

where A,, i s t he t o t a l s u r f a c e area o f t he r e a c t o r . The r a d i a t i o n w 

f a l l i n g on t h e sphere i s t hen g i v e n by 

= AwFwsew°cTw - AS£S°CTS (IV-7> 

S u b s t i t u t i n g f o r AWFWS u s i n g e q u a t i o n ( I V . 6 ) 
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= °C( £w TW 4 " £ S O < I V - 8 ) 

Since both the probe and the w a l l s u r f a c e are f a b r i c a t e d f rom the same 

m a t e r i a l and bo th w i l l undergo s i m i l a r t r a n s f o r m a t i o n s due t o such 

f a c t o r s as carbon laydown, ew ^ e s ^ e and 

= V ( T w 4 " T S 4 ) ( I V - 9 ) 

S u b s t i t u t i n g f o r the c o n v e c t i v e hea t l o s s , e q u a t i o n ( I V . 2 ) then becomes 

°c £( tW 4 - T s 4 ) = h ( T s - y 

T g = T s " ( V " V ) ( I V - 1 Q ) 

where: T g i s the t r u e gas tempera tu re (K) 

h i s t he hea t t r a n s f e r c o e f f i c i e n t between the process gas and 
p 

the thermocouple t i p (W/nr K) 

The hea t t r a n s f e r c o e f f i c i e n t , h , was e s t i m a t e d by a c o r r e l a t i o n f o r 

f l o w around a sphere 
hd. 
— = Nu = 2 .0 + 1 . 3 P r 0 , 1 5 + 0 . 6 6 R e 0 , 5 P r 0 - 3 3 ( I V . 1 1 ) 

1 < r e . y ^ t < 1 0 4 
V 

where: d t i s the d iame te r o f the thermocouple probe t i p 

Beek and M u t t z a l l (1975) s ta te t h a t the heat t r a n s f e r c o e f f i c i e n t , h , 

i s de te rmined ma in l y by the c o n d i t i o n s on the s t r e a m l i n e s i d e o f t he 

body and shou ld t h e r e f o r e be a reasonab le a p p r o x i m a t i o n f o r a hemi-

sphere . Using the averaged gas tempera tu re as reco rded by the thermo-

coup le probe and the average w a l l t empera tu re w i t h i n the i s o t h e r m a l 

r e g i o n , the c o r r e c t e d gas tempera tu re was c a l c u l a t e d us ing e q u a t i o n 
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TABLE I V . 2 

E v a l u a t i o n o f the Gas Temperature 

i Number 
Wal l 

Temperature 
( k ) 

Thermocouple 
Temperature 

( k ) 

k 
h 

* * 
Re 

Co r rec ted 
Temperat i 

( k ) 

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

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

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

7 1 0 0 0 . 0 9 9 0 . 5 9 2 . 8 8 . 5 9 7 0 . 0 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

? 
Heat t r a n s f e r c o e f f i c i e n t (W/m^ K) 

kk 
Reynolds Number based on thermocouple probe d iame te r 
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( I V . 1 0 ) and i s p resen ted i n Table I V . 2 f o r a l l the expe r imen ta l runs . 

The p h y s i c a l p r o p e r t y data bank f o r t he hea t t r a n s f e r c o e f f i c i e n t i s 

i d e n t i c a l t o t h a t i n the probe samp l ing model which i s d i scussed i n 

Appendix V. Co r rec ted gas tempera tu res f o r run 10, run 24 and run 27 

were n o t c a l c u l a t e d p r i n c i p a l l y because they were n o t used i n e s t i -

mat ion o f the g l o b a l r a t e c o n s t a n t f o r t he d isappearnce o f bu tane . Run 

10 was t e r m i n a t e d a f t e r hours because the gas samp l ing probe became 

b l ocked w i t h carbon on the i n n e r c a p i l l a r y w a l l . Run 27 was per fo rmed 

a t a conve rs i on range (76 - 92%) cons ide red t oo h igh t o be use fu l i n 

t h e r a t e c o n s t a n t e s t i m a t i o n and was accompanied by p r o d u c t i o n o f l i q u i d 

p r o d u c t s . Run 24 i n e x p l i c a b l y gave meaningless and random compos i t i on 

data and was t h e r e f o r e no t used. 

S e n s i t i v i t y o f the Gas Temperature C o r r e c t i o n 

One o f t he problems a s s o c i a t e d w i t h e q u a t i o n ( I V . 1 0 ) i s the s e n s i t i v i t y 

o f t he c a l c u l a t e d gas tempera tu re t o the accuracy o f the parameters o f 

t he e q u a t i o n , the e m i s s i v i t y , c , and the hea t t r a n s f e r c o e f f i c i e n t , h . 

Most i m p o r t a n t l y , the s e n s i t i v i t y i s dependent on t he d i f f e r e n c e 

between the w a l l t empera tu re and the measured gas tempera tu re us ing the 

thermocoup le p robe. The l a r g e r d i f f e r e n c e f o r s e t C i n d i c a t e s t h a t 

t he c a l c u l a t e d gas tempera tu re i s more s e n s i t i v e t o parameter e r r o r s 

than f o r s e t A and s e t B. F u r t h e r m o r e , the r e s u l t o f these e r r o r s 

c o u l d reduce the d i f f e r e n c e between the c a l c u l a t e d r a t e s o f decompo-

s i t i o n under s i m i l a r c o n d i t i o n s between s e t C and the f i r s t two s e t s . 

Hence i t i s v i t a l t o show t h a t the observed d i sc repancy between the 

r a t e cons tan ts i s n o t because o f e r r o r s i n v o l v e d w i t h t he e s t i m a t e d 

gas t e m p e r a t u r e , r a t h e r than the heterogeneous c o n t r i b u t i o n . As an 

a p p r o x i m a t i o n f r om e q u a t i o n ( I V . 1 0 ) 

( I V . 1 2 ) 
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where: C1 = F u r t h e r s i m p l i f y i n g by assuming T w , T s ^ c o n s t a n t 

ATg AC1 a c ( T w
4 - T s

4 ) ( I V . 1 3 ) 

As an example , l e t Tw = 720°C, then T ^ 713°C and T ^ 707°C where 
w s -j s 3 

t he s u b s c r i p t 1 denotes the e x p e r i m e n t a l se t s A and B and s u b s c r i p t 2 

denotes e x p e r i m e n t a l s e t C. 

TABLE I V . 3 

AC-, 

±0 .25 

±0 .50 

±0 .75 

±1.0 

a t 9 i ( O C ) ATg2 ( 0 C) a t - a t 
9 1 9 2 

± 3 . 4 ± 6 . 3 ± 2 . 9 

± 6 . 8 ±12 .6 ± 5 . 8 

±10 .2 ±18 .9 ± 8 . 7 

±13 .6 ±25 .2 ±11 .6 

I f t he e r r o r o f t h e pa ramete r C-, i s n e g a t i v e the e f f e c t i s t o b r i n g 

t o g e t h e r t h e two c a l c u l a t e d gas t e m p e r a t u r e s by t h e amount Afg- j -ATg . 

C o n v e r s e l y , i f t h e e r r o r i s p o s i t i v e , t he e f f e c t i s t o i n c r e a s e the d i f -

f e r e n c e between the two gas t e m p e r a t u r e s by t h e amount A T q ^ - A T g ^ . 

The e m i s s i v i t y used i n t he c a l c u l a t i o n s was chosen t o be 0 . 9 , on the 

b a s i s t h a t t he s u r f a c e o f bo th the r e a c t o r and t he probe was coa ted 

w i t h carbon wh ich was t h i c k enough t o become the e f f e c t i v e e m i t t o r 

o f t he r a d i a t i o n . However, t h e r e i s a s i g n i f i c a n t d i f f e r e n c e between 

the e m i s s i v i t y o f i n c o n e l 0 . 6 ) and t h a t o f carbon wh ich means an 

e r r o r i n t he s i m u l a t e d e m i s s i v i t y may be as g r e a t as 50%. There i s no 

doubt t h a t s i g n i f i c a n t e r r o r s i n t he c a l c u l a t e d hea t t r a n s f e r c o e f -

f i c i e n t e x i s t b u t i t i s d i f f i c u l t t o s p e c i f y e x a c t l y what they m igh t 

be . T e n t a t i v e l y s u g g e s t i n g an e r r o r o f 50% i n t h e s i m u l a t e d va lue g i ves 

AC-,/C-| a v a l u e o f 0 . 3 3 . From Tab le I V . 3 the maximum change i n t he 

t e m p e r a t u r e d i f f e r e n c e f r om an e r r o r i n t h e pa ramete r C-, o f t h i s s i z e 
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i s l i k e l y t o be no l a r g e r than <3°C. Note t h a t t h i s assumes an equal 

percen tage e r r o r f o r each s e t o f expe r imen ta l c o n d i t i o n s wh ich may no t 

be a s a t i s f a c t o r y assumpt ion t o make. A t 720°C, assuming an a c t i v a t i o n 

energy o f 50 k c a l / m o l e t h i s e r r o r wou ld c o n s t i t u t e no more than % o f 

the d i f f e r e n c e between the observed r a t e cons tan ts between s e t C and se ts 

A and B. V a r i a t i o n i n w a l l t empera tu re i n o t h e r e x p e r i m e n t a l runs do 

n o t c r e a t e changes c o n s i d e r a b l y l a r g e r than t h a t d e t e c t e d i n t h i s 

example wh ich i n d i c a t e s t h a t t he m a j o r i t y o f t he i n c r e a s e i n the r a t e 

c o n s t a n t f o r runs i n s e t C i s more l i k e l y t o be due t o heterogeneous 

e f f e c t s r a t h e r than changes i n t he thermal c o n d i t i o n s i n t he r e a c t o r . 

I n the parameter a n a l y s i s i t was assumed t h a t bo th Tw and Ts were 

c o n s t a n t and a c c u r a t e l y de te rm ined . I f t h i s assumpt ion i s r e l a x e d , 

then p o s s i b l e e r r o r s i n t he c o r r e c t e d gas tempera tu re due t o measurement 

e r r o r s assuming C-| ^ c o n s t a n t can be approx imated as 

For most r u n s , the thermocoup le t e m p e r a t u r e , T , v a r i e d th rough the 

assumed i s o t h e r m a l r e g i o n by an average o f 3°C. Equa t ion ( I V . 3 ) shows 

t h a t the p rocedure t o e v a l u a t e the c o r r e c t e d gas t empera tu re a m p l i f i e s 

t h i s v a r i a t i o n so t h a t the t r u e gas t empera tu re w i l l vary by a q u a n t i t y 

g r e a t e r than 3°C, p o s s i b l y t o such an e x t e n t as t o make t he assumpt ion 

o f i s o t h e r m a l i t y r a t h e r tenuous . S u b s t i t u t i n g a va lue o f A T s = 1 .5°C, 

ATW ^ 0 i n t o e q u a t i o n ( I V . 1 4 ) g i ves t y p i c a l va lues o f ATg ^ 4 .0°C wh ich 

shows t h a t t he t r u e gas tempera tu re v a r i a t i o n t h rough the i s o t h e r m a l 

r e g i o n may be as l a r g e as 8 - 9°C. However, the a m p l i f i c a t i o n f a c t o r 

i s s e n s i t i v e t o the va lue o f C-| wh ich i s s u b j e c t t o p o s s i b l e l a r g e 

e r r o r s . S p e c i f i c a l l y , the e m i s s i v i t y i s more l i k e l y t o be s m a l l e r r a t h e r 

than l a r g e r than the s i m u l a t e d va lue o f 0 .9 and wou ld consequen t l y reduce 
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t he range o f the t r u e gas tempera tu re w i t h i n the i s o t h e r m a l r e g i o n . 

Since the measured tempera tu re v a r i a t i o n i s m o n o t o n i c a l l y p r o g r e s s i v e 

f rom the s t a r t o f the i s o t h e r m a l r e g i o n , some s o r t o f c u r v a t u r e m igh t 

be expec ted i n the conve rs i on data p o i n t s as r ep resen ted i n F i g s . 6 . 1 5 , 

6.16 and 6 .17 i n Chapter 6 , a r e s u l t o f the p r o g r e s s i v e i n c r e a s e i n 

t he va lue o f t he r a t e c o n s t a n t . Th is was n o t observed i n a l l the runs 

i n e x p e r i m e n t a l s e t A and s e t B. Cu rva tu re t rends were , however, 

d e t e c t e d i n the runs i n s e t C which a c c o r d i n g l y l e d t o r a t e c o n s t a n t s 

o f l a r g e r u n c e r t a i n t y than f o r the f i r s t two s e t s . N e v e r t h e l e s s , a 

s a t i s f a c t o r y s e t o f A r r h e n i u s parameters were s t i l l c a l c u l a t e d f o r 

s e t C. 

In expe r imen ta l s e t A a x i a l w a l l tempera tu res were measured us ing a 

Ngl 6400 D .V .M. , and a x i a l c e n t r e l i n e gas tempera tures us ing a Datron 

1051 D.V.M. For se ts B and C bo th the a x i a l w a l l tempera tu res and 

a x i a l c e n t r e l i n e gas tempera tu res were measured us ing the Datron 1059 

D.V.M. A p a r t f rom the nominal change i n feed c o n c e n t r a t i o n between 

se ts A and B, t h i s changeover i n the D.V.M. m o n i t o r i n g the a x i a l w a l l 

tempera tu res was the on l y o t h e r a l t e r a t i o n wh ich c o u l d p o s s i b l y e x p l a i n 

the apparen t d i f f e r e n c e i n the p r e - e x p o n e n t i a l f a c t o r . A c a l i b r a t i o n 

t e s t on bo th the Ngl 6400 and the Datron 1051 r e v e a l e d t h a t i n the 

tempera tu re range 950 - 1050 K, the Ngl 6400 had a n e g a t i v e d r i f t o f 

a p p r o x i m a t e l y 20 yV 2°C f o r a P t / P t 13% Rh thermocoup le) w h i l s t the 

Dat ron 1059 showed n e g l i g i b l e d r i f t . I n t r o d u c i n g t h i s e r r o r i n e q u a t i o n 

( I V . 1 4 ) , assuming C-j ,T ^ c o n s t a n t and Tw = 1000 K g ives ATg = - 4 . 2 K 

which f o r an a c t i v a t i o n energy o f 212 KJ/mole ( 50 .7 k c a l / m o l e ) wou ld 

l ead t o a decrease i n the r a t e cons tan t o f about 10%. Thus the d i s -

crepancy between r a t e cons tan ts f rom runs i n s e t A and s e t B c o u l d w e l l 

be r e c o n c i l e d to t h i s poor c a l i b r a t i o n o f the Ngl 6400, wh ich i s s i t u -

a ted on the expe r imen ta l a p p a r a t u s ; even more so because the d i f f e r e n c e 
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i n the r a t e cons tan t s i s r e g u l a r and s y s t e m a t i c , c o n s i s t e n t w i t h the b ias 

wh ich wou ld be p resen t because o f the i n a c c u r a t e c a l i b r a t i o n . 

In f u t u r e e x p e r i m e n t s , i t i s recommended t h a t the thermocouple probe 

i s c o n s t r u c t e d w i t h a P t / P t 13% Rh thermocouple and t h a t bo th w a l l and 

gas tempera tu re measurements are measured w i t h the same D.V.M. i n the 

same v o l t a g e range such t h a t c a l i b r a t i o n e r r o r s wou ld become secondary 

and n o t s e r i o u s l y a f f e c t the measurements wh ich are t aken . 
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A P P E N D I X V 

THE GAS SAMPLING PROBE MODEL 

P r e l i m i n a r y I n v e s t i g a t i o n 

A c c o r d i n g t o Shap i ro (1954) f r i c t i o n a l e f f e c t s a re very i m p o r t a n t a t 

h igh Mach numbers. T y p i c a l l y f o r a f r i c t i o n f a c t o r o f o n l y 0.0025 and 

f o r an i n i t i a l Mach number o f 3 ( a f t e r e x i t i n g f rom the d i v e r g e n t 

p o r t i o n o f the c o n v e r g i n g - d i v e r g i n g n o z z l e ) the shock wave t r a n s m i s s i o n 

back t o subson ic f l o w occurs o n l y 52 p ipe d iameters downstream o f the 

i n i t i a l p o i n t . I n the p resen t probe d e s i g n , t y p i c a l va lues o f the 

f r i c t i o n f a c t o r are l a r g e r 0 .01 ) and L/D r a t i o s a re o f t he o r d e r 

1000. Th is shows t h a t the idea o f aerodynamic quench ing i s no t f e a s i b l e 

f o r a probe o f t h i s m a t e r i a l and d imens ion . 

I n a d d i t i o n , an energy ba lance around the nozz le shows 

H i s the e n t h a l p y per u n i t mass downstream o f t he n o z z l e , i n 

the c a p i l l a r y 

u i s the v e l o c i t y downstream o f the n o z z l e , i n t he c a p i l l a r y 

Rear rang ing e q u a t i o n ( V . l ) , assuming C / f ( t e m p e r a t u r e ) 

H
n + K

2 = H
' + i"

2 (V.l) 

where: HQ i s the e n t h a l p y per u n i t mass upstream o f the nozz le 

u i s the v e l o c i t y upstream o f the nozz le = u o 

2 2 
o 
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For subson ic f l o w , e . g . u x 'v 40 m/sec (de te rm ined by c o n d i t i o n s down-

s t ream o f the nozz le and the p ressu re i n the r e a c t o r ) , even when c r i t i c a l 

c o n d i t i o n s are o b t a i n e d i n the t h r o a t o f the nozz le TQ - T x ^ 0 .8 °C . 

C l e a r l y , use o f subson ic f l o w i n the c a p i l l a r y a l o n e , w i t h o u t a c o o l i n g 

medium w i l l l ead t o i n s u f f i c i e n t quench ing o f the sample. The on l y 

advantage w i t h us ing v e l o c i t i e s o f t h i s s i z e i s the r e s u l t i n g very sma l l 

r es i dence t ime w i t h i n the probe. Th is i s ba lanced by the p ressu re drop 

th rough the c a p i l l a r y due t o too smal l a c a p i l l a r y d iamete r a g a i n s t an 

excess i ve aerodynamic d i s t u r b a n c e due t o too l a r g e a c a p i l l a r y d iamete r 

T y p i c a l v e l o c i t i e s i n the gas coo led probe were o f the o r d e r m/sec, 

w i t h a p ressu re drop th rough the probe ^ 1 . 5 m o f l e n g t h , o f a p p r o x i m a t e l y 

0 .5 b a r . 

Development o f the Gas Sampl ing Model 

A s e r i e s o f ene rgy , mass and momentum balances on the probe gave the 

f o l l o w i n g e q u a t i o n s . 

Energy 

dlF, d U ] h Q 2 ir d 3 A ] ( T 1 - T 2 ) h Q 3 it d 1 A c ( T 1 - T c ) 

d£ = Cp d£ +
 G ] Cp

 +
 G l Cp 

d - u 2 du2 h Q 1 tt d 5 A 2 ( T p - T 2 ) h Q 2 tt d ^ ^ - T 2 ) 

- a r = CP d £ + G2 CP + G2 CP 

d T c " u c d u c h 0 3 ' d l A c ( T l " Tc> Rb<AHR> 
d * " C p d * G c C p G c C p 

Momentum 

dP-| G-| 2 cf + d3^ d u i 

" d T = 2 ^ " G1 S z ( V ' 3 ) 

dP2 - G 2
2 C f 7r(d4 + d 5 ) du2 

"dT = 2p 2 A 2
 G 2 "3T 
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dP -2Cn G du0 c _ f c _ g 2 
d£ pc d-j dz 

Mass 

dz R
h b c = " Ch A b b c 

Boundary c o n d i t i o n s : @ £ = 0 (Probe T i p ) T-| = T 2 

P
!

 P
2 

0 z = Lp (Probe End) P c = P^ = 1 atmosphere 

T-j = 300 K 

Equat ions (V .3 ) c o n s t i t u t e a coup led t w o - p o i n t boundary va lue prob lem. 

The equa t i ons can be s o l v e d e i t h e r f rom the probe end o r probe t i p . 

I n t e g r a t i o n can c o n t i n u e f rom the probe end i f G-j ( o r G2) i s s e t and 

i n i t i a l va lues f o r G c , P-| and T 2 are g i v e n . The s o l u t i o n t o the model 

i s o b t a i n e d by s imu l taneous m a n i p u l a t i o n o f G c > P-j and Tr, such t h a t 

t he i n t e g r a t e d s o l u t i o n a t the probe t i p compl ies w i t h the c o n s t r a i n t s 

t h e r e . A l t e r n a t i v e l y , i n t e g r a t i o n can be c a r r i e d ou t f rom the probe 

t i p i f T-| ( o r T 2 ) i s s e t and i n i t i a l va l ues f o r P-j , Gc and G-j ( o r G2) 

are g i ven o r G-j ( o r G2) i s s e t and i n i t i a l va lues f o r P-j, Gc and T-j 

( o r T 2 ) are g i ven . Once a g a i n , the model s o l u t i o n i s o b t a i n e d by s i m u l -

taneous i t e r a t i o n o f P p Gc and G-j ( o r P p Gc and T-j) u n t i l the i n t e -

g r a t e d s o l u t i o n a t t he probe end agrees w i t h the boundary c o n d i t i o n s 

imposed t h e r e . A computer program was a t t emp ted f o r the l a t t e r approach 

( w i t h P p Gc and G-j as f r e e v a r i a b l e s ) b u t a t no t ime was a s u c c e s s f u l 

s o l u t i o n o b t a i n e d . As a r e s u l t o f t he c o m p l e x i t y o f the probe model 

a s e r i e s o f assumpt ions were made which decoup led the equa t ions so t h a t 

i t e r a t i o n c o u l d be ach ieved by s e q u e n t i a l m a n i p u l a t i o n o f each o f the 

t h r e e v a r i a b l e s , and the r e s u l t i n g equa t i ons are g i ven i n Chapter 3 , 
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S e c t i o n 3 .12 . I n t h i s way, each o f the boundary c o n d i t i o n s were 

e f f e c t i v e l y decoupled such t h a t each subse t cou ld be s a t i s f i e d 

s e q u e n t i a l l y by i t e r a t i o n o f j u s t one o f the f r e e v a r i a b l e s . An 

a t t emp t was made t o s e t G-, and use T-, ( o r T 2 ) as the a d d i t i o n a l f r e e 

v a r i a b l e , b u t t h i s p roved more u n s t a b l e than the fo rmer approach and 

was t h e r e f o r e no t used. 

S i m p l i f i c a t i o n s Used i n the Gas Sampl ing Model 

In d e r i v i n g the r e s u l t i n g c o n t r o l l i n g equa t i ons f o r the gas samp l ing 

model g i ven i n Chapter 3 , S e c t i o n 3 . 1 2 , a number o f s i m p l i f i c a t i o n s were 

made j u s t i f i a b l e us i ng an o v e r a l l magni tude a n a l y s i s . 

Assumpt ion 1 „ du r dT 
l u -j— << L -p-

dfc p dfc 

n ( 8 x 4 ? n (1000 x 500) 
° { - K 4 i < < 0 | 1.4 j 

0(10) « 0 (10 5 ) 

Assumpt ion 2 r du dP 
G -R- << d£ d£ 

n \'0-5 x 10 5 

<< T74 

0(10 2) « 0(10 4) 

A -a RK(AHD) dT Assumpt ion 3 b v R7 

n r 2 x 100,000/ n (500 
—50 7 0 0 0 j « 0 V o 

0(1) « 0(10 2) 

A H r has been approx imated t o the hea t o f r e a c t i o n f o r propane as 

c a l c u l a t e d by Beshty (1978 ) . 
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Assumpt ion 4 

h 0 3 11 d 1 A M T l - T c ) h 02 * d 3 ¥ T l - T2> 
< < 

G
1

 C
P
 G

1
 C

P 

0(120 x 0.0006 x 10} « 0(90 x 0 .0027 x 100} 

0(1) « 0(10) 

Assumpt ion 5 

The probe o u t e r w a l l t empera tu re was assumed t o be e q u i v a l e n t t o the 

nominal r e a c t o r w a l l t e m p e r a t u r e . 

Tp = Tw i s o t h e r m a l r e g i o n £ z £-j 

(T - J )(z - z-,) linear region 
T = T P e 1 d o w n t 0 e x i t > £ > (V .4 ) 

p w 0 .625 o f r e a c t o r 1 

(T - T a ) ( £ - (£-j + 0 . 6 2 5 ) ) l i n e a r r e a i o n 
T p = T e L - + £ , ) f rom e x i t " o f L > £ > 

K p v 1 c ' r e a c t o r t o K 

end o f probe 

where: £-| i s the d i s t a n c e (m) t h a t t he probe i s s i t u a t e d w i t h i n the 

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

£ 2 i s the d i s t a n c e (m) between the end o f t he i s o t h e r m a l r e g i o n 

and r e a c t o r e x i t ^ 0 .625 m 

Lp i s the probe l e n g t h ^ 1 . 4 m 

T i s ambient t empera tu re ^ 300 k a 

T g i s the tempera tu re a t the r e a c t o r e x i t , measured % 323 K 

T i s t he probe w a l l t empera tu re (K) 
r 

Tw i s the r e a c t o r w a l l t empera tu re (K) 

Undoub ted ly , assumpt ion 5 i s a gross s i m p l i f i c a t i o n o f the r e a l con-

d i t i o n s and i n r e a l i t y , T i s more l i k e l y t o be c o n s i d e r a b l y lower than 
r 

T w . In t h i s r e s p e c t , t he s i m u l a t e d p r o f i l e serves t o i l l u s t r a t e the 
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s i m p l i c i t y o f the model compared to the comp lex i t y which i n r e a l i t y 

e x i s t s . Th is h i g h e r va lue f o r Tp was chosen so as t o s u b j e c t the 

f l u i d elements pass ing down the c a p i l l a r y t o c o n d i t i o n s more severe 

than they are l i k e l y t o encoun te r . Even under these c o n d i t i o n s the 

s i m u l a t i o n s revea led a n e g l i g i b l e degree o f r e a c t i o n w i t h i n the 

c a p i l l a r y when a c o o l a n t was be ing employed. 

Databank o f Phys i ca l P rope r t y Used i n the Sampling Model 

Phys ica l p r o p e r t i e s o f n i t r o g e n were used th roughou t the s i m u l a t i o n s 

s ince the l a r g e d i l u t i o n r a t i o s used i n the exper imen ta l runs meant 

on l y ^10% mole/mole o f the r e a c t i n g m i x t u r e was no t n i t r o g e n . 

P rope r t y 

Thermal conduc-
t i v i t y , K 
(W/mK) 

Source 

I n t e r n a t i o n a l 
C r i t i c a l 
Tables (Vo l . 
5) (1929) 

K = K 

Equat ion 

387 C J _ \ 3 / 2 

[ 2 7 3 ] 273 T+114 

K 2 7 3 = 2 .28 x 10"2 W/mK, T i n K 

( " S u t h e r l a n d ' s Equa t i on " ) 

F r i c t i o n 
f a c t o r , Ĉ r 

Kay and 
Nedderman 
(1974) 

0 < Re < 1190 r _ 16 
f " ^ 

1190 < Re < 105 C f = 0.079 R e "^ 

( " B l a s i u s Law") 

D e n s i t y , p 
(kg/m3) 

V i s c o s i t y , y 
(Ns/m2) 

Per ry (1963) 

P = pRT 

( " P e r f e c t Gas Law") 

u ( T - , ) f ( T 2 ) 

^ t 2 ) = — f f r j l 

f = 1.058 T 0.645 
re 

0.261 

( 1 .9 T r e ) 0 ' 9 1 o g 1 0 
(1 .9 T r e ) 

where T r e = j -

and T c = c r i t i c a l tempera ture o f 
n i t r o g e n = 126 K 

re fe rence p o i n t : 
T-j = 300 K, f (T - j ) = 1 .7442, 

y-j = 17.875 x 10"6 (Ns/m2) 
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Rate c o n s t a n t f o r Sand le r and = 9 .55 x 109 e 1 9 0 7 9 0 - / R T 

f i r s t o rde r d i s - Chung (1961) 
appearance o f 
bu tane , kb ( s e c " l ) 

D e t e r m i n a t i o n o f the Thermal I n f l u e n c e 

One o f t he f a c t o r s wh ich c o u l d a f f e c t probe samp l ing c h a r a c t e r i s t i c s i s 

the thermal e f f e c t c r e a t e d by the probe and by the c o o l i n g on the tem-

p e r a t u r e and v e l o c i t y p r o f i l e s upstream and i n the c lose v i c i n i t y o f 

t he probe t i p . Consider t he f o l l o w i n g s i m p l i f i e d model: 

Probe Probe T i p 
Temperature T 

J Y : Process gas, far from 

Temperature, T n M | t h e 1 1 P ' temperature * T W 

An energy ba lance on an e lemen ta l s e c t i o n between p o i n t s 2 and 3 reduces t o 

- P V o C p £ + $ = ° ( V . 5 ) 

Boundary c o n d i t i o n s 0 i = 0 T = T p 

0 £ = - T = Tw 

S u b s t i t u t i n g f o r = C' and t w i c e i n t e g r a t i n g the s o l u t i o n d i r e c t l y , 

a f t e r i n s e r t i o n o f the boundary c o n d i t i o n s , the s o l u t i o n t o e q u a t i o n 

(V .5 ) becomes 

T U ) = T w + (T p - T w ) e " n * (V .6 ) 

where P V 0 C 
n = 

K 

A t £ = 0 an energy ba lance between e i t h e r s i d e o f p o i n t 2 r e v e a l s 

-KdT 
d£ n

 = h ( W = « K ( T W - V (V.7) 
£=0 H H 
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T y p i c a l va lues f o r ft ^ 1650, K ^ 0 .07 and assuming the hea t t r a n s f e r 

c o e f f i c i e n t between the probe t i p and c o o l a n t n i t r o g e n f l o w can be 

approx imated by e q u a t i o n ( 3 . 3 ) i n Chapter 3 w i t h D, the d iamete r o f 

t he probe 

4 1 ( t p - t „ ) % 1 1 5 ( t p - t j ( v . 8 ) 

Example 

L e t T = 973 K w 

T n = 923 K 

From e q u a t i o n (V .8 ) T p = 960 K and the tempera tu re o f the gas j u s t 1 K 

below T a t a d i s t a n c e ^ 1 . 6 mm f rom the probe t i p us ing e q u a t i o n ( V . 6 ) . 

The much s i m p l i f i e d a n a l y s i s above i n d i c a t e s t h a t the c o o l i n g e f f e c t s 

o f n i t r o g e n are propagated upstream o f the probe t i p so b a d l y t h a t i t s 

thermal e f f e c t can be n e g l e c t e d . A l t hough the q u a l i t y o f t he c a l c u l a t e d 

hea t t r a n s f e r c o e f f i c i e n t , h , i s poor the damping q u a l i t y o f the exponen-

t i a l f u n c t i o n suggests i t s va lue w i l l n o t much a f f e c t the t r e n d r e p o r t e d 

i n the a n a l y s i s . For i n s t a n c e , an e r r o r o f 100% f o r h i nc reases the 

l e n g t h upstream where the tempera tu re d i f f e r e n c e i s 1 K between the 

process gas a t t h a t p o i n t and t h a t i n f i n i t e l y f a r f rom the probe t o 

1.85 mm, a n e g l i g i b l e i n c r e a s e . Moreover , the s t a g n a n t r eg i ons o f c o o l a n t 

wh ich are l i k e l y t o be s e t up around the t i p w i l l most l i k e l y make h 

lower than t h a t used i n the a n a l y s i s wh ich s t r e n g t h e n s f u r t h e r the 

arguments t h a t the therma l e f f e c t s are s m a l l . I t i s w o r t h n o t i n g t h a t 

the p r e - c o o l i n g o f the gas e lements b e f o r e e n t e r i n g the probe and t he 

drop i n t he probe t i p tempera tu re are no t taken i n t o accoun t i n the 

s i m u l a t i o n s . I n r e a l i t y , however, the probe t i p t empera tu re w i l l be 

governed by more f a c t o r s than assumed i n the a n a l y s i s and the gas 

e lements wh ich e n t e r the probe a re u n l i k e l y t o be coo led t o the e x t e n t 
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suggested s i n c e the boundary c o n d i t i o n a t £ = 0 used t o s o l v e e q u a t i o n 

(V .5 ) i s no t s t r i c t l y c o r r e c t . 

Aerodynamic and Chemical Reac t ion E r r o r 

Chemical r e a c t i o n e r r o r i s d e f i n e d as the d i s t a n c e r e q u i r e d t o t r a v e l 

under r e a c t o r c o n d i t i o n s t o ach ieve the same degree o f r e a c t i o n as t h a t 

wh ich o c c u r r e d d u r i n g the sampl ing p rocedu re . The c o n t r o l l i n g e q u a t i o n 

i s g i ven by 

dF dC 

- d T - - k b C c A r - < v - * > 

Boundary c o n d i t i o n s : @ £ = 0 F c = F c q 

@ £ = £ ' f = f , c c I 

where F c g - Fc-j i s the q u a n t i t y o f r e a c t i o n wh ich o c c u r r e d i n the c a p i l -

l a r y as p r e d i c t e d by the s i m u l a t i o n and thus the chemical r e a c t i o n e r r o r 

i s t he q u a n t i t y , £ ' . I n t e g r a t i n g e q u a t i o n (V .9 ) between F c g and Fc-j 

where v~ i s the mean v e l o c i t y i n the r e a c t o r . One e f f e c t , c l e a r l y p r e s e n t 

y e t no t c o n s i d e r e d , i s t he heterogeneous r e a c t i o n o c c u r r i n g a t the c a p i l -

l a r y w a l l which wou ld enhance the amount o f r e a c t i o n and thus i n c r e a s e 

the e s t i m a t e d r e a c t i o n e r r o r . I f the m a j o r i t y o f the r e a c t i o n i s con-

s i d e r e d homogeneous, t h i s wou ld no t be a s e r i o u s e r r o r . I n f a c t , t he 

s i m u l a t i o n s i n d i c a t e t h a t the r e a c t i o n e r r o r i s reasonab l y sma l l under 

most samp l ing c o n d i t i o n s i n the r e a c t o r . 

I n the model , e s t i m a t i o n o f the aerodynamic e r r o r has been s i m p l i f i e d 

p r i n c i p a l l y because o f the o t h e r w i s e complex p rocedure t o e v a l u a t e the 

r e l a t i v e a x i a l e r r o r . The c o r r e c t a n a l y s i s i s t o measure the r es i dence 

t i m e o f a l l t he e lements b e i n g w i t hd rawn and by w e i g h t i n g the d i s t r i -

b u t i o n by f l o w p r o p o r t i o n , e v a l u a t e the mean r e s i d e n c e t i m e and thus 
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e s t i m a t e a c c u r a t e l y how much f a s t e r the gases are moving than i f t h e r e 

had been no sampl ing t a k i n g p l a c e . The c a l c u l a t i o n i s t e d i o u s and 

n u m e r i c a l l y c o m p l i c a t e d , r e q u i r i n g knowledge o f the s t ream f u n c t i o n , t\> 

which must f i r s t be o b t a i n e d f rom the v e l o c i t y p o t e n t i a l , I n b r i e f , 

the method e n t a i l s n u m e r i c a l l y i n t e g r a t i n g a l ong each s t r e a m l i n e i n t o 

the probe t o de te rmine the res idence t ime o f the e lements f l o w i n g 

d i r e c t l y a d j a c e n t t o i t . E v a l u a t i o n o f the l a s t s t r e a m l i n e t o e n t e r the 

probe c o u l d be de te rm ined by knowledge o f the samp l ing r a t e , de te rmined 

by c o n d i t i o n s downstream o f the probe t i p . 

The a l t e r n a t i v e s t r a t e g y , d i scussed i n Chapter 3, S e c t i o n 3 . 1 3 , i s t o 

assume the res idence t ime o f c e n t r e l i n e a x i s e lements i s e q u i v a l e n t t o 

the r e q u i r e d we igh ted mean. The e r r o r was e v a l u a t e d f o r two values o f 

the f r a c t i o n a l f l o w , f (see Chapter 3, S e c t i o n 3 . 9 ) t o ensure t h a t the 

va lue converged q u i c k l e y as f 0 , e q u i v a l e n t t o an i n f i n i t e d i s t a n c e 

f rom the probe. Having e v a l u a t e d each e r r o r the samp l ing e r r o r , i n c o r -

p o r a t i n g a l l the component e r r o r s can be compared t o a t y p i c a l expected 

measurement e r r o r taken t o be ±4% r e l a t i v e o f the butane c o n c e n t r a t i o n , 

e v a l u a t e d us ing equa t i on ( V . 1 0 ) . 

P r i n c i p a l S i m u l a t i o n Model Resu l t s 

Two b a s i c s i m u l a t i o n s were per formed a t nominal w a l l tempera tures o f 

• 700°C and 800°C. The idea o f m a i n t a i n i n g a c o n s t a n t o v e r a l l samp l ing 

e r r o r cou ld be ach ieved by changing the c o o l a n t f l o w r a t e as the probe 

t r a v e r s e d the i s o t h e r m a l r eg ion i n the s i m u l a t i o n s . The i naccu racy o f 

hea t t r a n s f e r d a t a , p h y s i c a l p r o p e r t y d a t a , o u t e r w a l l t empera tu re 

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

w a r r a n t such con f i dence and a c o n s t a n t c o o l a n t f l o w o f 100 cc / sec (1 

a tmosphere, 300 K) was chosen t h r o u g h o u t the s i m u l a t i o n s . Tab le V . l 

shows the p r e d i c t e d c a p i l l a r y f l o w r a t e s a t 700°C and 800°C a g a i n s t the 
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e x p e r i m e n t a l l y observed f l o w r a t e s under i d e n t i c a l c o n d i t i o n s . Tab le V.2 

shows t y p i c a l t empera tu re and p ressu re p r o f i l e s a long the probe l e n g t h 

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

TABLE V . l 

* 

A x i a l p o s i t i o n o f P r e d i c t e d 
Probe t i p From F l o w r a t e 
Reactor Ent rance ( c c / s e c ) 

(cm) 

* C a l c u l a t e d Temperature 
Observed D i f f e r e n c e Between 
F l o w r a t e Coo lan t N i t r o g e n and 
( c c / s e c ) Process Gas a t t he 

Probe T ip (°C) 

700°C 

64 .1 

74.1 

84.1 

94 .1 

104.1 

114.1 

64 .1 

74.1 

84 .1 

94 .1 

104.1 

114.1 

1 .34 

1.72 

2 .31 

•1.16 

1.51 

2.08 

1.33 

1.45 

1 .58 

1 .78 

2 .05 

2.50 

800°C 

1.12 

1.25 

1.41 

1.62 

1.88 

2.25 

15 

43 

120 

15 

44 

122 

1 atm, 300 K. 
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TABLE V.2 

Reactor p ressure = 7 p s i g = 1 .483 bar a 

Reactor tempera tu re = 700°C = 973 K 

P o s i t i o n o f probe t i p = 0 .345 m f rom the base o f the i s o t h e r m a l r e g i o n 

Coo lan t f l o w r a t e (1 atm, 300 K) = 100 cm 3 /sec 

C a p i l l a r y f l c w r a t e (1 atm, 300 K) = 1 . 7 8 cm3 /sec 

p ' r o b T T l p ' t m ) T 1 <K> T 2 <K> T c <K> P 1 W R
2 ( b a r ) P , ( ba r ) 

0 930.0 930.0 973 .0 1.421 1.421 1.483 

0 .01 929.7 939.1 942.6 1 .423 1.416 1.476 

0 .02 929 .8 945 .8 933.5 1.425 1.411 .1 .470 

0 . 0 3 927.6 950 .7 930 .3 1.427 1.407 1 .463 

0 .05 924 .3 956 .8 926.7 1.431 1 .398 1.450 

0 .10 911.7 961.0 915 .7 1.441 1.375 1 .418 

0 .15 894.6 959.6 900.0 1.451 1.351 1.385 

0 .20 872.6 956 .3 879.4 1.460 1.327 1.355 

0 .30 809.3 946 .3 820.9 1.477 1 .277 1.291 

0 .40 714.3 907 .8 730.4 1.492 1 .228 1.235 

0 .60 518.4 713.1 533.9 1.514 1 .143 1 .153 

0 .80 377.7 523.0 388.9 1.529 1.086 1.101 

1.00 314.9 352.9 318.1 1.540 1.052 1 .068 

1.20 303.9 314.2 304.6 1.550 1.032 1.041 

Probe End, 
1.39 300.0 303.8 300.4 1 .558 1 .014 1.014 
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A P P E N D I X V I 

NUMERICAL SOLUTION TO THE RADIAL DISPERSION MODEL 

I f the v e l o c i t y p r o f i l e i s d e s c r i b e d by P o i s e u i l i e ' s e q u a t i o n , a x i a l 

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

expans ion on r e a c t i o n and the r e a c t i o n i s f i r s t o r d e r , the gove rn ing 

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 f o r the Rad ia l D i s p e r s i o n Model i s g i ven as 

- (1 - R*2) + © { ^ L + ec* = o (VI.i) 
aZ [ aR R aR J 

Boundary c o n d i t i o n s 
k 

a r * * 
^ = 0 R = 0 , 1 Z > 0 
aR 

C* = 1 1 = 0 0 sc R* £ 1 

Norma l l y e q u a t i o n ( V I . 1 ) i s s o l v e d n u m e r i c a l l y . The f i n i t e d i f f e r e n t 

method i s one o f the commonest methods t o n u m e r i c a l l y s o l v e se t s o f 

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 s . The b a s i c o p e r a t i o n s are per formed on 

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

d imens iona l T a y l o r s e r i e s expans ion enables an a p p r o x i m a t i o n t o be 

developed f o r a l l the d e r i v a t i v e s o f each independent v a r i a b l e 

averaged o r c e n t r e d a t one o r a s e t o f p o i n t s on the g r i d . P o i n t w i s e 

o r e x p l i c i t methods o f s o l u t i o n a re forms where the s o l u t i o n depends 

on p o i n t s p r e v i o u s l y known o r c a l c u l a t e d . The problems o f s t a b i l i t y f o r 

e x p l i c i t methods are overcome by r e p r e s e n t i n g the d e r i v a t i v e s and terms 

i n the d i f f e r e n t i a l equa t i ons by a f i n i t e d i f f e r e n c e fo rm e v a l u a t e d a t 

an advanced s e t o f p o i n t s where the va lues o f each independent v a r i a b l e 

a re unknown. Now the prob lem becomes i m p l i c i t s i n c e a s e t o f a l g e b r a i c 

equa t i ons are d e r i v e d which must be s o l v e d s i m u l t a n e o u s l y f o r each row 
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o f unknown g r i d p o i n t s . A t y p i c a l i m p l i c i t f o r m u l a , f o r i n s t a n c e , 

wou ld be 

8R1 

a- o a, ° 
3C 

3R 
+ (1-0) ^ 

3R 
0 < 0 < 1 ( V I . 2 ) 

i,j+l 

where the p o i n t s o l u t i o n s be ing sought are Ĉ  i = 1, 2 , 3 . . . . 

I t can be shown t h a t when e ;r \ the method i s always s t a b l e . S o l u t i o n 

t o t he e a u a t i o n when e = \ i s known as the C rank -N i cho l son method and was 

the method employed by C le l and and Wi l he lm (1956) and was used i n t h i s 

s tudy f o r t he s o l u t i o n t o the RDM. 

To reduce the number o f numer ica l c a l c u l a t i o n s and t o remain i n accordance 

w i t h the procedure by C le land and W i l he lm , e q u a t i o n ( V I . 1 ) was d i v i d e d 
k 

t h r o u g h o u t by 8 , p roduc ing a new d imens ion less parameter x = 8Z which 

genera tes the e q u a t i o n 

- O - R * 2 ) f " + -

_ 9 * 1 

• V c . 1 3C 
ko + ; 

3R R 3R 
- C = 0 ( V I . 3 ) 

Boundary c o n d i t i o n s 

3C 

3R1 

R = 0 , 1 

X = 0 

X > 0 

0 * R < 1 

The Crank -N i cho l son f i n i t e d i f f e r e n c e app rox ima t i ons t o each te rm i n the 

e q u a t i o n are w e l l d e s c r i b e d i n the paper by C l e l a n d and Wi l he lm and are 
k k k 

n o t d e r i v e d he re . A t the r e a c t o r c e n t r e l i n e the te rm 1/R 3C /aR i s 

i n d e t e r m i n a t e and L ' h o p i t a l ' s r u l e r e v e a l s 

Lim J _ 3C_ 
• k 7 

R R 3R 

L im 32C^ 
o * 

3 C 
* * 

R ->0 3R 3R R*=0 

Thus e q u a t i o n ( V I . 3 ) becomes 
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,2,* dp a^p * . 

- + 2a - C = 0 R* = 0 (VI.4) 

Equa t ion ( V I . 4 ) now determines the c e n t r e l i n e c o n c e n t r a t i o n w h i l s t 

s a t i s f y i n g bo th the o r i g i n a l e q u a t i o n and the c e n t r e l i n e boundary con-

d i t i o n . Ave rag ing the T a y l o r ' s s e r i e s expans ion o f e q u a t i o n ( V I . 4 ) 

about the ( 1 , k) and ( 1 , k + l ) t b g r i d p o i n t s , where ( x , y ) denotes r a d i a l 

and 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 , g i ves t he f i n i t e d i f f e r e n c e a p p r o x i -

m a t i o n . In a d d i t i o n , an e x t r a r e l a t i o n s h i p i s g i ven by 

c3-i,k = V i . k = b k < v i - 5 > 

and the f i n a l e x p r e s s i o n f o r the c e n t r e l i n e i s g i v e n as 

k k k k 
CT,k+1 " Cl,k _ 2a rp* * , r * r * , { Cl,k+l + Cl,k } 

ax " a R * 2 2,k+l " 1,k+l + L2,k " Ll,k j 7 2 

( V I . 6 ) 
k 

where AX and AR a re the a x i a l and r a d i a l g r i d space s i z ings r e s p e c t i v e l y 

A t t he r e a c t o r w a l l e q u a t i o n ( V I . 3 ) reduces t o 

O k 
a r * * 

a - C = 0 R = 1 (VI.7) 
8R L 

k k k 
Fur the rmore , by impos ing 8C /aR = 0 on the expans ion o f C the second-

o r d e r d e r i v a t i v e i s approx imated by 

2 * 
r C 

kO 
8R 2 

- ct, -} (VI.8) 
AR 2 j ' + 1 

R =1 A K 

where j ' i s t he p e n u l t i m a t e r a d i a l p o s i t i o n b e f o r e the w a l l . Ave rag ing 

o f e q u a t i o n ( V I . 7 ) us ing the a p p r o x i m a t i o n g i ven by e q u a t i o n ( V I . 8 ) 

about the ( j ' + l , k) and ( j ' + l , k+1) g r i d p o i n t s y i e l d s the Crank-

N i cho l son f i n i t e d i f f e r e n c e a p p r o x i m a t i o n f o r the r e a c t o r w a l l 

1 * * * k k 
{ C j ' . k + i ' c j ' + l , k + l + c j « + i , k } ~ ' { c j ' + i , k + c j ' + i , k + i } = 0 

( V I . 9 ) 
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I n s p e c t i o n o f the equa t i ons show t h a t t he N unknown c o n c e n t r a t i o n s , 

* t h 

Cj k+1 ' a t ^ r a c ' 1 ' a 1 p o i n t s on the (k+1) a x i a l p lane a re g i ven by the 

N l i n e a r equa t ions 
A C k + 1 = b ( V I . 1 0 ) 

k k k T 
where: Ck+-| i s a N x 1 v e c t o r o f the unknowns (C-, k + - , , C^ . . . C^ k + ^ ) 

rJ 
b i s a N x 1 v e c t o r o f known f u n c t i o n s , p r i n c i p a l l y l i n e a r combi-

• 

n a t i o n s o f C- b 
J 5 K 

A i s a N x N m a t r i x w i t h known e lemen ts . 

nj 

The m a t r i x A i s t r i d i a g o n a l and s o l u t i o n t o e q u a t i o n ( V I . 1 0 ) i s o b t a i n e d 

us ing Thomas's Method. Roache (1972) g ives a conc i se and a c c u r a t e exp-

l a n a t i o n o f how t he method works . Rad ia l c o n c e n t r a t i o n s o l u t i o n p o i n t s 
J-U 

are q u i c k l y and e a s i l y o b t a i n e d f o r t he (k+1) a x i a l s t a t i o n and t h i s 

process can be r e p e a t e d , i n the t y p i c a l march ing s t y l e o f p a r a b o l i c 

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 s . 

Accuracy o f the F i n i t e D i f f e r e n c e App rox ima t i ons 

The Thomas Method c a t e g o r i s e s a t y p i c a l i n t e r i o r p o i n t i n e q u a t i o n ( V I . 1 0 ) 

as 
- R. C* + S- C* - T . C* . = b . ( V I . 11) 

J J + l J J J j - 1 J x 1 

where R - , S- and T . r e p r e s e n t e lements i n the A m a t r i x and the a x i a l 
J J \J 

s t a t i o n s u b s c r i p t has been dropped f o r conven ience. To keep the s i z e o f 

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

R. < 0 , S, < 0 , T , < 0 
J J J 

S j > RJ + T j j = 2 ' N - 1 ( V I . 1 2 ) 

The c o r r e s p o n d i n g fo rmu lae f o r S - , R. and T . i n t he r a d i a l d i s p e r s i o n 
J J J 

model i n d i c a t e c a t e g o r i c a l l y t h a t t he system i s w e l l c o n d i t i o n e d . 
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R
j = + 

2 A R 

a 
IF 

4 R . A R 
vJ 

• 9 
(i-Rj ) 

( V I . 1 3 ) 

T.. = 
2aR 

a 
* — 7 

4R-AR 
vJ 

To f u r t h e r t e s t the e f f i c i e n c y and accuracy o f t he Thomas Method a 

s o l u t i o n t o equa t i on ( V I . 1 0 ) was a l s o ob ta i ned by the General Gaussian 
r<J 

E l i m i n a t i o n Technique. Since A was n o n - s i n g u l a r f o r the genera l case, 

the s o l u t i o n so o b t a i n e d was unique s i n c e rank A = N. 

Both a l g o r i t h m s g iven the same i n p u t data gave exac t c o n c e n t r a t i o n s t o an 

accuracy >10 f a r g r e a t e r than the accuracy due t o the f i n i t e d i f -

fe rence app rox ima t i on t o equa t i on ( V I . 3 ) . Comparison o f computer t ime 

r e v e a l e d t h a t the Thomas method was an o rde r o f magni tude f a s t e r which 

conc luded t h a t the Thomas Method p r o v i d e d the q u i c k e s t and most e f f i c i e n t 

way o f s o l v i n g the RDM. 

An a n a l y s i s on the accuracy o f the c o n c e n t r a t i o n p r o f i l e d e r i v e d f rom 

the f i n i t e d i f f e r e n c e method was a l s o c a r r i e d o u t . Leading e r r o r terms 

i n the T a y l o r s e r i e s app rox ima t ions t o the d i f f e r e n t i a l equa t i on are 

summarised i n Table V I . 1 

TABLE V I . 1 

General f o rmu la 
g 0(AR.

2
)(1-R. ) * 

S e ( 1 - R i )0(AX) 
R. J 

Reactor c e n t r e l i n e fo rmu la - 2 g 0 ( A R * 2 ) 
J 

Wal l boundary c o n d i t i o n + g 0(AR*) 
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For a t y p i c a l c o n c e n t r a t i o n p o i n t , chosen i n the r e a c t o r , v a r i a t i o n o f 

r a d i a l accuracy f rom 10 t o 30 s t a t i o n s c rea ted a change i n the concen t -

r a t i o n o f l ess than 0.1%. V a r i a t i o n o f a x i a l accuracy f rom 0 t o 5 a x i a l 

s t a t i o n s between s p e c i f i e d a x i a l r e a c t o r p o s i t i o n s produced a change o f 

l ess than 0.2%. With r e s p e c t t o the computer t ime r e q u i r e d f o r each run 

15 r a d i a l s t a t i o n s were chosen and the equa t ions were s o l v e d a t 2 a x i a l 

s t a t i o n s between each s p e c i f i e d r e a c t o r p o s i t i o n . 
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A P P E N D I X V I I 

SUMMARY OF REGRESSION TECHNIQUES 

E s t i m a t i o n o f the r a t e cons tan t s bo th i n the s i m u l a t i o n s i n Chapter 4 

and f o r t he e x p e r i m e n t a l d a t a , and e s t i m a t i o n o f the g l o b a l A r r h e n i u s 

parameters a l l r e q u i r e d use o f l i n e a r and n o n - l i n e a r r e g r e s s i o n t e c h -

n iques . A b r i e f i n t r o d u c t i o n o f the methods used are g i ven here bu t a 

more d e t a i l e d d e s c r i p t i o n can be found , f o r i n s t a n c e , i n Draper and 

Smith (1966) . 

The model f o r e s t i m a t i o n o f the r a t e c o n s t a n t assuming p l u g f l o w i s 

g i ven by e q u a t i o n ( 4 . 5 ) 

I ^ = e " 2 B Z * + e. ( V I I . 1 ) 
1 " * f l 1 

and the model f o r the A r r h e n i u s parameters by 

k = A e " E / R T + e- ( V I I . 2 ) 

where e., denotes the genera l model e r r o r . Both models g i ven by equa t ions 

( V I I . 1 ) and ( V I I . 2 ) a re n o n - l i n e a r i n the parameters B, A and E and 

thus n o n - l i n e a r r e g r e s s i o n techn iques shou ld be used t o e s t i m a t e them. 

S ince bo th a re i n t r i n s i c a l l y l i n e a r , however, very o f t e n they a re 

reduced t o l i n e a r models and l i n e a r r e g r e s s i o n i s used t o e s t i m a t e the 

parameters 

l n ( 1 - <j>f2) = -23Z* + c o n s t a n t + e^ ( V I I . 3 ) 

I n k = In A - + e- ( V I I . 4 ) 

When p l u g f l o w was assumed, e s t i m a t i o n o f the r a t e cons tan t s f rom the 
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e x p e r i m e n t a l da ta was ach ieved u s i n g unwe igh ted l i n e a r l e a s t s q u a r e s , 

s i n c e no p r i o r i n f o r m a t i o n was a v a i l a b l e abou t t he c o n f i d e n c e w i t h 

wh ich each p o i n t was known. For a g e n e r a l l i n e a r model 

= b o + b i x l i + b 2 x 2 i + • • • V l ) X ( p - 1 ) i + e i ( V I L 5 ) 

where : y^ i s t he measurement o f t he dependent v a r i a b l e 

t h 
x . . i s t he i measurement o r s e t p o i n t f o r t h e i ndependen t 
J ' 

v a r i a b l e x-
J 

e^ i s t he unknown e r r o r a s s o c i a t e d w i t h t he measurement 

The b e s t e s t i m a t e s o f t h e parameters b Q , b-j . . . b •] deno ted by t he v e c t o r 

b a re o b t a i n e d by m i n i m i s i n g t h e sum o f squares o f t he r e s i d u a l s between 

measured va lues and p r e d i c t e d va lues o f y^ 

S = (y - X b ) T ( y - Xb) ( V I I . 6 ) 

and t he e s t i m a t e s a re g i v e n by 

b = C X T X ] - V y ( V I I . 7 ) 

where : X i s t he n x p m a t r i x ( rank X > p) o f t h e i ndependen t measurements 

i, x H , x 2 i ... X ^ j . 

n i s t he number o f i ndependen t measurements 

y i s t h e N x 1 v e c t o r o f measurements, y^ 

F u r t h e r m o r e , t he c o v a r i a n c e m a t r i x o f b can be deve loped as 

V(b ) = ( X T X ) - 1 a 2 ( V I I . 8 ) 

o 

The q u a n t i t y a r e p r e s e n t s the v a r i a n c e o f t he r e s i d u a l s between e x p e r i -

menta l measurement and p r e d i c t e d va lues f o r t h e dependent v a r i a b l e y 
2 

and i s t hus app rox ima ted by s g i v e n by 
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s o 2 = T A T ( v i i - 9 ) 

where n -p i s the number o f degrees o f f reedom f o r the r e g r e s s i o n f i t and 

shows t h a t p degrees o f f reedom have been l o s t because t h e r e are p l i n e a r 

r e s t r i c t i o n s on the va lues o f the r e s i d u a l s y^ - y . Th is i s because 

the parameter s e t b has been e s t i m a t e d f rom the d a t a . Th is p rocedure 

was used f o r e v a l u a t i o n o f the r a t e cons tan ts us ing the model g i ven by 

e q u a t i o n ( V I I . 3 ) . Using equa t ions ( V I I . 8 ) and ( V I I . 9 ) a 95% con f i dence 

range f o r each r a t e c o n s t a n t was e s t a b l i s h e d as 

E ( k > % k * t0.025,n-2 so = k ± t0.0Z5.n-2 n y , 2 ( V I I - 1 0 > 

where: sQ i s the e s t i m a t e d v a r i a n c e o f the r a t e c o n s t a n t f rom eqn. ( V I I . 8 ) 

t i s the Students t - t e s t 

Z i s t he a x i a l d i s t a n c e f rom the s t a r t o f the i s o t h e r m a l r e g i o n 

A s i m i l a r approach was used i n the e v a l u a t i o n o f t he g l o b a l A r r h e n i u s 

paramete rs . As e q u a t i o n ( V I I . 1 0 ) p r o v i d e d some a p r i o r i i n f o r m a t i o n on 

the es t ima tes o f the dependent v a r i a b l e s ( t he r a t e c o n s t a n t s ) , we igh ted 

l i n e a r r e g r e s s i o n was used where the we igh ts were based upon the i n v e r s e 
, 9 

o f the e s t i m a t e d va r i ances o f t he r a t e cons tan ts ( l / s Q ) • Using t he 

l i n e a r model g i v e n by e q u a t i o n ( V I I . 4 ) t he dependent v a r i a b l e f o r the 

l i n e a r r e g r e s s i o n i s t he l o g a r i t h m o f the r a t e c o n s t a n t . Approx imate 

v a r i a n c e s , v . , f o r the l o g a r i t h m o f the i ^ r a t e c o n s t a n t , k - , were 
e s t i m a t e d as 

- ^ 

where w^ was the w e i g h t i n g f o r p o i n t i i n the l i n e a r r e g r e s s i o n . The 

we igh ted r e g r e s s i o n e s t i m a t e s can e a s i l y be shown t o be g i ven by 
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b = (XTWX)_1XTW y W = d i a g ^ . ) ( V I I . 1 2 ) 

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

V (b ) = (XTWX) _ 1 ( V I I . 1 3 ) 

The r e s u l t s f r o m use o f t h i s p r o c e d u r e a re g i v e n i n Chap te r 6 , S e c t i o n 

6 . 4 where t he c o n f i d e n c e l i m i t s f o r t he a c t i v a t i o n energy and p r e - e x p o -

n e n t i a l f a c t o r were e s t i m a t e d u s i n g t h e S tuden t s t - t e s t w i t h n - 2 degrees 

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

l i m i t e d , because o f t he poo r c o n f i d e n c e w i t h w h i c h t h e v a r i a n c e s o f t h e 

l o g a r i t h m o f t he r a t e c o n s t a n t s were known. Even t he e s t i m a t e s o f t h e 

v a r i a n c e s o f t he r a t e c o n s t a n t s were n o t known w i t h any h i g h a c c u r a c y . 

N e v e r t h e l e s s , t h e a n a l y s i s does s e r v e t o p u t a p p r o x i m a t e bounds on t he 

pa ramete r e s t i m a t e s by wh i ch some i d e a o f t h e i r accu racy can be o b t a i n e d . 

R e s u l t s f r o m e x p e r i m e n t a l s e t C gave a s l i g h t l y l o w e r a c t i v a t i o n energy 

t h a n t h e f i r s t two s e t s , A and B, (see Chap te r 7 , T a b l e 7 . 1 ) . Th i s d i f -

f e r e n c e may be a p p a r e n t p r i m a r i l y because i t a c t u a l l y r e f l e c t s a change 

i n the fundamenta l k i n e t i c s o f t he p y r o l y s i s o r because o f t h e g r e a t e r 

u n c e r t a i n t y w i t h wh ich t h e da ta was c o l l e c t e d d u r i n g s e t C. 

L e t b-| = e s t i m a t e d s l o p e f r o m t h e A r r h e n i u s p l o t f o r t he runs i n s e t B 

= 25461 .3 K 

b 2 = e s t i m a t e d s l o p e f r o m t h e A r r h e n i u s p l o t f o r t h e runs i n s e t C 

= 23641.9 K. 

P r o p o s i n g a t w o - t a i l e d s i g n i f i c a n c e t e s t HQ : b-, = b 2 t h e n 

E(b 1 - b 2 ) = E(b-,) - E ( b 2 ) = 0 ( V I I . 1 4 ) 

v a r ( b n - bo) = va r (b - , ) + v a r ( b ? ) y s T 2 + s f 2 = 282904.3 + 648721.0 
1 L 1 2 ( V I I . 1 5 ) 

p p ~ ^ 

where s£ a n d s b a r e e s " t l * m a t e c ' v a r i a n c e s o f b-, and b 2 u s i n g e q u a t i o n 
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( V I I . 1 3 ) w i t h e s t i m a t e s f o r the elements i n the m a t r i x W g iven by 

e q u a t i o n ( V I I . 11 ) . Assuming H0 i s c o r r e c t then b-j - b 2 i s n o r m a l l y 

d i s t r i b u t e d w i t h v a r i a n c e var (b - | ) + v a r ( b 2 ) and the t - s t a t i s t i c can 

now be formed as 

w i t h (n- j -2) + (n 2 ~2) degrees o f f reedom, where n^ i s the number o f 

e x p e r i m e n t a l p o i n t s f o r e s t i m a t e b - . A t a s i g n i f i c a n c e l e v e l o f 5% 

( x' = 0 . 0 2 5 ) , f o r 11 degrees o f f reedom, t ^ 2 .201 . Since the r e j e c t i o n 

zone f o r the hypo thes i s H 0 : b-| = b 2 i s t < T, t he va lues b-j and b 2 

are no t s t a t i s t i c a l l y d i f f e r e n t a t a s i g n i f i c a n c e l e v e l o f 5%. 

A l t e r n a t i v e l y , the models g i ven by equa t ions ( V I I . 1 ) and ( V I I . 2 ) c o u l d 

be used t o e s t i m a t e the model parameters by n o n - l i n e a r r e g r e s s i o n . 

An e x a c t analogous approach t o l i n e a r r e g r e s s i o n i s used excep t t h a t the 

equa t i ons genera ted f rom the o p e r a t i o n o f e v a l u a t i n g 3S /9b a re n o n - l i n e a r 

and must be s o l v e d i t e r a t i v e l y . Th is was done f o r e s t i m a t i o n o f bo th 

the r a t e cons tan ts and the A r r h e n i u s parameters us ing Broyden 's 

A l g o r i t h m t o s o l v e the n o n - l i n e a r e q u a t i o n s . The h igh c o r r e l a t i o n between 

es t ima tes o f t he a c t i v a t i o n energy and the p r e - e x p o n e n t i a l f a c t o r 

demanded a r e p a r a m e t i z a t i o n o f the p r e - e x p o n e n t i a l f a c t o r g i ven by 

e q u a t i o n ( 6 . 2 ) i n Chapter 6 . 

I n the s i t u a t i o n where the r a t e c o n s t a n t was e s t i m a t e d us ing the RDM, 

no a n a l y t i c a l fo rm o f the model was a v a i l a b l e and parameter e s t i m a t e s 

were genera ted us ing an a l g o r i t h m based on P o w e l l ' s Method (1964) wh ich 

m in im ised the o b j e c t i v e f u n c t i o n g i ven by S . Of c o u r s e , t he process 

wou ld be t o t a l l y a c c e p t a b l e f o r parameter e s t i m a t i o n us ing a model w i t h 

a known a n a l y t i c a l f o rm such as the A r r h e n i u s model , e q u a t i o n ( V I I . 2 ) , 

o r the PFM, e q u a t i o n ( V I I . 1 ) , and wou ld g i v e i d e n t i c a l va lues as t h a t 

o b t a i n e d by s o l v i n g the a n a l y t i c a l equa t i ons g i ven by 3S /3b = 0 . 

T ( V I I . 1 6 ) 
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Residua l Sum o f Squares f o r the Non-L inear E s t i m a t i o n o f a and 6 

Run Number o f 
Number P o i n t s 

4 6 9 .055 E-5 9 .918 E-5 1.290 E-4 

5 6 1.850 E-4 3.402 E -4 3.887 E-4 

6 6 1.009 E-4 5 .228 E-4 4 .083 E-4 

7 6 2.366 E-4 1.082 E-3 2 .343 E-4 

8 6 7.382 E-4 4 .728 E-3 7.065 E-4 

9 6 7.402 E-4 1.415 E-3 2.250 E-3 

11 5 1.951 E-5 5.416 E-5 4 .794 E-4 

12 6 7.649 E-4 2 .404 E-3 7.540" E -4 

13 6 8.096 E-3 1.259 E-2 8 .088 E-3 

14 5 1 .188 E-3 3.649 E-3 1 .168 E-3 

15 6 3.840 E-4 4 .724 E-3 2.772 E -3 

16 6 4.130 E-3 1 .068 E-2 4 .115 E-3 

17 6 1.084 E-3 2.311 E-3 1.074 E -3 

18 6 4 .333 E-5 2.271 E-4 4.229 E-5 

19 6 5.705 E-5 4.200 E-4 5 .524 E-5 

20 6 9 .120 E-5 1 .638 E-4 2.236 E-4 

21 6 1.801 E-4 3 .814 E-4 5 .451 E -4 

22 6 3.503 E-4 5 .332 E-4 6 .666 E-4 

23 6 3.737 E-3 5 .881 E -3 7.579 E-3 

25 6 9 .440 E-4 2.480 E-3 3.817 E -3 

26 5 1.733 E-4 4 .282 E-4 1 .684 E-4 

S imul taneous 
E s t i m a t i o n o f a 
and g Using the 

RDM 

E s t i m a t i o n 
o f 6 Using 

the RDM With 
an a p r i o r i 

va lue o f a 

E s t i m a t i o n o f 8 
Using the 

N o n - l i n e a r PFM 
(see eqn. V I I . 1 ) 
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A P P E N D I X V I I I 

SIMULATED ESTIMATION OF THE GLOBAL RATE CONSTANT 

N o n - l i n e a r p l o t s o f the con f i dence reg ions f o r t he a-B p lane i n the 

s i m u l a t i o n s i n Chapter 4 , S e c t i o n 4 .11 are governed by e q u a t i o n ( 4 . 9 ) 

S(b) = S(b) (1 + F ( p , N - p , 1 - x ) } ( V I I I . 1 ) 

S u b s t i t u t i n g va lues f o r p ( = 3 ) , N ( = 1 3 ) and F (= 3 .71) used i n the 

s i m u l a t i o n s , an approx imate 95% con f i dence i n t e r v a l i s g i ven as 

S(b) = 2 .113 S(b) ( V I I I . 2 ) 

These are the n o n - l i n e a r con tours wh ich are c o n s t r u c t e d i n F i g . 4.1a and 

4 . 1 b , where S(b) was de te rmined i n each s i m u l a t i o n us ing an a v a i l a b l e 

c o n t o u r i n g package. Each l i n e a r a p p r o x i m a t i o n o f t he n o n - l i n e a r con tou r 

was developed f rom es t ima tes o f t he cova r i ance m a t r i x f o r the parameter 

e s t i m a t e s on the b a s i s o f 50 s i m u l a t i o n s f o r each s e t o f s i m u l a t e d con-

d i t i o n s o f a and B. Reasonable es t ima tes f o r t he cova r i ance m a t r i x 

e lements were d i f f i c u l t t o j udge s i n c e t h e r e i s no a n a l y t i c e q u i v a l e n t 

f o r t he i n f o r m a t i o n m a t r i x XTX i n e q u a t i o n ( 4 . 1 0 ) . The s i m u l a t i o n s e t 

s i z e , 50, was gues t ima ted f rom a c h i - s q u a r e d t e s t w i t h N-3 degrees o f 

f reedom (Mandel , 1964) t o e s t i m a t e the " t r u e " v a r i a n c e o f a , B and y 

assuming t h e i r sample d i s t r i b u t i o n s were Gauss ian, when i n r e a l i t y , they 

are no t because o f t he n o n - l i n e a r i t y o f the RDM. The v a l i d i t y o f us ing 

o n l y 50 s i m u l a t i o n s was, however, r e c o n c i l e d by the c l o s e p r o x i m i t y 

between the n o n - l i n e a r con tou r and the l i n e a r a p p r o x i m a t i o n , i l l u s t r a t e d 

i n F i g s . 4 .1a and 4 . 1 b . 
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O b s e r v a b i l i t y o f the RDM Parameters 

One o f the problems w i t h sampl ing f rom the c e n t r e l i n e o n l y i s t o ensure 

t h a t a l l t he parameters i n the model are obse rvab le f rom these measure-

ments a l o n e . Th is w i l l be t r u e p r o v i d i n g each parameter has an indepen-

dent i n f l u e n c e on the c e n t r e l i n e p r o f i l e ; i n t h i s way, each parameter 

can be e s t i m a t e d f rom the n o i s y c e n t r e l i n e measurements. I n t he l i m i t 

o f i n f i n i t e r a d i a l m i x i n g the parameter a becomes t o t a l l y unobservab le 

s i n c e i t s va lue has no e f f e c t on the e s t i m a t e d s i m u l a t i o n c e n t r e l i n e 

p r o f i l e . 

For a l i n e a r t ime i n v a r i a n t d e t e r m i n i s t i c model , t he prob lem o f observa -

b i l i t y i s t r i v i a l 

y = Hb ( V I I I . 3 ) 

where: H i s a N' x N m a t r i x o f known elements 

b i s a N x 1 parameter v e c t o r 

y i s a N1 x 1 measurement v e c t o r 

The parameter s t a t e s b are obse rvab le f rom the measurement v e c t o r y 

p r o v i d i n g 

rank H * N ( V I I I . 4 ) 

Acco rd ing t o Aoki ( 1967 ) , a s t o c h a s t i c r e p r e s e n t a t i o n o f t he g i ven 

model where measurements w i t h n o i s y s t a t i s t i c s a re i n t r o d u c e d i s obse r -

vab le i f the d e t e r m i n i s t i c model i s o b s e r v a b l e . 

For n o n - l i n e a r models, t h e r e i s no s t r a i g h t f o r w a r d way t o o b t a i n whe ther 

the parameters are t o t a l l y obse rvab le f rom the measurement d a t a . Severa l 

s i m u l a t i o n s were per fo rmed t o ensure t h a t the d e t e r m i n i s t i c r ep resen -

t a t i o n o f the RDM d i d have obse rvab le pa rame te rs , wh ich u n i q u e l y d e f i n e d 

the model and the r e s u l t s are g i ven i n Tab le V I I I . 1 . 
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TABLE V I I I . 1 

True parameters a = 0 . 4 5 

3 = 0 . 8 5 

y = 1 . 0 0 

I n i t i a l 

a 

c o n d i t i o n s 

e y 

Number o f f u n c t i o n 
e v a l u a t i o n s us ing 
P o w e l l ' s A l g o r i t h m 

Res idua l sum 
o f squares 

1 .0 1 .2 1.1 271 0 . 7 4 E-15 

0 .1 1 .2 1 .1 229 0 .31 E-15 

0 . 1 0 .6 0 .9 194 0 .19 E-14 

1 .0 0 .6 1 .2 264 0 .82 E-18 

0 . 1 0 . 2 0 . 7 NO SOLUTION OBTAINED 

In each s i m u l a t i o n where a s o l u t i o n was o b t a i n e d , the t r u e parameter 

s e t was r e - o b t a i n e d w i t h e f f e c t i v e l y a ze ro r e s i d u a l sum o f squares 

( i n f a c t , a f i n i t e va lue must be o b t a i n e d depending on the t o l e r a n c e 

s e t i n the a l g o r i t h m ) . Th is demonst ra tes t h a t the d e t e r m i n i s t i c 

n o n - l i n e a r RDM i s obse rvab le and i t i s t a c i t l y assumed t h a t the same i s 

t r u e f o r the s t o c h a s t i c n o n - l i n e a r RDM, a l t hough t h i s cannot be 

e f f e c t i v e l y demonst ra ted . 

S i m u l a t i o n Resu l t s 

( I ) Tab le V I I I . 2 : Es t ima ted e lements o f the cova r i ance m a t r i x , V 

(see Chapter 4 , S e c t i o n 4 . 1 0 ) . 

( I I ) Tables V I I I . 3 and V I I I . 4 : E s t i m a t i o n o f 3 us ing an a p r i o r i va lue 

Of a). 

( I l l ) Tab le V I I I . 5 : E s t i m a t i o n o f 3 when r a d i a l m i x i n g i s f i n i t e , 

assuming p l u g f l o w . 



TABLE V I I I 

S i m u l a t i o n Set 

a 3 a, a R V V Q Q 

K aa 36 

0.45 0 .85 0 .01 1.309 E-2 1.199 E -3 

1 .5 0 .85 0 .01 1 .098 3.134 E-4 

0 .45 0 .85 0 .033 C* 0 .1048 1.324 E-2 

1 .5 0 .85 0 .033 C* 1 .578 9 .318 E-4 

0 .45 2 .0 0 .01 1.572 E-2 5 .0 E-3 

1 .5 2 .0 0.01 0.4835 1.7 E -3 

0 .45 2 .0 0 .033 C* 0 .1531 8.784 E-3 

0 .45 0 .25 0 .01 C* 0 .2661 1.453 E -3 

1.5 0 .25 0 .01 C* 0 .5793 6 .651 E-4 

Elements o f V = v..^ 

v v O v V
Q 

yy aB ay By 

4 .123 E-5 - 3 . 6 2 4 E - 3 3.187 E -4 - 4 . 9 2 9 E-5 

9.159 E-5 - 1 .284 E-2 6 .347 E -3 - 5 . 7 8 0 E-5 

3 .523 E-4 - 2 . 5 2 0 E-2 2.329 E -3 1.390 E - 4 

6 .164 E-4 - 2 . 5 8 2 E-2 1 .058 E-2 - 3 . 8 4 6 E-5 

2 .387 E-5 - 8 . 4 E-3 9 .855 E-5 - 2 . 7 1 7 E-5 

1.5836 E-5 - 2 . 1 8 E-2 4.914 E-4 - 3 . 2 8 4 E-6 

8 .974 E-4 - 2 . 8 7 9 E-2 4.869 E-3 - 9 . 2 5 2 E -4 

4.415 E-5 - 1 . 6 3 7 E-2 - 6 . 9 4 2 E -4 1.631 E - 4 

4 .048 E-5 - 1 . 2 4 9 E-2 2.579 E - 3 8 . 862 E - 7 
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TABLE V I I I . 3 

S i m u l a t i o n : 3 = 0 . 8 5 , w = 0 .3825 , o = 0 .01 

50 s i m u l a t i o n s per s e t 

Assumed Mean o f 3 95% Conf idence 
co I n t e r v a l 

0 .2000 0 .9727 2 .52 E-2 

0.2500 0.9231 3 .04 E-2 

0.3000 0 .8883 2.69 E-2 

0.3500 0.8615 2 .27 E-2 

0.3825 0 .8484 2 .33 E-2 

0.4500 0.8312 2 .02 E -2 

0.5000 0 .8204 2 .48 E-2 

0 .6000 0 .8013 2 .30 E-2 

2.0000 0 .7538 1.89 E-2 

TABLE V I 1 1 . 4 

S i m u l a t i o n : 3 = 0 . 8 5 , u> = 1 .275 , a = 0 .01 

50 s i m u l a t i o n s pe r s e t 

Assumed Mean o f 3 95% Conf idence 
W I n t e r v a l 

0 .500 0.9119 2 .55 E-2 

0 .750 0.8706 2 . 0 3 E-2 

1.000 0.8609 2 .24 E-2 

1.275 0 .8520 2 .22 E-2 

1.500 0.8441 2 .25 E-2 

1.750 0 .8351 1.90 E-2 

2.000 0.8391 2.16 E-2 

2.500 0.8329 2 .24 E-2 

4.250 0.8261 2 .07 E-2 
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TABLE V I 1 1 . 5 

S i m u l a t i o n : 3 = 0 . 8 5 , a = 0 .01 

50 s i m u l a t i o n s pe r s e t 

S i m u l a t i o n L i n e a r Regress ion Non -L inea r Regress ion 

a Mean o f 3 95% Conf idence Mean o f 3 95% Conf idence 
I n t e r v a l I n t e r v a l 

0 0.4251 1.89 E-2 0 .4247 1 .44 E-2 

0.45 0.7736 2 .67 E-2 0 .7402 2 .20 E-2 

1 .5 0 .8307 2 .60 E-2 0 .8174 1.70 E-2 

4 .0 0 .8414 3.07 E-2 0 .8406 1 .97 E-2 

* 
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A P P E N D I X I X 

PRODUCT DISTRIBUTION SIMULATION USING THE 

SIMPLE FREE RADICAL MECHANISM 

The f r e e r a d i c a l mechanism proposed by Powers and Corcoran (1974) was 

used i n the s i m u l a t i o n s i n Chapter 5 t o i n d i c a t e an accep tab le way by 

wh ich the l a r g e r mechanism proposed by A l l a r a and Edelson (1980) shou ld 

be used t o model the 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 . 

The volume o f data genera ted by these s i m u l a t i o n s p rec ludes i t s a d d i t i o n 

t o t h i s Appendix and o n l y the numer i ca l va lues f rom the s i m u l a t i o n s 

d e s c r i b e d i n F i g s . 5 .2 and 5 . 3 i n Chapter 5 a re i n c l u d e d . I n a l l the 

s i m u l a t i o n s an e r r o r a n a l y s i s was c o n t i n u o u s l y per fo rmed t o ensure t h a t 

the e r r o r l i m i t s were such t h a t e s t i m a t e d e r r o r s i n t he s o l u t i o n ( e i t h e r 

the a l g e b r a i c equa t i ons f o r the r a d i c a l s p e c i e s , t he i n t e g r a t i o n by the 

Kut ta -Merson v a r i a b l e s tep s i z e method, o r the i n t e g r a t i o n by us i ng 

Gear 's A l g o r i t h m ) were sma l l enough t h a t they d i d n o t i n f l u e n c e any 

conc lus i ons drawn f rom the s i m u l a t i o n r e s u l t s . 

Data Used i n F i g . 5 .2 

S i m u l a t i o n c o n d i t i o n s c l o s e l y approx imate those f o r expe r imen ta l run 5 

* ( s e t A ) . 

I so the rma l t empera tu re (T ) = 939 .3 K. Convers ion range w i t h i n t he 

i s o t h e r m a l zone (<|> - <j>e) = 25 .2 - 42 .0 . 

T a b ] e _ I X 1 l : I so the rma l i n t e g r a t i o n (T = T ) f rom <j> = 0 t o 54% us ing 

Gear 's method. As i n i t i a l c o n d i t i o n s , a l l r a d i c a l and m o l e c u l a r spec ies 

f l ows were zero a p a r t f r om bu tane , d i l u t e d w i t h i n e r t n i t r o g e n . E thy lene 

used as a t y p i c a l m o l e c u l a r y i e l d . 
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Tab]e_IX_.2: I so the rma l i n t e g r a t i o n (T = T q ) f rom <f> = <[> t o 54% us ing 

Gear 's method. As i n i t i a l c o n d i t i o n s the m o l e c u l a r spec ies concen t -

r a t i o n s were those p r e d i c t e d by i n t e g r a t i o n f rom <j> = 0. The r a d i c a l 

s p e c i e s ' c o n c e n t r a t i o n were assumed z e r o . E thy lene used as a t y p c i a l 

m o l e c u l a r y i e l d . 

I § b ] e _ I X . 3 : Non - i so the rma l i n t e g r a t i o n f rom <f> = 0 t o 54% w i t h Gear 's 

method us ing the f o l l o w i n g imposed tempera tu re p r o f i l e : 

T = 875. + 2 .55 (j> <f> * <|>s 

T = T g = 939 .3 K * > ^ 

E thy l ene was used as a t y p i c a l m o l e c u l a r y i e l d . 

Data Used i n F i g . 5 . 3 

S i m u l a t i o n c o n d i t i o n s c l o s e l y approx imate those f o r expe r imen ta l run 7 

( s e t A ) . 

I so the rma l t empera tu re (T q ) = 970.0 K. Convers ion range w i t h i n t he 

i s o t h e r m a l zone (<(> - <f> > = 45 .0 - 70 .0 . 

T a b l e _ I X 1 4 : I s o t h e r m a l i n t e g r a t i o n (T = T q ) f rom <f> = 0 t o 70% us ing 

Gear 's method. As i n i t i a l c o n d i t i o n s , a l l s p e c i e s ' c o n c e n t r a t i o n were 

zero excep t the butane f eed . E thy lene and hydrogen used as t y p i c a l 

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

T a b l e _ I X 1 5 : Non - i so the rma l i n t e g r a t i o n f rom <f> = 0 t o 70% us ing Gear 's 

me thod .w i t h t he f o l l o w i n g imposed tempera tu re p r o f i l e : 

T = 875. + 2.111(j) <!> s <}>s 

T = T g = 970.0 K cj) > <|>s 

Ethy lene and hydrogen used as t y p i c a l m o l e c u l a r y i e l d s . 
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Tab le I X . 6 : Non - i so the rma l i n t e g r a t i o n f rom <j> = 0 t o 70% us ing the 

SSA w i t h the same imposed p r o f i l e as above. 

TABLE I X . 1 

Convers ion E thy lene Y i e l d 

(100 moles/100 moles feed) 

0 0 

1.12 0 .60 

6.56 3.70 

12.98 7.56 

18.49 11.02 

25 .24 15.41 

31.02 19.28 

26.05 22.75 

40.49 25.86 

47.98 31.24 

54.07 35.75 

Convers ion 

25.24 

25.26 

28.75 

32.55 

44.41 

51.15 

TABLE I X . 2 

E t h y l e n e Y i e l d 

15.41 

15.43 

17.76 

20 .33 

28.65 

33.57 
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TABLE I X . 3 

Convers ion E thy lene Y i e l d 

0 0 

3 .48 1 .68 

10.18 5.25 

19.03 10.49 

23.89 13.60 

35.03 21.16 

39.61 24 .38 

43.67 27 .28 

47.31 29.92 

50.57 32.32 

TABLE IX . 4 

Convers ion E thy lene Y i e l d Hydrogen Y i e l d 

0 0 0 

6.32 3.73 1 .63 

16.55 10.27 3 .74 

24.65 15 .78 5.09 

29.79 19.41 5 .82 

39.61 26.59 7.05 

50.09 34.61 8 .11 

57.90 40.85 8 .78 

63.92 45.81 9 . 2 4 

68.70 49.85 9 .56 
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TABLE IX .5 

Convers i on 

0 

4.69 

11.07 

18.09 

29.71 

35.88 

44.49 

53.73 

60 .73 

66,18 

Ethy lene Y i e l d 

0 

2.30 

5.72 

9 .81 

17.28 

21 .58 

27.99 

35.28 

40.99 

45.58 

Hydrogen Y i e l d 

0 

0.75 

1.55 

2 .34 

3.55 

4 . 1 8 

5.06 

5 .92 

6 .48 

6.86 

Convers i on 

0 

2 .47 

7.99 

18.83 

26.10 

37.82 

47.20 

55.76 

62.29 

67.42 

71.55 

TABLE I X . 6 

E thy lene Y i e l d 

0 

1.18 

4 .03 

10.26 

14.87 

22.99 

30.10 

36.92 

42.30 

46.64 

50.22 

Hydrogen Y i e l d 

0 

0 .42 

1 .18 

2 .42 

3 .18 

4 . 3 8 

5 .33 

6.09 

6.60 

6.95 

7.20 
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A P P E N D I X X 

OVERALL MATERIAL BALANCES AND GAS PROBE SAMPLING CONDITIONS 

Sampl ing and Coo lan t F lowra tes 

E a r l i e r exper imen ts had r e v e a l e d t h a t the samp l ing f l o w r a t e d i d no t 

remain c o n s t a n t when samp l ing f rom the same r e a c t o r p o s i t i o n and 

tended t o f a l l due t o s low con t inuous b u i l d - u p o f carbon on the i n n e r 

c a p i l l a r y w a l l , b rough t about by heterogeneous r e a c t i o n o c c u r r i n g a t 

the w a l l s u r f a c e . I n t h i s r e s p e c t , the probe model d e s c r i b e d i n 

Chapter 3, S e c t i o n 3.12 i s er roneous because i t f a i l s t o account f o r 

the heterogeneous r e a c t i o n and hence i g n o r e s t h i s g radua l decay i n 

samp l ing f l o w r a t e under the same a v a i l a b l e p r e s s u r e d rop . 

Dur ing the e x p e r i m e n t s , t he probe samp l ing f l o w r a t e was h e l d a t a va lue 

o f 1 .5 cm / s e c (1 atm, ^300 K) f o r a l l t he samp l ing p o s i t i o n s w i t h i n 

the r e a c t o r . I n the s i t u a t i o n when the a v a i l a b l e p ressu re drop cou ld 

no t produce such a f l o w , the f l o w c o n t r o l v a l v e was f u l l y opened. A t 
3 

no t i m e , i n a l l the e x p e r i m e n t s , d i d t he f l o w r a t e drop below 1 cm / s e c . 

M a i n t a i n i n g a c o n s t a n t f l o w r a t e tends t o decrease t he aerodynamic e r r o r , 

y e t i n c r e a s e the r e a c t i o n e r r o r as samp l ing p rogresses down the i s o -

thermal r e g i o n , a l t hough the s i m u l a t i o n s show t h a t a p a r t f rom the h i g h e r 

zones o f the r e g i o n , the r e a c t i o n e r r o r i s a lmos t n e g l i g i b l e . The 

o v e r a l l e f f e c t was t o reduce the d i f f e r e n c e between the two e r r o r s and 

thus a i d i n m a i n t a i n i n g a s m a l l e r o v e r a l l samp l ing e r r o r t h r o u g h o u t t he 

whole o f the sampl ing zone, s i n c e each i n d i v i d u a l e r r o r i s a c t i n g i n 

o p p o s i t e d i r e c t i o n s , see Chapter 3, S e c t i o n 3 . 1 3 . 

I t was d iscussed i n Chapter 3 , S e c t i o n 3 . 1 5 , t h a t a c o o l a n t f l o w r a t e o f 

100 cc / sec f o r the samp l ing procedure was t oo l a r g e f o r the base s e c t i o n 
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o f the i s o t h e r m a l r e g i o n . A c o o l a n t f l o w r a t e t h a t l a r g e was w e l l 

above a va lue needed t o adequa te l y quench the sample, s i n c e the sample 

e lements had c o m p a r a t i v e l y l i t t l e t o t r a v e l t o be w i thd rawn f rom the 

r e a c t o r . Th is was f u l l y r e f l e c t e d i n t he s i m u l a t i o n s wh ich p r e d i c t e d 

an u n n e c e s s a r i l y excess tempera tu re d i f f e r e n c e between the sampled gas 

e lements and the c o o l a n t f l o w , see Appendix V. As a r e s u l t , the c a l c u l a t e d 

e r r o r due t o chemical r e a c t i o n w i t h the probe was o f n e g l i g i b l e p r o p o r -

t i o n s . 

E x p e r i m e n t a l l y , the subsequent " h e a t s i n k " e f f e c t o f the probe d i s t o r t e d 

t he a x i a l t empera tu re p r o f i l e by 1 - 2°C f rom the p r o f i l e which e x i s t e d 

under s i m i l a r o p e r a t i n g c o n d i t i o n s bu t w i t h no c o o l a n t f l o w i n g th rough 

t he p robe . Th is suggests t h a t some s o r t o f the rma l e f f e c t i s o c c u r r i n g 

w i t h i n the r e a c t o r wh ich c o u l d s e r i o u s l y a f f e c t the tempera tu re f i e l d 

o f t he process gas upstream o f t he sampl ing p o i n t . Tab le X . l shows the 

change i n hea t i n p u t f r om the f i v e hea te rs t o the r e a c t o r as a r e s u l t o f 

i n t r o d u c i n g a c o o l a n t f l o w r a t e f o r the probe o f 100 c c / s e c . 

TABLE X . l 

A x i a l p o s i t i o n o f 
probe t i p f rom 
r e a c t o r e n t r a n c e 

(cm) 
Heater 1 

(W) 
Heater 2 

(W) 
Heater 3 

(W) 
Heater 4 

(W) 
Heater 5 

(W) 

84.1 o,0 a,0 4 .0 6 . 0 14.0 

96 .1 o,0 0,0 2 .0 7 .0 12.0 

108.1 o,0 0,0 0 . 5 8 . 5 12.0 

120.1 o,0 0,0 o,0 2 . 0 22.0 

Power measurement was made by a bank o f sem i - conduc to r t h e r m i s t o r s which 

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

Q u a n t i t a t i v e l y , i t was d i f f i c u l t t o s e l e c t a c o o l a n t f l o w r a t e wh ich 

c o u l d adequa te l y r e s t r i c t the amount o f chemical r e a c t i o n w i t h i n the 
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probe and yet ensure that no thermal effects around the probe tip would 

be present. The coolant flowrate was finally chosen so that no distor-

tion whatsoever could be detected in the observed axial temperature 

throughout the whole sampling time period and range of sampling positions. 

Typically, flowrates as illustrated in Table X.2 were chosen. 

TABLE X.2 

Coolant flowrate 
used cm^/sec 
(1 atm, 300 K) 

100.0 

80.0 

65.0 

50.0 

40.0 

30.0 

30.0 

30.0 

Axial position of 
the probe tip from 
the reactor entrance 

(cm) 

84.1 

90.1 

96.1 

102.1 

108.1 

114.1 

120.1 

126.1 

Feed Flow and Composition Measurement and Overall Material Balances 

Feed composition was measured prior to experimental gas sampling within 

the reactor since the chromatographic analysis was limited to measuring 

either nitrogen or hydrogen. Normally a series of about 15 measurements 

were taken and the average composition used as the final value. It is 

worth noting that although feed composition measurement was taken, it 

did not influence the calculation of either the conversion or the product 

yields as described in Appendix II. To complement the feed measurement 

an overall carbon material balance was calculated by measuring the 

nitrogen/methane ratio at the last experimental sampling point in each 
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experiment. In addition, the composition analysis in Appendix II 

afforded another indication of the accuracy of the overall composition 

measurements by balancing the measured carbon input to that predicted 

by equation (II.8). A certain degree of correlation is discernible 

between the two independently measured carbon balances illustrated in 

Tables X.3, X.4 and X.5. The discrepancy between the amount of carbon 

in the feed and that measured or predicted at the last experimental 

point is an indication of the combination of the amount of carbon lay-

down on the reactor surface and the amount of hydrocarbon that was not 

measured or detected during the composition analysis. 



TABLE X . 3 - E x p e r i m e n t a l S e t A 

Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 

t 

Feed Flowrate (cm 3/sec, 1 'atm.300 K) 

- Butane 

- Nitrogen 

- Overall 

10.7 

98.4 

109.1 

11.0 

99.1 

110.1 

11.0 

99.1 

110.1 

10.6 

98.4 

109.0 

10.8 

97.7 

108.5 

11.1 

98.8 

109.9 

10.7 

98.0 

108.7 

Feed Composition (%) 

- Butane 

- Nitrogen 

9.69 

90.31 

9.86 

90.14 

10.30 

89.70 

9.80 

90.20 

9.93 

90.07 

10.18 

89.82 

11.57 

88.43 

Approximate Reynolds Number 
in the Isothermal Region 

78.6 78.2 77.4 75.8 74.7 75.8 -

Centreline Velocity (cm/sec) 21.8 22.3 22.7 22.8 23.1 23.4 -

* 

Carbon Balance I (%) +0.05 -0.93 -2.46 -2.79 -6.86 -7.70 -2.27 

kk 

Carbon Balance II {%) -4.00 -3.96 -3.90 -3.90 -3.73 -3.69 -

Using equation (II.8) in Appendix II 

* From CH4/N2 measurement at the last sampling point 



TABLE X . 4 - E x p e r i m e n t a l S e t A 

Run 11 Run 12 Run 13 Run 14 Run 15 Run 16 Run 17 Run 18 Run 19 

Feed Flowrate (cm 3/sec, 1 atm.300 K) 

- Butane 

- Nitrogen 

- Overall 

5.20 

101.6 

106.8 

5.15 

101.9 

107.1 

5.20 

101.9 

107.1 

5.20 

101.9 

107.1 

5.05 

101.2 

106.3 

5.25 

101.6 

106.9 

5.15 

101.6 

106.8 

5.15 

101.2 

106.4 

5.15 

101 .6 

106.8 

Feed Composition (%) 

- Butane 

- Nitrogen 

4.80 

95.20 

4.94 

95.06 

5.08 

94.92 

5.01 

94.99 

5 13 

94.87 

4.97 

95.03 

4.97 

95.03 

4.84 

95.16 

5.15 

94.85 

Approximate Reynolds Number 
in the Isothermal Region 

74.9 75.2 74.4 73.6 72.8 72.8 75.4 76.3 79.9 

Centreline Velocity (cm/sec) 22.2 22.2 22.4 22.9 22.8 23.2 21.8 21.3 22.7 

Carbon Balance I (%) -3.71 -1.91 -3.08 -6.08 -7.71 -9.33 -3.05 -2.36 -1 .69 

Carbon Balance II {%) +0.47 -4.38 -0.74 -5.83 -1.31 -10.52 -2.02 - -5.40 



TABLE X . 5 - E x p e r i m e n t a l S e t A 

Run 20 Run 21 Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

Feed Flowrate (cm 3/sec, 1 atm.300 K) 

- Butane 

- Nitrogen 

- Overall 

22.4 

199.0 

221.4 

21.6 

199.8 

221.4 

21.4 

200.2 

221.6 

21.9 

201.1 

223.0 

22.4 

199.8 

222.2 

22.2 

199.0 

221.2 

22.0 

199.8 

221.8 

21.4 

199.8 

221.2 

Feed Composition {%) 

- Butane 

- Nitrogen 

10.04 

89.96 

9.80 

90.2 

9". 85 

90.15 

10.12 

89.88 

9.98 

90.02 

10.14 

89.86 

9.68 

90.32 

9.77 

90.23 

Approximate Reynolds Number 
in the Isothermal Region 

159.5 157.4 155.6 154.8 - 151.2 150.5 -

Centreline Velocity (cm/sec) 43.9 44.8 45.8 47.0 - 47.7 48.3 -

Carbon Balance I (%) +0.52 -1.04 -1.43 -2.85 -4.57 -8.69 -6.85 -10.60 

Carbon Balance II {%) -5.70 -4.30 -1.21 -3.00 -13.49 -3.46 -7.64 -24.16 
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A P P E N D I X X I 

MEASURED AXIAL WALL AND CENTRELINE 

GAS TEMPERATURE PROFILES 

Axial wall temperature profiles were measured using 14 Pt/Pt 13% Rh 

uncompensated thermocouples. Five additional thermocouples were used 

as measurement for the 5 thyristor controllers which regulated the 

heat input to each furnace heater. Constant monitoring ensured the 

axial temperature profile remained unchanged throughout the whole time 

period of each experiment. Variation of the profile was found to be 

virtually non-existent, certainly less than 1°C from the originally 

determined profile. Wall profiles used for each experimental run in 

sets A, B and C are given in Tables XI.1, XI.2 and XI.3 respectively. 

Axial and radial gas temperatures were measured using a chrome!-alumel 

uncompensated thermocouple probe. Overall measured gas temperature 

variation was less than 3-4°C in all radial and axial directions through-

out the isothermal section. Normally in each experimental run, two 

axial sets of temperature measurements were made, before and after the 

gas sampling in the reactor. With each axial set, two radial temperature 

sets were taken, one near the top, and one near the base of the chosen 

isothermal region. Radial temperature variation near the top of the iso-

thermal region was consistently only 2-3°C above the centreline measure-

ment and near the base variation was as little as 1°C. 

The difference between the two axial gas temperature profiles was con-

sistent with the local time-gas temperature history measurements illust-

rated in Appendix IV, Table IV.1, and was less than 1°C. Averaged 

measured axial gas temperature profiles for each experimental run in 

Sets A, B and C are given in Tables XI.4, XI.5 and XI.6 respectively, 

and corrected gas temperatures for each run are given in Appendix IV. 



A x i a l W a l l T e m p e r a t u r e 

Distance From Thermocouple 
Reactor Entrance Number Run 4 

(cm) 

2 5 . 0 1 1 8 5 . 0 

4 2 . 0 9 5 9 5 . 5 

4 6 . 8 3C* 0 , 6 66 . 0 

5 2 . 0 4 6 9 4 . 0 

5 7 . 2 5 -

6 2 . 4 6C o , 6 6 6 . 0 

6 7 . 6 7 6 6 6 . 0 

7 3 . 3 8 -

7 9 . 0 9 6 6 5 . 0 

8 4 . 8 IOC o , 6 66 . 0 

9 0 . 6 11 6 6 6 . 0 

9 6 . 4 12 6 6 6 . 0 

1 0 2 . 3 13 6 6 5 . 5 

1 0 8 . 2 14C o , 6 66 . 0 

1 1 4 . 0 15 6 6 7 . 0 

1 1 9 . 4 16 6 6 6 . 0 

1 2 4 . 7 17 6 6 7 . 5 

1 3 0 . 0 18C o , 6 40 . 0 

1 3 5 . 3 19 4 9 3 . 5 

denotes controller input. 

TABLE XI. 1 

Measurements for Experiment Set A (°C) 

Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 

1 8 3 . 0 2 0 0 . 0 2 0 2 . 0 2 1 2 . 0 2 1 0 . ,0 1 92 , . 0 

6 1 4 . 5 6 3 8 . 0 6 4 1 . 0 661 . 0 6 5 1 . ,0 6 1 5 , . 0 

o , 6 8 7 . 0 o ,707 . ,0 o , 727 . 0 o , 7 4 6 . 0 o ,746 . ,0 o ,707, .0 

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

o , 6 8 7 . 0 7 0 7 . .0 o , 7 2 7 . 0 o , 7 4 6 . 0 o,746. ,0 o ,707 , .0 

6 8 7 . 0 o ,707. .0 7 2 7 . 0 7 4 7 . 0 7 4 7 . .0 7 07 , . 0 

o , 6 8 7 . 0 o ,707. .0 o , 7 2 7 . 0 o , 7 4 6 . 0 o,747, .0 o ,707, . 0 

6 8 6 . 5 7 0 6 . .0 7 2 7 . 0 7 4 6 . 0 747 , . 0 7 0 7 . 0 

6 8 7 . 0 707 , .0 7 2 6 . 5 7 4 6 . 0 747 , . 0 7 0 7 . 0 

6 8 7 . 0 7 0 6 . . 5 7 2 5 . 5 7 4 6 . 0 746 , .5 7 05 . 0 

o , 6 8 7 . 0 o,707, . 0 o , 7 2 7 . 0 o , 7 4 6 . 0 o,746, . 0 o ,707 . 0 

6 8 8 . 0 707 , .0 7 2 7 . 5 7 4 7 . 0 748 , . 0 7 0 7 . 5 

6 8 7 . 0 706 , .0 7 2 7 . 0 7 4 7 . 0 746 , ,5 7 0 7 . 0 

6 8 7 . 0 7 0 8 . 0 7 2 7 . 0 7 4 7 . 5 747 , . 0 7 0 7 . 0 

o , 6 5 0 . 0 o,670, .0 o , 6 9 0 . 0 o , 7 1 0 . 0 o,710, . 0 o ,670 . 0 

5 0 4 . 0 523 , . 0 5 3 8 . 0 5 5 5 . 0 5 48 , . 0 5 1 2 . 0 



TABLE X I . 2 

Axial Wall Temperature Measurements for Experiment Set E 5 (°C) 

tance From Thermocouple 
:tor Entrance Number Run 11 Run 12 Run 13 Run 14 Run 15 Run 16 Run 17 Run 18 Run 19 
(cm) 

25.0 1 192.0 185.5 196.5 200.0 199.0 203.0 181. ,5 179.0 180.0 

42.0 2 610.0 603.5 626.5 642.0 641.0 662.0 599. ,0 582.5 593.5 

46.8 3C v707.0 < 0 7 . 0 <720.0 <740.0 < 4 6 . 0 < 6 0 . 0 <590. ,0 <5 70 .0 <580.0 

52.0 4 732.0 730.0 757.0 776.0 777.0 797.5 723. .5 704.5 715.5 

57.2 5 - - - - - - - - -

62.4 6C < 0 7 . 0 < 0 7 . 0 < 2 0 . 0 <740.0 < 4 6 . 0 < 6 0 . 0 <590, .0 < 7 0 . 0 <580.0 

67.6 7 707.0 707.0 720.0 740.0 746.0 760.0 690, .0 670.5 680.5 

73.3 8 - - - - - - - - -

79.0 9 - - - - - - - - -

84.8 IOC < 0 7 . 0 < 0 7 . 0 <720.0 <740.0 < 4 6 . 0 < 6 0 . 0 < 9 0 , .0 <570.0 < 8 0 . 0 

90.6 11 707.0 707.0 720.0 740.5 745.5 760.0 690, .0 670.0 680.0 

96.4 12 707.0 707.0 720.5 741.5 746.0 761 .0 690, .5 671.0 681 .0 

102.3 13 706.0 706.5 719.0 740.0 745.0 760.0 690, .0 670.0 680.0 

108.2 14C < 0 7 . 0 <707.0 <720.0 < 4 0 . 0 < 4 6 . 0 < 6 0 . 0 <590, .0 < 7 0 . 0 < 8 0 . 0 

114.0 15 707.5 707.5 721.0 741.5 747.0 762.0 692, .5 670.0 680.5 

119.4 16 707.0 707.5 719.5 740.0 746.0 761.0 691, .0 670.0 680.0 

124.7 17 707.0 707.5 721.0 740.0 746.0 760.0 690, .0 670.0 680.5 

130.0 18C < 7 0 . 0 < 7 0 . 0 < 8 5 . 0 <700.0 <705.0 < 2 0 . 0 < 5 5 , .0 < 4 0 . 0 < 5 0 . 0 

135.3 19 580.0 503.5 522.0 535.5 537.0 550.0 493 .5 482.0 487.0 



TABLE X I . 3 

A x i a l W a l l T e m p e r a t u r e Measurements f o r E x p e r i m e n t S e t C (°C) 

Distance From Thermocouple 
Reactor Entrance Number Run 20 Run 21 Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

(cm) 

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

4 2 . 0 2 6 0 5 . 0 6 1 4 . ,5 6 3 3 . 5 651 . ,5 6 6 7 . 5 6 7 6 . 5 7 0 7 . 5 7 2 5 . .0 

4 6 . 8 3C a , 6 8 0 . 0 o,700. ,0 o , 7 20 . 0 o ,740. ,0 o , 7 6 0 . 0 o , 7 8 0 . 0 o ,800. 0 o ,820. .0 

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

5 7 . 2 5 - - - - - - - -

6 2 . 4 6C o £ 8 0 . 0 o,700, .0 o , 7 2 0 . 0 o,740. ,0 o , 7 6 0 . 0 o , 7 80 . 0 o,800. ,0 o ,820 . .0 

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

7 3 . 3 8 - - - - - - - -

7 9 . 0 9 - - - - - - - -

8 4 . 8 10C o , 6 8 0 . 0 o,700, .0 o , 7 2 0 . 0 o,740. . 0 o , 7 60 . 0 o , 7 8 0 . 0 o,800, . 0 o,820, .0 

9 0 . 6 11 6 8 0 . 5 701 , . 0 7 2 0 . 0 7 40 , .5 7 5 7 . 0 7 8 0 . 0 8 0 0 , . 5 8 20 , .5 

9 6 . 4 12 6 8 1 . 0 701 . 0 7 2 0 . 5 741 . 0 7 5 8 . 0 7 8 1 . 0 801 , . 5 8 2 0 . 5 

1 0 2 . 3 13 6 8 0 . 0 700 . 5 7 1 8 . 0 739 , . 0 7 5 6 . 5 o , 7 7 8 . 0 798 , . 5 818 , . 5 

1 0 8 . 2 14C o , 6 8 0 . 0 o,700 . 0 o , 7 2 0 . 0 o,740, . 0 o , 7 6 0 . 0 o , 7 8 0 . 0 o,800, . 0 o,820 .0 

1 1 4 . 0 15 6 8 2 . 0 702 . 0 7 2 2 . 0 7 4 2 . 5 7 6 0 . 0 7 8 1 . 5 801 . 0 821 . 0 

1 1 9 . 4 16 6 8 1 . 0 701 . 0 7 2 1 . 0 741 . 5 7 5 8 . 0 7 8 0 . 5 800 , . 5 820 . 0 

1 2 4 . 7 17 6 8 0 . 0 700 . 5 7 2 0 . 5 741 . 0 7 5 6 . 5 7 8 0 . 0 8 0 0 . 0 8 2 0 . 0 

1 30 ; 0 18C o , 6 5 0 . 0 o,665 . 0 o , 6 8 5 . 0 o,705, . 0 o , 7 2 0 . 0 o , 7 4 5 . 0 o,765, . 0 o,785, . 0 

1 3 5 . 3 19 4 9 8 . 0 5 3 2 . 5 5 3 8 . 0 5 55 . 0 5 6 1 . 0 5 7 5 . 0 - -



TABLE X I . 2 

Average Axial Centreline Gas Temperature Measurements for Experiment Set A (°C) 

Distance From 

Reactor Entrance Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 
(cm) 

59.0 644. ,0 665.0 687, .0 705. ,5 722, .5 718.5 678.0 

65.0 648.0 667.5 688. ,5 708. .0 727. ,0 727.0 687.0 

71.0 650. ,5 670.0 691. ,0 711. .0 729. .5 730.5 692.0 

77.0 653. ,0 672.0 693, .5 712. .0 730, .5 730.5 691.5 

83.0 656.0 676.0 696, .0 714, .5 734, .0 732.0 693.0 

89.0 659. ,0 678.5 698, .0 715. .5 735, .0 734.5 695.0 

95.0 660. ,5 679.5 699. ,0 716, .0 736, .0 736.0 696.5 

101.0 661. .0 680 .0 699, .5 717, .0 736, .5 736.5 696.5 

107.0 661, .5 680.0 700, .0 718, .0 738.0 737.5 698.0 

113.0 662. ,0 680.5 700, .5 718, .5 737, .5 738.0 698.0 

119.0 662. ,0 681 .0 700, .5 718, .5 737, .0 736.0 696.0 

125.0 653.0 673.0 693, .0 712, .5 730, .0 730.0 692.0 

131.0 593, .0 613.0 635, .5 650, .0 661, .6 655.5 633.0 



TABLE X I . 2 

Average Axial Centreline Gas Temperature Measurements for Experiment Set B (°C) 

Distance From 

Reactor Entrance Run 11 Run 12 Run 13 Run 14 Run 15 Run 16 Run 17 Run 18 Run 19 
(cm) 

59. ,0 680. ,5 682. ,0 700.0 723.0 721 . ,0 739.5 669. ,5 652. ,0 663.0 

65. ,0 688.5 688.0 703.0 726.0 728. ,5 741.0 673. ,0 654. ,5 666.5 

71. ,0 693.0 692. .0 705.5 726.5 730. ,0 745.0 675. .0 656. ,5 666.5 

77. .0 694.0 694, .0 708.5 728.5 732. ,0 747.0 679. ,0 659. ,0 668.5 

83. .0 696, .5 696, .5 711.0 731.5 735. ,0 748.5 681, .5 662. ,0 670.5 

89. .0 698, .5 698, .5 711 .5 732.0 737, .0 750.5 683, .5 663. ,5 672.5 

95. ,0 700, .0 700, .5 712.5 733.5 737, .5 751 .0 684, .5 664. .5 674.0 

101, .0 701, .0 701, .0 713.5 734.0 738.0 751.5 685, .0 665. .0 675.0 

107, .0 701, ,0 701 , .0 714.5 734.5 739. ,5 752.5 685. .5 665. ,5 675.5 

113, .0 701, .5 701, .5 714.0 734.0 740, .5 753.5 686, .5 666, .5 675.5 

119, .0 701, .0 699, .5 712.0 732.0 739, .0 751.5 685, .0 665. ,0 673.5 

125, .0 695, ,0 692, .0 703.0 726.0 734, .0 745.0 680, .0 659, .0 667.0 

131 .0 619, .5 - 636.0 647.0 653, .0 656.0 604, .5 592, .0 600.0 



TABLE X I . 2 

Average Axial Centreline Gas Temperature Measurements for Experiment Set C (°C) 

Distance From 

Reactor Entrance Run 20 Run 21 Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 
(cm) 

59. ,0 655.0 675. ,0 693. ,0 714. 5 - 749.5 770.5 -

65. 0 656.0 676. ,0 695. ,0 716. 5 - 753.0 770.0 -

71. .0 658.0 678. ,0 696. .0 718. .5 - 754.0 772.0 -

77, .0 660.0 681, .5 699. ,0 720. ,5 - 754.5 772.5 797. ,0 

83. ,0 661.5 684. .0 702, .0 721. ,0 734.0 755.0 773.5 799. ,5 

89, .0 663.5 685, .0 703, .0 723. .0 736.0 756.0 776.5 801. .0 

95, .0 666.5 686. .5 705, .0 723. .5 738.5 759.5 777.0 801 . .5 

101, .0 667.5 687. .0 706, .0 725. ,5 740.5 761 .0 778.5 803. .0 

107, .0 667.5 687, .5 707, .0 726. .5 740.0 762.5 781 .0 805. ,0 

113, .0 668.0 689, .0 .708.0 729. ,0 740.0 763.5 780.5 804. .0 

119, .0 669.0 689. .0 706. ,5 729. .5 742.0 762.0 782.5 803, .0 

125, .0 661.0 680, .0 697, .5 719. ,0 731.0 753.5 774.0 -

131, .0 - _ .640, .0 658. .0 - 703.5 - -
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A P P E N D I X X I I 

COMPOSITION DATA 

The composition data as determined from the experimental runs is 

reported as conversion vs. product yield for all products measured, 

where the product yield is defined as 

Number of moles of product i formed 
" 100 moles of butane feed 

Calculation of such quantities as product selectivity can be directly 

obtained from the yield data using equation (11.13). 

The asterisks located in the axial position from the reactor entrance 

column denote the region in the reactor which was considered isothermal. 

Thus the sampling points between these two markers were used in the 

evaluation of the butane- decomposition rate constant and hence Arrhenius 

parameters. Further information, concerning the axial wall and gas 

temperature profiles are located in Appendix XI and further information 

on the feed flowrate and composition and on conditions within the 

reactor are given in Appendix X. 



E x p e r i m e n t a l S e t C ; Run 22 

R e a c t o r 
Conversion Position CH 4 CgHg C^Hg

 8
4
h I O 

(cm) 

6. .45 78.1 4. .80 .11 4, .01 93.55 

8, .04 84.1 6. .80 .11 4, .49 91.96 

10, .70 
•k 

90.1 8. .33 .12 6. .40 89.30 

13, .43 96.1 10, .01 .13 7, .70 86.57 

15, .67 102.1 12, .78 .13 9. .01 84.33 

18, .40 108.1 15, .61 .15 10. .30 81.60 

22, .19 114.1 16. ,55 .16 13. .24 77.81 

24, .29 120.1* 18, .55 .16 14. .11 75.71 

26. .26 126.1 20. .17 .17 15. ,26 73.74 

29, .08 132.1 22, .17 .18 16. ,86 70.92 

30. ,51 138.1 22. .89 .18 17. .05 69.49 

Experi mental Set A ; Run 5 

17. .60 78.1 13. ,29 .17 10. 15 82.40 

22. .59 84.1 17. ,14 .17 12. 88 77.41 

26. .36 90.1* 20. .18 .18 14. ,84 73.64 

27. .94 96.1 21. ,18 .19 15. ,58 72.06 

32, .11 102.1 24. .65 .20 17. .61 67.89 

35 .53 108.1 27. .73 .22 19. ,43 64.47 

37 .71 114.1 29, .41 .22 20. ,39 62.29 

41, .38 
•k 

120.1 32. .16 .24 22. ,24 58.62 

43 .65 126.1 34, .70 .25 23. .06 56.35 

(Corrected Gas Temperature = 923. 8 K) 

Trans-2 
- C 4 H 8 

Cis-2 

~ C 4 H 8 
1 , 3 C 4 H G C 2 H 4 c2 :h6 

H 
2 

.10 .06 .03 .02 3.44 54 1 . 39 

.15 .08 .05 .03 4.03 61 2. 20 

.17 .09 .06 .04 5.65 85 2. ,79 

.19 .09 .05 .06 8.15 1 . 13 3. ,40 

.23 .10 .07 .07 8.48 1 . .17 4. ,08 

.28 .14 .10 .09 9.77 1 . 31 4. ,79 

.39 .15 .10 .10 12.88 1 . 67 5. 54 

.42 .17 .11 .11 14.20 1 . 81 6. 29 
I 

.47 .17 .12 .12 15.33 1 . 94 6. 60 ro 
C_N 

.53 .19 .13 .15 17.16 2. ,18 7. ,23 ^ I 

.54 .19 .13 .16 19.34 2. ,37 7. ,53 

(Corrected Gas Temperature = 939. 3 K) 

.32 .12 .08 .08 10.73 1 . 23 4. 05 

.42 .15 .10 .12 13.94 1 . 53 5. 42 

.51 .16 .12 .16 16.12 1 . 82 6. 61 

.55 .19 .13 .18 17.42 2. 06 6. 84 

.64 .20 .14 .23 20.26 2. 15 8. 15 

.72 .22 .16 .29 22.03 2. 42 8. 85 

.77 .23 .16 .34 23.62 2. 52 9. 73 

.86 .25 .19 .39 26.39 2. 80 10. 14 

.88 .26 .19 .45 27.65 2. 98 10. 77 



Experimental Set A ; Run 6 

iversion 
Reactor 
Position 

(cm) 
C H 4 C 3 H 8 

c3h 
'6 

C 4 H 
10 

3 2 . 0 9 7 8 . 1 2 4 . 4 5 . 2 1 1 6 . 9 1 6 7 . 91 

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

3 6 . 2 5 9 0 . 1* 2 8 . 1 4 . 2 2 1 8 . 7 2 6 3 . 75 

3 9 . 6 1 9 6 . 1 3 1 . 7 9 . 2 4 1 9 . 86 6 0 . 39 

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

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

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

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

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

Experimental Set A ; Run 7 

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

4 1 . 6 6 8 4 . 1 3 3 . 7 3 . 2 5 1 9 . 7 0 5 8 . 34 

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

5 1 . 8 9 9 6 . 1 4 0 . 1 6 . 2 8 2 2 . 6 4 4 8 . 11 

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

6 0 . 8 2 1 0 8 . 1 5 0 . 6 8 . 3 2 2 6 . 37 3 9 . 1 8 

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

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

7 2 . 2 2 1 2 6 . 1 6 1 . 4 7 . 3 5 2 8 . 49 2 7 . 7 8 

(Corrected 

I - C 4 H 8 

Gas Temperature = 

Trans-2 Cis-2 

~ C 4 H 8 " C 4 H 8 

957. 

1 

1 K ) 

,3 C 4 H 6 C 2 H 4 C 2 ! H6 
H 
2 

.70 .20 .14 .30 20. ,72 1 . ,95 9. 55 

.69 .20 .14 .29 22. ,28 2. 00 9. 93 

.78 .21 .15 .36 23. ,97 2. ,27 9. 81 

.85 .23 .16 .41 25. 92 2. .39 11. 16 

.96 .25 .19 .54 29. 97 2. 48 12. 87 

1.07 .28 .21 .67 34. ,24 2.98 13. 62 

1.10 .29 .21 .76 37. 92 3. 25 14. 88 

1.17 .30 .21 .88 40. 46 3. 53 15. 70 

1.18 .30 .22 .95 41 . ,46 3. 54 17. 25 

(Corrected Gas Temperature = 970. 0 K) 

.81 .21 .15 .45 25. ,70 2. 04 8. 63 

.91 .23 .17 .60 29. 35 2. 33 10. 31 

1.01 .25 .18 .67 32. 55 2. 57 11. 53 

1.08 .26 .19 .82 41. 07 3. 20 13. 00 

1.17 .27 .20 .97 40. 33 3. 38 15. 26 

1.22 .29 .21 1.12 44. 28 3. 54 16. 46 

1.28 .30 .22 1.24 47. 64 4. 01 17. 80 

1.27 .31 . .22 1 .51 50. 78 4. 01 18. 68 

1.32 .31 .23 1 .53 56. 90 4. 28 19. 22 



E x p e r i m e n t a l S e t B ; Run 12 

R e a c t o r 
Conversion Position CH 4 CgHg CgHg

 G
4

H
"|0 

(cm) 

47.91 78.1 36.62 .28 20, .53 52. 09 

53.27 84.1 42.40 .29 21, .95 46. 73 

56.98 
* 

90.1 48.73 .30 22. .93 43. 02 

65.53 96.1 55.01 .32 24, .85 34. 47 

70.94 102.1 62.85 .35 26. .05 29. 06 

75.38 108.1 67.11 .35 25, .79 24. 62 

79.61 11.41 71.69 .35 25. .51 20. 39 

82.71 120.1* 73.69 .36 25, .09 17. 29 

85.20 126.1 77.18 .35 24. .02 14. 80 

Experi mental Set A ; Run 9 

49.03 78.1 39.94 .27 20, .01 50. 97 

48.07 84.1 39.05 .26 19. .92 51. 93 

54.43 
k 

90.1 46.11 .28 21. .58 45. 57 

59.49 96.1 51.16 .30 22. .56 40. 51 

65.40 102.1 57.82 .32 23. .35 34. 60 

72.46 108.1 65.57 .34 24. .34 27. 54 

76.77 114.1 71.14 .35 23. .71 23. 23 

79.75 
k 

120.1 73.40 .36 24. .00 20. 25 

82.22 126.1 76.06 .36 24. .01 17. 78 

( C o r r e c t e d Gas T e m p e r a t u r e = 959.0 K) 

Trans-2 

" C 4 H 8 

Cis-2 

" C 4 H 8 
1,3 C 4 H 6 C 2 H 4 

C 2 H 6 

1 .02 .25 .18 .41 37. ,22 2. .62 12.90 

1 .07 .26 .19 .99 41. ,50 2, .94 16.64 

1 .10 .26 .19 1.11 42. ,33 3. .09 17.08 

1 .22 .27 .20 1.33 52. ,25 3. ,54 19.46 

1 .25 .28 .21 1.58 54, ,75 4. .18 19.88 

1 .22 .28 .21 1.79 60. ,51 4. .17 22.37 

1 .18 .26 .20 2.00 64. ,03 4. .35 27.38 

1 .08 .25 .19 2.10 68, .12 4, .81 31.26 , 

.95 .24 .15 2.22 71. ,57 4. .85 3 3 . 2 8 -

(Corrected Gas Temperature = 985.7 K) 

.94 .25 .19 .82 38, .61 2, .92 13. 10 

.90 .24 .18 .75 36. ,46 2, .82 15. 32 

1.01 .25 .19 .89 40. ,56 3, .24 18. 04 

1 .OA .27 .19 1 .02 44, .58 2. .45 21. 14 

1.11 .27 .20 1 .22 49. .53 2. .87 23. 23 

1.10 .29 .20 1 .49 ' 55. .33 4. .32 26. 64 

1.03 .27 .19 1 .62 59, .96 4. .56 29. 21 

1.04 .25 .19 1 .69 62. ,91 2. .91 31 . 87 

1.01 .24 .19 1 .76 65, .78 5. .01 32. 89 

CD 

I 



Conversion 
Reactor 
Position 

(cm) 

E x p e r i m e n t a l S e t A ; Run 10 

C H 4 C 3 H 8 C 3 H 6 C 4 H 1 0 

22. 69 78.1 18.92 .18 11. 15 77.31 

28. 63 84.1 22.33 .20 14. 66 71.37 

30. 64 90.1 25.44 .22 15. 03 69.36 

35. 92 96.1 29.73 .23 17. 68 64.08 

40. 05 102.1 34.29 .26 19. 31 59.95 

44. 24 108.1 36.94 .28 21. ,39 55.76 

Experimental Set B ; Run 11 

25. .59 78.1 21.75 .18 12, .24 74.41 

28. .21 84.1 23.95 .18 13, .25 71.79 

27, .70 90.1 23.94 .17 13, .23 72.30 

35 .43 
•k 

96.1 30.87 .19 16, .49 64.57 

39 .51 102.1 34.63 .21 18 .31 60.49 

44 .44 108.1 38.25 .22 20 .11 55.56 

50 .05 114.1 44.12 .24 21 .84 49.95 

54 .64 120.1* 47.62 .26 23 .64 45.36 

58 .47 126.1 50.82 .28 24 .82 41.53 

(Not used for rate constant estimation) 

1 _ C
4

H
8

 T
- C 4 H g

2
 -C 4Hg

 1
'

3 C
4

H
6

 C
2

H
4

 C
2

H
6

 H 2 

.37 .24 .20 .14 14. 05 1 . 64 6. 37 

.51 .27 .21 .16 18. 78 2. 10 7. 52 

.54 .26 .19 .13 19. 52 2. 18 8. .57 

.64 .28 .22 .29 23. ,33 2. 64 8. ,84 

.78 .29 .21 .40 25. ,56 2. ,81 9. ,64 

.85 .34 .24 .34 28. .63 3. ,31 11. ,37 

(Corrected Gas Temperature = 961 .6 K) 

.48 .20 .15 .12 16. .70 1, .47 7, .05 

.52 .20 .14 .13 18.34 1, .51 9, .19 

.52 .21 .14 . .14 17, .84 1, .48 7 .68 

.69 .22 .17 .23 23 .36 1, .90 9 .65 

.80 .24 .18 .30 25, .66 1 .99 11 .42 

.90 .25 .19 .40 30, .59 2, .22 12 .27 

.98 .26 .20 .47 34, .50 2, .50 14 .33 

1.09 .28 .20 .59 37 .79 2 .72 16 .91 

1.T0 .29 .21 .69 42 .03 2 .95 16 .74 



E x p e r i m e n t a l S e t B ; Run 12 
R e a c t o r 

Conversion Position CH 4 CgHg CgHg
 G

4
8
i o 

(cm) 

33.04 78. 1 25.77 .19 17. .20 66.96 

26.17 84. 1 21.18 .16 13. ,15 73.83 

30.53 k 
90.1 24.77 .18 15. ,27 69.47 

36.88 96. 1 28.94 .19 17, .61 63.12 

40.96 102. 1 33.83 .22 20. ,09 59.04 

45.96 108. 1 37.52 .23 22. .08 54.04 

47.78 114. 1 39.57 .24 22. ,22 52.22 

51.81 120. 1* 42.83 .25 23. .68 48.19 

55.59 126. 1 46.28 .27 25. ,05 44.41 

Experimental Set B ; Run 13 

39.82 84. 1 31.71 17. .91 60.18 

39.32 90. .1* 32.99 18. .25 60.68 

43.83 96. 1 37.42 19. .63 56.17 

52.99 102. 1 45.21 23.15 47.01 

58.30 108.1 27.19 23. ,77 41.70 

62. T7 114.1 51.85 25. ,48 37.83 

60.57 120, .1* 51.56 23. ,95 39.43 

68.03 126 .1 57.61 25. ,83 31.97 

( C o r r e c t e d Gas T e m p e r a t u r e = 9 5 9 . 0 K) 

I - C 4 H 8 
Trans-2 

" C 4 H 8 

Cis-2 

" C 4 H 8 
1,3 C 4 H 6 C

2
H
4 C 2 H 6 

.74 .23 .17 .34 22. ,27 1.81 7.55 

.52 .19 .20 .23 17. ,37 1.39 6.58 

.62 .20 .15 .27 20. ,60 1.58 7.51 

.74 .23 .16 .35 26. 82 1.99 9.76 

.87 .25 .18 .45 27. ,85 2.15 9.47 

.96 .26 .19 .53 32. ,49 2.30 10.77 

1.00 .27 .19 .58 33. ,92 2.37 11.99 

1.03 .28 .20 .64 37. 54 2.62 13.08 

1.09 .30 .21 .75 40. 37 2.87 14.03 

(Corrected Gas Temperature = 971 .0 K) 

.79 .23 .17 • .51 30. ,42 2.04 9.96 

.79 .23 .17 .50 26. ,60 2.00 11.60 

.89 .24 .17 .58 30. ,74 2.00 12.11 

1.11 .27 .20 .91 37.99 2.33 14.32 

1.09 .27 .21 .88 46, .42 2.73 17.56 

1.15 .29 .21 .95 48 .59 2.66 17.63 

1.08 .27 .20 .95 47 .64 2.64 17.21 

1.15 .28 .21 1.11 55.37 3.01 19.61 

i 
ro 
C D 
OD 

I 



Reactor 
Conversion Position 

(cm) 

51.43 78.1 

50.63 84.1 

53.62 90.1* 

61.86 96.1 

66.73 102.1 

73.04 108.1 

75.52 114.1* 

78.70 120.1 

54.54 78.1 

51.56 84.1 

57.12 90.1* 

62.07 96.1 

66.99 102.1 

73.28 108.1 

78.30 114.1 

81.51 120.1* 

84.90 126.1 

Experimental Set B ; Run 14 

C H 4 C 3 H 8 C 3 H 6 C 4 H 1 0 

20.93 48.57 

20.24 49.37 

20.11 46.38 

21.34 38.14 

22.34 33.27 

23.75 26.96 

23.66 24.48 

23.82 21.30 

Set B ; Run 15 

20.03 45.46 

19.09 48.44 

20.11 42.88 

21.62 37.93 

22.15 33.01 

23.19 26.72 

22.63 21.70 

23.02 18.49 

22.46 15.10 

42.56 .26 

46.87 .25 

47.22 .24 

53.48 .26 

58.99 .28 

65.82 .29 

68.04 .30 

70.58 .31 

Experimental 

46. ,37 .24 

44. ,06 .23 

49. ,69 .24 

54, .69 .26 

60, .17 .28 

65, .88 .29 

72. .38 .29 

75, .28 .30 

77. .38 .29 

(Corrected Gas Temperature = 990.8 K) 

1 " C 4 H 8 T - C 4 H g
2 -C^Hg 1 ' 3 C 4 H 6 C 2 H 4 C 2 H 6 H 2 

1.00 .24 .18 .94 40.66 2. 06 14. 27 

1.00 .24 .18 .92 35.10 1. 65 15. 73 

1.00 .22 .16 .88 41.26 2. 05 17. 59 

1.06 .22 .17 1.11 51.91 2. 65 19. 07 

1.13 .22 .18 1.23 55.38 2. 72 21. 50 

1.11 .25 .19 1.53 59.56 3. 14 24 93 

1.10 .24 .18 1.54 62.76 3. 37 26. 39 

1.08 .24 .18 1.64 66.51 3. 55 28. 60 

(Corrected Gas Temperature = 994.4 K) 

1.02 .23 .17 .96 43.31 2. 43 18 83 

.96 .22 .16 .87 40.71 2. 32 17 46 

1.00 .22 .16 1.00 45.95 2. 62 19 26 

1.12 .23 .18 1 .08 50.39 2. 75 19 42 

1.15 .23 .17 1.28 43.38 2. 87 22 51 

1.21 .23 .18 1.49 60.34 3. 14 25 95 

1.09 .22 .17 •1 .70 65.87 3. 32 28 28 

1.06 .21 .16 1.79 68.50 3. 50 31 61 

.91 .19 .14 1.76 73.96 3. 91 35 17 



Conversion 
Reactor 
Position 

(cm) 

Experimental Set B ; Run 16 

C H 4 C 3 H 8 C 3 H 6 C 4 H 1 0 

60.94 84. 1 56.06 .25 18. 83 39.06 

65.33 90. 1* 58.90 .25 19. 44 34.67 

71.99 96. 1 66.21 .26 19. 31 28.01 

79.88 102. ,1 74.50 .29 20. .04 20.12 

83.70 108. .1 77.27 .29 19. 85 16.30 

86.20 114. ,1 81.77 .29 18. ,83 13.80 

88.07 120. .1* 82.96 .28 18. ,75 11.93 

87.60 126. ,1 84.64 .26 17. ,44 12.40 

Experimental Set B ; Run 17 

24. 26 78.1 18.09 .15 13.28 75. 74 

25. 46 84. 1 19.53 .15 13.92 74. 54 

26. 35 90. 1* 20.75 .16 14.07 73. 65 

31. ,87 96. 1 22.83 .15 17.13 68. ,13 

35. ,18 102. ,1 27.19 .19 18.59 64. ,82 

38. ,13 108. ,1 29.92 .20 19.99 61. ,87 

39. .01 114. ,1 30.64 .19 19.98 60. ,99 

42. .28 120. ,1* 33.66 .20 21.43 57. ,72 

44. .12 126. ,1 35.47 .21 21.90 55. ,88 

(Corrected Gas Temperature = 1005.0 K) 

Trans-2 

" C 4 H 8 
- C ^ H g 1 » 3 C 4 H 6 C 2 H 4 C 2 H 6 

.93 .21 .15 1.11 51. ,27 2.66 18.77 

1.00 .20 .15 1.19 56. ,09 2.79 22.81 

1.00 .19 .15 1.40 62. 77 3.02 27.48 

.99 .18 .14 1.78 70. ,87 3.39 30.05 

.94 .18 .14 1.96 75. ,23 3.47 34.97 

.84 .17 .13 1.95 77. ,36 3.63 37.43 

.81 .17 .13 1.95 79. ,55 3.65 40.40 

.75 .16 .13 1.89 77. ,96 3.76 42.12 

(Corrected Gas Temperature = 947.1 K) 

.54 .21 .15 .26 15. .16 1.46 7.07 

.55 .22 .17 .30 15. ,78 1.48 6.70 

.55 .22 .16 .32 16. .18 1.49 7.42 

.61 .22 .16 .33 22. .01 1.94 8.90 

.77 .26 .19 .44 22. .61 1.90 9.78 

.84 .27 .20 .49 24. .34 2.10 10.43 

.83 .27 .20 .49 25, .08 2.13 11.98 

.87 .29 .21 .54 27, .42 2.32 12.44 

.91 .28 .22 .56 28, .35 2.36 14.38 



E x p e r i m e n t a l S e t C ; Run 26 ( C o r r e c t e d Gas T e m p e r a t u r e = 1009.0 K) 

Conversion 
Keactor 
Position 

(cm) 
C H 4 C

3
H
8 C

3
H
6 

C
4

H
1 0 

Trans-2 
- C 4 H 8 

Cis-2 

~ C 4 H 8 
1 , 3 C 4 H 6 C 2 H 4 C 2 H 6 H 2 

14.32 78.1 10.73 .11 8.23 85.68 .30 .15 .11 .11 8.30 .88 4 .03 

15.37 84.1 12.11 .12 8.93 84.63 .33 .17 .12 .13 8.02 1.03 4, .40 

17.78 90.1* 14.03 .12 10.11 82.22 .37 .17 .12 .14 9.72 1.16 5, .19 

20.74 96.1 16.18 .14 11.85 79.26 .43 .20 .15 .17 11.68 1.30 5, .65 

22.80 102.1 17.68 .13 13.07 77.20 .46 .21 .15 .20 12.92 1.44 6, .30 

24.68 108.1 19.23 .13 13.97 75.32 .51 .21 .15 .20 14.22 1.51 6 .97 

27.28 114.1 21.30 .15 15.26 72.72 .56 .24 .16 .24 15.57 1.68 8 .37 

29.14 120.1* 22.67 .16 16.20 70.86 .60 .25 .18 .27 16.94 1 .72 8 .85 

30.71 126.1 23.99 .17 16.91 69.29 .62 .26 .19 .31 17.78 1.82 9, .75 

Experimental Set B ; Run 19 (Corrected Gas Temperature = 936 .9 K ) 

17.34 78.1 13.57 .13 9.76 82.66 .37 .17 .12 .18 10.08 1.08 4 .28 

17.88 84.1 13.94 .13 9.91 82.12 .41 .25 .17 .25 10.55 1.14 3, .83 

21.41 90.1* 17.02 .13 11.75 78.59 .44 .19 .14 .19 12.86 1.30 5, .22 

25.21 96.1 20.09 .16 13.82 74.79 .52 .22 .15 .23 15.19 1.47 6, .21 

27.67 102.1 22.11 .15 15.07 72.33 .57 .22 .16 .28 16.90 1.60 6, .64 

30.76 108.1 23.73 .16 16.24 69.24 .64 .24 .16 .30 20.51 1.86 7 .19 

35.53 114.1 26.57 .18 18.05 66.47 .72 .26 .19 .37 20.96 1.86 8 .19 

35.81 120.1* 28.33 .19 19.37 64.19 .77 .28 .20 .40 22.15 2.06 8, .90 

38.24 126.1 30.43 .19 20.26 61 .76 .79 .29 .21 .46 23.59 2.18 10, .67 



Reactor 
Conversion Position 

(cm) 

10.65 90.1 

11.20 94.1 

13.29 98.1* 

13.61 102.1 

14.13 106.1 

15.45 110.1 

16.93 114.1 

18.76 118.1* 

21.23 122.1 

13.55 90.1 

14.84 94.1 

•17.26 98.1* 

17.48 102.1 

19.48 106.1 

21.54 110.1 

24.29 114.1 

26.96 118.1* 

30.26 122.1 

E x p e r i m e n t a l S e t A ; Run 10 

C H 4 C 3 H 8 C 3 H 6 C 4 H 1 0 

6.08 89.35 

6.31 88.80 

7.53 86.71 

7.68 86.39 

7.98 85.87 

8.96 84.55 

9.84 83.07 

10.95 81.24 

12.70 78.77 

Set C ; Run 21 

7.30 86.45 

7.96 85.16 

9.32 82.74 

9.41 82.52 

10.34 80.52 

11.88 78.46 

1 3.23 75. 71 

14.59 73.04 

16.72 69.74 

8 .40 .11 

9 .16 .10 

10 .70 .11 

n .01 .11 

n .45 .11 

12 .23 .12 

13 .34 .13 

14 .67 .13 

15 .87 .16 

Experiment 

11 .32 .11 

12 .38 .12 

14 .13 .12 

14 .34 .13 

16 .19 .13 

16 .97 .14 

19 .07 .15 

21 .19 .17 

22 .66 .18 

(Corrected Gas Temperature = 919.4 K) 

Trans-2 Ci s- 2 i r H 

" C 4 H 8 " C 4 H 8 ' 4 6 
C
2

H
4 

C 2 H 6 

.18 .11 .08 .05 5. 88 .83 2.73 

.18 .11 .07 .05 6 88 .87 2.90 

.22 .12 .09 .07 7 33 1.05 3.32 

.23 .13 .09 .07 7 48 1.04 3.52 

.23 .13 .09 .07 7 80 1 .07 3.63 

.27 .14 .10 .08 8 60 1.19 3.63 

.31 .15 .10 .09 9 48 1 .24 4.00 

.35 .17 .12 .11 10 37 1 .39 4.61 • 

.44 .21 .15 .17 11 97 1 .57 4.94 ^ ro 
i 

(Corrected Gas Temperature = 938.2 K) 

.21 .12 .09 .07 7, .75 .97 3, .43 

.25 .12 .09 .09 8. .55 1 .03 3, .81 

.30 .14 .10 .11 10. ,19 1.18 4, .41 

.30 .13 .09 .12 10. ,32 12.1 4, .43 

.35 .15 .10 .13 11. ,61 1 .32 4, .82 

.38 .16 .11 .14 13. .19 1 .48 5. ,18 

.47 .18 .13 .18 15. ,08 1.68 5, .83 

.51 .21 .14 .22 16. ,92 1 .83 6. ,35 

.31 .25 .18 .32 19. .15 1 .94 6. .99 



E x p e r i m e n t a l S e t C ; Run 22 

R e a c t o r 
Conversion Position CH^ CgHg CgHg G 4 H I O 

(cm) 

20.54 90.1 15.99 .14 10.64 79.46 

21.31 94.1 17.59 .14 10.62 78.69 

23.82 98.1* 19.71 .15 11.88 76.18 

26.93 102.1 22.19 .16 13.32 73.07 

29.87 106.1 24.33 .17 14.82 70.13 

36.04 110.1 27.67 .20 18.35 63.96 

38.96 114.1 30.11 .23 19.71 61.04 

42.60 118.1* 32.95 .25 21.54 57.40 

47.26 122.1 36.36 .29 23.04 52.74 

Experimental Set C ; Run 23 

28.79 90.1 23.56 .17 13.29 71.21 

31.07 94.1 25.89 .18 14.20 68.93 

34.56 98.1* 28.76 .19 15.50 65.44 

36.51 102.1 30.40 .20 16.40 63.49 

38.17 106.1 31.55 .20 17.05 61.83 

45.57 110.1 36.49 .23 20.36 54.43 

49.63 114.1 39.26 .26 21.54 50.37 

57.35 118.1* 44.41 .31 24.54 42.65 

59.47 122.1 47.56 .32 25.13 40.53 

(Corrected Gas Temperature = 957.5 K) 

1 _ C
4

H
8 -C 4Hg

 ]
»

3 C
4

H
6

 C
2

H
4

 C
2

H
6

 H
2 

.37 .15 .11 .16 13.25 1.36 6. .06 

.37 .15 .11 .16 13.37 1.33 6. .56 

.42 .16 .12 .18 15.01 1 .46 7, .17 

.48 .18 .13 .21 17.22 1.65 8, .20 

.55 .19 .14 .26 19.49 1.83 8, .64 

.78 .31 .17 .42 23.90 1.92 11, .06 

.83 .25 .19 .53 25.66 2.38 11, .81 

.92 .28 .21 .60 28.18 2.63 12, .42 

1.01 .32 .23 .74 32.61 2.79 14, .05 

rected Gas Temperature = 975. 8 K) 

.52 .19 .13 .30 19.66 1 .65 9, .42 

.55 .19 .13 .32 21.25 1.82 9. .66 

.63 .20 .15 .38 24.21 1.97 10, .62 

.68 .21 .15 .41 25.21 2.14 11, .68 

.72 .21 .15 .45 27.08 2.17 11, ,62 

.94 .25 .18 .66 33.46 2.55 13, .34 

1.01 .26 .19 .77 37.77 2.79 14, .74 

1.12 .29 .20 1.08 44.79 3.34 17, .07 

1.18 .28 .21 1.06 45.90 3.42 19. ,44 



E x p e r i m e n t a l S e t C ; Run 24 ( N o t used i n r a t e c o n s t a n t e s t i m a t i o n ) 
R e a c t o r 

Conversion Position 
(cm) 

C H 4 C
3

H
8 C

3
H
6 C

4
H
10 I - C 4 H 8 

Trans-2 
- C 4 H 8 

Cis-2 

" C 4 H 8 
1 , 3 C 4 H 6 C 2 H 4 c: ?

H
6 

H 2 

40.92 90.1 33.03 .22 16.71 59.08 .72 .21 .15 .51 32.98 2 .13 11.50 

44.50 94.1 36.91 .24 18.12 55.50 .82 .23 .16 .63 33.67 2 .34 14.65 

51.71 98.1 43.43 .26 19.90 48.29 .96 .24 .17 .88 40.26 2, .70 16.92 

48.37 102.1 40.05 .26 18.61 51.63 .90 .23 .17 .74 37.93 2 .54 16.53 

50.47 106.1 42.07 .26 19.48 49.53 .88 .24 .17 .79 39.49 2, .62 16.97 

56.51 110.1 44.20 .14 21.25 43.49 1.12 .25 .19 1.20 47.72 2, .72 19.10 

59.32 114.1 48.93 .15 22.29 40.68 1.17 .28 .19 1.15 47.22 3.02 20.73 

63.02 118.1 51.91 .15 22.58 36.98 1.17 .27 .19 1.20 50.79 3, .34 23.53 

70.09 122.1 57.21 .17 23.55 29.91 1.16 .27 .21 1.51 59.41 3, .89 27.03 

Experimental Set C ; Run 25 (Corrected Gas Temperature = 998.8 K) 

47.01 90.1 39.91 .24 17.47 52.99 .87 .21 .15 .69 35.90 2 .26 18.54 

51 .25 94.1 43.12 .26 18.94 48.75 .99 .23 .16 .84 39.55 2 .15 20.66 

54.47 98.1* 45.58 .27 19.28 45.53 1.01 .22 .17 .90 43.70 2 .61 21.37 

57.50 102.1 43.99 .26 18.51 42.50 .98 .23 .16 .88 52.17 2 .52 21.62 

60.24 106.1 50.99 .29 20.91 39.76 1.13 .25 .18 1.05 48.48 2, .88 23.22 

66.06 110.1 55.99 .32 22.20 33.94 1.17 .26 .19 1.47 53.43 3 .19 26.33 

70.02 114.1 61.00 .33 22.04 29.98 1.21 .25 .19 1 .58 57.13 3 .24 28.58 

7^.05 118.1* 65.25 .31 21.87 25.95 1.18 .25 .18 1.73 61 .84 3, .50 30.61 

77.62 122.1 74.51 .29 20.44 22.38 1.05 .22 .15 1.81 63.45 3 .48 31.63 



E x p e r i m e n t a l S e t C ; Run 26 
Reactor 

Conversion Position CH, C Q H Q CoH c Cj,H,n 

(cm) 4 3 8 3 6 4 1 0 

58.43 90.1 49.30 .30 19.29 41.57 

60.82 94.1 50.91 .30 19.53 39.18 

63.83 98.1 55.31 .31 20.26 36.17 

62.52 102.1* 55.34 .30 19.12 37.48 

68.29 106.1 60.96 .31 19.91 31.71 

73.59 110.1 70.14 .35 18.34 26.21 

77.06 114.1 69.20 .32 19.39 22.94 

80.68 118.1* 75.01 .32 19.07 19.32 

83.96 122.1 74.11 .30 17.94 16.04 

Experimental Set C ; Run 27 

75.85 90.1 67.39 .36 20.73 24.15 

79.83 94.1 72.58 .36 19.95 20.17 

83.08 98.1 79.92 .35 19.11 16.92 

86.07 102.1 81.69 .33 18.20 13.93 

82.64 106.1 73.26 .33 18.45 17.36 

88.72 110.1 83.72 .33 17.21 11.28 

91.87 114.1 88.12 .29 14.83 8.13 

( C o r r e c t e d Gas T e m p e r a t u r e = 1 0 0 9 . 0 K) 

1.08 .26 .16 1.05 48.45 2.45 23.54 

1.11 .24 .17 1.10 51.73 2.74 24.21 

1.13 .24 .18 1.20 52.53 3.02 25.64 

1.09 .22 .16 1.26 51.42 2.75 25.34 

1.19 .23 .17 1.44 57.31 2.98 27.31 

.96 .19 .13 1.72 61.94 3.09 30.92 

1.07 .21 .16 1.90 68.27 3.41 32.62 

1.07 .20 .16 2.04 70.52 3.66 34.68 

.90 .19 .15 2.05 "81.55 3.86 34.61 

>t used in rate constant estimation) 

1.19 .22 .17 ' 1.66 65.39 3.36 32.02 

1.14 .23 .17 1.89 71.05 3.37 32.07 

1.15 .21 .16 2.20 71.24 3.25 35.19 

.99 .19 .15 2.20 78.43 3.43 35.36 

1.09 .20 .17 2.08 77.60 3.48 35.78 

.94 .15 .15 2.33 81.09 3.35 42.28 

.66 .14 .12 2.50 87.25 3.44 44.93 

C 
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A P P E N D I X X I I I 

MIXED CONVECTION WITHIN THE REACTOR 

Normally with forced flow the influences of body forces on flow and heat 

and mass transfer can be neglected. However, for the low Reynolds number 

used in this study the influence of free convection combined with forced 

convection cannot be considered negligible. Although it is of interest 

to know when body forces are no longer insignificant, the large number 

of influencing parameters make such an analysis difficult to accomplish. 

In addition to the Reynolds, Grashof and Prandtl numbers, the geometry 

of the flow boundaries and the orientation of the flow relative to the 

gravitational field are also important contributors to influencing the 

prevailing flow condition. Furthermore, the majority of information in 

literature characterises conditions in a vertical tubular reactor where 

the buoyancy effects aid the direction of the forced convection (e.g. 

Santarelli and Faraboschi, 1973), rather than where the effects act in 

opposite directions. 

Since the largest natural convective effects are near the wall where 

the velocity approaches zero for laminar systems, separation of the 

flow from the wall occurs very easily. This instability in the flow 

system results in turbulent mixing close to the wall which enhances 

the heat and mass transport above that normally expected for "pure" 

forced convective systems. As a result, the Nusselt number (and by 

analogy, the Sherwood number for mass transfer) for the mixed system is 

larger than the Nusselt number calculated using classical formulae for 

forced convection in pure laminar flow. The actual amount of enhancement 
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of heat and mass transfer is, however, difficult to quantify. 

Incropera and Dewitt (1981) include a review of this work and indicate 

that the most recent study directly relevant to this problem was that by 

Brown and Gauvin (1965). They in turn stated that for conditions where 

the buoyant forces were large enough to alter the heat transfer rate 

there was no satisfactory equation for predicting the actual size of 

the enhancement. Incroperra and Dewitt generalise the conditions where 

mixed convection is present as 

>> 1 "Pure" free convection 

Re 2 

Mixed convection (XIII.1) 

Re 2 

Pr 

— < < 1 "Pure" forced convection 
Re 

For conditions typical in this system 

G r = p V 9 V A T = (0.0525) 3(0.5) 29 81 20 „ 6 x 1 Q 3 

V 960(35 x 10" 6) 

O 

Thus Gr/Re 'v 1, consistent with the generalised limits of mixed con-

vection given in equation (XIII.l). Eckert and Diagula (1954) have 

developed bounded conditions for which the effects of mixed convection 

alter the Nusselt number by greater than 10% from that calculated using 

correlations for pure natural and forced convection as: 

3 _1 /I \ 4 

Re-j > 0.276 Gr 4Pr 4 (jjJ Forced Convection Dominant 

Re 2 < 0.0306 Gr*Pr~ 4 (j^ 4 Free Convection Dominant (XIII.2) 

Re 0 < Re < Re-, Mixed Convection Dominant 
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Substituting for conditions in the reactor yields the bound (Pr ^ 0 . 7 , 

L/D % 20) 

48 < Re < 432 

Thus the bounds by Eckert and Diagula provide further evidence that sug-

gests natural convection was assisting in the heat and mass transfer 

which prevailed during the collection of the experimental data. 
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N O M E N C L A T U R E 

Where appropriate, the equation where the variable is first introduced is 

located at the end of the symbol definition. 

A Pre-exponential Factor (6.2) 

A-j Cross-Sectional Area (C.S.A.) of Stream 1 in the gas sampling 
probe (3.4) 

A 2 C.S.A. of Stream 2 in the gas sampling probe (3.4) 

A c C.S.A. of the capillary in the gas sampling probe (3.4). 

A r C.S.A. of the reactor (5.1) 

A- C.S.A. of the mineral insulant in the thermocouple probe (IV.1) 

A m C.S.A. of the thermocouple probe inconel sheath (IV.1) 

Aj. C.S.A. of the thermocouple wires in the probe (IV.1) 

A w Surface area of the reactor (IV.6) 

A^ Surface area of the hemispherical thermocouple probe tip (IV. 1) 

A s 2A h (IV.1) 

A 1 Reparameterised pre-exponential factor (6.2) 

A Tridiagonal matrix (VI.10) 

a- Stoichiometric coefficient for molecular species i 

a k Autocovariance function at time lag k (III.l) 

b Vector of parameters (4.9) 

b p Subset of b (4.14) 

b Vector of known functions (VI.10) 

C Concentration (4.1) 

C 0 Concentration at the start of the isothermal region (4.1) 

C*
 8

/ C 0 , dimensionless (4.1) 

Cg Radial bulk concentration (4.3) 

C s Simulation dimensionless concentration (4.8) 

C* yC s (4.8) 

C 1 e/h (IV.12) 

Cf Friction factor (3.4) 

Cp Specific heat capacity (3.3) 

c.j Carbon atom number in a molecule of component i (II.9) 

D Diameter (3.3) 

D r Radial dispersion coefficient (4.1) 

D^ Axial dispersion coefficient (4.2) 
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D m Diffusion coefficient (6.1) 

d-|, d 2 , d^, d^, d^, dg Gas sampling probe dimensions, see Fig. 3.6 

d^. Diameter of thermocouple probe (IV.11) 

E Activation energy (6.2) 

F Fishers F-distribution (4.9) 

F Vector of species flow (5.1) 

F c Flowrate of butane in the probe capillary (3.4) 

F Radiation view factor for radiation from surface x onto surface y 
^ (IV.3) 

f Fractional flow distortion = u^/u 

r oo 
G-j Mass velocity of coolant nitrogen in Stream 1 of the gas sampling 

probe (3.4) 
G 2 Mass velocity of coolant nitrogen in Stream 2 of the gas sampling 

probe (3.4) 
G r Mass velocity of the sample gas flowing down the.probe capillary 

(3.4) 

g Function vector of radical species (5.4) 

g' Acceleration due to gravity (XIII.l) 

H 1 Enthalpy per unit mass (V.l) 

H Matrix of known elements, used in observability discussion (VI11.3) 

AHr Heat of reaction for butane pyrolysis (V.3) 

h Heat transfer coefficient (3.1) 

hg Overall heat transfer coefficient (3.4) 

h' Integration step length (5.3) 
i 

h- Component heights from the chromatographic measurements 

h-j Hydrogen atom number in a molecule of component i (II.9) 

J Jacobian matrix (5.2) 

K m Mass transfer coefficient (7.1) 

K' Vector of rate constants (5.1) 

K Thermal conductivity (3.3) 

k Rate constant for butane (6.2) 

k b Rate constant for butane used in the gas sampling probe model (3.4) 

L p Probe length (3.4) 

£ Length (4.1) 

L Reactor length or length of an isothermal zone (4.1) 

m- Measurement at time k = i (III.l) 

N, n General numbers 

Number of moles of butane in the feed to the reactor (11.2) 

N t Overall molar flowrate (N2 free basis) (II.2) 

N- Product i flow in the feed to the reactor (11.6) 
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P1 Pressure of coolant nitrogen in Stream 1 of the gas 
probe (3.4) 

sampling 

P 2 Pressure of coolant nitrogen in Stream 2 of the gas 
probe (3.4) 

sampling 

P c Pressure of sample gas in the probe capillary (3.4) 

P Number of model parameters (4.9) 

p' Order of the BDF implemented by Gear (5.3) 

Pi Product yield for component i (11.11) 

Pk Step length vector (5.4) 

Q Volumetric flowrate (5.1) 

q Change in function value g (5.5) 

q Rate of heat transfer 

q p q 2 , q3s q 4 > q 5 See eqn. (IV. 1) 

R b Rate of reaction of butane in the gas sampling probe capillary (V.3) 

R Radius (4.1) 

Rq Radius of the reactor (4.1) 

R* = R/Rq, dimensionless (4.1) 

R' Gas constant for nitrogen 

R u Universal gas constant (6.2) 

r Vector of rate expressions (5.1) 

r c Probe capillary radius (3.2) 

S c Stoichiometric coefficient matrix (5.1) 

S Residual sum of squares (4.9) 

s q Sample error variance (4.11) 

s q Parameter sample variance (VI1.10) 

s.j Selectivity 

T-j Temperature of coolant nitrogen in Stream 1 of the gas sampling 
probe (3.4) 

T 2 Temperature of coolant nitrogen in Stream 2 of the gas sampling 
probe (3.4) 

T q Temperature of the gas sample in the probe capillary (3.4) 

T $ Measured (thermocouple) gas temperature (3.1) 

Tg Corrected gas temperature (3.1) 

T Reactor wall temperature (3.1) 
w 

T* Average temperature (6.2) 

T g Temperature at the reactor exit (see Assumptions, Appendix V) 

T a Ambient temperature (see Assumptions, Appendix V) 

T p Gas sampling probe outer wall temperature (3.4) 

T q Temperature of coolant nitrogen at the gas sampling probe tip (V.7) 
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u-j Velocity of the coolant nitrogen in Stream 1 of the gas sampling 
probe (3.4) 

u 2 Velocity of the coolant nitrogen in Stream 2 of the gas sampling 
probe (3.4) 

u c Velocity of the gas sample in the probe capillary (3.4) 

u^ Nominal process gas velocity (3.2) 

u r Radial velocity component caused by sampling 

V Variance covariance matrix (4.10) 

V p Partitioned subset of V (4.14) 

v Q Centreline velocity (4.1) 

"v Mean velocity (4.2) 

W Diagonal matrix of weighting elements (VII.12) 

w.j An element of W 

X Matrix of independent measurements or set-points (4.10) 

x Undetermined distance perpendicular to the oas sampling probe tip 
(3.6) 

x' Specific probability level (4.9) 

x k Independent variable vector (5.4) 

y^ Mole fraction of butane (II. 1) 

y b o -vb f o r r e a c t o r f e e d (11*1) 

y- Mole fraction for component i (N 2 free basis) (11.2) 

y Vector of dependent variables (VII.6) 

Z Reactor distance 

Z* Z/L, dimensionless (4.1) 

Greek Symbols 

a D r / k R Q
2 (4.1) 

i a Sampling rate, Q A r ^ u ^ (3.2) 

ai Known constants (5.3) 

6 kL/v 0 (4.1) 

6 o Known constant (5.3) 

6' Coefficient of thermal expansion (XIII.l) 

Y Scaling parameter (4.8) 

5' Dilution ratio (4.4) 

5 Boundary layer thickness (7.2) 

e Emissivity (3.1) 

X BZ* (VI.3) 

u Viscosity 

0 Linear partition parameter (VI.2) 
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£ Extent of reaction (II.2) 

p Density (3.4) 

a 2 Error variance (4.10) 

o Q Stefan's constant (3.1) 

<j>f Fractional conversion (4.4) 

(p Conversion 

D r L / R 0
2 v 0 (4.1) 

co-j Solid angle (IV. 3) 

ft pV QC p/K (V.6) 

Dimensionless Numbers 

Gr Grashof Number:e'g'ATD 3p 2 /y 2 

Nu Nusselt Number: hD/K 

Pe Peclet Number: vl/D^ 

Pr Prandtl Number: yC p/K 

Re Reynolds Number: pvD/y 

Sc Schmidt Number: y/pD m 

Sh Sherwood Number: K m D / D m 



- 274 -

R E F E R E N C E S 

Aiken, R.C. and Lapidus, L., AIChE J. 2J_, 817 (1975). 

V 

Albright, L.F., Correspondence, Ind. Eng. Chem. Proc. Des. Dev. 17(3), 

377 (1978). 

Allara, D.L. and Edelson, D., Int. Jour. Chem. Kin. V H , 479 (1975). 

Allara, D.L. and Shaw, R., Jour. Phys. and Chem. Ref. Data 9(3), 523 (1980). 

Andrews, A.J. and Pollock, I.W., Ind. Eng. Chem. 51_, 125 (1959). 

Appleby, W.G., Avery, W.H., Meerbott, W.K. and Sartor, A.F., Jour. Am. 

Chem. Soc. 75, 1809 (1953). 

Batten, J.J., Combus. Sci. and Tech. ]_, 365 (1970). 

Beek, W. and Muttzall, K.M.K., "Transport Phenomena", New York, Wiley-

Interscience, (1975). 

Benson, S.W., "Thermochemical Kinetics", New York, Wiley, (1968). 

Beshty, B.S., "The Isothermal Pyrolysis of Propane in a Pilot Scale 

Reactor", PhD Thesis, University of London (1978). 

Blakemore, J.E., Barker, J.R. and Corcoran, W.H., Ind. Eng. Chem. 

Fundam. 12(2), 147 (1973). 

Bowen, J.R., Acrivos, A. and Oppenheim, A.K., Chem. Eng. Sci. 1 8 , 177 (1963). 

Bradley, D. and Matthews, K.J., Mech. Eng. Sci. 10, 299 (1968). 

Bradley, J.N., Proc. Roy. Soc. A337, 199 (1974). 

Brown, C.K. and Gauvin, W.H., Can. Jour. Chem. Eng. £ 3 , 306 (1965). 



- 275 -

Broyden, C.G., Math. Comp. }9, 577 (1965). 

Buekens, A.G. and Froment, G.F., Ind. Eng. Chem. Proc. Des. Dev. 2(3), 

435 (1968). 

Calderbank, P.H., Chem. Eng. Progr. 50, Symp. Series No. 9, 53 (1964). 

Canbron, A., Can. Jour. Res. _7, 646 (1932). 

Cambron, A. and Bayley, C.H., Can. Jour. Res. 9, 583 (1933). 

Carnahan, B., Luther, H.A. and Wilkes, J.O., "Applied Numerical Methods", 

New York, Wiley (1969). 

Chandrasekharan, K. and Calderbank, P.H., Presented at the Sixth Inter-

national Symposium on Chemical Reaction Engineering, Nice, France, March 

25-27, 1980; see Chem. Eng. Sci. 35, 341 (1980). 

Cleland, F.A. and Wilhelm, R.H., AIChE Jour. 2, 489 (1956). 

Crynes, B.L. and Albright, L.F., Ind. Eng. Chem. Proc. Des. Dev. 8(1), 

25 (1969). 

Curtiss, C.F. and Hirschfelder, J.O., Proc. Nat. Acad. Sci. U.S. 38, 

235 (1952). 

Danckwerts, P.V., Chem. Eng. Sci. 2, 1 (1953). 

Davies, O.L. and Goldsmith, P.L., "Statistical Methods in Research and 

Production", Edinburgh, Oliver and Boyd (1970). 

Dente, M., Ranzi, E. and Goosens, A.G., Presented at 12th European Sym-

posium for Computer Applications in Chemical Engineering, Montreux, 

Switzerland, April 8-11, 1979. 



- 276 -

Draper, N.R. and Smith, H., "Applied Regression Analysis", London, 

Wiley (1966). 

Dunkleman, J.J. and Albright, L.F., Am. Chem. Soc. Symp. Series, Editor: 

R.F. Gould, 241 (1976). 

Ebrey, G.O. and Engelder, C.J., Ind. Eng. Chem. 23, 1033 (1931). 

Echols, L.S. and Pease, R.N., Jour. Am. Chem. Soc. J58, 1317 (1936). 

Eckert, E.R.G. and Diagula, A.J., Trans. Am. Soc. Mech. Eng. 76, 497 

(1954). 

Edelson, D. and Allara, D.L., AIChE Jour. J_9(3), 638 (1973). 

Edelson, D. and Allara, D.L., Int. Jour. Chem. Kin. XH_, 605 (1980). 

Eisenberg, B. and Bliss, H., "Symposium on Recent Kinetic Studies", 

59th National Meeting AIChE, Columbus, Ohio, May (1966). 

Evering, B.L., Jour. Am. Chem. Soc. 6>1_, 1400 (1939). 

Frey, F.E. and Smith, D.F., Ind. Eng. Chem. 20, 948 (1928). 

Fristrom, R.M. and Westenberg, A.A., "Flame Structure", New York, 

McGraw-Hill (1965). 

Fritz, K. and Groenig, H., Proc. Int. Symposium on Shock Tube and Shock 

Wave Research, 11th, 383 (1977). 

Froment, G.F., Chem. Eng. Sci. 36, 1271 (1981). 

Froment, G.F., Van de Steene, B.O., V'anden Berghe, P.J. and Goosens, A.J., 

AIChE Jour. 23(1), 93 (1977). 

Gear, C.W., Communs. Ass. Comput. Mach. J_4, 176 (1971 ). 



- 277 -

Goldfinger, P., Letort, P. and Niclause, M., "Contribution a Tetude 

de la structure moleculaire", Victor Henri Commemorative Volume, Desoer, 

Liege, Belgium, 283 (1948). 

Hautman, D.J., Santoro, R.J., Dryer, F.L. and Glassman, I., Int. Jour. 

Chem. Kin. XIII, 149 (1981). 

Hepp, H.J. and Frey, F.E., Ind. Eng. Chem. 45(2), 410 (1953). 

Herriot, G.E., Eckert, R.E. and Albright, L.F., AIChE Jour. T8, 84 (1972). 

Hill, J.C., Presented before the Division of Petroleum Chemistry Inc. 

Am. Chem. Soc., New Orleans, March 20-25 (1977). 

Himmelblau, D.M., "Process Analysis by Statistical Methods", New York, 

Wiley (1970). 

Hougen, O.A. and Watson, K.M., "Chemical Process Principals", Vol. Ill, 

New York, Wiley (1947). 

Hurd, C.D. and Azorlosa, J.L., Jour. Am. Chem. Soc. 73* 33 (1951). 

Hurd, C.D. and Spence, L.K., Jour. Am. Chem. Soc. 5]_, 3353 (1929). 

Illes, V., Acta. Chim. Acad. Sci. Hung. 59(1), 35 (1969). 

Illes, V. and Szalai, 0., Acta. Chim. Acad. Sci. Hung. J0]_(3)> 267 (1979). 

Incropera, F.P. and Dewitt, D.P., "Fundamentals of Heat Transfer", 

New York, Wiley (1981). 

Kay, J.M. and Nedderman, R.M., " Fluid Mechanics and Heat Transfer", Cam-

bridge (1974). 

King, R.O., Sandler, S. and Chung, Y.H., Trans, of the Engineering Insti-

tute of Canada (EIC) 3(1), 1 (1959). 



- 2 7 8 -

Kupparman, A. and Larson, J.G., Long Abstracts of Papers presented at 

the Am. Chem. Soc. Meeting, Washington DC, March 21-24 (1962). 

Laidler, K.J., "Chemical Kinetics", New York, McGraw-Hill (1965). 

Laidler, K.J., Sagert, N.H. and Wojciechowski, B.W., Parts I and II, 

Proc. Roy. Soc. A270, 254 (1962). 

Laidler, K.J. and Wojciechowski, B.W., Proc. Roy. Soc. A260, 103 (1961). 

Large, J., Martin, R. and Niclause, M., Bull. Soc. Chim. Fr. 3, 961 (1972). 

Lauwerier, H.A., Appl. Sci. Res. A8, 366 (1959). 

Leathard, D.A. and Purnell, J.H., Proc. Roy. Soc. A305, 517 (1968). 

Leathard, D.A. and Purnell, J.H., Ann. Rev. Phys. Chem. 21_, 197 (1970). 

Maizus, Z.K., Markovich, V.G. and Neiman, M.B., Doklady Akad. Nauk. USSR, 

66, 1121 (1949). 

Mandel, J., "The Statistical Analysis of Experimental Data", New York, 

Interscience (1964). 

Martin, R., Dzierzysnki, M. and Niclause, M., Jour. Chim. Phys. 6_1_, 790 (1964) 

Massey, B.S., "Mechanics of Fluids", 2nd edn., London, Van Nostrand Rein-

hold (1970). 

Murata, M. and Saito, S., Jour. Chem. Eng. Japan 8(1), 39 (1975). 

Niclause, N., Martin, R. Combes, A., Fusy, J. and Dzierzysnki, M., Ind. 

Chim. Beige. 32, 674 (1967). 

Niciam, K.M. and Nigam, K. .P., Chem. Eng. Sci. 35, 2358 (1980). 



- 279 -

Pacey, P.D. and Purnell, J.H., Int. Jour. Chem. Kin. TV, 657 (1972a). 

Pacey, P.D. and Purnell, J.H., Ind. Eng. Chem. Fundam. 1]_(2), 233 (1972b). 

Papoulis, A., "Probability, Random Variables and Stochastic Processes", 

London, McGraw-Hill (1965). 

Paul, R.E. and Marek, L.F., Ind. Eng. Chem. 26(4), 454 (1934). 

Pease, R.N., Jour. Am. Chem. Soc. 50, 1779 (1928). 

Pease, R.N. and Durgan, E.S., Jour. Am. Chem. Soc. _52, 1262 (1930). 

Perry, J.H., "Chemical Engineers' Handbook", 4th edn., London, McGraw-

Hill (1963). 

Poltarak, V.A., Leitus, L. Ya. and Voevodskii, V., Russ. Jour. Phys. 

Chem. 33, 379 (1959). 

Powell, M.J.D., The Comp. Jour. 7, 155 (1964). 

Powers, D.R. and Corcoran, W.H., Ind. Eng. Chem. Fundam. J_3(4), 351 (1974). 

Pratt, G.L. and Rogers, D., Jour. Chem. Soc., Faraday Trans. 1 75(12), 

1089 (1979). 

Purnell, J.H. and Quinn, C.P., Jour. Chem. Soc. V14, 4128 (1961). 

Purnell, J.H. and Quinn, C.P., Proc. Roy. Soc. A270, 267 (1962). 

Rice, F.O., Jour. Am. Chem. Soc. 53, 1959 (1931). 

Rice, F.O. and Herzfeld, K.F., Jour. Am. Chem. Soc. 56, 284 (1934). 

Rice, F.O. and Johnston, W.R., Jour. Am. Chem. Soc. 56, 214 (1934). 

Rice, F.O., Johnston, W.R. and Evering, B.L., Jour. Am. Chem. Soc. 54, 

3529 (1932). 



- 280 -

Rice, F.O. and Polly, O.L., Jour. Chem. Phys. 6, 273 (1938). 

Roache, P.J., "Computational Fluid Dynamics", Albuquerque, New Mexico, 

Hermosa (1972). 

Rosen, P., John Hopkins University, Applied Physics Laboratory, Silver 

Spring, Maryland Report APL/JHU, CF-2248, July 29 (1954). 

Sagert, N.H. and Laidler, K.J., Can. Jour. Chem.,Pts. I and II, _41> 838 

(1963). 

Sandler, S. and Chung, Y., Ind. Eng. Chem. 53(5), 391 (1961). 

Santarelli, P. and Foraboschi, F.P., The Chem. Eng. Jour. 6̂ , 59 (1973). 

Schweppe, F.C., "Uncertain Dynamic Systems", New Jersey, Prentice Hall 

(1973). 

Seinfeld, J.H., Lapidus, L. and Hwang, M., Ind. Eng. Chem. Fundam. 

266 (1970). 

Sena, M.P. and Kershenbaum, L.S., AIChE Symposium Series No. 147, 71_, 111 

(1975). 

Shah, M.M., Ind. Eng. Chem. 59, 70 (1967). 

Shah, R.K. and London, A.L., "Laminar Flow Forced Convection in Ducts: 

A Source Book for Compact Heat Exchanger Analytical Data", New York, 

Academic (1978). 

Shapiro, A.H., "The Dynamics and Thermodynamics of Compressible Fluid 

Flow", 2 Vols., New York, Ronald (1953-4). 

Snow, R.H., Jour. Phys. Chem. 70(9), 2780 (1966). 



- 281 -

Steacie, E.W.R., "Atomic and Free Radical Reactions", 2nd edn., Mono-

graph Series No. 125, 3 Vols., New York, Reinhold (1954). 

Steacie, E.W.R. and Folkins, H.O., Can. Jour. Res. Bl_7, 105 (1939). 

Steacie, E.W.R. and Puddington, I.E., Can. Jour. Res. B]_6, 176 (1938). 

Stubbs, F.J. and Hinshelwood, C.N., Proc. Roy. Soc. A201, 18 (1950). 

Sundaram, K.M. and Froment, G.F., Chem. Eng. Sci., Pts. I and II, _32, 

601 (1977). 

Sundaram, K.M. and Froment, G.F., Ind. Eng. Chem. Fundam. 174 (1978a). 

Sundaram, K.M. and Froment, G.F., Int. Jour. Chem. Kin. X, 1189 (1978b). 

Taylor, G.I., Proc. Roy. Soc. A219, 186 (1953). 

Torok, J. and Sandler, S., Can. Jour. Chem. 47, 2707 (1969). 

Van Damme, P.S., Narayanan, S. and Froment, G.F., AIChE Jour. 21_, 1065 

(1975). 

Vignes, J.P. and Trambouze, P.J., Chem. Eng. Sci. V7> 73 (1962). 

Voevodsky, V.V., Trans. Fara. Soc. 55, 65 (1959). 

Volkan, A.G. and April, G.C., Ind. Eng. Chem. Proc. Des. Dev. 16(4), 

429 (1977). 

Wakeham, W.A. and Slater, D.H., J. Phys. B: Atom. Molec. Phys. 6, 886 

(1973). 

Wakeham, W.A., Personal Communication, (1981). 

Wan, C. and Ziegler, E.N., Chem. Eng. Sci. 25, 723 (1970). 



- 282 -

Wang, Y.L., Winker, R.G. and Corcoran, W.H., Ind. Eng. Chem. Fundam. 2^(3), 

161 (1963). 

Williams-Gardner, A., Fuel 4, 430 (1925). 

Wojciechowski, B.W. and Laidler, K.J., Can. dour. Chem. 38, 1027 (1960). 


