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ABSTRACT

The homogeneous,  g a s - p h a s e  i s o m e r i z a t i o n  o f  c y c l o 

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

0 . 4  t o  137 a tm o s p h e r e s  and t e m p e r a t u r e  r a n g e  o f  454 t o  

538°C. I n t e g r a l  r a t e  d a t a  were  o b t a i n e d  i n  a c o n t i n u o u s  

f low  s y s te m  c o n s i s t i n g  o f  a t u b u l a r  g o l d - l i n e d  r e a c t o r .

The c o i l e d  r e a c t o r  and p r e h e a t e r  were  m a i n t a i n e d  a t  c o n 

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

means o f  an e n c l o s e d  p ropane  b u r n e r .  The b u r n i n g  a i r -  

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

and f l u i d i z i n g  medium f o r  t h e  san d  b a t h .  R e s id e n c e  t im e s  

v a r i e d  from 7 t o  800 s econds  and p r o d u c t  c o n v e r s i o n s  v a r i e d  

f rom 0 .3  t o  35 p e r c e n t .  R e a c t o r  i n l e t  and o u t l e t  c o n c e n t r a 

t i o n s  were  d e t e r m i n e d  by  gas  c h r o m a to g r a p h y .

The s t a t i s t i c a l  m e c h a n ic a l  t h e o r i e s  o f  K a s s e l ,  R ice  

and  Ram sperge r ,  and S l a t e r  p r e d i c t i n g  t h a t  t h e  u n i m o l e c u l a r  

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

o f  p r e s s u r e  were  shown t o  be i n  e r r o r .  The r a t e  c o n s t a n t  

a t  h ig h  p r e s s u r e s  was shown t o  d e c r e a s e  w i t h  i n c r e a s i n g  

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

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

t i o n .
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The e x p e r i m e n t a l  A r r h e n i u s  p a r a m e t e r s  d e t e r m in e d  by 

P i p k i n  a t  18 a tm o s p h e r e s  a g r e e d  t o  w i t h i n  0 .1  p e r c e n t  o f  

t h e  21 a tm o s p h e re s  p a r a m e t e r s  o f  t h i s  i n v e s t i g a t i o n , ,  A 

method was p r o p o s e d  f o r  com put ing  t h e  change  i n  a c t i v a t i o n  

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

t h i s  s t u d y  and t h o s e  found  i n  t h e  l i t e r a t u r e  a g r e e d  t o  w i t h i n  

an a v e r a g e  d e v i a t i o n  o f  0 .6  p e r c e n t  o f  t h e  computed v a l u e s .
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CHAPTER I

INTRODUCTION

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

c o n s t a n t s  w i t h  p r e s s u r e  o f f e r s  a u n iq u e  method f o r  t e s t i n g  

t h e  s t a t i s t i c a l  m e c h a n ic a l  t h e o r i e s  o f  r e a c t i o n  k i n e t i c s .  

Whi le  i t  i s  n o t  p r e s e n t l y  p o s s i b l e  t o  p r e d i c t  t h e  c o r r e c t  

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

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

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

The v a r i a t i o n  in  t h e  r a t e  c o n s t a n t  w i t h  p r e s s u r e  

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

e x t e n s i v e l y  s t u d i e d  a t  p r e s s u r e s  be low  one a tm o s p h e re ;  

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

s u r e s .  The low p r e s s u r e  s t u d i e s  have s u b s t a n t i a t e d  t h e  

t h e o r i e s  o f  K a s s e l ,  R ice  and  R am sperge r ,  and S l a t e r  which  

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

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

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

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

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

p r e s s u r e .  Even though  a t h e o r e t i c a l  b a s i s  was p r o p o s e d  

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

1



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

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

C o n t in u o u s  f low  sy s tem s  have been  s u c c e s s f u l l y  em

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

a c t i o n  o n l y  by  th e  most r e c e n t  i n v e s t i g a t o r s .  Flow sy s tem s  

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

s u r e s  where  s h o r t  c o n t a c t  t im e s  a r e  r e q u i r e d .

The o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n  were  (1) t o  

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

454-539°C and  1 -18  a t m o s p h e re s  p r e s s u r e ,  (2) t o  d e t e r m in e  

i f  t h e  o b s e r v e d  d e c r e a s e  i n  th e  r a t e  c o n s t a n t  w i t h  i n c r e a s 

in g  p r e s s u r e  a t  h ig h  p r e s s u r e s  was a v a l i d  o b s e r v a t i o n ,

(3) t o  d e t e r m i n e  i f  o p e r a t i o n  o f  t h e  same f low  sy s te m  was 

p o s s i b l e  a t  s u b a t m o s p h e r i c  and e l e v a t e d  p r e s s u r e s ,  and  (4) 

t o  d e m o n s t r a t e  t h e  u s e f u l n e s s  o f  a p r e s s u r i z e d  f low  (non

pumped) r e a c t i o n  sy s te m  f o r  m ode ra te  and h ig h  p r e s s u r e  

k i n e t i c  s t u d i e s .

The r e a c t i o n  s t u d y  was c o n d u c t e d  in  a g o l d - l i n e d ,  

t u b u l a r  r e a c t o r  immersed in  a c o n s t a n t  t e m p e r a t u r e  b a t h  o f  

f l u i d i z e d  s a n d .  Ra te  d a t a  were  o b t a i n e d  a t  t e m p e r a t u r e s  

r a n g i n g  from 454 t o  539°C and  a t  p r e s s u r e s  from 0 . 4  t o  137 

a t m o s p h e r e s .



CHAPTER I I  

THEORETICAL CONSIDERATIONS

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

f i v e  s e c t i o n s :  (1) g e n e r a l  p r i n c i p l e s  o f  r e a c t i o n  k i n e t i c s ,

(2) t h e o r i e s  o f  c h e m ic a l  r e a c t i o n s ,  (3) u n i m o l e c u l a r  r e a c t i o n  

r a t e  t h e o r y ,  (4) e f f e c t  o f  t e m p e r a t u r e  on t h e  r a t e  c o n s t a n t  

and (5) e f f e c t  o f  p r e s s u r e  on t h e  r a t e  c o n s t a n t .  The main 

em phas is  o f  t h e  c h a p t e r  w i l l  be t o  d e v e lo p  a f o u n d a t i o n  f o r  

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

G e n e r a l  P r i n c i p l e s  o f  R e a c t i o n  K i n e t i c s

In  a n y  d i s c u s s i o n  o f  r e a c t i o n  r a t e s ,  a c l e a r  and 

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

In  t h i s  work ,  t h e  t e r m  r e a c t i o n  r a t e  w i l l  r e f e r  t o  t h e  

t im e  r a t e  o f  change i n  t h e  number o f  moles  o f  a component 

p e r  u n i t  volume:

1

h  = -  ?  â T

E q u a t i o n  ( I I - l )  i s  a p p l i c a b l e  t o  b o t h  b a t c h  and f lo w  p r o 

c e s s e s .  I n  a b a t c h  p r o c e s s ,  V i s  t h e  f i x e d  volume o f  th e  

r e a c t i o n  sy s tem ;  w h i l e  i n  a f lo w  p r o c e s s ,  V i s  t h e  volume 

a s s o c i a t e d  w i t h  a f i x e d  mass .  Thus,  V w i l l  u s u a l l y  be  a 

f u n c t i o n  o f  t im e  in  a f low  p r o c e s s .  F o r m a l ly ,  t h e  r e a c t i o n

3



r a t e  may be  e x p r e s s e d  a s :

1
V d T  = '"c *(=1-  =2'  • • •  =n>

= \  i8(a^,  ag ,  . . .  a^) ( H - 2 )

where  t h e  s p e c i f i c  r a t e  c o n s t a n t  i s  d e f i n e d  i n  t e rm s  o f  

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

P i p k i n  (P2) o f f e r s  an e x c e l l e n t  d i s c u s s i o n  c o n c e r n i n g  th e  

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

a c t i v i t i e s  i n  r a t e  e x p r e s s i o n s .  I n  t h i s  work ,  th e  r a t e  

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

G e n e r a l  T h e o r i e s  o f  C hem ica l  R e a c t i o n s  

W hi le  t h e  the rmodynamics  o f  m a t t e r  a t  e q u i l i b r i u m  

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

l e s s  f i r m .  Deducing  k i n e t i c  p r i n c i p l e s  from e q u i l i b r i u m  

b e h a v i o r  i n v o l v e s  e x t r a p o l a t i o n s  w h ich  must be  c a r r i e d  o u t  

w i t h  c a u t i o n .  The mos t  u s e f u l  d e d u c t i o n  o f  t h i s  t y p e  was 

made by  A r r h e n i u s  who r a t i o n a l i z e d  t h e  t e m p e r a t u r e  d e p en 

dence  o f  t h e  s p e c i f i c  r a t e  c o n s t a n t  from V a n ' t  H o f f ' s  

e q u a t i o n  f o r  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  c o n c e n t r a t i o n  

e q u i l i b r i u m  c o n s t a n t .  H is  r e s u l t  was:

k^ = A exp ( - E y R T )  ( I I - 3 )

where  k  i s  t h e  s p e c i f i c  r a t e  c o n s t a n t ,  E i s  te rm ed  th e  c o

e n e r g y  o f  a c t i v a t i o n  and A i s  t h e  f r e q u e n c y  f a c t o r .  For 

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

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

( I I - 3 )  a r e  u s u a l l y  a t t r i b u t e d  t o  e x p e r i m e n t a l  e r r o r .  The



fu n d a m e n ta l  s i g n i f i c a n c e  o f  t h e  A r r h e n i u s  d ev e lopm en t  l i e s  

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

m o l e c u l e s .  The p r o p o s a l  by  A r r h e n i u s ,  t h a t  e q u i l i b r i u m  

e x i s t s  be tw een  norm al  m o le c u le s  and  " a c t i v e "  m o le c u le s  which  

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

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

a c t i o n  r a t e  t h e o r y :  (1) e q u i l i b r i u m  be tw een  normal  and

" a c t i v a t e d "  m o l e c u l e s  and (2) t h e  p r e s e n c e  o f  an a c t i v a t e d  

s t a t e .

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

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

r e a c t a n t s  p o s s e s s  a c e r t a i n  minimum a c t i v a t i o n  e n e r g y ,  E^. 

The number o f  c o l l i s i o n s  o c c u r r i n g  p e r  u n i t  t ime  can be 

a p p ro x im a te d  by  t h e  k i n e t i c  t h e o r y  e q u a t i o n  f o r  d o u b le  

c o l l i s i o n s  :

2 /SttR^T (M^V2 , ^ j .  + M2 )
N = Cl C2   ( I I - 4 )

At o r d i n a r y  c o n d i t i o n s ,  N i s  a v e r y  l a r g e  number o f  t h e  

28o r d e r  10 / m l - s e c .  Y e t ,  s i n c e  r e a c t i o n s  do n o t  o c c u r  t h i s  

f a s t ,  n o t  e v e r y  c o l l i s i o n  p r o d u c e s  a r e a c t i o n .  To co m p le te  

t h e  d e v e lo p m en t ,  i t  i s  assumed t h a t  o n l y  t h o s e  m o le c u l e s  

p o s s e s s i n g  a  c e r t a i n  minimum e n e r g y ,  E^, a r e  c a p a b l e  o f  

r e a c t i n g  upon c o l l i s i o n .  From t h e  M axwel l -Bol tzmann d i s 

t r i b u t i o n  law ,  t h e  f r a c t i o n  o f  m o le c u le s  p o s s e s s i n g  an 

e n e r g y  i n  e x c e s s  o f  E^ i s :



f (E ^)  = exp ( - E y R T )  ( I I - 5 )

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

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

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

r a t e  = f (E ^)  N = N exp ( - E y R T )  ( I I - 6 )

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

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

The a c t i v a t e d  complex o r  t r a n s i t i o n  s t a t e  t h e o r y  

assumes t h a t  an e q u i l i b r i u m  e x i s t s  be tw een  an a c t i v a t e d  

complex ( t h a t  i s ,  a  complex c a p a b l e  o f  r e a c t i n g )  and  r e a c t a n t s  

and  p r o d u c t s :

A + BHX-^C + D ( I I - 7 )

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

m e c h a n ic a l  a rg u m e n t s ,  t h e  s p e c i f i c  r e a c t i o n  r a t e  c o n s t a n t  can be

r e p r e s e n t e d  a s :

K T K T
k  = X K* = X. —

I n

^x

Fa^b
exp  ( - E y R T )  ( I I - 8 )

w here :  = Bol tzman c o n s t a n tJd

h = P l a n c k ' s  c o n s t a n t  

K* = e q u i l i b r i u m  c o n s t a n t  f o r  r e a c t a n t s  and

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

= p a r t i t i o n  f u n c t i o n  f o r  a c t i v a t e d  complex w i t h  

one v i b r a t i o n a l  d e g r e e  o f  f reedom removed



-  p a r t i t i o n  f u n c t i o n s  o f  A and  B 

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

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

becomes a  p r o d u c t

U n im o le c u l a r  R e a c t i o n  R a te  Th eo ry  

U n im o le c u la r  r e a c t i o n s  a r e  t h o s e  r e a c t i o n s  wh ich  

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

a c t i v a t e d  m o l e c u l e .  T h i s  d e f i n i t i o n  does  n o t  im p ly  t h a t

u n i m o l e c u l a r  r e a c t i o n s  a r e  e l e m e n t a r y ;  most a r e  complex and 

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

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

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

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

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

r e c o n c i l e d  t o  t h e  seco n d  o r d e r  c o l l i s i o n  p r o c e s s .  P e r r i n ,

(PI) i n  1919, a t t e m p t e d  t o  show t h a t  t h e  a c t i v a t i o n  was 

b r o u g h t  a b o u t  by  a b s o r p t i o n  o f  r a d i a t i o n .  His  h y p o t h e s i s  

was d i s c r e d i t e d  when f u r t h e r  e x p e r i m e n t a l  work showed t h a t  

many u n i m o l e c u l a r  r e a c t i o n s  became sec o n d  o r d e r  a t  r e d u c e d  

p r e s s u r e .  In  1922, Lindemann (L4) p r o p o s e d  a mechanism 

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

e x p e r i m e n t a l  r e s u l t s  and c o l l i s i o n  t h e o r y .  His  mechanism,  

w i t h  some r e f i n e m e n t s ,  r em a in s  t h e  a c c e p t e d  one t o d a y .

Lindemann v i s u a l i z e d  t h r e e  p r o c e s s e s  t o  o c c u r  s i m u l 

t a n e o u s l y  i n  a u n i m o l e c u l a r  r e a c t i o n :  (1) normal  m o le c u le s

c o l l i d e  t o  p ro d u c e  a c t i v a t e d  m o l e c u l e s ,  (2) a c t i v a t e d  m o le c u le s
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c o l l i d e  w i t h  norm al  m o l e c u l e s  and a r e  d e a c t i v a t e d ,  and 

(3) a c t i v a t e d  m o l e c u l e s  decompose t o  fo rm p r o d u c t s .  The 

mechanism i s  g i v e n  be low  in  e q u a t i o n  form:

(1) A + A -» A* + A ( I I - 9 )

(2) A + A* -> A + A (11-10)

(3) A* 4 B (11-11)

One a d d i t i o n a l  a s s u m p t i o n  i s  needed  h e r e :  t h a t  i s ,  t h e

a s s u m p t io n  o f  an  e q u i l i b r i u m  c o n d i t i o n  be tw een  a c t i v a t e d  

m o le c u le s  and r e a c t a n t s  and p r o d u c t s .  W ith  t h i s  a s s u m p t io n  

th e  r a t e s  o f  a c t i v a t i o n  and d e a c t i v a t i o n - d e c o m p o s i t i o n  can  

be e q u a t e d  t o  g i v e :

'  W a * + I'l V

S in c e  th e  n e t  r a t e  o f  r e a c t i o n  i s :

^A ^ ~ V d t "  “  V a * (11-13)

t h e  q u a n t i t y ,  C^*, can  be e l i m i n a t e d  be tw een  E q u a t i o n s  

(11-12) and  (11-13) t o  g i v e  t h e  n e t  r e a c t i o n  r a t e  i n  te rm s  

o f  a lo n e  :

However,  t h e  q u e s t i o n  s t i l l  r e m a in s :  How does  th e  Lindemann

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

r e a c t i o n s  a t  h ig h  p r e s s u r e s  and t h e i r  s ec o n d  o r d e r  b e h a v i o r  

a t  low p r e s s u r e s ?



To h e l p  e x p l a i n  t h i s  phenomenon, E q u a t i o n  (11-14) 

w i l l  be r e a r r a n g e d  i n t o  t h e  f o l l o w i n g  form:

( " - " I

where :  = k ^ / k ^

Now, a t  h ig h  p r e s s u r e s ,  w i l l  be l a r g e  and  t h e  r a t i o

k ^ /k p  w i l l  be s m a l l  i n  c o m p ar i so n  t o  C ^ / k ^ . T h e r e f o r e ,  t h e  

h ig h  p r e s s u r e  l i m i t i n g  form o f  E q u a t i o n  (11-15) w i l l  be :

which  i s  a f i r s t  o r d e r  r e a c t i o n .  A t  low p r e s s u r e s ,  t h e  t e rm  

k y / k -  w i l l  become much l a r g e r  t h a n  C L /k ,  and  t h e  low p r e s s u r eJj F A u
l i m i t i n g  form w i l l  b e :

(11-17)

a s eco n d  o r d e r  r e a c t i o n .  In  t e s t i n g  f o r  t h e  Lindemann 

mechanism, t h e  f i r s t  o r d e r  r a t e  c o n s t a n t ,  k ^ ,  i s  computed,  

and  i t s  r e c i p r o c a l ' i s  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  C^. 

The r e s u l t  s h o u l d  be a s t r a i g h t  l i n e ,  w h ich  can  be shown 

in  t h e  f o l l o w i n g  way: S in c e

r .  = k„  C. =

kyk C
t h e n  k  = ^  _ (11-18)
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An e q u i v a l e n t  d ev e lo p m en t  i n  s t a t i s t i c a l  m e c h a n ic a l  te rm s  

has  b een  made by H inshe lw ood  (H I ) .  Both  L in d em an n ' s  and 

H in s h e l w o o d ' s  t r e a t m e n t s  e i t h e r  e x p l i c i t y  o r  i m p l i c i t l y  

assume t h a t  a l l  a c t i v a t e d  m o le c u le s  have  t h e  same p r o b a b i l i t y  

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

w o o d ' s  r e s u l t s  c an  be summarized by  t h e  e q u a t i o n :

^c  ^ 1 + 8 /P  (11-20)

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

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

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

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

Some d e p a r t u r e  from t h e  l i n e a r  r e l a t i o n s h i p  o f  Equa

t i o n  (11-19) a s  i n d i c a t e d  in  F i g u r e  1, b r o u g h t  a b o u t  b a s i c a l l y  

s i m i l a r  r e f i n e m e n t s  i n  t h e  t h e o n y  by  K a s s e l  (K2), R ice  and 

Ram sperger  (R2) and  S l a t e r  ( S I ) . T h e i r  c o n t r i b u t i o n s  con

s i s t e d  o f  a s t a t i s t i c a l  m e c h a n ic a l  d ev e lo p m en t  which  a l l o w e d  

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

l e v e l  o f  t h e  m o l e c u l e .  I n  t h e  n o m e n c l a tu r e  o f  e q u a t i o n  (1 1 - 1 8 ) ,  

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

^ i  (^L^i  ^ ^ e k ^ A  (11-21)
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where  t h e  summation i n c l u d e s  a l l  e n e r g y  l e v e l s  o f  t h e  

a c t i v a t e d  m o le c u le  A*. The h i g h  p r e s s u r e  l i m i t i n g  form 

o f  (11-21) f o l l o w i n g  t h e  d e r i v a t i o n  in  E q u a t i o n s  (11-14) 

t o  (11-16)  becomes:

k .  = S  (k^) . (kg) , (1 1 -2 2 )

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

a rg u m e n ts  o f  K a s s e l ,  R ice  and  Ram sperger  o r  S l a t e r  a r e  v e r y  

l e n g t h y ,  t h e  r e s u l t s  o f  K a s s e l ' s  work w i l l  be  p r e s e n t e d  

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

m e n t s .  K a s s e l  found  t h e  f o l l o w i n g  r e l a t i o n  be tw een  t h e  r a t e  

c o n s t a n t  a t  p r e s s u r e  P and  t h e  r a t e  c o n s t a n t  r e f e r r e d  t o  

i n f i n i t e  p r e s s u r e :

M P)  = k .  /
O S - 1  , \ S - 1

X (x+E^) '

D =
r(S) (RT)®

20w here :  N -  6x10 P / ( R 2T),  m o l e c u l e s /  cc

A = f r e q u e n c y  f a c t o r ,  m o l e c u l e s / s e c  

a  = c o l l i s i o n  d i a m e t e r ,  cm 

R = 1 .9 8 7  c a l / m o l e - ° K  

R^ = 0 .08205  l i t e r - a t m s / m o l e - ° K  

R^ = 8 .3 1 4  X 10^ g - c m ^ /s e c ^ -m o le - ° K
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r "  X " - i g xr  = gamma f u n c t i o n ,  r { n )  = j
o

S = e f f e c t i v e  number o f  o s c i l l a t o r s  

T = t e m p e r a t u r e ,  °K 

M = m o l e c u l a r  w e i g h t  

Thus ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  r a t i o ,  k / k ^ ,  w i t h  

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

and  t h e  number o f  o s c i l l a t o r s .  The te rm ,  I ( T , P ) ,  w i l l  be 

u s ed  t o  d e n o te  t h e  i n t e g r a l  i n  E q u a t io n  ( 1 1 - 2 3 ) ,  i . e . :

K T . P )  = (11-24 ,

°  (x+E^)

T e s t i n g  o f  t h e  t h e o r y  i s  a c c o m p l i s h e d  by  p l o t t i n g  Sn (k /k^)  

a g a i n s t  &(P) t o  o b t a i n  t h e  c u rv e  shown i n  F i g u r e  2.

For  t h e  c y c l o p r o p a n e  i s o m e r i z a t i o n .  S l a t e r  has  

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

a c t i o n  from a v i b r a t i o n a l  a n a l y s i s  o f  t h e  m o l e c u l e .  Using  

b o t h  a  c l a s s i c a l  ha rm onic  o s c i l l a t o r  model (52) and a quantum 

harmonic  o s c i l l a t o r  model (5 3 ) ,  S l a t e r  was a b l e  t o  p r e d i c t  

t h e  c h a r a c t e r i s t i c  shape  o f  t h e  c u rv e  i n  F i g u r e  2 .

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

p ro p a n e  i s o m e r i z a t i o n  r e a c t i o n  have e x p r e s s e d  t h e i r  r e s u l t s  

i n  t e rm s  o f  t h e  p r e s s u r e  i n d e p e n d e n t  r a t e  c o n s t a n t ,  k ^ .

In  d e t e r m i n i n g  t h e  d ependence  o f  k^ on t e m p e r a t u r e ,  a l l  

i n v e s t i g a t o r s  have c h o sen  t h e  A r r h e n i u s  form:

k = A^ exp ( -% /R T )  (11-25)
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F i g u r e  2.  C h a r a c t e r i s t i c  Curve o f  K a s s e l ,  e t c .
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I t  i s  i n t e r e s t i n g  t o  i n v e s t i g a t e  t h e  r e s t r i c t i o n s  p l a c e d  

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

S l a t e r  (SI) has  found  t h e  f o l l o w i n g  r e s t r i c t i o n s  ( i m p l i c a 

t i o n s )  imposed b y  th e  A r r h e n i u s  form on t h e  c l a s s i c a l  h a r 

monic o s c i l l a t o r  m ode ls ;

(1) The minimum e n e r g y  f o r  d i s s o c i a t i o n  i s  t h e  

A r r h e n i u s  p a r a m e t e r  E^.

(2) The s p e c i f i c  r a t e  f o r  m o l e c u l e s  o f  v e r y  h ig h  

e n e r g y  i s  A, t h e  A r r h e n i u s  f r e q u e n c y  f a c t o r .

(3) The (a v e rag e )  s p e c i f i c  r a t e  must be a p a r t i c u l a r  

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

For  t h e  quantum o s c i l l a t o r  model ,  an  a d d i t i o n a l  r e s t r i c t i o n  

i s  o b s e r v e d :

(4) The o n l y  model g i v i n g  t h e  A r r h e n i u s  r a t e  i s  

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

The u n i m o l e c u l a r  models  o f  K a s s e l ,  R ice  and R am sperge r ,  and 

S l a t e r  r e d u c e  t o  t h e  A r r h e n i u s  form f o r  . However,  

H i n s h e l w o o d ' s d ev e lo p m en t  g i v e s  a somewhat d i f f e r e n t  tem

p e r a t u r e  depen d en ce :

= k^ exp ( -b^)  fb^^  ^Xn-1) 1 + b^'^ ^ / ( n - 2 ) !

+ . . .  + 1 }  (11-26) 

where  b̂  ̂ = E^/RT

Ej  ̂ and  E^ can  be r e l a t e d  b y  th e  f o l l o w i n g  e q u a t i o n :

E^ = E ^ / [ l  + ( n - l ) / b ^  + . . .  ( n - l ) ! / b ^ "

(11-27)
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E f f e c t  o f  T e m p e ra tu re  on t h e  R a te  C o n s t a n t  

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

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

e q u a t i o n :

k = A exp  (-E^/RT)

o r  i n  d i f f e r e n t i a l  form:

I I  = k E ^ R T ^  (11-32)

50n (k) _ ^
Ô (1/T) " R

(11-38)

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

s u r e ,  k ^ ,  has  a l s o  been  a d e q u a t e l y  r e p r e s e n t a t e d  by  t h e  

A r r h e n i u s  e q u a t i o n .

E f f e c t  o f  P r e s s u r e  on t h e  R a te  C o n s t a n t

The e f f e c t  o f  p r e s s u r e  on t h e  s p e c i f i c  r a t e  c o n s t a n t  

can  be p r e d i c t e d  from t h e  u n i m o l e c u l a r  r e a c t i o n  models  o f  

K a s s e l  ( K l ) , R ice  and  Ram sperger  (R2) , o r  S l a t e r  ( S I ) , The 

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

i n  p r e s s u r e  a s  shown i n  F i g u r e  2.

W hile  t h e  " f a l l  o f f "  c u r v e s  o f  K a s s e l ,  e t c .  have 

been  v e r i f i e d  a t  p r e s s u r e s  be low one a tm o s p h e r e ,  t h e r e  i s  

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

t h e s e  c h a r a c t e r i s t i c  c u r v e s  a r e  i n a d e q u a t e  i n  e x p r e s s i n g  

t h e  dep en d en cy  o f  t h e  r a t e  c o n s t a n t  on p r e s s u r e .  The r e a s o n s
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f o r  t h i s  v iew  w i l l  be b r i e f l y  d i s c u s s e d  be low .

In  t h e  dev e lo p m en t  p r e s e n t e d  by  K a s s e l ,  t h e  p r e s s u r e  

d e p en d en cy  o f  t h e  r a t e  c o n s t a n t  i s  t h e o r i z e d  t o  come from an 

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

b e tw een  a c t i v a t e d  m o l e c u l e s  and  r e a c t a n t  m o l e c u l e s .  T h a t  

t h i s  e f f e c t  i s  pa ram ount  a t  low p r e s s u r e s  i s  shown by  th e  

a g re e m e n t  be tw een  t h e o r e t i c a l  p r e d i c t i o n s  o f  r a t e  c o n s t a n t  

v a r i a t i o n  w i t h  p r e s s u r e  and  e x p e r i m e n t a l  o b s e r v a t i o n s .  How

e v e r ,  a t  h i g h e r  p r e s s u r e s ,  t h e  r e a c t i o n  s y s t e m  c h an g e s  from 

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

n o n - i d e a l  g a s e s .  The e f f e c t  o f  t h e s e  n o n - i d e a l i t i e s  have 

n o t  been  c o n s i d e r e d  by t h e  t r e a t m e n t s  o f  K a s s e l ,  e t c .

Q u a n t i t a t i v e l y ,  t h e s e  " n o n - i d e a l "  e f f e c t s  c an  be 

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

b u t  w i t h  a new i n t e r p r e t a t i o n  g i v e n  t o  t h e  t r a n s m i s s i o n  

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

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

a c t i v a t e d  s p e c i e s  wh ich  become p r o d u c t s  t o  t h e  number o f  

a c t i v a t e d  s p e c i e s  w h ich  a r e  p r o c e e d i n g  to w ard  t h e  p r o d u c t  

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

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

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

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

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

c o e f f i c i e n t  i s  c o n s i d e r e d  t o  be  t h e  r a t i o  b e tw een  t h e  

number o f  a c t i v a t e d  m o le c u le s  a t  some p r e s s u r e ,  P, and  th e
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e q u i l i b r i u m  number o f  a c t i v a t e d  m o l e c u l e s  a v a i l a b l e  a t  some 

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

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

ments  o f  K a s s e l ,  e t c .  make t h i s  a s s u m p t i o n  and E q u a t i o n  

( 1 1 - 2 3 ) ,  i n  e f f e c t ,  becomes t h e  t r a n s m i s s i o n  c o e f f i c i e n t .

The "new" ( a t  l e a s t  i n  i n t e r p r e t a t i o n )  a b s o l u t e  r e a c t i o n  

r a t e  t h e o r y  becomes:

K T
= I ( T , P )  - f  -  K* (11-32)

where  I ( T , P )  i s  d e f i n e d  by  E q u a t i o n  (11-24) a l l  o t h e r  t e rm s  

r e m a i n i n g  as  i n  E q u a t i o n  ( I I - B ) .

The e f f e c t  o f  p r e s s u r e  on t h e  r a t e  c o n s t a n t  a t  

e i t h e r  h i g h  o r  low p r e s s u r e s  can  be p r e d i c t e d  from E q u a t i o n  

(11-32) by  d i r e c t  d i f f e r e n t i a t i o n :

K T
k^ = I ( T ,P )  + 0nK* + Sm —

3 0n k ^

3 Pm "T

Ô I ( T , P )

3 P

•

+
T

3 & K *

3P
(11-33)

Now, K* can  be  e x p r e s s e d  in  t h e  f o l l o w i n g  manner u t i l i z i n g  

t h e  Lewis f u g a c i t y  r u l e :

* _  x * f *  _  X *  f *  

^A

or K* = K* f à
f  f*

f*

(11-34)

where  i s  t h e  p r e s s u r e  i n d e p e n d e n t  f u g a c i t y  e q u i l i b r i u m  c o n s t a n t .
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f*  i s  t h e  f u g a c i t y  o f  t h e  a c t i v a t e d  s p e c i e s  and f ^  i s  th e  

f u g a c i t y  o f  t h e  r e a c t a n t .  I n  te rm s  o f  E q u a t i o n  ( 1 1 - 3 4 ) ,  

E q u a t io n  (11-33)  becomes:

p - -

r v f
Ô07! I ( T , P )

+
T

( f ^ / f * )

ÔP T ÔP âP U  J
(11-35)

S in c e  f u g a c i t y  i s  d e f i n e d  in  th e  f o l l o w i n g  manner:

RT d(& f)  = VdP

where  V i s  t h e  m o la r  volume, t h e n  E q u a t i o n  (11-35)  can  be 

w r i t t e n  a s :

Ô k^ Ô & I ( T ,P ) v * -v ^

ÔP T ÔP T RT
(11-36)

where V* i s  t h e  m o la r  volume o f  t h e  a c t i v a t e d  s p e c i e s  and 

i s  th e  m o la r  volume o f  t h e  r e a c t a n t .  E q u a t i o n  (11-36) i s  

th e  f i n a l  e q u a t i o n  r e l a t i n g  th e  change  in  t h e  r a t e  c o n s t a n t  

w i t h  p r e s s u r e .

The s t a t i s t i c a l  m e c h a n ic a l  t h e o r i e s  o f  K a s s e l ,  R ice  

and R am sperge r ,  and S l a t e r  assume t h a t  t h e  e f f e c t  o f  p r e s s u r e  

on th e  r a t e  c o n s t a n t  i s  due t o  a d i s p l a c e m e n t  from e q u i l i b r i u m  

o f  t h e  a c t i v a t e d  m o l e c u l e s .  Thus ,  th e  l a s t  t e rm  i n  E q u a t io n  

(11-36)  i s  z e r o  and t h e i r  e q u a t i o n  which  r e l a t e s  th e  r a t e  

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

(1 1-3 7 )
r " •

9071 k^ 9071 I ( T , P )

ÔP
“ T 9P
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The a b s o l u t e  r e a c t i o n  r a t e  t h e o r y ,  on t h e  o t h e r  h and ,  assumes 

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

K*, i . e . ,  t h a t  t h e  p r e s s u r e  dependence  o f  t h e  r a t e  c o n s t a n t  i s :

èên k.
3P

V*-VA
RT (11-38)

c an  be found  by n u m e r i c a l  d i f f e r -The te rm

e n t i a t i o n  o f  v a l u e s  o b t a i n e d  from E q u a t i o n  (11-24) . The r e 

s u l t  i s  a c u r v e  s i m i l a r  t o  t h e  one shown in  F i g u r e  3 be low .  

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

/O j

P

F i g u r e  3. P l o t  o f  [ô ên I ( T , P ) / ô p ]  v e r s u s  P.
T

i n c r e a s i n g  p r e s s u r e ,  becoming v e r y  s m a l l  a t  p r e s s u r e s  above 

30 a t m o s p h e r e s .  The s ec o n d  t e r m  t o  t h e  r i g h t  o f  t h e  e q u a l i t y .

V*-VA
RT , c an  o n l y  be r o u g h l y  e s t i m a t e d  s i n c e  v a l u e s  o f  V*,

t h e  m o la r  volume o f  t h e  a c t i v a t e d  complex,  a r e  n o t  known. 

However,  i t  seems r e a s o n a b l e  t o  assume t h a t  b e c a u s e  t h e  

a c t i v a t e d  complex i s  s i m i l a r  t o  t h e  r e a c t a n t ,  e x c e p t  f o r
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some s t r e t c h i n g  o f  a c r i t i c a l  bond ( see  G o n ik b e rg  (Gl) p .  

77 ) ,  t h a t  i t s  m o la r  volume i s  g r e a t e r  t h a n  t h e  r e a c t a n t .  

T h e r e f o r e ,  t h i s  t e r m  i s  p r o b a b l y  a s m a l l  p o s i t i v e  number 

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

A t  low p r e s s u r e s ,  t h e  f i r s t  t e r m  w i l l  be much l a r g e r  

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

t i o n  (11-36) and  t h e  r a t e  c o n s t a n t  w i l l  i n c r e a s e  w i t h  i n 

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

second  t e r m  s h o u l d  p r e d o m in a te  t h e  e q u a t i o n  ( th e  f i r s t  t e rm  

a p p r o a c h e s  z e r o  a t  h i g h  p r e s s u r e s )  and  t h e  r a t e  c o n s t a n t  

w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e .  A t  some p r e s s u r e ,  

P^,  t h e  r a t e  c o n s t a n t  w i l l  show a maximum v a l u e  a s  t h e  two 

te rm s  i n  E q u a t i o n  (11-36) c a n c e l  and  t h e  d e r i v a t i v e  w i t h  

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

The i m p l i c a t i o n s  o f  t h i s  d e v e lo p m en t  on t h e  r a t e  

c o n s t a n t  a t  i n f i n i t e  p r e s s u r e ,  k ^ ,  and  some n u m e r i c a l  r e 

s u l t s  a r e  d i s c u s s e d  in  C h a p t e r  V I I I .

E f f e c t  o f  P r e s s u r e  on t h e  A c t i v a t i o n  E n e rg y  

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

E^, can be found  u s i n g  t h e  A r r h e n i u s  fo rm f o r  t h e  r a t e  con 

s t a n t  :

k^  = A exp (-E^/RT)

k  = & A -  Eg/RT

a t  any  p r e s s u r e ,  P, E^ can  be  found  from:
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Eo (P)
R [ ^  (P, T^.) -  0m k^(P ,T]^ )]  (11-39)

= [ ( i / T ^ )  -  ( l / T g ) ]

a t  low p r e s s u r e s  (below 2 a tm o s p h e r e s )  where  E q u a t i o n  (11-32) 

v a r i e s  i n s i g n i f i c a n t l y  (see  C h a p t e r  V I I I )  from E q u a t i o n  (11-34) 

t h e  p r e s s u r e  dependence  o f  t h e  a c t i v a t i o n  e n e r g y  can  be more 

e a s i l y  computed by  u s i n g  t h e  f o l l o w i n g :

R Ô071 (k^) 
®o 9 (1/T)

k  = k  X I ( T , P )  c 03

-R 9071 (k. ) R 90m [ I ( T , P )  ]

®o ~ 9 (1/T) a (1 /T )

p -  p -, R 8071 [ I ( T , P ) 1  
^0 -  9 (1/T) (11-40)

H ere ,  E^ i s  t h e  h y p o t h e t i c a l  " i n f i n i t e "  p r e s s u r e  a c t i v a t i o n  

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

k  = A exp  (-E /RT)CO CO ' fn' ' (11-41)

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

shown i n  F i g u r e  4 .

0
W

P

F i g u r e  4 .  E f f e c t  o f  P r e s s u r e  on A c t i v a t i o n  Energy.



CHAPTER I I I

REVIEW OF PREVIOUS WORK

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

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

r e a c t i o n .  P a s t  i n t e r e s t  i n  th e  r e a c t i o n  has  been  p r i m a r i l y  

t h e  r e s u l t  o f  two c o n s i d e r a t i o n s  : (1 ) t h e  homogeneous gas

phase  r e a c t i o n  i s  one o f  t h e  few e l e m e n t a r y  u n i m o l e c u l a r  

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

mechanisms and (2 ) t h e  r e a c t i o n  i s  u s e f u l  i n  t e s t i n g  t h e  

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

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

T r a u t z  and  W in k le r  (Tl) i n  1922 made th e  f i r s t  

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

At t h e  t im e  o f  t h e  T r a u t z  and W in k le r  i n v e s t i g a t i o n ,  t h e  

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

d e v e lo p e d ,  and  t h e  need  f o r  a s t u d y  o f  r a t e  c o n s t a n t  d ep en 

dence  on p r e s s u r e  was n o t  a p p a r e n t .  T h e i r  e x p e r i m e n t s  were 

c o n d u c te d  a t  a p p r o x i m a t e l y  75 .5  cm o f  m e rc u ry  and i n  the  

t e m p e r a t u r e  r a n g e  o f  350 t o  550°C. The r e a c t i o n  was accom

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

o r  p o r c e l a i n  t u b e s .  They found  t h e  r e a c t i o n  t o  be homogeneous 

and  o f  f i r s t  o r d e r ,  b u t  some s u r f a c e  c a t a l y s i s  was i n d i c a t e d

23



24

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

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

t o  b e :  h y d ro g e n ,  c a r b o n ,  methane ,  e t h y l e n e  and p r o p y l e n e .

The work o f  T r a u t z  and W in k le r  has  been  c r i t i c i z e d  by  K a s s e l  

(Kl) and Chambers and K i s t i a k o w s k y  (Cl) b e c a u s e  a r e a c t i o n  

p r e h e a t e r  was n o t  u s e d .  The a c t i v a t i o n  e n e r g i e s  o f  6 3 .9  t o  

5 5 .0  k i l o c a l o r i e s  p e r  mole ,  f o r  t h e  t e m p e r a t u r e  r a n g e  o f  

550 t o  650°C, a r e  r e a s o n a b l y  c l o s e  t o  v a l u e s  r e p o r t e d  by 

l a t e r  i n v e s t i g a t o r s ,  b u t  t h e i r  f r e q u e n c y  f a c t o r  o f  1 x 10^^ 

was much t o o  low.

Chambers and K i s t i a k o w s k y  (Cl) were  t h e  f i r s t  t o  

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

i s o m e r i z a t i o n  o f  c y c l o p r o p a n e .  A t  4 9 9 . 5°C t h e i r  f i r s t - o r d e r  

r a t e  c o n s t a n t  was o b s e r v e d  t o  d e c r e a s e  4 3 .5  p e r c e n t  upon 

d e c r e a s i n g  th e  p r e s s u r e  from 70 .26  t o  1 .2 7  cm o f  m e rc u ry .  

V a lu es  o f  k^ were  o b t a i n e d  by  f i n d i n g  th e  1 / k  i n t e r c e p t  in  

a p l o t  o f  1 / k  v e r s u s  1 /P .  The k^ v a l u e s  were f i t t e d  t o  t h e  

A r r h e n i u s  e q u a t i o n ,  w i t h  th e  f o l l o w i n g  p a r a m e t e r s :

l o g  (k . )  = 15 .17

where T i s  d e g r e e s  K e lv in ,  k i s  i n  s e c   ̂ and R = 1 .9 8 7 mole-°K

Chambers and  K i s t i a k o w s k y  a l s o  found  t h a t  by c h o o s in g  3 .9  

X 10 ^ cm a s  t h e  c o l l i s i o n  d i a m e t e r  and t h i r t e e n  as  th e  

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

k / k ^  were  in  c l o s e  ag reem en t  w i t h  th e  v a l u e s  o f  k / k ^  com

p u t e d  from t h e  e q u a t i o n s  d e r i v e d  by  K a s s e l  (K 2) .
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D e s p i t e  t h e  overwhelming  e v i d e n c e  o f  u n i m o l e c u l a r  

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

i n  t h e  Chambers and K i s t i a k o w s k y  i n v e s t i g a t i o n .  C o r n e r  and  

P ease  (C3) a t t e m p t e d  t o  d e m o n s t r a t e ,  t h r o u g h  t h e  e f f e c t  o f  

added  g a s e s ,  t h e  e x i s t e n c e  o f  a c h a i n  mechanism f o r  t h e  i s o 

m e r i z a t i o n .  T h e i r  mechanism was b a s e d  on t h e  f o r m a t i o n  o f  a 

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

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

t h e  r a t e  may e i t h e r  i n c r e a s e  o r  d e c r e a s e  i n  t h e  c a s e  o f  a 

c h a i n  mechanism. However, i n  t h e  C o rn e r  and  Pease  mechanism 

no change was e x p e c t e d .  The added  g a s e s  were  h y d ro g en ,  

e t h y l e n e ,  p r o p y l e n e  and  n - b u t a n e .  W ith  e x c e p t i o n  o f  decompos

i n g  n - b u t a n e ,  w h ich  a c c e l e r a t e d  t h e  r e a c t i o n ,  t h e  added  g a s e s  

had l i t t l e  e f f e c t  and  t h e  r e s u l t s  were  i n c o n c l u s i v e .

A lm os t  a decade  p a s s e d  b e f o r e  d e c i s i v e  r e s u l t s  were  

r e p o r t e d  on t h e  e f f e c t s  o f  added  g a s e s .  A c l e a r  c u t  r e s t o r a 

t i o n  o f  t h e  f i r s t - o r d e r  r a t e  c o n s t a n t  was d e m o n s t r a t e d  by 

P r i t c h a r d ,  Sowden and  T ro tm a n -D ick e n so n  (P3) when a number 

o f  g a s e s  were  added  t o  c y c l o p r o p a n e  a t  an i n i t i a l  p r e s s u r e  o f  

0 .0 1  t o  0 .1  cm o f  m e r c u r y .  T h e i r  r e s u l t s  were  o f  s u f f i c i e n t  

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

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

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

e x t e n d e d  t o  a much low er  r e g i o n  i n  t h e  work o f  P r i t c h a r d  

e t  a l . ,  ample  d a t a  were  a v a i l a b l e  t o  S l a t e r  (S2) t o  p e r m i t  

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

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

sy s te m .  Two models  w ere  p ro p o s e d ;  i n  t h e  f i r s t ,  t h e  r e a c t i o n  

was assumed t o  o c c u r  when v i b r a t i o n  c a r r i e d  a hydrogen n e a r  a 

c a r b o n  i n  a n o t h e r  m e th y le n e  g ro u p ;  w h i l e  i n  t h e  second  model,  

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

o f  a c a r b o n - c a r b o n  bond .  S l a t e r ' s  t h e o r y  f e l l  s h o r t  o f  p r e 

d i c t i n g  t h e  e x p e r i m e n t a l l y  o b s e r v e d  f r e q u e n c y  f a c t o r  (4 x 10^^ 

t h e o r e t i c a l  v e r s u s  15 x 10^^ e x p e r i m e n t a l ) . However,  two 

i m p o r t a n t  p o i n t s  w ere  e s t a b l i s h e d :  (1 ) t h e  shape  o f  t h e  l o g  -

(k /k^)  v e r s u s  l o g  (P) c u rv e  was c o n f i r m e d  w i t h o u t  th e  u s e  o f  

any  a r b i t r a r y  p a r a m e t e r s  and (2 ) t h e  hyd rogen  m i g r a t i o n  model 

gave r e s u l t s  w h ich  were  in  c l o s e r  a g r e e m e n t  w i t h  e x p e r i m e n t a l  

o b s e r v a t i o n s .  A l th o u g h  n o t  e n t i r e l y  due t o  t h i s  s t u d y ,  t h e  

hydrogen  m i g r a t i o n  mechanism has  become t h e  g e n e r a l l y  a c c e p t e d  

mechanism.

L a n g r i s h  and  P r i t c h a r d  (LI) i n  s t u d y i n g  th e  e f f e c t  o f  

t e m p e r a t u r e  on t h e  p l o t  o f  l o g  (k /k^ )  v e r s u s  l o g  (P) found 

t h e  h i g h  p r e s s u r e  r a t e  c o n s t a n t  t o  be r e p r e s e n t e d  by:

l o g  (k ) = 1 5 .8 5  - 2 .3 0 3  RT

They o b s e r v e d  no change  in  t h e  c u rv e  w i t h  t e m p e r a t u r e ,  as  

t h e i r  d a t a  a t  483 and 505°C c o u l d  n o t  be d i s t i n g u i s h e d  

from p r e v i o u s  d a t a  a t  491°C ( P 3 ) .

I n  1959, S l a t e r  (81) p r e s e n t e d  a  quantum harmonic  

o s c i l l a t o r  model t o  e x p l a i n  t h e  t e m p e r a t u r e  dependence  of
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u n i m o l e c u l a r  r a t e  c o n s t a n t s .  However,  F a l c o n e r ,  H u n te r  and 

T r o tm a n - D ic k e n s o n ' s (P i)  r e s u l t s  a g r e e d  more c l o s e l y  w i t h  t h e  

A r r h e n i u s  form t h a n  w i t h  S l a t e r ' s  m ode l .  The e x p e r i m e n t s  o f  

F a lc o n e r ,  e t  a l . w ere  d e s i g n e d  t o  y i e l d  d a t a  o f  s u f f i c i e n t  

p r e c i s i o n  t o  t e s t  t h e  S l a t e r  t h e o r y .  T h e i r  ru n s  were  c o n 

d u c t e d  a t  30 cm o f  m e rc u ry  i n  t h e  t e m p e r a t u r e  r a n g e  f rom 

420 t o  535°C. T h e i r  r e s u l t s  a r e  summarized  in  t h e  e q u a t i o n :

l o g  (kgg) = 1 5 .296  -  2 .3 0 3  r t

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

found:

l o g  = 15 .45  -  2 .3 0 3  RT

Kennedy and  P r i t c h a r d  (K3) e x t e n d e d  th e  low p r e s s u r e

r e g i o n  o f  t h e  t h e r m a l  i s o m e r i z a t i o n  o f  c y c l o p r o p a n e  t o  6 x 10  ̂

cm o f  m e rc u ry .  I t  was t h e i r  p u rp o s e  t o  o b s e r v e  t h e  change  in

r e a c t i o n  k i n e t i c s  a s  t h e  mean f r e e  p a t h  o f  t h e  m o le c u le s  a p 

p r o a c h e d  t h e  d im e n s io n s  o f  t h e  r e a c t i o n  v e s s e l .  A t 490°C 

and 10  ̂ cm o f  m e rc u ry ,  t h e  r e a c t i o n  became f i r s t - o r d e r  a g a i n ,  

where  t h e  mean f r e e  p a t h  was a p p r o x i m a t e l y  7 cm, compared  w i t h  

t h e  v e s s e l  d i a m e t e r  o f  13 cm. The r e t u r n  t o  f i r s t  o r d e r  

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

o f  t h e  r e a c t i o n  v e s s e l ,  r a t h e r  t h a n  i n  t h e  gas  p h a s e ,  became 

t h e  p r i m a r y  s o u r c e  o f  a c t i v a t i o n .  Kennedy and P r i t c h a r d  r e 

p o r t e d  an a c t i v a t i o n  e n e r g y  o f  57 .2  ± 2 k i l o c a l o r i e s  a t  a 

p r e s s u r e  o f  8 x lO"^ cm o f  m ercu ry  (0 .0000105  a t m ) .
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Davis  a n d  S c o t t  (D2) e x t e n d e d  t h e  t e m p e r a t u r e  r a n g e  

o f  r e l i a b l e  d a t a  t o  62 0°C. T h e i r  m easurem ents  were  a t  a tm o s 

p h e r i c  p r e s s u r e  and  were  c o n d u c t e d  in  a Pyrex  g l a s s ,  f lo w -  

ty p e  r e a c t o r .  They r e p o r t e d  an a t m o s p h e r i c  p r e s s u r e  r a t e  

c o n s t a n t  o f :

ên(k^) = 36 .1923  -

Upon com bin ing  t h e i r  d a t a  w i t h  t h a t  o f  p r e v i o u s  i n v e s t i g a 

t o r s  (cl,  C3, L 5 ) , t h e y  o b t a i n e d  t h e  f o l l o w i n g  r e l a t i o n  o f  

t o  t e m p e r a t u r e :

&(k^) = 35 .431  -

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

o f  c y c l o p r o p a n e  was c o n d u c te d  by  P i p k i n  ( P 2 ) . P i p k i n  was 

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

s u b s t a n t i a l l y  above a t m o s p h e r i c  (18-137 a t m s ) ; h i s  h ig h  

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

found  by  Dav is  and S c o t t .  P i p k i n ' s  r u n s  were  c o n d u c te d  

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

r e a c t o r .  H is  r e s u l t s  show, beyond r e a s o n a b l e  d o u b t ,  t h e  

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

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

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

p r e s s u r e .  Th is  e f f e c t  i s  shown i n  F i g u r e  5.  P o s s i b l e  

e x p l a n a t i o n s  f o r  t h i s  e f f e c t  were  h y p o t h e s i z e d  t o  be : (1 )

u n d e t e c t e d  p o l y m e r i z a t i o n  o r ,  (2 ) n o n - i d e a l  b e h a v i o r  a t  t h e  

h i g h  r e a c t i o n  p r e s s u r e s .
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k PIPKIN’S RESULTS

“̂ PREDICTIONS OF 
KASSEL, ETC.

P

F i g u r e  5.  P l o t  o f  l / k ^  v e r s u s  I / P  Showing t h e  
V a r i a t i o n  o f  P i p k i n ' s  R e s u l t s  from 
T h e o r e t i c a l  P r e d i c t i o n s .
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R e a c t i o n  Mechanism and  K i n e t i c s  

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

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

c u l a r  r e a c t i o n s .  I n  Pyrex  a p p a r a t u s  t h e  r e a c t i o n  has  been  

found  t o  be homogeneous and  a t  a t m o s p h e r i c  p r e s s u r e  t h e  r e 

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

r e a c t i o n  r a t e  t h e o r y ,  t h e  f i r s t  o r d e r  r e a c t i o n  r a t e  con 

s t a n t  shows a p r e s s u r e  dependence  a s  p r e s s u r e  i s  r e d u c e d ,  

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

The r e a c t i o n  mechanism s t u d i e s  can  be d i v i d e d  i n t o  

two p h a s e s :  (1 ) u n i m o l e c u l a r  v e r s u s  f r e e  r a d i c a l  c h a i n

t h e o r y  and (2 ) a f t e r  a c c e p t a n c e  o f  t h e  u n i m o l e c u l a r  c o u r s e ,  

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

gen m i g r a t i o n  o r  o v e r s t r e t c h i n g  o f  a c - c  bond .  S in c e  t h e  

r e a c t i o n  mechanism i s  n o t  t h e  p r i m a r y  i n t e r e s t  i n  t h i s  

i n v e s t i g a t i o n ,  t h e  p a s t  work on s t r u c t u r a l  mechanism w i l l  

be b r i e f l y  r e v i e w e d .

As p r e v i o u s l y  m e n t io n e d .  C o rn e r  and P ease  (C3) p r o 

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

a s  w e l l  a s  t h a t  o f  Chambers and K i s t i a k o w s k y .  C o rn e r  and 

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

fo rmed ,  f o l l o w e d  by  t h e  r e a c t i o n s :

k l
C -» R

k
R -♦ C

R 4  p 

^4R+C 4 2P
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H ere ,  C s i g n i f i e s  c y c l o p r o p a n e ,  R th e  t r i m e t h y l e n e  d i - r a d i c a l  

and  P p r o p y l e n e .  With  t h e  u s u a l  a s s u m p t io n  o f  s t e a d y  s t a t e  

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

c y c l o p r o p a n e  c o n c e n t r a t i o n  becomes:

^3 + 2k^C

By p r o p e r  s e l e c t i o n  o f  t h e  r a t i o ,  k^/Ckg + k^) and k ^ / k ^ .  

C o rn e r  and Pease  w ere  a b l e  t o  show a c o n s t a n t  v a l u e  o f  k^ 

o v e r  t h e i r  p r e s s u r e  r a n g e .  They were  a l s o  a b l e  t o  demon

s t r a t e  t h i s  c o n s t a n c y  f o r  t h e  d a t a  o f  Chambers and K i s t i a 

kowsky by u s i n g  a d i f f e r e n t  r a t i o  f o r  k 3/(%2

S in c e  t h e  a d d i t i o n  o f  an i n e r t  gas  s h o u ld  have no 

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

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

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

d e t e r m i n i n g  t h e  p r o p e r  mechanism.  However,  t h e  i n i t i a l  

p r e s s u r e s  o f  the  C o rn e r  and  Pease  s t u d y  w ere  n o t  low enough 

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

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

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

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

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

a c c e p t e d  v iew t o d a y .

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

o f  c y c l o p r o p a n e .  Chambers and K i s t i a k o w s k y  (Cl) p ro p o se d  

t h e  two s t r u c t u r a l  mechanisms f a v o r e d  by  l a t e r  i n v e s t i g a t o r s .
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I n  t h e  f i r s t ,  a h y d ro g en  " m i g r a t e s "  o r  " d i s p r o p o r t i o n s t e s "  

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

d o u b l i n g  o f  a t h i r d :

H gC/ 2 CH3 CH2

The c l a s s i c a l  v i b r a t i o n a l  a n a l y s i s  o f  S l a t e r  (S2) ha s  f a v o r e d  

t h i s  mechanism. I n  t h e  seco n d  mechanism, t h e  i n i t i a l ,  and 

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

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

x '  \  * y  \  -  X  \
CHj----------------CHj CHj \ : H 2  CH3 CHj

S e v e r a l  i s o t o p e  s t u d i e s  have  b e e n  made i n  an a t t e m p t  

t o  choose  be tween  t h e  two mechanisms ,  L i n d q u i s t  and R o l l e f -  

s o n  (L5) and Weston (W1,W2) have i n v e s t i g a t e d  th e  r e l a t i v e  

r a t e s  o f  i s o m e r i z a t i o n  f o r  c y c l o p r o p a n e  and  c y c lo p r o p a n e  - t ^  

(tj^ = t r i t i u m ) ,  w h i l e  R a b i n o v i n c ,  S c h la g  and  Wiberg (Rl) have 

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

The most r e c e n t  s t u d y  was c o n d u c t e d  by  B la d es  (B3) u s i n g  

c y c l o p r o p a n e  - d g .  As p o i n t e d  o u t  by B l a d e s ,  t h e  r e s u l t s  o f  

t h e s e  s t u d i e s  have n o t  been  c o n c l u s i v e .  S in c e  t h e  a rgum en ts  

by  B lad es  f a v o r i n g  t h e  f i r s t  s t r u c t u r a l  mechanism a r e  v e r y  

c o n v i n c i n g ,  t h e  hydrogen  " m i g r a t i o n "  mechanism i s  g e n e r a l l y  

f a v o r e d  t o d a y .
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C o m p o s i t io n  a t  E q u i l i b r i u m  

P i p k i n  (P2) has  p r e s e n t e d  a c o m p le te  d i s c u s s i o n  

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

The r e s u l t s  o f  h i s  work w i l l  be b r i e f l y  o u t l i n e d .

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

m i x t u r e  a t  e q u i l i b r i u m  can  be found by  u s e  o f  t h e  r e l a t i o n :

Sn { \ )  = - 6G°/RT ( I I I - l )

w here  i s  t h e  c o n c e n t r a t i o n  e q u i l i b r i u m  c o n s t a n t  and  AG° 

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

E q u a t i o n  ( I I I - l )  i s  v a l i d  o n l y  i f  n o n - i d e a l  e f f e c t s  o f  

p r e s s u r e  a r e  n e g l i g i b l e ,  such  as  can  be  e x p e c t e d  a t  t h e  

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

r e a c t i o n .  6G° can  be computed from a knowledge  o f :  (1 )

h e a t  c a p a c i t i e s ,  (2 ) h e a t  o f  r e a c t i o n  a t  one t e m p e r a t u r e ,  

and  (3) v a l u e s  o f  e n t r o p y  a t  one t e m p e r a t u r e .  The d e r i v a 

t i o n  i s  o u t l i n e d  be low:

0 J- tji^

T
^ f  - m °

T I — 5-  dT + I t  ( I X I - 2 )
T^ T

4G° = -  TAS° ( I I I - 4 )

r
âH° = j  aCp°dT + I 2 ( I I I - 5 )

T,
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P i p k i n  found  t h e  f o l l o w i n g  r e l a t i o n  f o r  6G°:

àG° = - 5 . 5 3 2  T & T + 0 .007632  -  1 .5 5 6 5  x lO '^T^

+ 2 5 .8 9  T -  8 9 13 .5  c a l / g - m o l e  ( I I I - 6 )

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

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

u r e  6 i s  a p l o t  o f  & (Kg) v e r s u s  T(°K) c a l c u l a t e d  from Equa

t i o n s  ( I I I - l )  and  ( I I I - 6 ) .

Ranges o f  P r e s s u r e  and  T e m p e ra tu re  

P r i o r  t o  t h e  work o f  P i p k i n ,  t h e  t e r m  " h ig h  p r e s s u r e , "  

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

r e g i o n  o n l y  s l i g h t l y  above  a t m o s p h e r i c  p r e s s u r e .  O b v io u s ly ,  

t h i s  t e r m i n o l o g y  i s  n o t  now a p p l i c a b l e  s i n c e  P i p k i n ’s i n v e s 

t i g a t i o n s  were  p e r f o r m e d  up t o  138 a t m o s p h e r e s  (2000 P S IG ) .

The h i g h e s t  p r e s s u r e  employed p r e v i o u s  t o  t h e  work o f  P i p k i n  

was 91 cm o f  m e rcu ry  i n  t h e  i n v e s t i g a t i o n  o f  C orne r  and P e a s e .  

Most i n v e s t i g a t i o n s  have been  i n  t h e  " i n t e r e s t i n g "  r e g i o n  

f a r  be low a t m o s p h e r i c  p r e s s u r e .

E x c lu d in g  t h e  e a r l y ,  and somewhat u n c e r t a i n ,  work 

o f  T r a u t z  and  W in k le r  and t h e  i s o t o p e  s t u d i e s ,  r e l i a b l e  

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

o b t a i n e d  from 420 t o  620°C.  The g r e a t e s t  r a n g e  o f  t e m p e ra 

t u r e ,  454 t o  593°C, was c o v e r e d  in  P i p k i n s '  i n v e s t i g a t i o n .  

T a b le  1 summarizes  t h e  c y c l o p r o p a n e  i s o m e r i z a t i o n  

s t u d i e s  t o  d a t e .  F i g u r e s  7 and 8 g r a p h i c a l l y  d i s p l a y  t h e  

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

i n v e s t i g a t i o n s .
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TABLE 1
TEMPERATURE AND PRESSURE RANGES OF CYCLOPROPANE 

THERMAL ISOMERIZATION STUDIES

Number Reference Year Pressure 
(a tms)

Temperature
(°C)

1 Trautz and Winkler (Tl) 1922 1 350-650
2 Chambers and Kistiakowsky (Cl) 1934 0.017-1 470-519
3 Corner and Pease (C3) 1945 0.013-1.2 440-520
4 Pritchard, Sowden and Trotman-

Dickenson (Pe) 1952 9.2 X 10~^ 
0.11

470-490
5* Weston (W2) 1955 5.3 X 10 - 

0.92
406-492

6* Lindquist and Rollefson (L5) 1956 0. 21-0.27 447-555
7* Rabinovich, Schlag and Wibert (Rl) 1958 0.02 414-474
8 Langrish and Pritchard (LI) 1958 --- 483-505
9 Falconer, Hunter and Trotman-

Dickenson (Fl) 1961 0.395 420-535
10* Blades (B3) 1961 2.3 X  10 - 

1.0 ,
407-514

11 Kennedy and Pritchard (K3) 1963 0.79 X 10 ° 
0.92 X  10

477-517
12 Davis and Scott (D2) 1964 — - 1.0 546-620
13 Pipkin (P2) 1964 18-137 454-593
14 This Investigation 1968 0.395-137 454-538

OJCTl

*Isotope studies.
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Types o f  A p p a r a t u s  

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

s t u d i e s  have b een  c o n d u c te d  i n  b a t c h  t y p e  a p p a r a t u s  c o n 

s t r u c t e d  o f  P y rex  g l a s s .  Flow r e a c t o r s  have  b een  u s e d  in  

o n l y  t h r e e  i n s t a n c e s ;  i n  t h e  e a r l y  work o f  T r a u t z  and  

W i n k l e r ,  i n  t h e  r e c e n t  work o f  D av is  and  S c o t t ,  and  in  

t h e  m os t  r e c e n t  work o f  P i p k i n .  As p r e v i o u s l y  m e n t io n e d ,  

t h e  work o f  T r a u t z  and W in k le r  was c r i t i c i z e d  b e c a u s e  o f  

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

Flow r e a c t o r s  w ere  n o t  u s e d  e x t e n s i v e l y  by  e a r l y  

i n v e s t i g a t o r s  b e c a u s e  t h e i r  f low  dynamics  were  n o t  w e l l  

u n d e r s t o o d .  Many i n v e s t i g a t o r s  employed r e a c t o r s  o f  low 

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

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

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

i n s t a n c e s ,  p l u g  f lo w  has b een  e r r o n e o u s l y  assum ed .  The 

p l u g  f low  a s s u m p t io n  i s  v a l i d  f o r  t h e  s t u d i e s  o f  Davis  and 

S c o t t  and  P i p k i n ,  In  Appendix  B th e  e f f e c t  o f  r a d i a l  and 

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

on t h e  r e s i d e n c e  t im e  n o t e d .

A l l  b a t c h  t h e r m a l  i s o m e r i z a t i o n  s t u d i e s  have  been 

c o n d u c t e d  i n  g l a s s  v e s s e l s  o f  some t y p e .  P y rex  g l a s s  has 

been  u s e d  i n  most c a s e s ;  however ,  s i l i c a  g l a s s  and  q u a r t z  

have  b een  u sed  in  some s t u d i e s .  Chambers and  K i s t i a k o w s k y  

and  D av is  and  S c o t t  have  d e m o n s t r a t e d  t h a t  t h e  r e a c t i o n  i s  

homogeneous i n  Pyrex  g l a s s .  S u r f a c e  e f f e c t s  w ere  shown
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t o  be a b s e n t  upon a d d i t i o n  o f  Pyrex  p a c k i n g  t o  t h e  r e a c t o r  

i n  e a c h  c a s e .

Gold  was i n t r o d u c e d  a s  a s u i t a b l e  r e a c t o r  m a t e r i a l  

by  P i p k i n .  His  r e a c t o r  c o n s i s t e d  o f  a g o l d  t u b e  (o r  l i n i n g )  

m e c h a n i c a l l y  bonded  t o  an o u t e r  s t a i n l e s s  s t e e l  t u b e .  T h i s  

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

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

p ro d u c e  s i g n i f i c a n t  c y c l o p r o p a n e  i s o m e r i z a t i o n  (5 0 0 °C ) , 

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

P i p k i n ' s  r e a c t o r  d e s i g n  opened  a new a r e a  f o r  t h e  i s o m e r i z a 

t i o n  s t u d y .



CHAPTER IV 

DESCRIPTION OF EXPERIMENTAL APPARATUS^

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

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

work o f  T r a u t z  and W in k le r  (Tl)  and t h e  most r e c e n t  i n v e s t i 

g a t i o n s  o f  Davis  and S c o t t  (D2) and P i p k i n  ( P 2 ) , have  been 

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

made by P i p k i n  (P2) h av e  m a t e r i a l s  o t h e r  t h a n  g l a s s  o r  q u a r t z  

b een  u sed  s u c c e s s f u l l y  f o r  t h e  r e a c t o r .  Flow sys tem s  f e l l  

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

p l u g  f lo w  and c e r t a i n  " s t r e a m i n g "  phenomena which o c c u r  a t  

r e d u c e d  p r e s s u r e s .  However,  t h e  work o f  Davis  and S c o t t  

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

P i p k i n ' s  s t u d y  d e m o n s t r a t e d  t h e  f a c i l i t y  o f  a f low  sys tem  

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

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

c y c l o p r o p a n e .

I n  t h i s  i n v e s t i g a t i o n ,  t h e  t h e r m a l  i s o m e r i z a t i o n  

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

equ ipm en t  i n d i c a t e d  i n  t h e  p r o c e s s  f low  d ia g ra m  o f  F i g u r e  9.
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T h e  p r o c e s s  i n v o l v e d  f l o w i n g  p u r e  c y c l o p r o p a n e  f r o m  

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

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

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

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

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

s y s t e m .  F o r  f u r t h e r  d i s c u s s i o n ,  t h e  e q u i p m e n t  m ay b e  c o n 

v e n i e n t l y  d i v i d e d  i n t o  f o u r  s e c t i o n s ;  (1 )  f e e d  s y s t e m ,

(2) p r e h e a t e r  and r e a c t o r  sy s te m ,  (3) p r o d u c t  s y s t e m  and

(4) a u x i l i a r i e s .  The a n a l y t i c a l  equ ipm en t  u s e d  t o  a n a l y z e  

t h e  r e a c t a n t s  and p r o d u c t s  i s  d i s c u s s e d  i n  C h a p t e r  V I .

Feed  System

The main components  o f  t h e  f e e d  sy s te m  were  t h e  c y c l o 

p ro p a n e  s t o r a g e  drum, n i t r o g e n  p r e s s u r i z i n g  sy s te m ,  run  t a n k  

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

v a l v e .  F i g u r e  10 shows a more d e t a i l e d  v iew o f  t h e  f e e d  

sy s te m .

The s t o r a g e  drum was c o n s t r u c t e d  from a 142 .2  cm 

( 5 6 - in c h )  l e n g t h  o f  20 .3  cm (8- i n c h ) ,  S c h e d u le  80,  c a r b o n  

s t e e l  p i p e  and two 20 .3  cm (8- i n c h ) , S c h e d u le  40 ,  c a r b o n  

s t e e l  p i p e  c a p s .  C a p a c i t y  o f  t h e  s t o r a g e  t a n k  was a p p r o x i 

m a te ly  8 2 .3  l i t e r s .  Due t o  t h e  p o t e n t i a l  h a z a r d s -  o f  s t o r i n g  

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

c y c l o p r o p a n e  ($10 .50  p e r  l i q u i d  l i t e r ) ,  s e v e r a l  p r e c a u t i o n s  

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

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

v a l v e s  c o n n e c t e d  t o  t h e  s t o r a g e  d ru m  h a d  t h e  U n d e r w r i t e r ' s  

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

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

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

T h e  r u p t u r e  d i s k - r e l i e f  v a l v e  s y s t e m  w a s  u s e d  b e c a u s e  r e l i e f  

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

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

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

w e r e  s e t  t o  r e l i e v e  a t  2 1 .4  a t m o s p h e r e s  (300 P S IG ) . N o r m a l  

s t o r a g e  p r e s s u r e  w a s  13 .5  a t m s ,  6 . 8  a t m s  d u e  t o  t h e  v a p o r  

p r e s s u r e  o f  c y c l o p r o p a n e  a n d  6 . 8  a t m s  f r o m  n i t r o g e n  p r e s s u r i 

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

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

The run  t a n k  was c o n s t r u c t e d  from a 65 cm ( 2 6 - inch)  

l e n g t h  o f  10 .2  cm (nominal  4 - i n c h  ID) ,  Sch ed u le  40 ,  304 s t a i n 

l e s s  s t e e l  p i p e  and two 10 .2  cm (nominal  4 - i n c h  ID ) ,  Schedu le  

40,  304 s t a i n l e s s  s t e e l  end c a p s ,  c a p a c i t y  o f  t h e  ru n  t a n k  

was s l i g h t l y  o v e r  7 .4 8  l i t e r s  l i q u i d .  The run  t a n k  was 

e q u ip p ed  w i t h  a J e r g u s o n  s i g h t  g l a s s ,  t y p e  R-20 .  To p r o v i d e  

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

g l a s s  was e q u ip p e d  w i t h  gauge  v a l v e s  which  c o n t a i n e d  b a l l  

check  v a l v e s  f u n c t i o n i n g  on t h e  e x c e s s  s u rg e  v a l v e  p r i n c i p l e .  

C a l i b r a t i o n  o f  t h e  s i g h t  gauge  r e v e a l e d  an a v e r a g e  i n t e r n a l
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volume o f  2 .8 3 9  ml p e r  cm o f  l e n g t h .  The run  t a n k  was h y d r o -  

s t a t i c a l l y  t e s t e d  t o  171 atms (2500 PSIG) b e f o r e  u s e .

C y c lo p ro p an e  f low ed ,  e i t h e r  u n d e r  n i t r o g e n  p r e s s u r e  

o r  i t s  own v a p o r  p r e s s u r e ,  from t h e  run  t a n k ,  t h r o u g h  a 

s i n t e r e d  m e t a l  f i l t e r ,  s u r g e  check  v a l v e ,  f lo w  r o t a m e t e r  

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

The f l o w  r o t a m e t e r ,  a F i s c h e r  and P o r t e r  Model 10A1700 w i th  

Tube s i z e  02,  was u sed  t o  i n d i c a t e  f lo w  c o n t i n u i t y  d u r i n g  a 

r u n .  As i n s t a l l e d ,  t h e  r o t a m e t e r  had  a s a f e  w ork ing  p r e s s u r e  

o f  2 8 .9  atms (410 P S IG ) . A Brooks  Model 8800, c o n s t a n t  

d i f f e r e n t i a l  f lo w  c o n t r o l l e r  was u sed  i n  s e r i e s  w i t h  a Nupro 

Model "M" n e e d l e  v a l v e  t o  c o n t r o l  c y c l o p r o p a n e  f lo w  r a t e s .

F o r  r u n s  above  29 atms t h e  r o t a m e t e r  and f lo w  c o n t r o l l e r  were 

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

e i t h e r  6 .3 5  mm OD by 3 .1 8  mm ID o r  3 .1 8  mm OD by 1 .5 9  mm ID, 

t y p e  304 s t a i n l e s s  s t e e l  t u b i n g .  C o n n e c t io n s  were  made w i t h  

Ermeto f i t t i n g s .

P r e h e a t e r  and R e a c t o r  S e c t i o n  

C y c lo p ro p an e  from t h e  f e e d  s y s te m  p a s s e d  t h r u  a b a l l  

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

e n t e r i n g  t h e  p r e h e a t e r .  F i g u r e  11 show a more d e t a i l e d  view 

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

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

6 .35  mm OD by 3 .1 8  mm ID, t y p e  316L s t a i n l e s s  s t e e l  t u b e  o f  

457 cm l e n g t h .  T h i s  t u b e  was l i n e d  w i t h  a 0 . 7 6  mm t h i c k n e s s
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o f  g o l d ,  l e a v i n g  an  i n t e r n a l  d i a m e t e r  o f  1 .75 mm. A l l  

c o n n e c t i n g  t u b i n g  which c a r r i e d  h e a t e d  g a s e s  was c o n s t r u c t e d  

s i m i l a r l y .  A f t e r  a p p r o x i m a t e l y  h a l f  o f  t h e  ru n s  had  been  

c o m p le te d ,  t h e  g o l d  i n  t h e  p r e h e a t e r  t u b i n g  " necked"  a t  ' 

s e v e r a l  p o s i t i o n s  i n  t h e  t u b e ;  s u b s e q u e n t l y  a new p r e h e a t e r ,  

c o n s t r u c t e d  from a 3 .18  mm OD by 1 .5 9  mm ID by 457 cm l e n g t h  

o f  t y p e  316 s t a i n l e s s  t u b i n g ,  was i n s t a l l e d  f o r  t h e  r e m a in d e r  

o f  t h e  r u n s .  The p r e h e a t e r  was immersed i n  a c o n s t a n t  tem

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

s h o r t l y .

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

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

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

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

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

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

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

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

a n d  i n s u l a t i o n .

The r e a c t o r  was c o n s t r u c t e d  from a 1 .4  3 cm (9 /16  inch) 

OD by 0 .9 5  cm (3 /8  inch)  ID by 4 8 7 .7  cm (16 f e e t )  l e n g t h  of  

t y p e  316L s t a i n l e s s  s t e e l  t u b i n g .  T h i s  t u b i n g  and t h e  o r i g i n a l  

p r e h e a t e r  t u b i n g  were l i n e d  w i t h  a 0 .7 6  mm t h i c k n e s s  o f  g o ld  

by E n g e l h a r d  I n d u s t r i e s ,  I n c .  The l i n i n g  was a c c o m p l i s h e d  

by f i r s t  i n s e r t i n g  a c o l d  g o l d  s l e e v e  i n t o  s t r a i g h t  l e n g t h s
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o f  t h e  t u b i n g  and t h e n  by p u l l i n g  a " t o r p e d o "  t h r u  t h e  g o ld  

t o  p r e s s  i t  f i r m l y  o n to  t h e  s t a i n l e s s  s t e e l .  As l i n e d ,  t h e  

p r e h e a t e r ,  r e a c t o r  and c o n n e c t i n g  t u b i n g  c o n t a i n e d  3 .33  

k i l o g r a m s  o f  g o l d .

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

a l a t h e ,  u s i n g  a 15 .2  cm (6 i n c h )  p i p e  a s  a s p o o l  and an 

im p r o v i s e d  w i p e r  d i e .  A u n i f o r m  c o i l  s p a c i n g  was o b t a i n e d  

b y  w e ld in g  an u n l i n e d  1 .91  cm OD tu b e  t o  t h e  s p o o l  w i t h  a 

u n i fo r m  s p a c i n g  b e tw een  c o i l s .  The l i n e d  t u b i n g  was t h e n  

wound on t h e  s p o o l  u s i n g  t h e  w e lded  t u b i n g  a s  a g u i d e .  A f t e r  

e x p an d in g ,  t h e  f i n a l  c o i l  d i a m e t e r  was 19 .1  cm (7 .5  i n c h e s ) .

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

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

u sed  by P i p k i n  ( P 2 ) . S in c e  P i p k i n ' s  d i s c u s s i o n  o f  t h e  

sand  b a t h ’s o p e r a t i o n  i s  v a l i d  f o r  t h i s  i n v e s t i g a t i o n ,  o n ly  

a b r i e f  summary w i l l  be  p r e s e n t e d .

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

( 1) a b u r n e r  s e c t i o n ,  (2 ) a f l u i d i z e d  sand  s e c t i o n  and

(3) a s an d  d i s e n g a g i n g  s e c t i o n .  As P i p k i n  e x p l a i n e d :

" I n  b r i e f ,  o p e r a t i o n  o f  t h e  f l u i d i z e d  s a n d  h e a t i n g  

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

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

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

i m m e r s e d .  T h e  a i r - f l u e  g a s  m i x t u r e  l e a v i n g  t h e  f l u i d i z e d  

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

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

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

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

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

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

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

s e n s i n g  e l e m e n t . "  D e t a i l s  o f  t h e  f l u i d i z e d  s a n d  h e a t i n g  

s y s t e m  a r e  s h o w n  i n  A p p e n d i x  D .

A i r  f o r  f l u i d i z a t i o n  was r e g u l a t e d  a t  2 atms b y  a 

F i s h e r  No. 95L p r e s s u r e  r e g u l a t o r .  The f low  o f  a i r  was con

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

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

w a s  a c c o m p l i s h e d  u s i n g  a  m o d i f i e d  6M44C8 c o u p l i n g  d e s i g n e d  

b y  A u t o c l a v e  E n g i n e e r s ,  I n c .  a s  s h o w n  i n  F i g u r e  12. A l l  

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

m ad e  u s i n g  E r m e t o  f i t t i n g s  o f  t h e  p r o p e r  s i z e .  T h e  E r m e t o  

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

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

p e r a t u r e  (454-538°C) h a d  n o  e f f e c t  o n  t h e  l e a k - f r e e  p e r f o r m a n c e  

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

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

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

t e s t e d  f o r  l e a k s  a t  137 a t m s  a n d  f o u n d  l e a k - f r e e .
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R e a c t o r  volume was d e t e r m i n e d ,  b o t h  b e f o r e  and a f t e r  

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

i n s t a n c e s  was found  t o  b e  2 3 9 .9  ± 0 . 1  ml.

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

t h e  p r e s s u r e  c o n t r o l  v a l v e  w ere  i n s u l a t e d  and h e a t e d  t o  156°C 

by  Nichrome w i r e  imbedded i n  t h e  i n s u l a t i o n .  P r o d u c t  gas  

t e m p e r a t u r e  was m o n i t o r e d  on a Honeywell  Brown r e c o r d e r  

u s i n g  an A u t o c l a v e  E n g i n e e r s  ty p e  STC 2200 th e rm o c o u p le  

b l o c k  a s se m b ly ,  f i t t e d  w i t h  an i r o n - c o n s t a n t a n  t h e r m o c o u p le .

A i r  f lo w  was v i s u a l l y  i n d i c a t e d  on a B a r to n  Model 200 p r e s s u r e  

d i f f e r e n i t a l  i n d i c a t o r  w i t h  a r a n g e  o f  5 0 .8  cm o f  w a t e r .  A 

1 2 .9  mm s h a r p  edged  o r i f i c e  s e r v e d  a s  a p r e s s u r e  d i f f e r 

e n t i a l  g e n e r a t o r  f o r  t h e  B a r to n  i n d i c a t o r .

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

p r o p a n e  b u r n e r  d e s i g n e d  b y  J o h n  Z i n k  C o m p a n y .  A s e c t i o n a l  

e l e v a t i o n  o f  t h e  b u r n e r  i s  sh o w n  i n  A p p e n d i x  D . T h e  b u r n e r  

w a s  d e s i g n e d  f o r  a  h e a t  o u t p u t  o f  7 ,560  K c a l / h r .  C o m m e r c i a l  

p r o p a n e ,  r e g u l a t e d  t o  1 .6  a t m s  b y  a  M a t h e s o n  N o .  70A p r e s s u r e  

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

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

v a l v e  a n d  i n d i c a t e d  b y  a  M a t h e s o n  N o .  622 PBV r o t a m e t e r  

w i t h  a  N o .  604 t u b e .  A s  a  s a f e t y  f e a t u r e ,  a  BASO d e v i c e ,  

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

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

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

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

b e d  was a c c o m p l i s h e d  u s i n g  a B ay ley ,  Model 95,  P r e c i s i o n  

T e m p e ra tu re  C o n t r o l l e r  m o d i f i e d  f o r  u s e  t o  650°C. Under a c t u a l  

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

t e m p e r a t u r e  d e v i a t i o n s  o f  0 .2 ° C .  T r im  h e a t  from t h e  c o n t r o l l e r  

was s u p p l i e d  t o  a  6 7 5 - w a t t  Chromalox c a t r i d g e  h e a t e r  l o c a t e d  

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

p l a t e .  A Rosemount E n g i n e e r i n g  Company, Model 104 MA, p l a t i n u m  

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

f o r  t h e  s a n d  b a t h .  S e n s o r  r e s i s t a n c e  was m easured  u s i n g  a 

Leeds  and  N o r t h r u p ,  Model 8067 M u e l l e r  B r id g e  and H e w l e t t  

P a c k a r d ,  Model 419 A, e l e c t r o n i c  n u l l  d e t e c t o r .  Two 

c h r o m e l - a l u m e l  t h e r m o c o u p le s  i n  c o n j u n c t i o n  w i t h  a Leeds  

and N o r th r u p  Micromax R e c o r d e r  were  u s ed  t o  m o n i t o r  t h e  sand  

b a t h ' s  t e m p e r a t u r e  c o n t i n u o u s l y .  One o f  t h e s e  t h e r m o c o u p l e s ,  

a Conax WTG-24-B2 S a f e t y w e l l  Assembly ,  was l o c a t e d  n e a r  t h e  

t o p  o f  t h e  f l u i d i z e d  sand  and e x t e n d e d  a p p r o x i m a t e l y  2 0 .3  cm 

i n t o  t h e  b a t h .  The o t h e r  t h e r m o c o u p le  was p l a c e d  i n  a  r e t r a c t 

a b l e  w e l l  above  t h e  f l u i d i z i n g  s e c t i o n ,  and  from t h i s  p o s i t i o n ,  

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

t h e  b a t h .  S w i t c h i n g  was p r o v i d e d  so t h a t  e i t h e r  t h e rm o c o u p le  

c o u l d  more p r e c i s e l y  r e a d  on a H oneyw el l ,  Model 2745 

p o t e n t i o m e t e r .
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P r o d u c t  S e c t i o n  

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

p r o d u c t  g a s e s  w i t h  a R e s e a r c h  C o n t r o l s ,  ^ - i n c h ,  304 s t a i n l e s s  

s t e e l ,  d i a p h r a m - o p e r a t e d ,  c o n t r o l  v a l v e  w i t h  P2, P4 o r  L t r i m  

a s  r e q u i r e d .  C o n t r o l  a i r  f o r  t h e  v a l v e  was s u p p l i e d  by  a 

B r i s t o l ,  S e r i e s  650,  M e ta g r a p h ic  p r e s s u r e  t r a n s m i t t e r  and 

Foxboro  M-58 C o n s o t r o l  p r e s s u r e  c o n t r o l l e r .

R e a c t o r  p r e s s u r e  was i n d i c a t e d  on e i t h e r  a 7 . 8 ,  35,

70, o r  140 a t m o s p h e r e s  H e i s e  p r e s s u r e  g a u g e .  S c a l e  d i v i s i o n s  

w e r e  r e s p e c t i v e l y ;  0 .0 0 7 ,  0 . 0 7 ,  0 . 1 4 ,  0 . 1 4  a t m s .  A l l  g a u g e s  

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

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

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

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

f r o m  3 .35  m e t e r s  o f  6 .3 5  mm s t a i n l e s s  s t e e l  t u b i n g .  F o l l o w i n g  

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

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

s t r u c t e d  f r o m  a  36 cm l e n g t h  o f  2 .5 4  cm d i a m e t e r  c o p p e r  p i p e  

w i t h  a  2 .5 4  cm t h i c k  b r a s s  w o o l  d e m i s t e r  l o c a t e d  a t  t h e  t o p  

o f  t h e  r e c e i v e r .

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

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

As shown i n  F i g u r e  13,  p r o d u c t s  c o u l d  b e  sampled  by  s y r i n g e  

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

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

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

S c i e n t i f i c ,  M o d e l  3110-12 ,  w e t  t e s t  m e t e r  o r  a  s o a p  b u b b l e  

m e t e r  o f  t h e  a u t h o r ' s  d e s i g n .

A u x i l i a r i e s

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

w a t e r  f o r  t h e  p r o d u c t  c o o l e r  c o n s i s t e d  o f  a C ope land  Model 

E75C r e f r i g e r a t i o n  u n i t ,  a s m a l l  E a s t e r n  c i r c u l a t i n g  pump 

and a 1 1 4 - l i t e r  c h i l l e d  w a t e r  r e s e r v o i r .  The c h i l l e d  w a t e r  

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

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

and b a c k  t o  t h e  r e s e v o i r .

The ru n  t a n k ,  s and  b a t h  and m ost  o f  t h e  c o n n e c t i n g  

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

6 .3 5  mm t h i c k ,  c o l d - r o l l e d  s t e e l .  F u r t h e r  s a f e t y  p r e c a u t i o n s  

i n c l u d e d  a s p r a y  n o z z l e  l o c a t e d  o v e r  t h e  equ ipm ent  and an 

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

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

s o l e n o i d  v a l v e  was a c c o m p l i s h e d  by  a s w i t c h  l o c a t e d  on t h e  

f r o n t  o f  t h e  c e l l .  The e x h a u s t  f a n  p r e v e n t e d  t h e  accum ula 

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

A Welch, Duo S e a l ,  Model 1400 Vacuum pump s e r v e d  as  

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

sy s te m .  High p r e s s u r e  n i t r o g e n  f o r  p u r g i n g  and p r e s s u r i z a t i o n
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w a s  p r o v i d e d  b y  "K" b o t t l e s  o f  n i t r o g e n  c o n n e c t e d  t o  t h e  

s y s t e m  b y  w a y  o f  a  V i c t o r  M o d e l  LR17BSS p r e s s u r e  r e g u l a t o r  

( r a n g e :  1 .7 - 5 5  a t m s )  o r  a  V i c t o r  M o d e l  GD-710 p r e s s u r e

r e g u l a t o r  ( r a n g e :  28-408 a t m s ) .



CHAPTER V

EXPERIMENTAL PROCEDURE

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

s i x  s e c t i o n s :  (1 ) p r e l i m i n a r y  p r o c e d u r e s ,  (2 ) s t a r t u p

p r o c e d u r e ,  (3) ru n  p r o c e d u r e ,  (4) shutdown p r o c e d u r e ,

(5) c a l i b r a t i o n s  and (6 ) p ro b le m s  e n c o u n t e r e d .

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

Due t o  t h e  v a l u a b l e  " h i n d s i g h t "  o b t a i n e d  from t h e  

work done by P i p k i n  (P2) on a s i m i l a r  a p p a r a t u s ,  t h e  p r e 

l i m i n a r y  p r o c e d u r e  c o n s i s t e d  m a in ly  o f  d e t e r m i n i n g  w o rk ab le  

s t a r t u p ,  ru n  and shutdown r o u t i n e s .  A pprox im a te  c o n t r o l  

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

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

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

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

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

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

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

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

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

" d r y "  r u n s  p r o c e e d e d  v e r y  s m o o t h l y  a n d  p r e d i c t a b l y .
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S t a r t u p  P r o c e d u re

By f a r  t h e  m os t  t im e  consuming p r o c e d u r e  d u r i n g  a 

s t a r t u p  was t h e  h e a t i n g  o f  t h e  f l u i d i z e d  s a n d  b e d .  A p p ro x i 

m a t e l y  7 h o u r s  w e re  r e q u i r e d  t o  b r i n g  t h e  s an d  b a t h  t o  a 

s t a b l e  c o n d i t i o n  a t  t h e  h i g h e s t  t e m p e r a t u r e  l e v e l  (538°C).

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

and  h e a t - u p  o f  t h e  f l u i d i z e d  s an d  b a t h .

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

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

was r e g u l a t e d  a t  283 s t d  l i t e r s / m i n  [ 1 5 .6 ° C  ( 5 0 ° F ) , 1 a tms]  

and t h e  p ro p a n e  f l o w  r a t e  a d j u s t e d  t o  a r e a d i n g  o f  5 on t h e  

r o t a m e t e r  g l a s s  f l o a t  ( 4 .9  g / m i n ) . The b u r n e r  was t h e n  

i g n i t e d  u s i n g  t h e  e n c l o s e d  i g n i t i o n  s y s t e m  as  shown i n  

A ppend ix  D. A BASO d e v i c e  p r e v e n t e d  p r o p a n e  f lo w  i n  t h e  

e v e n t  o f  a  f l am e  f a i l u r e .  The c i r c u i t  d i a g r a m  o f  t h e  BASO 

d e v i c e  i s  shown i n  A ppend ix  D. A f t e r  s u c c e s s f u l  i g n i t i o n ,  

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

i g n i t i o n  l e v e l s  f o r  15 t o  30 m i n u t e s .  The a i r  r a t e  was t h e n  

i n c r e a s e d  t o  419 s t d  l i t e r s / m i n ,  and  t h e  p ro p a n e  r a t e  was

i n c r e a s e d  t o  i t s  maximum v a l u e  o f  11 on t h e  r o t a m e t e r  (1 0 .9  g /

m i n ) . P ropane  f e e d  was c o n t i n u e d  a t  t h i s  r a t e  u n t i l  t h e  s an d

b a t h  t e m p e r a t u r e  came w i t h i n  10°C o f  t h e  r e q u i r e d  r u n  tem

p e r a t u r e ;  t h e n  t h e  p r o p a n e  r a t e  was d e c r e a s e d  t o  an  i n t e r m e d i a t e  

p o i n t  b e tw ee n  t h e  maximum r a t e  and  t h e  e s t i m a t e d  b a s e  l o a d  

r a t e .  When t h e  b a t h  t e m p e r a t u r e  r e a c h e d  t h e  r e q u i r e d  ru n
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t e m p e r a t u r e ,  t h e  p r o p a n e  r a t e  w a s  r e d u c e d  t o  t h e  b a s e  l o a d  

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

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

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

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

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

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

m o n i t o r e d  f o r  1 h o u r  t o  i n s u r e  t h a t  n o  t r a n s i e n t  e f f e c t s  

w e r e  p r e s e n t .

During  t h e  s an d  b a t h  warmup p e r i o d ,  a s low  f lo w  o f  

n i t r o g e n  a t  4 . 4  atms was m a i n t a i n e d  i n  t h e  r e a c t o r  and p r e 

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

r a t e  so t h a t  t h e  p r e s s u r e  c o n t r o l  v a l v e  c o u l d  be p l a c e d  in  

o p e r a t i o n  and t h e  o p e r a t i o n  o f  f lo w  m e t e r s  c o u ld  be o b s e r v e d .  

A f t e r  t h e  s and  b a t h  t e m p e r a t u r e  r e a c h e d  330°C, a l l  p r o d u c t  

l i n e  and t r a n s f e r - l i n e  h e a t e r s  were p l a c e d  i n  o p e r a t i o n .  

P o w e r s t a t s  were  a d j u s t e d  t o  g i v e  a t r a n s f e r - l i n e  t e m p e r a t u r e  

w i t h i n  ± 8 °C o f  t h e  b a t h  t e m p e r a t u r e  and  a p r o d u c t - l i n e  

t e m p e r a t u r e  o f  a b o u t  165°C. At t h i s  same t im e ,  t h e  r e f r i g e r a 

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

w a t e r  c i r c u l a t i n g  pump. I f  p r o d u c t  sam p les  were  t o  be t a k e n  

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

t h e  p r o d u c t  c o o l e r  ( s e e  F i g u r e  1 3 ) ,  t h e  c h ro m a to g ra p h  was 

warmed up a p p r o x i m a t e l y  two h o u r s  b e f o r e  t h e  s t a r t  o f  a r u n .  

When sam ples  were t a k e n  i n  sample  bombs, t h e  ch ro m a to g rap h  

was n o t  warmed up, a s  t h e  sam ples  c o u l d  be  a n a l y z e d  e a s i l y  t h e
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f o l l o w i n g  d a y .  D e t a i l s  o f  c h r o m a t o g r a p h  o p e r a t i o n  c a n  b e  

f o u n d  i n  C h a p t e r  V I .

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

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

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

R un P r o c e d u r e

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

b a t h  and a l l  a u x i l i a r y  sy s tem s  were f u n c t i o n i n g  c o r r e c t l y ,  

r u n  p r o c e d u r e s  were  i n i t i a t e d .  F i r s t ,  n i t r o g e n  f lo w  th r o u g h  

t h e  r e a c t i o n  sy s te m  was d i s c o n t i n u e d ,  f o l l o w e d  q u i c k l y  by 

t h e  s t a r t  o f  a f lo w  o f  c y c l o p r o p a n e .  Depending  on t h e  p r e s 

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

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

r u n s  were  t o  be  made a t  t h e  h i g h  p r e s s u r e  l e v e l ,  4 . 4  t o  137 

atms (50-2000 PSIG),  n i t r o g e n  p r e s s u r e ,  1 .7  o r  more atms in  

e x c e s s  o f  t h e  run  p r e s s u r e ,  was p l a c e d  on t h e  ru n  t a n k .  C y c lo 

p ro p a n e  was t h e n  moved i n  a l i q u i d  form t h r o u g h  t h e  f e e d  

s y s t e m  t o  t h e  p r e h e a t e r  and r e a c t o r .  F o r  t h e  low p r e s s u r e  

r u n s ,  0 .395  t o  4 . 4  a tm s ,  p u r e  g a se o u s  c y c l o p r o p a n e  a t  i t s  

v a p o r  p r e s s u r e  (6 . 8  a tms a t  25°C) was r e d u c e d  t o  5 .7  a tm s, 

by a r e g u l a t o r  and s e n t  t o  t h e  f e e d  sy s te m .  I n  e i t h e r  c a s e ,  

c y c l o p r o p a n e  f lo w  was m a i n t a i n e d  a t  a h i g h  r a t e  f o r  30 m in u te s  

t o  i n s u r e  a c o m p le te  p u r g i n g  o f  t h e  s y s te m .  C y c lo p ro p an e  

f lo w  was t h e n  r e d u c e d  t o  t h e  r e q u i r e d  ru n  r a t e .
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A f t e r  e s t a b l i s h i n g  t h e  r e q u i r e d  f l o w  r a t e  a t  each  

p r e s s u r e  l e v e l ,  from 15 t o  30 m i n u t e s ,  d e p e n d in g  on t h e  sy s tem  

f lo w  r a t e ,  were  a l l o w e d  f o r  s t e a d y  s t a t e  t o  b e  e s t a b l i s h e d .

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

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

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

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

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

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

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

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

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

A t  l e a s t  t h r e e  c h r o m a t o g r a m s  w e r e  p r e p a r e d  f r o m  e a c h  s a m p l e  

bom b a n d  a v e r a g e d  t o  o b t a i n  t h e  bomb c o m p o s i t i o n .  F l o w  

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

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

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

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

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

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

M a t e r i a l  b a l a n c e  r e s u l t s  a r e  i n c l u d e d  i n  A p p e n d i x  E .

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

a r e  n e e d e d  t o  o b t a i n  t h e  s p e c i f i c  r a t e  c o n s t a n t  ( s e e  " M e th o d  

o f  D a t a  A n a l y s i s , "  C h a p t e r  V I I ) ,  p r e h e a t e r  o u t l e t  ( r e a c t o r  

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

t a n k  was v a l v e d  o f f  from t h e  f e e d  sy s tem ,  and t h e  e n t i r e  

r e a c t i o n  t r a i n  p r e s s u r e  was d e c r e a s e d  t o  4 . 4  a tm s .  T h i s  

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

b y p a s s  v a l v e  o r  t h e  emergency v e n t  v a l v e .  N i t r o g e n  was 

t h e n  a d m i t t e d  t o  t h e  r e a c t i o n  t r a i n  a t  4 . 4  a tm s ,  and a 

s t r o n g  f lo w  was m a i n t a i n e d  f o r  15 m i n u t e s .  T h i s  p r o c e d u r e  

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

N i t r o g e n  p r e s s u r e  was i n c r e a s e d  t o  t h e  maximum ru n  p r e s s u r e ,  

and t h e  r e a c t o r  was i s o l a t e d  ( v a lv e d  o f f )  from t h e  r e a c t i o n  

t r a i n  by c l o s i n g  t h e  r e a c t o r  i n l e t  and o u t l e t  b l o c k  v a l v e s .  

The p r e h e a t e r  o u t l e t  v a l v e  was opened, and a ru n  p r o c e d u r e  

was s t a r t e d  e x a c t l y  a s  p r e v i o u s l y  d e s c r i b e d .  V a r io u s  

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

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

o b t a i n e d  by use  o f  t h e  sep tum  o r  sample  bomb f a c i l i t i e s .

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

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

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

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

l e v e l s  w e r e  m o r e  e a s i l y  c h a n g e d ,  s o  e a c h  d a y ' s  o p e r a t i o n  

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

p r e s s u r e  l e v e l s .  I f  n o  d i f f i c u l t i e s  w e r e  e n c o u n t e r e d ,  f o u r  

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

d u r i n g  e a c h  r u n .
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A t t h e  end o f  a ru n  a t  a  g i v e n  p r e s s u r e ,  t h e  knock 

o u t  p o t  d r a i n  was opened  t o  check  f o r  l i q u i d  p r o d u c t .

D ur in g  p e r i o d s  o f  o p e r a t i o n ,  t h e  b a r r i c a d e d  c e l l  was 

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

Shutdown p r o c e d u r e

The f i r s t  s t e p  i n  t h e  shutdown was t o  d i s c o n t i n u e  

t h e  f l o w  o f  c y c l o p r o p a n e  from t h e  ru n  t a n k  t o  t h e  f e e d  

s y s t e m .  Then t h e  p r e s s u r e  c o n t r o l  b y p a s s  v a l v e  was opened 

and  t h e  s y s te m  r e l i e v e d  o f  p r e s s u r e  u n t i l  t h e  p r e s s u r e  was 

be low  4 . 4  a tm s .  N i t r o g e n ,  a t  a p p r o x i m a t e l y  4 . 4  a tms ,  was 

t h e n  a d m i t t e d  t o  t h e  f e e d  s y s t e m  a t  a h i g h  f lo w  r a t e .  N i t r o 

gen  f lo w  was c o n t i n u e d  a t  t h i s  r a t e  f o r  a t  l e a s t  15 m in u te s  

i n  o r d e r  t o  p u rg e  t h e  p r e h e a t e r  and c o n n e c t i n g  t u b i n g  o f  

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

gen  f lo w  t o  t h e  f e e d  s y s te m ,  t h e  f lo w  o f  p ro p a n e  t o  t h e  sand  

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

a t  t h e  norm al  ru n  r a t e  i n  o r d e r  t o  a i d  t h e  c o o l i n g  p r o c e s s .  

The r e a c t o r  b l o c k  v a l v e s  were  t h e n  opened  and n i t r o g e n  f low  

d i r e c t e d  t h r o u g h  t h e  e n t i r e  r e a c t i o n  s y s te m .  A ls o  d u r i n g  

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

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

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

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

i n c r e a s e d  t o  2 8 .2  a tms s i m u l t a n e o u s l y  w i t h  a d e c r e a s e  i n  t h e  

n i t r o g e n  f lo w .  A low f lo w  o f  n i t r o g e n  was c o n t i n u e d  u n t i l
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t h e  s an d  b a t h  t e m p e r a t u r e  d e c r e a s e d  t o  200°C. The p r e h e a t e r  

and r e a c t o r  were  t h e n  b l o c k e d  i n  a t  2 8 .2  a tm s ,  and  t h e  a i r  

f l o w  t o  t h e  sand  bed was s t o p p e d .  The v a l v e  on t h e  s a n d  c o l 

l e c t i o n  pan  was opened  t o  a c o n t a i n e r  p r o v i d e d  t o  c a t c h  t h e  

s m a l l  amount o f  s an d  t h a t  f low ed  t h r o u g h  t h e  g r i d  p l a t e .  The 

f i n a l  two s t e p s  i n  t h e  shutdown p r o c e d u r e  were t o  s h u t  o f f  

t h e  r e f r i g e r a t i o n  u n i t  and c i r c u l a t i n g  pump and t o  b l e e d  t h e  

e x c e s s  n i t r o g e n  p r e s s u r e  from t h e  ru n  t a n k .

c a l i b r a t i o n s

T e m p e r a tu r e  o f  t h e  f l u i d i z e d  sand  bed which  housed  

b o th  r e a c t o r  and  p r e h e a t e r  was m easu red ,  e x c e p t i n g  runs  

R4 t h r o u g h  R9, w i t h  a c a l i b r a t e d  p l a t i n u m  r e s i s t a n c e  

t h e r m o m e te r .  I n  a c t u a l i t y ,  r u n s  Rl t o  R4 were made u s in g  

a p l a t i n u m  r e s i s t a n c e  th e rm o m e te r .  However, t h i s  the rm om ete r  

was i n a d v e r t a n t l y  r u i n e d  a f t e r  run  R3. A c a l i b r a t e d  ch ro m e l -  

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

r e s i s t a n c e  th e rm o m e te r  was b e i n g  r e p l a c e d .  Runs R10-R24 

were c o n d u c te d  u s i n g  t h e  new th e rm o m e te r .

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

o b t a i n e d  f r o m  R o s e m o u n t  E n g i n e e r i n g  C om p an y  a n d  c a r r i e d  t h e  

n o m i n a l  m o d e l  n u m b e r  o f  104MA. T h e  t h e r m o m e t e r s  w e r e  c a l i 

b r a t e d  b y  R o s e m o n t  p e r  t h e i r  s c h e d u l e  GF (0 t o  1220°F) a n d  

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

s c a l e  t o  t  0 .3°C  (± 0 .5 ° F )  w i t h i n  t h i s  r a n g e .  T h e  t h e r m o m e t e r s
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were  a l s o  g u a r a n t e e d  t o  r e t a i n  t h e i r  c a l i b r a t i o n  f o r  a p e r i o d  

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

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

0.001®C from 450 t o  660°C. D e n o t in g  t h e  f i r s t  the rm o m ete r  

by 1 and t h e  seco n d  by 2 t h e  f o l l o w i n g  r e l a t i o n  was found:

T^(°C) = - 2 1 7 . 9 7 8  + 1 2 . 4 3 4 8 (R) + 0 . 0 0 4 2 2 8 (R )̂

+ 0 . 0 0 0 2 0 1 1 (R^).

T - fo c )  = - 2 1 8 . 7 8 8  + 1 2 . 4 3 7 0 (R) + 0 . 0 0 2 3 3 1 (R^)

+ 0 .0 0 0 2 2 3 7 (R^)

where :  R = r e s i s t a n c e ,  ohms

Thermometer r e s i s t a n c e s  were m easured  u s i n g  a 

m o d i f i e d  model 8067, Leeds  and N o r t h r u p  M u e l l e r  B r i d g e .  The 

m o d i f i c a t i o n  c o n s i s t e d  o f  a d d in g  a nom ina l  r e s i s t a n c e  o f  

40 ohms t o  t h e  b r i d g e  so  t h a t  the rm o m ete r  r e s i s t a n c e s  c o u ld  

be m easured  i n  t h e  h i g h  t e m p e r a t u r e  r a n g e  (65 ohms a t  6 2 0 °C ) . 

The a u x i l i a r y  r e s i s t a n c e  was a  Leeds  and N o r t h r u p ,  Model 

191445,  W h ea ts to n e  B r id g e  a d j u s t e d  t o  a p p r o x i m a t e l y  40 ohms. 

The M u e l l e r  B r id g e  was c a l i b r a t e d  p e r  Leeds  and N o r th r u p  

i n s t r u c t i o n s  u s i n g  a c a l i b r a t e d  and t e m p e r a t u r e  com pensa ted ,  

10-ohm, s t a n d a r d  r e s i s t a n c e  (L & N Model 4 0 2 5 B ) . C o r r e c t i o n  

f a c t o r s  o b t a i n e d  from f i v e  s e p a r a t e  c a l i b r a t i o n s  a r e  shown 

i n  T a b le  2.  The e f f e c t  o f  t e m p e r a t u r e  on t h e  b r i d g e  was 

found  t o  be r e p r e s e n t e d  by t h e  r e l a t i o n :
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TABLE 2

CORRECTIONS FOR MUELLER BRIDGE @ 25°C

indicated (ohms) 
R e s i s t a n c e

A c t u a l  (o h m s)  
R e s i s t a n c e

R e m a r k s

1 0 . 0 10 .0053
2 0 . 0 20 .0107
30. 0 30 .0165
40 .  0 4 0 .0 2 1 9

1 . 0 1 .0004
2 . 0 2 .0008
3.  0 3 .0013
4 .  0 4 .0017
5 .  0 5 .0021
6 . 0 6 .0024
7. 0 7 .0028
8 . 0 8 .0032
9.  0 9 .0036

1 0 . 0 10 .0041
0 . 1 0 . 10 01
0 . 2 0 . 2002
0 . 3 0 .3002
0 . 4 0 .4003
0 .5 0 .5 0 0 4
0 . 6 0 .6 0 0 4
0 .7 0 .7004
0 . 8 0 .8 0 0 4
0 . 9 0 .9 0 0 4
1 . 0 1 .0 0 0 4

10 0 t a p  
20 Q t a p  
30 Q t a p  
40 0 t a p

X s e t t i n g

O.X s e t t i n g
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A Ç r u ^  ^ 0 .99933  + 3 .607  x 10 ^ -  4 .3 0  x lO"^
*OBS G B

where :  ^^CTUAL ~ a c t u a l  r e s i s t a n c e ,  ohms

R_no = o b s e r v e d  r e s i s t a n c e ,  ohms Üi3b

Tg = b r i d g e  t e m p e r a t u r e ,  °C

T h e  a c t u a l  c a l i b r a t i o n  c u r v e  i s  s h o w n  i n  F i g u r e  14. A f t e r  

t h e  M u e l l e r  B r i d g e  w a s  c a l i b r a t e d ,  t h e  a u x i l i a r y  r e s i s t a n c e  

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

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

t o  b e :

■'actual = 4 0 .0 4 2 1  + 1 .834  X  l o ' ^  T g

N u l l  p o i n t s  f o r  t h e  r e s i s t a n c e  t e m p e r a t u r e  m easu re 

ments  were  i n d i c a t e d  on a H e w l e t t - P a c k a r d ,  Model 419A, n u l l  

d e t e c t o r .  With  a 4 - m i l l i a m p e r e  c u r r e n t  f l o w in g  t o  t h e  r e s i s 

t a n c e  t h e rm o m e te r ,  a 0 . 00 1  ohm change  i n  s e n s o r  r e s i s t a n c e  

c o u l d  be o b s e r v e d  u s i n g  t h e  100 m i c r o v o l t  r a n g e  o f  t h e  n u l l  

d e t e c t o r  (maximum s e n s i t i v i t y  o f  n u l l  d e t e c t o r  was 3 m ic ro 

v o l t s )  . A t t h e  h i g h e s t  t e m p e r a t u r e  l e v e l  o f  t h i s  s t u d y ,  538°C 

( 1 0 0 0 ° F ) , a 0 .001  ohm change  c o r r e s p o n d e d  t o  a 0 .01°C  change 

i n  t e m p e r a t u r e .  Thus ,  t h e  s e n s i t i v i t y  o f  t e m p e r a t u r e  m easu re 

ment,  when u s i n g  t h e  r e s i s t a n c e  t h e rm o m e te r ,  was much g r e a t e r
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t h a n  t h e  c a l i b r a t i o n  o f  t h e  th e rm o m e te r .  The maximum e r r o r  

e x p e c t e d  i n  t h e  b a t h  t e m p e r a t u r e ,  when u s i n g  t h e  r e s i s t a n c e  

t h e rm o m e te r ,  was no g r e a t e r  t h a n  0 .3 °C .

As p r e v i o u s l y  m e n t io n e d ,  t h e  t e m p e r a t u r e  s e n s o r  used  

f o r  r u n s  R4 t h r o u g h  R9 was a c h r o m e l - a lu m e l  t h e r m o c o u p le .

The t e m p e r a t u r e - e m f  r e l a t i o n s h i p  o f  t h i s  th e rm o c o u p le  had  

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

p l a t i n u m  rh o d iu m  th e rm o c o u p le  a s  a s t a n d a r d  and a Leeds  and 

N o r t h r u p ,  Model A2 c a l i b r a t i o n  f u r n a c e  as  t h e  c o n s t a n t  

t e m p e r a t u r e  s o u r c e .  These  d a t a  were combined w i t h  d a t a  o b t a i n e d  

from t h e  " i n  p l a c e "  c a l i b r a t i o n  o f  t h e  t h e rm o c o u p le  t o  y i e l d  

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

T(°C) = 17 .44  + 23 .277  x MV

where:  MV = emf o f  t h e  t h e r m o c o u p le ,  m i l l i v o l t s

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

by t h e  sec o n d  r e s i s t a n c e  th e rm o m e te r  showed d e v i a t i o n s  between 

t h e  two o f  l e s s  t h a n  0 .3 ° C .

The emf g e n e r a t e d  by t h e  c h r o m e l - a lu m e l  th e rm o c o u p le  

was m easu red  on a Honeywel l ,  Model 2745, Rubicon  p o t e n t i o m e t e r .  

Comparison  o f  t h i s  i n s t r u m e n t  w i t h  a Leeds  and N o r t h r u p  K-3 

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

0 .003  m i l l i v o l t s .  A H e w l e t t - P a c k a r d  419A n u l l  d e t e c t o r  

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

j u n c t i o n  t e m p e r a t u r e  was m easu red  u s i n g  a c a l i b r a t e d  mercury
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t h e rm o m e te r ,  g r a d u a t e d  t o  O . I ° C .  As d e s c r i b e d ,  th e rm o 

c o u p l e  t e m p e r a t u r e  m easu rem en ts  were  f e l t  t o  be a c c u r a t e  

t o  w i t h i n  ± 0 .4 ° C .

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

was g e n e r a l l y  e x c e l l e n t .  F i g u r e  15 shows some t e s t  equ ipm en t  

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

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

v a r i a t i o n s  o f  l e s s  t h a n  ± 0 .3 °C  o c c u r r e d  d u r i n g  a r u n .  These  

r e s u l t s  a g r e e d  w e l l  w i th  t h e  o b s e r v e d  low and h i g h  t e m p e r a t u r e s  

m easured  d u r i n g  a r u n .

As p r e v i o u s l y  m e n t io n e d ,  r e a c t o r  p r e s s u r e  was 

m easu red  u s i n g  e i t h e r  a 7 . 8 ,  35, 70 o r  140 a t m o s p h e re s  

H e i s e  p r e s s u r e  gauge .

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

were  l e s s  t h a n  0 .0 3  a tm s .  R e a c t o r  p r e s s u r e  was m easured  

from a t a p  1 .2  m e te r s  dow nst ream  o f  t h e  r e a c t o r ,  b u t ,  a t  

t h e  low f lo w  r a t e s  u sed ,  t h e  p r e s s u r e  d ro p  c o r r e c t i o n s  were 

f e l t  t o  be n e g l i g i b l e .  G e n e r a l l y ,  p r e s s u r e  d r o p s  t h r o u g h  

t h e  e n t i r e  sy s te m  were l e s s  t h a n  0 .1 4  a tms .

The wide ra n g e  o f  f lo w  r a t e s  u sed  i n  t h i s  i n v e s t i g a t i o n ,  

0 .5  t o  155 c c / s e c  (gas  a t  STP), made t h e  use  o f  two s e p a r a t e  

f lo w  m e t e r i n g  sy s tem s  n e c e s s a r y .  Flows i n  t h e  r a n g e  o f  0 .5  

c c / s e c  t o  11 c c / s e c  were  m e t e r e d  w i t h  a c a l i b r a t e d  soap  bubb le  

m e t e r .  B a s i c a l l y ,  t h e  so ap  b u b b le  m e te r  c o n s i s t e d  o f  a g l a s s  

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

i n l e t  and o u t l e t ,  t e m p e r a t u r e  m easurem en t ,  p r e s s u r e  measurement
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F i g u r e  15.  Equipment Used t o  Measure  F l u c t u a t i o n s  i n  
Sand Bath T e m p e r a tu r e .
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a n d  s o a p  b u b b l e  f o r m a t i o n .  I n  o p e r a t i o n ,  t h e  t i m e  f o r  a  s o a p  

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

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

v o l u m e t r i c  f l o w  r a t e  w a s  f o u n d .  F i g u r e  15 i s  a  s c h e m a t i c  

o f  t h e  s o a p  b u b b l e  m e t e r .  F l o w  r a t e s  i n  t h e  r a n g e ,  10 c c / s e c  

t o  155 c c / s e c  w e r e  m e a s u r e d  u s i n g  a  S a r g e n t  M o d e l  3110 W et  

T e s t  m e t e r .  R e p o r t e d  a c c u r a c y  o f  t h i s  t y p e  m e t e r  i s  0 .5  

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

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

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

b e t w e e n  t h e  t w o  m e t e r s  w a s  0 .6 3  p e r c e n t .

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

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

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

b e f o r e  a n d  a f t e r  c o i l i n g ,  2 3 9 .9  ± 0 . 1  c c .  R e a c t o r  l e n g t h  

w a s  m e a s u r e d  b e f o r e  c o i l i n g  a n d  f o u n d  t o  b e  4 8 6 .2  ± 0 .3  cm .

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

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

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

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

i n t e r n a l  v o l u m e  o f  2 .839  ± 0 .0 0 5  m l p e r  cm o f  l e n g t h .  P i p k i n ' s  

v a l u e s  o f  l i q u i d  c y c l o p r o p a n e  d e n s i t y ,  0 .600  ± 0 .0 0 6  g r a m s / c c  

a t  23.9°C a n d  0 .5 9 4  ± 0 .0 0 6  g r a m s / c c  a t  29 .8°C ,  w e r e  u s e d  i n  

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

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

w e r e  f e l t  t o  b e  a c c u r a t e  w i t h i n  ±  2 p e r c e n t .
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SOAP SOLUTION

F igure 16 , Soap Bubble Meter.
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P r o b l e m s  E n c o u n t e r e d  

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

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

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

r e p e a t e d  p l u g g i n g  o f  t h e  r e a c t i o n  p r e h e a t e r  a t  t h e  538°C 

(1000°F) t e m p e r a t u r e  l e v e l .  T h i s  p l u g g i n g  w a s  c a u s e d  b y  a  

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

c o n s t r i c t i o n  t y p e  f i t t i n g s  ( i . e . ,  E r m e t o  f i t t i n g s )  w e r e  

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

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

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

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

a l e n t  l e n g t h  o f  3 .1 8  mm s t a i n l e s s  s t e e l  t u b i n g ;  n o  f u r t h e r  

p l u g g i n g  o c c u r r e d .

A n o th e r  p ro b le m  was c a u s e d  by t h e  s m a l l  amount o f  

c o n t r o l  h e a t  a v a i l a b l e  t o  t h e  s an d  b a t h .  I n  s e v e r a l  i n s t a n c e s ,  

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

a s h i f t  o f  p e r h a p s  1°C i n  t h e  b a t h  t e m p e r a t u r e .  The c o n t r o l  

h e a t  l o a d ,  675 w a t t s ,  was n o t  a b l e  t o  change t h e  b a t h  t e m p e ra 

t u r e  by t h i s  amount ,  and  a d j u s t m e n t  o f  t h e  p r o p a n e  f u e l  r a t e  

was r e q u i r e d  t o  r e s t o r e  t h e  ru n  t e m p e r a t u r e .  T h i s  p ro b le m  

was n o t  c o n s i d e r e d  s e r i o u s  s i n c e  i t s  o n ly  c o n se q u e n ce  was t o  

l e n g t h e n  t h e  t im e  r e q u i r e d  f o r  a ru n .



CHAPTER VI 

ANALYTICAL PROCEDURE AND APPARATUS

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

o f  c y c l o p r o p a n e  h a v e  u sed  many d i f f e r e n t  methods t o  a n a l y z e  

p r o d u c t  and  r e a c t a n t  g a s e s .  T r a u t z  and W in k le r  (Tl) o b s e r v e d  

t h a t  t h e  d e n s i t y  a t  -80°C o f  c y c l o p r o p a n e - p r o p y l e n e  m i x t u r e s  

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

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

work i n  a f lo w  s y s te m ,  t h e  n e c e s s a r y  q u a n t i t y  o f  g a s e s  were 

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

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

s y s te m s  and ,  c o n s e q u e n t l y ,  u sed  a n a l y t i c a l  t e c h n i q u e s  s u i t 

a b l e  f o r  s m a l l  q u a n t i t i e s  o f  g a s .  Chambers and  K i s t i a k o w s k y  

(Cl) a b s o r b e d  p r o p y l e n e  i n  a 3 p e r c e n t  aqueous  n e u t r a l  s o l u 

t i o n  o f  p o t a s s i u m  p e rm an g an a te  f o r  t h e i r  a n a l y s i s .  O th e r  

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

m e r c u r i c  a c e t a t e  and m e r c u r i c  n i t r a t e  by P r i t c h a r d ,  Sowden 

and  T ro tm a n -D ick e n so n  (P3) and a s o l u t i o n  o f  m e r c u r i c  s u l f a t e  

i n  22 p e r c e n t  s u l f u r i c  a c i d  by Weston (W2).

C o r n e r  a n d  P e a s e  (C3) u s e d  s e l e c t i v e  c a t a l y t i c  h y d r o 

g e n a t i o n  f o r  a n a l y s i s  o f  t h e i r  s a m p l e s .  I n  t h e i r  m e t h o d ,  t h e
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sample  t o  be a n a l y z e d ,  a lo n g  w i t h  h y d r o g e n ,  i s  p a s s e d  f i r s t  

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

p r o p y l e n e  t o  p r o p a n e ,  and t h e n  o v e r  an  u n p o iso n ed  n i c k e l  

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

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

m e t ry  and g a s  c h ro m a to g ra p h y  i n  t h e i r  a n a l y s i s .  L i n d q u i s t  

and R o l l e f s o n  (L5) and R o b e r t s  (R3) r e p o r t e d  t e c h n i q u e s  i n v o l v i n g  

i n f r a r e d  s p e c t r o p h o t o m e t r y .  However,  most i n v e s t i g a t o r s  have  

f a v o r e d  g a s  c h ro m a to g ra p h y .  T e m p e ra tu re s  and columns have  

v a r i e d  g r e a t l y  among i n v e s t i g a t o r s .  B la d e s  (B3) ch o se  a 

column o f  d o d e c y l  p h t h a l a t e  a t  room t e m p e r a t u r e ;  F a l c o n e r ,

H u n te r  and T ro tm a n -D ick e n so n  (Fl)  u sed  a 30 .5  cm column o f  

a c t i v a t e d  a lu m in a  f o l l o w e d  by a 9 1 .4  cm column o f  f i r e b r i c k  

c o n t a i n i n g  20 p e r c e n t  o f  e t h y l e n e  g l y c o l  s a t u r a t e d  w i t h  s i l v e r  

n i t r a t e .  Kennedy and P r i t c h a r d  (K3) r e p o r t e d  a ch ro m a to 

g r a p h i c  method u s i n g  a 20 p e r c e n t  m o la r  AgNOg/g lycol on f i r e 

b r i c k  a t  -3 0 °C .  I n  t h e  most r e c e n t  i n v e s t i g a t i o n ,  P i p k i n  

(P2) employed a 10 p e r c e n t  by w e ig h t  l o a d i n g  o f  t r i c r e s y l  p h o s 

p h a t e  on f i r e b r i c k  a t  51 .7°C .

T h i s  i n v e s t i g a t i o n  employed c h r o m a to g r a p h ic  a n a l y s i s  

u s i n g  h e l i u m  as  t h e  c a r r i e r  g a s  and a 3 .2  mm ( 1 / 8 - inch)  

d i a m e t e r  by 244 cm long  column p a ck ed  w i t h  Po rapack  ty p e  

"T ."  P o rap a c k  "T" was chosen  b e c a u s e  i t  i s  i n  an e x t r e m e l y  

e f f e c t i v e  p a c k i n g  f o r  s e p a r a t i n g  C l ,  C2 » C3 , and h i g h e r  

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

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

can  be s e p a r a t e d  on a s i n g l e  column.
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A H e w l e t t  P a c k a r d ,  F and M, Model 700 gas  c h ro m a to 

g rap h  e q u ip p ed  w i t h  d u a l  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 s ,  

a u t o m a t i c  a t t e n u a t o r  and l i n e a r  t e m p e r a t u r e  programmer was 

u sed  a s  t h e  a n a l y t i c a l  u n i t  i n  t h e  i n v e s t i g a t i o n .  The 

c h r o m a t o g r a p h i c  r e s u l t s  were r e c o r d e d  on a H e w l e t t  P a c k a rd  

Model 17503A 1 - m i l l i v o l t  r e c o r d e r .  The r e c o r d e r  was e q u ip p e d  

w i t h  a D isc  i n t e g r a t o r  o f  0 . 1  p e r c e n t  a c c u r a c y .  F i g u r e  17 

i s  a p h o t o g r a p h  o f  t h e  c h r o m a to g r a p h ic  equ ip m en t .

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

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

h a v e  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  P o r a p a c k  "T"

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

T e m p e ra tu re  o f  column = 110°C 

T e m p e ra tu re  o f  d e t e c t o r  = 240°C 

Flow r a t e  o f  c a r r i e r  ga s  = 10 ml/min

A t t e n u a t i o n  = a s  r e q u i r e d

D e t e c t o r  c u r r e n t  = 150 MA

Using t h e s e  o p e r a t i n g  c o n d i t i o n s ,  a sample  c o u ld  be a n a l y z e d  

i n  a p p r o x i m a t e l y  4 m i n u t e s .

Nine  c y c l o p r o p a n e - p r o p y l e n e  s t a n d a r d  sam ples  were 

p r e p a r e d  i n  t h e  f o l l o w i n g  manner:  ( 1) an e v a c u a t e d  c y l i n d e r

o f  a p p r o x i m a t e l y  350 grams was w eighed  on an a n a l y t i c a l  

b a l a n c e  t o  0 .0 1  gram, (2) The c y l i n d e r  was p l a c e d  i n  an i c e  

b a t h  and c y c l o p r o p a n e  gas  condensed  i n t o  i t ,  (3) t h e  c y l i n d e r
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Piguj^e 17.  Phobogzaph o f  Chromabograph,
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and c y c l o p r o p a n e  were  a g a i n  w e ighed  (4) t h e  c y l i n d e r  was a g a i n  

p l a c e d  i n  t h e  i c e  b a t h  and p r o p y l e n e  gas  was a l lo w e d  t o  condense  

i n t o  t h e  c y l i n d e r  (5) t h e  c y l i n d e r  p l u s  c y c l o p r o p a n e  and 

p r o p y l e n e  were  w e ighed  (6 ) t h e  c o n t e n t s  o f  t h e  c y l i n d e r  were 

t r a n s f e r r e d  t o  a  bomb o f  3 .3  l i t e r s  c a p a c i t y  by p l a c i n g  t h e  

l a r g e r  bomb i n  a l i q u i d  n i t r o g e n  b a t h  and d i s t i l l i n g  t h e  

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

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

t r a n s f e r .  T h i s  w e i g h t  a lways  a g r e e d  t o  w i t h i n  0 .0 1  gram 

o f  t h e  e v a c u a t e d  w e i g h t .  I n  t h i s  manner s t a n d a r d  sam ples  

o f  h i g h  a c c u r a c y  c o u ld  be p r e p a r e d  f o r  l a t e r  c a l i b r a t i o n  work.  

F i g u r e  18 shows t h e  s t a n d a r d  p r e p a r a t i o n  eq u ipm en t ,  and 

F i g u r e  19 i s  a sample  work s h e e t  u s e d  i n  p r e p a r i n g  t h e  s t a n d a r d s .  

A n e s t h e t i c  g r a d e  c y c lo p r o p a n e  from Ohio Chemica l and S u r g i c a l  

Equipment  Company and r e s e a r c h  g r a d e  p r o p y l e n e  from P h i l l i p s  

P e t r o l e u m  Company were u sed  t o  p r e p a r e  t h e  s t a n d a r d s .  Chro

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

p u r i t i e s :

C y c lo p ro p an e  -  9 9 .7 4  mole p e r c e n t  c y c l o p r o p a n e
0 .2 6  mole p e r c e n t  p r o p y l e n e

P r o p y l e n e  -  9 9 .9 9  mole p e r c e n t  p r o p y l e n e
<0 . 0 1  mole p e r c e n t  i m p u r i t i e s

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

sam ples  i s  shown i n  F i g u r e  20.  Each d a t a  p o i n t  on t h e  c u rv e  

i s  t h e  a v e r a g e  o f  a t  l e a s t  n i n e  c h r o m a t o g r a p h i c  a n a l y s e s  t a k e n
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Figure 18 . Standard Sample P rep a ra t io n  Equipment.
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CHROMATOGRAPH STANDARD DATA SHEET

D a te :  / / - /< f - - é 7  

Sample No. 4-  

Chrom atograph  Bomb No. 4 -

1. W eigh t  Empty C y l i n d e r ......................................................... 34-2. 5”̂ ^

2 .  W eigh t  C y l i n d e r  + C y c lo p ro p an e  ................................ 3 1 1 4  ^

3 .  W eigh t  C y l i n d e r  + T o t a l  G a s e s ....................................

4 .  W eight  C y c lo p ro p an e  ( 2 - 1 ) ..............................................

5 .  W eigh t  T o t a l  Gases  (3-1) .................................................

6 . P e r c e n t  C y c lo p ro p an e  (4 /5  x 100) .............................

7 .  P e r c e n t  P r o p y le n e  (1 0 0 .0 0 -6 )  .......................................O-7 9

8 . C o r r e c t i o n  t o  Gas P e r c e n t a g e s  f o r  P u r i t y  . . . / ) .9 9 7 4 -

Gas P e r c e n t  N o rm a l i z e d

C yc lo p ro p an e
n 74 1.06P r o p y le n e  / /

o t h e r  O.O O  0 . 0 0

C o m m en ts  :

F ig u re  19. Standard P rep ara tion  Work S h ee t .
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F igure 20 . Chromatograph C a l ib r a t io n  Curve.
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o v e r  a 5 month p e r i o d .  Randomly p i c k e d  s t a n d a r d  s am ples  were 

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

t i o n  r e m a in ed  v a l i d .  The c a l i b r a t i o n  can  be r e p r e s e n t e d  

a n a l y t i c a l l y  by t h e  f o l l o w i n g  e q u a t i o n s :

X = 0 .9 4 9 0  (X^) + 0 .0511  (VI-1)

f o r  0 .7 6  < X ^  1 .0 0o

= 0 . 9 7 0 0 (X^) + 0 .0256  (VI-2)

f o r  .50 < X < .76o

where :  X = a c t u a l  c y c lo p r o p a n e  mole f r a c t i o n

Xq = o b s e r v e d  c y c l o p r o p a n e  mole f r a c t i o n

T a b l e  3 g i v e s  t h e  r e s u l t s  o f  t h e  c a l i b r a t i o n s  and t h e

a b s o l u t e  a v e r a g e  p e r c e n t  ■ d e v i a t i o n  o f  each  sam ple .

Area  r a t i o s  were u sed  i n  t h e  c a l i b r a t i o n  i n  p r e f e r 

ence  t o  p eak  h e i g h t s  f o r  two r e a s o n s :  (1 ) p r e l i m i n a r y

e x p e r i m e n t s  showed t h e  a r e a  method t o  be i n s e n s i t i v e  t o  

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

f o r  a  long  l a s t i n g  c a l i b r a t i o n  and ( 2) peak  a r e a s  were 

r e a d i l y  a v a i l a b l e  s i n c e  t h e  r e c o r d e r  c o n t a i n e d  a D isc  

i n t e g r a t o r .  T h ree  o r  more p r o d u c t  sam ples  were a n a l y z e d  f o r  

e ach  run  o f  t h i s  s t u d y .  A t y p i c a l  chromatogram i s  shown i n  

F i g u r e  21.  Using  t h i s  method o f  a n a l y s i s ,  e r r o r s  i n  p r o d u c t  

g a s  a n a l y s i s  were f e l t  t o  be l e s s  th a n  0 .5  p e r c e n t .
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TABLE 3

RESULTS OF CHROMATOGRAPH CALIBRATION

Sample
Number

A c t u a l
p e r c e n t

Observed
p e r c e n t

P e r c e n t  
D e v i a t i o n  from Mean

1 77 .19 75 .99 0 .2 8

2 91 .42 90 .91 0 .1 0

4 98 .95 98 .97 0 .0 1

5 96 .34 9 6 .16 0 .0 3

5 83 .72 8 2 .8 9 0 .0 4

7 55 .95 54 .57 0 .0 9

8 63 .74 62 .39 0 .0 5

9 34 .71 34 .79 1 .75

10 85 .96 85 .1 9 0 .0 9
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INTEGRATOR TRACINGS

\
. . .  ,

F igure 21. T y p ic a l  Chromatogram.



CHAPTER VII  

METHOD OF DATA ANALYSIS

In  t h i s  s t u d y ,  s p e c i f i c  r a t e  c o n s t a n t s  were  ob

t a i n e d  f rom i n t e g r a l  r a t e  d a t a  u t i l i z i n g  t h e  a s s u m p t io n s  

o f  s t e a d y  s t a t e ,  n e g l i g i b l e  a x i a l  d i f f u s i o n ,  p l u g  f low  

and i s o t h e r m a l  b e h a v i o r .  The a s s u m p t io n  o f  p l u g  f lo w  

and n e g l i g i b l e  a x i a l  d i f f u s i o n  i s  f u l l y  i n v e s t i g a t e d  in  

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

o f  t h e  a x i a l  d i f f u s i o n  and p l u g  f lo w  a s s u m p t i o n s .  The 

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

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

D evelopm ent  o f  an E x p r e s s i o n  f o r  C a l c u l a t i o n  
o f  t h e  S p e c i f i c  R a te  C o n s t a n t  from E x p e r i m e n t a l  Data

The g e n e r a l  e q u a t i o n  o f  c o n t i n u i t y  f o r  component  

A i n  a r e a c t i n g  b i n a r y  m i x t u r e  i s  (B 2 ) :

àC,
+ 9 .  c ^ V *  = V . C  Vy^ _ r^ ( V I I - 1 )a t  A A AB A A

where C^ i s  t h e  c o n c e n t r a t i o n  o f  A i n  m o l e s / l i t e r ,  V* i s  

t h e  m o la r  a v e r a g e  v e l o c i t y  i n  cm /sec ,  D̂  i s  t h e  b i n a r y  

d i f f u s i o n  c o e f f i c i e n t  i n  cm / s e c ,  y^ i s  t h e  mole f r a c t i o n  

o f  A and r ^  i s  t h e  r e a c t i o n  r a t e  i n  m o l e s / 1 i t e r - s e c .

87
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S in c e  t h e  i s o m e r i z a t i o n  o f  c y c l o p r o p a n e  i n v o l v e s  no change 

i n  t h e  number o f  moles  p r e s e n t ,  t h e  d i v e r g e n c e  o f  t h e  m o la r  

a v e r a g e  v e l o c i t y  i s  z e r o ;  b e c a u s e  c y c l o p r o p a n e  and p r o p y l e n e  

h av e  t h e  same m o l e c u l a r  w e i g h t ,  t h e  m o la r  a v e r a g e  v e l o c i t y ,  

V*, i s  e q u i v a l e n t  t o  t h e  mass a v e r a g e  v e l o c i t y ,  v .  Equa

t i o n  (V II -2 )  becomes;

^  = “aB -  'A

I n  t e rm s  o f  c y l i n d r i c a l  c o o r d i n a t e s .  E q u a t i o n  (VII -3)

i s :

9C a c^
+ ' ' r  a T ”  + ' ' z  "  °AB

1 ^  
r  S r

-  (V II -4 )

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

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

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

a c ,
= 0 s t e a d y  s t a t e

Be.
V —5  = 0 p l u g  f lo wr  o r  ^

B C
r  I r  ° p l u g  f lo w
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az
—  -  0 n e g l i g i b l e  a x i a l  d i f f u s i o n

Thus ,  E q u a t i o n  (V II -4 )  r e d u c e s  t o :

<v>  âE ---------- (VII-5)

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

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

d a t a .  The r a t e  t e rm ,  r ^ ,  f o r  a f i r s t  o r d e r  r e a c t i o n  i s :

U t i l i z i n g  t h i s  r e l a t i o n  i n  E q u a t i o n  (VII -5)  and  i n t e g r a t i n g  

ove r  t h e  r e a c t o r  l e n g t h  g i v e s :

L9a

dC,

^A. ^A
1

dz

H/n <v>

b u t : 7 = L/<v> = r e s i d e n c e  t im e

= -  V

t h e r e f o r e : ( V I I - 6 )
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c o n t i n u i n g ;  r  = p ...
0^0

where  i s  the  v o l u m e t r i c  f lo w  r a t e  a t  STP (1 5 .5 5 °C ,  60°F 

and 1 . 0  a t m s ) , i s  th e  d e n s i t y  a t  r e a c t o r  c o n d i t i o n s ,  V 

i s  t h e  r e a c t o r  volume, and  p^ i s  t h e  d e n s i t y  a t  s t a n d a r d  

c o n d i t i o n s .  The f i n a l  e q u a t i o n  u s e d  t o  e v a l u a t e  was:

%A0
(V II -7 )

o r
I (VII-8)

\ o  J

F i r s t  o r d e r  b e h a v i o r  i s  c o n f i r m e d  by  p l o t t i n g  & ^^Ai^^Ao^ 

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

w i t h  a s l o p e  o f  .

S p e c i f i c  r a t e  c o n s t a n t s  were  c a l c u l a t e d  w i t h  E q u a t io n  

(V II -7 )  by  u se  o f  an IBM 360-40 c o m p u te r .  The co m p u te r  p r o 

gram u s e d  f o r  t h e s e  c a l c u l a t i o n s  i s  shown in  Appendix  C. 

F i g u r e  44 shows a sample  o u t p u t  o b t a i n e d  when a n a l y z i n g  

t h e  r u n  d a t a .  A sample  i n p u t  d a t a  form i s  shown i n  Appen

d i x  C.

C a l c u l a t i o n  o f  F re q u e n c y  F a c t o r  
and  A c t i v a t i o n  E n e rg y

As d i s c u s s e d  in  C h a p t e r  I I ,  t h e  A r r h e n i u s  e q u a t i o n  

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

w i t h  t e m p e r a t u r e .  I n  l o g a r i t h m i c  form t h e  A r r h e n i u s  equa 

t i o n  i s :
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& (k^) = en (A) -  Eg/RT (V II -9 )

Upon p l o t t i n g  h  (k^) v e r s u s  1 /T ,  a s t r a i g h t  l i n e  i s  o b t a i n e d  

whose s l o p e  i s  -E ^ /R  and  whose i n t e r c e p t  i s  h  (A ) . For  each  

p r e s s u r e  l e v e l  i n v e s t i g a t e d ,  a  l e a s t  s q u a r e s  l i n e  o f  E q u a t io n  

(V II -9 )  was o b t a i n e d  from t h e  e x p e r i m e n t a l  d a t a .

The I s o t h e r m a l  B e h a v io r  Assum pt ion  

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

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

r i v e  E q u a t i o n  ( V I I - 7 ) ,  some d i s c u s s i o n  o f  i s o t h e r m a l  b e h a v i o r  

i s  o b v i o u s l y  i n  o r d e r .

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

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

s u m p t i o n s :  (1 ) p l u g  f low ,  (2 ) c o n s t a n t  p h y s i c a l  p r o p e r t i e s ,

and  (3) n e g l i g i b l e  v i s c o u s  h e a t i n g ,  an e n e r g y  b a l a n c e  on a

segm ent  o f  l e n g t h  AZ (see  below) g i v e s :
Tw

* R
<v>

(0 C <v> -  P C <v> Tg) (itR^) = -(7TR^Az)AHj^j^n+

H(2?RAZ) (T-T^)
p C <v> ttR  ̂ (T^-T^) = -  + 2irRAZH (T-T^)

(VII-10)
2

d i v i d i n g  by  ttR AZ g i v e s :
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p C <v>

ÀZ A%rxn +
2H(T-T^)

_ (VII-11)

T ak ing  t h e  l i m i t  a s  ÙZ -» 0:

2H(T-T%)
r x n R (VII-12)

w here :  ~ b e a t  g e n e r a t i o n  due t o  r e a c t i o n

H = o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t

= w a l l  t e m p e r a t u r e

now: AH

Hrxn "  h e a t  o f  r e a c t i o n

L e t t i n g :

we have:

9 = T/Tw

X = Z/L

dX
%i LHrxn -ck exp ( -  k Lx/<v>)

C <v> T p w

_ 2HL (9-1)
p Cp<v>R (VII -13)

w i t h  th e  i n i t i a l  c o n d i t i o n :  9 = 1 a t  x -  0

E q u a t i o n  (VII-13) and i t s  i n i t i a l  c o n d i t i o n  w e re  s o l v e d  

u s i n g  a  3 r d  o r d e r  R u n g e -K u t ta  a p p r o x i m a t i o n  t o  d 9 / d x .  

The maximum n o n - i s o t h e r m a l  e f f e c t  was e s t i m a t e d  t o  have 

o c c u r r e d  i n  r u n  R3-400 as  t h i s  run  was c o n d u c te d  a t  t h e  

h i g h e s t  t e m p e r a t u r e  l e v e l  ( 5 3 7 . 8 °C ) .  The f o l l o w i n g
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v a r i a b l e s  were  u s ed  in  s o l v i n g  E q u a t i o n  V I I - 1 3 :

®rxn = c a l / g  

p = 1 8 .0  g/ 1

L = 487 cm

Cp = 0 .753  c a l / g - ° K

T = 811 °K w

R = 0 .4 0  cm 

= 0 .9925  

<v> = 1 0 .0  cm /sec

H = 1 9 . 5 ,  2 4 . 5 ,  4 0 . 7 ,  58 x 10 c a l / c m ^ - s e c

The r e s u l t s  o f  th e  s o l u t i o n  a r e  p r e s e n t e d  in  F i g u r e  22.  As 

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

h e a t  t r a n s f e r  c o e f f i c i e n t ,  H. However, t h e  n o n - i s o t h e r m a l  

e f f e c t s  a r e  s m a l l  and  can  be n e g l e c t e d  f o r  p u r p o s e s  o f  r a t e  

a n a l y s i s .

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

The p u rp o s e  o f  t h i s  s e c t i o n  i s  t o  p r o v i d e  an e s t i 

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

s t a n t  u s i n g  E q u a t i o n  ( V I I - 7 ) . S in c e  t h e  r e s u l t s  a r e  o n ly  

an e s t i m a t e ,  i t  w i l l  be assumed t h a t  a l l  e r r o r s  i n  t h e  

i n d e p e n d e n t  v a r i a b l e s  ( i . e . ,  m easured  v a r i a b l e s )  c o n t r i b u t e  

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

e r r o r  o f  a f u n c t i o n ,  y = $ ( a ,  b ,  c ,  . . .  Z) t h e  f o l l o w i n g  

r e l a t i o n s h i p  may be u sed :
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.003

H = l 9 . 5 x  IO“ X A L /C M -S E C - ‘K

.002

H = 24.5

H = 4 0 .7

1.0 0 1

H = 68.0

1.000 0.6 0.80.2

Z/L

F igure  22 . N on-Isotherm al B ehavior  in  R eactor .



95

dy = aE As

where  a i s  known t o  w i t h i n  6a,  e t c .  f o r  b  t o  Z. Thus f o r  

t h e  s p e c i f i c  r a t e  a s  computed b y  E q u a t io n  ( V I I - 7 ) :

F^Po ■ r  , ' 
kc  = - v j r  «"I 1 o

L e t t i n g  (X^ /X^ ) = jS and Pc/ P r  “  
i  o

F a
K g  —  ^  [# ] (V II -17)

The e s t i m a t e d  d e v i a t i o n s  o f  a l l  m e asu re d  v a r i a b l e s  a r e :

T em p era tu re  

Flow Rate  

P r e s s u r e  

C o n c e n t r a t i o n  

R e a c t o r  Volume

± 0 .3°C 

± 0.5%

± 0 .0  3 atms 

± 0.5%

± 0 . 1  ml

These  d e v i a t i o n s  p r o d u c e d  t h e  f o l l o w i n g  " e x p e c te d "  v a r i a t i o n s  

i n  t h e  p a r a m e t e r s  o f  E q u a t i o n  (V II -17)  .

o

a

V

± 1%

= 0 . 5 %

± 0 . 1  ml 

± 0.5%

The " e x p e c t e d "  e r r o r  i n  t h e  s p e c i f i c  r a t e  c o n s t a n t  i s  th e n :
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F
dk̂  = IP) (#) da

F a  F a
 —  Sm. (p) dv + dp

U sing  th e  ru n  v a r i a b l e s  o f  ru n  R7-300:

F^ = 56 .90  i  0 .5 7  m l / s e c  

a  = 0 .1329  ± 0 .00066  

P = 1 .194  ± 0 .006  

V = 239 .9  ± 0 .1  ml

t h e n

dkc = 1 -3 9 -|  ( .57 )  & (1 .194)  + ^ f f t f  (-0066)071 (1 .194)

dk = 5 .6  X 10"^ + 2 .8  X 10"5 + 2 .3  x lO"^ + 1 .5 8  x 10 ^

dk^ = 2 4 . 4  X 10"^

The computed r a t e  c o n s t a n t  a t  t h e s e  c o n d i t i o n s  was =

56 .47  X 10 ^ w h ich  g i v e s  an e s t i m a t e d  e r r o r  o f  4 .3  p e r c e n t  

o r  ± 2 .15  p e r c e n t .

While  t h e  v a l u e  o f  ± 2 .2  p e r c e n t  i s  t h e  " e x p e c t e d "  

e r r o r  i n v o l v e d  when com put ing  t h e  r a t e  c o n s t a n t ,  an e r r o r  

a n a l y s i s  m us t  a l s o  be s e p a r a t e l y  c o n s i d e r e d  f o r  t h e  a b s o l u t e
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t e m p e r a t u r e .  U s ing  t h e  A r r h e n i u s  e q u a t i o n ,  t h e  t e m p e r a t u r e  

e r r o r  can  be  found  f o r  ru n  R7-300 a s :

= A exp  ( -  E^/RT)

\  ^o  dk = ----- 5— dT
= RT^

dk = 5 6 .5 7  X 1 0 - ^  ( 6 6 , 4 9 4 ) ( . 3 1  ,  ^ i „ - 5
1 .9 8 7  (811 .2)

o r  a ± 1 . 5  p e r c e n t  e r r o r .  Thus ,  t h e  t o t a l  " e x p e c te d "  e r r o r  

i n  t h e  r a t e  c o n s t a n t  i s  ± 4 p e r c e n t .  T h i s  f i g u r e ,  ± 4 p e r 

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

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

n o t  f e e l  t h a t  t h e  maximum e r r o r  o f  t h i s  i n v e s t i g a t i o n  can  

e x c e e d  ± 10 p e r c e n t .



CHAPTER V III

DISCUSSION OF RESULTS

T h i s  c h a p t e r  i s  d e v o te d  t o  a d i s c u s s i o n  o f  t h e  ex 

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

t h e o r e t i c a l  d e v e lo p m en t  o f  C h a p t e r  I I  a f t e r  b e i n g  a n a l y z e d  

by t h e  methods  p r e s e n t e d  i n  C h a p t e r  V I I .  I n  summary, r a t e  

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

f o l l o w i n g  r a n g e  o f  v a r i a b l e s :

Range U n i t s

P r e s s u r e 0 .4 - 1 3 7 atms
5 .8 - 2 0 1 4 . p s i a

T e m p e ra tu re 454-539 °C
850-1000 °F

R e s id e n c e  Time 7-810 s ec

Feed  Rate 0 .5 4 - 1 5 5 m l / s e c

C o n v e r s io n 0 . 3 - 3 4 . 4 p e r c e n t

T a b l e  11 o f  Appendix  E summarizes  t h e  r e s u l t s  o f  a l l  e x p e r i 

m e n ta l  r u n s .

With  t h e  e x c e p t i o n  o f  ru n s  R20 and R23, a l l  r u n s  in  

t h i s  i n v e s t i g a t i o n  were  c o n d u c te d  a t  r e s i d e n c e  t im e s  which 

were  s u f f i c i e n t l y  low so  t h a t  r e a c t i o n s  o t h e r  t h a n  t h e  c y c l o 

p r o p a n e  i s o m e r i z a t i o n  were n e g l i g i b l e .  C h ro m a to g ra p h ic

98
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a n a l y s i s  o f  t h e  r u n  sam ples  showed no t r a c e s  o f  p y r o l y s i s  

p r o d u c t s  (methane,  e t h y l e n e ,  e t h a n e ,  po lym ers )  e x c e p t  f o r  

s m a l l  am ounts ,  < 0.5%, a t  t h e  h i g h e s t  t e m p e r a t u r e  l e v e l .  

F u r t h e r ,  a l l  ru n s  were d e s i g n e d  t o  f i t  w e l l  w i t h i n  t h e  s o -  

c a l l e d  " r e g i o n  o f  i s o m e r i z a t i o n "  d e f i n e d  by P i p k i n  (P2) 

and shown i n  F i g u r e  23.  Only one " sm a l l "  d ro p  o f  l i q u i d  

p r o d u c t  was r e c o v e r e d  from t h e  k n o c k - o u t  p o t  d u r i n g  t h e  

c o u r s e  o f  t h e  s t u d y .  The above e v id e n c e  p o i n t s  s t r o n g l y  

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

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

Of t h e  94 d a t a  p o i n t s  t a k e n  d u r i n g  t h e  c o u r s e  o f  t h e  

i n v e s t i g a t i o n ,  80 were a v a i l a b l e  f o r  c o r r e l a t i o n .  A l l  o f  

t h e s e  p o i n t s  f a l l  w i t h i n  t h e  sh ad ed  r e g i o n  o f  F i g u r e  23.

F i r s t  o r d e r  b e h a v i o r  w a s  s h o w n  b y  p l o t t i n g  ^ ( X ^ / X ^ )  

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

p a s s i n g  t h r o u g h  t h e  o r i g i n  w i t h  s l o p e  e q u a l  t o  k ^ .  F i g u r e  

24 s h o w s  t h i s  p l o t  a t  t h e  495°C (925°F) t e m p e r a t u r e  l e v e l .  

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

r e s u l t s  o f  D a v i s  a n d  S c o t t  (D 2) , ^ k *  = 35 .431  -  65 ,570/RT, 

a n d  f o r  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  k„  = 35 .984  -  

66 ,316 /R T .

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

t o  c o n s t r u c t  A r r h e n i u s  p l o t s .  As F i g u r e s  25 t o  33 show, t h e  

p l o t s  o f  071 k^  v e r s u s  1/T f o l l o w e d  t h e  e x p e c t e d  s t r a i g h t  l i n e
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TABLE 4

FIRST ORDER BEHAVIOR AT 4 9 6 . 1°C (925°F)

T
( s e c )

0n(C./C^)

23 .1 0 .0 1 3 4

29 .0 0 .0167

4 3 .7 0 .0258

4 5 .2 0 .0262

56 .5 0 .0335

67 .0 0 .0397

6 9 .3 0 .0400

76 .5 0 .0462

9 1 .3 0 .0550

9 7 .6 0 .0588

1 2 7 .1 0 .0764

135 .8 0 .0820

13 6 .4 0 .0820
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r e l a t i o n s h i p .  A t  e a c h  p r e s s u r e  l e v e l ,  t h e  d a t a  w e r e  f i t t e d  

t o  a n  e q u a t i o n  o f  t h e  f o r m

gM k  = f k{K)  -  E ^ /R T

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

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

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

e x p e r i m e n t a l  d a t a  p o i n t s  a v e r a g e d  a b o u t  2 p e r c e n t ;  m axim um  

d e v i a t i o n s  w e r e  l e s s  t h a n  5 p e r c e n t .  T h e s e  d e v i a t i o n s  w e r e  

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

o f  i  4 p e r c e n t  p r e d i c t e d  i n  C h a p t e r  V I I .  T a b l e  5 s h o w s  t h e  

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

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

V a lu es  o f  K a s s e l ' s  i n t e g r a l ,  E q u a t i o n  ( 1 1 - 2 4 ) ,  were  

p r e p a r e d  a t  f i v e  t e m p e r a t u r e  l e v e l s — 454,  458,  482,  496,  and 

510°C. From t h e s e  c o m p u t a t i o n s ,  t h e  p l o t  o f  I ( T ,P )  v e r s u s  

£n(P) , shown i n  F i g u r e  34, was o b t a i n e d .  V a lu e s  o f  I ( T ,P )  

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

t h e  r a t e  c o n s t a n t  a t  i n f i n i t e  p r e s s u r e ,  k ^ .  A t  e ach  te m p e ra 

t u r e  l e v e l ,  t h e  newly  computed k „  v a l u e s  were  a v e r a g e d  t o  

o b t a i n  d a t a  r e l a t i n g  k„  and  t e m p e r a t u r e  as  shown i n  T a b le  6.  

An A r r h e n i u s  p l o t  o f  t h i s  d a t a ,  shown i n  F i g u r e  35,  gave  t h e  

f o l l o w i n g  c o r r e l a t i o n :

^  k„  = 35 .984  -  66 ,316 /R T (V I I I - 1 )
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TABLE 5

SUMMARY OF RUNS USED IN ARRHENIUS CORRELATION

F i g u r e 25 26 27 28 29 30 31 32 33

P r e s s u r e

(a tms) 28 21 14 .5 7 .8 4 . 4 3 .0 2 . 0 1 .3 1 .0

( p s i g ) 400 300 200 100 50 30 15 5 1

R1------------------------------- >-
R2-------------------------------
R3------------------------------- >-

R4----
R5------------------------------
R 6 - ----------------------------- > -
R7------------------------------

R8.
R9

R 1 3 ----------- » .
R14-------
R15-------
R16-------
R 1 8 -------
R 1 9 -------
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Figure 34. Plot of I(T,P) versus m (P)
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TABLE 6

RATE CONSTANT FOR INFINITE PRESSURE

T , °C X 10^, - 1sec

454.44 0.5115 ± 0.014

468.33 1.19 + 0.03

482.22 2.77 ± 0.03

496.11 6.02 ± 0 .08

510.00 13.28 + 0.22
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S e v e r a l  i n v e s t i g a t o r s  ( C l ) ,  C3, ( F l ) , (D2) , o f  t h e  c y c l o p r o 

pane  i s o m e r i z a t i o n  r e a c t i o n  h a v e  computed A r r h e n i u s  pa ram e

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

i s  i n t e r e s t i n g  t o  compare t h e  r e s u l t s  o f  e x t r a p o l a t i o n s  from 

p r e s s u r e s  a t  o r  be low  one a tm o s p h e re  t o  t h e  r e s u l t s  o b t a i n e d  

from t h i s  i n v e s t i g a t i o n  by e x t r a p o l a t i o n  from h i g h e r  p r e s s u r e s .  

T a b le  7 i l l u s t r a t e s  t h e  r a n g e  o f  A r r h e n i u s  p a r a m e t e r s  o b t a i n e d  

and t h e  maximum p r e s s u r e  u s e d  i n  each  e x t r a p o l a t i o n .  A l th o u g h  

t h e r e  i s  o n l y  a  5 p e r c e n t  s p r e a d  i n  A and a 4 p e r c e n t  s p r e a d  

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

500°C show a 29 p e r c e n t  s p r e a d  ( 5 .9  t o  8 . 1  x 10 ^ ) .  Th is  

d e v i a t i o n  b e tw e e n  i n v e s t i g a t o r s  s h o u l d  be v iew ed  i n  l i g h t  of  

t h e  ± 15 p e r c e n t  s c a t t e r  o f  e x p e r i m e n t a l  d a t a  r e p o r t e d  by 

some i n v e s t i g a t o r s  (D 2) . The r e s u l t s  o f  t h i s  s t u d y  a g r e e  

more c l o s e l y  w i t h  t h e  more r e c e n t  r e s u l t s  o f  F a l c o n e r ,  H u n te r  

and T r o tm a n -D ic k e n s e n  (Fl)  and  Dav is  and S c o t t  (d2) t h a n  w i t h  

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

The 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 ,  k ^ ,  w i t h  p r e s s u r e  

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

d i s c u s s i o n  were  t h a t  t h e  r a t e  c o n s t a n t  s h o u ld  i n c r e a s e  w i th  

i n c r e a s i n g  p r e s s u r e  u n t i l  some p r e s s u r e ,  P^, was r e a c h e d .  

Beyond t h i s  p r e s s u r e ,  t h e  r a t e  c o n s t a n t  s h o u ld  d e c r e a s e  w i t h  

i n c r e a s i n g  p r e s s u r e .  The 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 th  

p r e s s u r e  was g i v e n  by t h e  i n t e g r a l  o f  E q u a t i o n  ( 1 1 - 3 4 ) :
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TABLE 7

ARRHENIUS PARAMETERS FOR INFINITE 
PRESSURE RATE CONSTANTS

R e f e r e n c e
Number

2n(A) E^, c a l / g - m o l e Max P 
atm

Cl 34 .89 65 ,000 1.

C3 36.502 67 ,500 — —

F l 35.581 65 ,600 0 . 4

D2 35.431 65,570 1

T h i s  S tudy 35 .984 66 ,316 28 .1
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P

(P) ] = f 3P RT dP + ( V I I I - 2 )

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

s u r e  o f  r e f e r e n c e  P^.  As p r e v i o u s l y  m e n t io n e d ,  v a l u e s  o f  V*, 

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

a b l e .  T h e r e f o r e ,  t h e  s p e c i f i c  volume o f  p r o p y l e n e  was 

c h o sen  a s  a s u i t a b l e  a p p r o x i m a t i o n  t o  V*. E x p e r i m e n t a l  

d a t a  o f  t h i s  i n v e s t i g a t i o n  were  a v a i l a b l e  a t  t h e  4 8 2 . 2 °C 

t e m p e r a t u r e  l e v e l  from 0 .4  t o  137 a tm o s p h e re s  t o  compare 

w i t h  t h e  computed r e s u l t s  o f  E q u a t i o n  ( V I I I - 2 ) . F i g u r e  36 

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

m e n ta l  d a t a  f a l l s  w i t h i n  ± 1 p e r c e n t  o f  t h e  p r e d i c t e d  c u r v e .

The maximum v a l u e  o f  t h e  r a t e  c o n s t a n t  was computed  t o  o c cu r  

a t  28 a t m o s p h e r e s ,  a r e a s o n a b l e  v a l u e  i n  l i g h t  o f  t h e  e x p e r i 

m e n ta l  d a t a .  T ab le  8 g i v e s  t h e  s p e c i f i c  volumes and o t h e r  

i n f o r m a t i o n  n e ed ed  t o  c o n s t r u c t  t h e  c u rv e  in  F i g u r e  36 .

P i p k i n  (P2) ,  who c o n d u c t e d  t h e  f i r s t  s t u d y  o f  t h e  

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

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

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

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

due e n t i r e l y  t o  a change i n  r e a c t i o n  p r e s s u r e .  The main 

c r i t i c i s m  o f  P i p k i n ' s  work was c e n t e r e d  on t h e  f a c t  t h a t  he 

r a n  a t  a c o n s t a n t  f low  r a t e ,  t h e r e f o r e  an i n c r e a s e  in  r e a c t o r
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TABLE 8

PARAMETERS USED IN EQUATION 
AT 4 8 2 . 2°C

( V I I I - 2 )

P r e s s u r e  
(a tm s )

ô l n  I ( T , P ) x  io3
—- ̂  ——

V _ X  1 0 ^

&P RT

1.5 29 .3 0

2.5 16 .1 0

5 .0 3 .7 0 . 1 5 8

8 .0 1 .6 7 0 .159

1 3 .0 0.883 0 .162

1 5 .0 0 .556 0 .1 6 3

2 0 .0 0.388 0 .1 6 6

25 .0 0.210 0 .1 6 9

30 .0 0 .156 0 . 1 7 2

4 5 .0 0.068 0 . 1 8 0

5 0 .0 0.042 0 .1 8 3

60 .0 0.025 0 . 1 8 8

8 0 .0 0.020 0 .1 9 9

90 .0 0.018 0 .205

I ^  = I n  (2 .77  X  10“ ^) a t 21 a tm o s p h e r e s
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p r e s s u r e  i n c r e a s e d  h i s  r e s i d e n c e  t i m e .  S i n c e  h i s  l o n g e s t

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

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

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

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

t h i s  i n v e s t i g a t i o n  a r e  shown i n  F i g u r e  37.  The e x i s t e n c e

o f  a r e s i d e n c e  t im e  e f f e c t  i s  c l e a r l y  shown and t h i s  e f f e c t

i s  p r o b a b l y  due t o  a p o l y m e r i z a t i o n  and p y r o l y s i s  o f  t h e

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

b e e n  s t r o n g l y  p u t  f o r t h  a s  t h e  e x p l a n a t i o n  o f  P i p k i n ' s

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

a n  a t t e m p t  w a s  m a d e  t o  s e p a r a t e  t h i s  e f f e c t  f r o m  P i p k i n ' s

r e s u l t s .  A t  e a c h  p r e s s u r e  l e v e l  o f  P i p k i n ' s  i n v e s t i g a t i o n

(35,  69,  103 and 137 a tm o s p h e re s  and 4 8 2 . 2°C),  t h e  r a t e

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

were  a v e r a g e d .  The r a t i o  k / k  was o b t a i n e d  from F i g u r e  37

and t h e  r e l a t i o n s h i p ,  k  _  = k _ / [ k / k  ] , where k _  ^ i s  t h e^ c o r  T o T c o r

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

c o r r e c t i o n  a r e  shown on F i g u r e  36 and a r e  l a b e l e d  " P i p k i n ' s  

Da ta  (P2) c o r r e c t e d  f o r  r e s i d e n c e  t i m e . "  In  l i g h t  o f  t h e  

± 10 p e r c e n t  e x p e r i m e n t a l  e r r o r  o f  P i p k i n ' s  d a t a ,  h i s  r e s u l t s  

a g r e e  w e l l  w i t h  t h e  d a t a  o f  t h i s  s t u d y .  I t  s h o u l d  b e  em phas ized  

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

r e s i d e n c e  t i m e s  which were s u f f i c i e n t l y  low so t h a t  no r e s i d e n c e
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Figure 37. Effect of Residence Time on the Rate Constant 
at 482.2 and SIO^C.
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t ime  c o r r e c t i o n s  were  r e q u i r e d .  In  o t h e r  w o rd s ,  i t  i s  d o u b t 

f u l  t h a t  t h e  d e c r e a s e  i n  r a t e  c o n s t a n t  shown i n  F i g u r e  35 

can  be  e x p l a i n e d  away by  " u n d e t e c t e d "  p o l y m e r i z a t i o n  a r g u 

ments  .

D u r in g  t h e  t h e o r e t i c a l  d i s c u s s i o n s  o f  C h a p t e r  I I ,  

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

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

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

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

and t h e  r e s u l t s  o f  P i p k i n  (P2) a s  c o r r e c t e d  f o r  r e s i d e n c e  

t im e .  A c c o r d i n g  t o  t h e  t h e o r i e s  o f  K a s s e l  (K2), R ic e  and 

Ram sperger  (R2) and  S l a t e r  ( S I ) ,  t h e  u n i m o l e c u l a r  r a t e  

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

a s y m p o t i c a l l y  a p p r o a c h i n g  t h e  v a l u e  o f  k^  (see  F i g u r e  34, 

h e r e  I ( T , P )  r e p r e s e n t s  k / k ^ ) .

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  t h e  r a t e  

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

s u r e  P^ has  been  p a s s e d .  Thus,  t h e  v a l u e  o f  k^  computed 

from t h e  c u r v e s  o f  K a s s e l ,  e t c .  may be v e r y  d i f f e r e n t  from 

t h e  v a l u e  o f  t h e  r a t e  c o n s t a n t  a t  e x t r e m e l y  h ig h  p r e s s u r e s .  

T h i s  d i f f e r e n c e  i s  more c l e a r l y  shown i n  F i g u r e  38,  where  

t h e  i n v e r s e  o f  t h e  r a t e  c o n s t a n t ,  1 / k ^ ,  i s  p l o t t e d  w i t h  th e  

i n v e r s e  o f  p r e s s u r e ,  1 / P .  The d e v e lo p m en t  o f  K a s s e l  and 

o t h e r s  p r e d i c t s  a p o s i t i v e  s l o p e  f o r  t h e  c u rv e  l / k ^  

v e r s u s  1 / P .  However, f o r  v e r y  low v a l u e s  o f  1 /P  (h ig h  

p r e s s u r e s )  t h e  s l o p e  p r e d i c t e d  from E q u a t i o n  (V I I I - 2 )
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i s  n e g a t i v e .  The r a t e  o f  change  o f  1 /k ^  w i t h  1 / P  i s  v e r y  

r a p i d  i n  t h i s  r e g i o n ,  f u r t h e r  e m p h a s iz in g  th e  p r e d i c t i o n  

t h a t  t h e  v a l u e  o f  found by  u t i l i z i n g  E q u a t io n  ( 1 1 - 2 3 ) ,  

t h e  i n t e r c e p t  a t  1 /P=0,  may be v e r y  d i f f e r e n t  from t h e  

e x p e r i m e n t a l  v a l u e  o f  t h e  r a t e  c o n s t a n t  found  a s  1 /P  -* 0 .

The use  o f  t h e  t e rm  k as  a r a t e  c o n s t a n t  r e f e r r e d  t o
CO

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

v a l u e .

V a lu e s  o f  th e  r a t e  c o n s t a n t  computed from Equa

t i o n s  ( V I I I - 2 ) ,  (11-37) and (11-38) a r e  compared in  F i g u r e

39. As shown, t h e  a b s o l u t e  r e a c t i o n  r a t e  t h e o r y  w i t h  a 

n o n - p r e s s u r e  d e p e n d e n t  t r a n s m i s s i o n  c o e f f i c i e n t  [ E q u a t i o n  

( I I - B ) ] p r e d i c t s  t h e  v a r i a t i o n  in  t h e  r a t e  c o n s t a n t  w i t h  

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

s u b a t m o s p h e r i c  p r e s s u r e s .  The t h e o r i e s  o f  K a s s e l ,  R ic e  

and Ram sperge r ,  and S l a t e r  [ E q u a t i o n  (11-23) ] p r e d i c t  th e  

r a t e  c o n s t a n t  v a r i a t i o n  up t o  10 a tm s ,  b u t  f a i l  t o  show 

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

h ig h  p r e s s u r e .  The t h e o r y  d e v e lo p e d  in  C h a p t e r  I I  [Equa

t i o n  ( V I I I - 2 ) ]  d e s c r i b e s  t h e  r a t e  c o n s t a n t  v a r i a t i o n  w i t h  

p r e s s u r e  a t  b o t h  h ig h  and low p r e s s u r e s .

The r a t e  c o n s t a n t  b a s e d  on thermodynamic  a c t i v i t i e s ,  

k , was computed u t i l i z i n g  t h e  r e s u l t s  o f  P i p k i n ' s  (P2;

deve lo p m en t :
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where  i s  t h e  m i x t u r e  m o la r  d e n s i t y  and  fx i s  t h e  f u g a c i t y  

o f  p u r e  c y c l o p r o p a n e .  V a lu es  o f  t h e  pu re  component f u g a c i t y  

w ere  o b t a i n e d  by  u se  o f  t h e  BWR e q u a t i o n  o f  s t a t e .  As F i g 

u r e  40 shows, b o t h  t h e  c o n c e n t r a t i o n  b a s e d  r a t e  c o n s t a n t  and  

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

However,  t h e  a c t i v i t y  b a s e d  r a t e  c o n s t a n t ,  k ^ ,  a p p e a r s  

" b e t t e r  behaved"  w i t h  r e g a r d  t o  p r e s s u r e  o v e r  t h e  p r e s s u r e  

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

As d i s c u s s e d  in  C h a p t e r  I I ,  t h e  a c t i v a t i o n  e n e r g y ,

E^, s h o u l d  a l s o  be a f u n c t i o n  o f  p r e s s u r e .  Using  E q u a t i o n s

-5(11-39) and  ( 1 1 - 4 0 ) ,  t h e  a c t i v a t i o n  e n e r g y  from 10 t o  150 

a t m o s p h e r e s  was com puted .  F i g u r e  41 compares  t h e  r e s u l t s  o f  

t h i s  c o m p u t a t i o n  w i t h  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 .  T ab le  

9 l i s t s  t h 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  u sed  t o  c o n s t r u c t  

t h e  c u rv e  shown i n  F i g u r e  4 1 .  As shown, t h e  a v a i l a b l e  d a t a  

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

The r e s u l t s  o f  t h e  21 a tms r u n s  o f  t h i s  i n v e s t i g a 

t i o n  can  be compared  t o  t h e  r e s u l t s  o f  P i p k i n ' s  s t u d y  a t  18 

a t m s .  P i p k i n ' s  18 atms r e s u l t s  s h o u l d  be  f r e e  o f  t h e  

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

c u s s e d  s i n c e  t h e  r e s i d e n c e  t im e s  f o r  t h e s e  ru n s  were  s h o r t .  

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  can  be e x p r e s s e d  a s :

0M (k ) = 36 .079  -  66 ,494 /RT (21 atms)

P i p k i n ' s  r e s u l t s  (P2) w e re :

(k^) = 3 6 .0 3 7  -  56,410/R T  (18 atms)
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TABLE 9

VARIATION OF ACTIVATION ENERGY WITH PRESSURE

P
atms

Eq
c a l / m o l e

1 X 10"5 56 ,450

0 .0 1 62 ,220

0 .0 2 62 ,850

0 .0 5 63,650

0 .2 0 64 ,720

0 .3 7 65,100

1 .0 0 65 ,550

2 0 .0 66,000

1 5 0 .0 66 ,500
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The two c o r r e l a t i o n s  a r e  i n  e x c e l l e n t  a g r e e m e n t .

A n o th e r  c o m p ar i so n  be tw een  t h e  r e s u l t s  o f  t h i s  work 

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

s u r e .  Dav is  and S c o t t  ( D 2 ) r e p o r t  th e  f o l l o w i n g  A r r h e n i u s  

p a r a m e t e r s  a t  a t m o s p h e r i c  p r e s s u r e ;

& (k ) = 3 6 .1 9 2 3  -  66 ,950/RT (1 atm).

The r e s u l t s  o f  t h i s  work a r e  :

& (k ) = 3 5 .3 6 4  -  65 ,443/RT (1 atm)

The two r e s u l t s  a r e  n o t  i n  good a g r e e m e n t .  I t  i s  i n t e r e s t 

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

o f  6 5 ,5 7 0  c a l / m o l e  computed by Davis  and S c o t t  i s  s u b s t a n 

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

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

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

p r e s s u r e  ( see  F i g u r e  4 1 ) .  F u r t h e r ,  Dav is  and  S c o t t  acknow

l e d g e  d e v i a t i o n s  o f  15 p e r c e n t  be tw een  t h e i r  d a t a  and t h e  

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

R a te  c o n s t a n t s  were  o b t a i n e d  a t  a p r e s s u r e  o f  0 .4

atms and f o r  t e m p e r a t u r e s  o f  4 8 2 .2  and 510°C, Due t o  d i f f i 

c u l t i e s  i n  o b t a i n i n g  a c c u r a t e  f lo w  m easurement  a t  su b a tm o s -  

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

e s t i m a t e d  t o  be  ± 6 p e r c e n t .  The r a t e  c o n s t a n t  was found 

t o  be 1 1 .7 6  X 10"4 a t  510°C and  2 .5 5  x  lO"^ a t  4 8 2 . 2°C.

T h ese  r e s u l t s  r e p r e s e n t  an  a v e r a g e  o f  a l l  d a t a  a t  each
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t e m p e r a t u r e  l e v e l .  F a l c o n e r ,  e t  a l . (F l)  r e p o r t  r a t e  con

s t a n t s  o f  1 3 .7  X 10"^ and  2 .92  x lO"^ a t  510 and  4 8 2 . 2°C.

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

c o n s t a n t s  a r e  g r e a t e r  t h a n  t h e  h i g h e s t  r a t e  c o n s t a n t s  (ob

t a i n e d  i n  t h i s  s t u d y  a t  a b o u t  30 atms) a t  e ac h  t e m p e r a t u r e  

l e v e l .  F u r t h e r ,  t h e i r  v a l u e s  a r e  h i g h e r  t h a n  th e  computed 

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

o f  t h i s  s t u d y .

A r r h e n i u s  p a r a m e t e r s  a t  0 . 4  atms were  found  t o  be:

& (k ) = 34 .831  -  64 ,701 /RT

The a c t i v a t i o n  e n e r g y  o f  64 ,701  c a l / m o l e - ° K  a t  0 . 4  atms i s  

p l o t t e d  i n  F i g u r e  41 a t  &(P) = - 0 . 9 3 .  C o n s i d e r i n g  t h a t  o n ly  

two d a t a  p o i n t s  were  a v a i l a b l e  t o  compute  E^, t h e  r e s u l t s  

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



CHAPTER IX

CONCLUSIONS

The c o n c l u s i o n s  d e r i v e d  from t h e  r e s u l t s  o f  t h i s  

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

on t h e  s p e c i f i c  r a t e  c o n s t a n t ,  t h e  e f f e c t  o f  p r e s s u r e  on 

t h e  s p e c i f i c  r a t e  c o n s t a n t ,  t h e  e f f e c t  o f  p r e s s u r e  on t h e  a c t i 

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

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

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

As e x p e c t e d ,  t h e  t e m p e r a t u r e  d ependence  f o r  t h e  

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

A r r h e n i u s  r e l a t i o n :  l n ( k )  = In(A) -  E^/RT. D e v i a t i o n s

be tw een  t h e  A r r h e n i u s  r e l a t i o n  and e x p e r i m e n t a l  d a t a  was 

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

( i  4%) o f  t h e  i n v e s t i g a t i o n .

The a n a l y s i s  o f  E q u a t i o n  (11-36),  i n d i c a t i n g  t h a t  t h e  

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

some p r e s s u r e  and t h e n  d e c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e ,  

was v e r i f i e d .  The e x p e r i m e n t a l  r e s u l t s  a t  4 8 2 . 2°C a g r e e d  w i t h  

t h e  computed c u rv e  o f  r a t e  c o n s t a n t  v e r s u s  p r e s s u r e  [ E q u a t i o n s  

(11-36) o r  ( V I I I - 2 ) ]  t o  w i t h i n  ± 1 p e r c e n t ,  w e l l  w i t h i n  e x p e r i 

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

c a l c u l a t e d  u s i n g  E q u a t i o n s  (11-39) a n d  ( 1 1 - 4 0 ) . T h e  a v a i l 

a b l e  A r r h e n i u s  a c t i v a t i o n  e n e r g i e s ,  Eq » a g r e e  w i t h i n  a n  

a v e r a g e  d e v i a t i o n  o f  0 . 6  p e r c e n t  o f  t h i s  c a l c u l a t i o n .

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

r a t e  c o n s t a n t  a t  h i g h  p r e s s u r e s  ( o v e r  1 0 0  a t m s )  w a s  s h o w n  

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

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

r a t e  c o n s t a n t  a t  m o d e r a t e  p r e s s u r e s  (5-40 a t m s )  a p p r o a c h e d  

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

The use  o f  a t u b u l a r ,  g o l d - l i n e d ,  f lo w  r e a c t o r  was 

d e m o n s t r a t e d  t o  be u s e a b l e  from 0 . 4  t o  137 a t m o s p h e r e s  p r e s 

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

p a n e .  F u r t h e r ,  t h e  u se  o f  a p r e s s u r i z e d  l i q u i d  f lo w  sy s tem  

showed many a d v a n ta g e s  o v e r  a  c o n v e n t i a l l y  pumped sy s tem ,  i . e . :  

l a r g e  r a n g e  o f  f lo w  r a t e s ,  e a s e  o f  f low  r a t e  change  and ex t rem e  

c o n s i s t e n c y  o f  f lo w  r a t e .



NOMENCLATURE

a = thermodynamic  a c t i v i t y  

a '  = c o n s t a n t  in  E q u a t i o n  A-2 

A = component A i n  s t o i c h i o m e t r i c  e q u a t i o n  

A = f r e q u e n c y  f a c t o r  i n  A r r h e n i u s  e q u a t i o n  

A* = a c t i v a t e d  complex 

A^ = c o n s t a n t  i n  E q u a t i o n  A-2 

b ' = c o n s t a n t  i n  E q u a t i o n  A-2

B = component  B i n  s t o i c h o i m e t r i c  e q u a t i o n  

Bq = c o n s t a n t  i n  E q u a t i o n  A-2

c = d i m e n s i o n l e s s  c o n c e n t r a t i o n ,  C/C^ 

c ' = c o n s t a n t  i n  E q u a t i o n  A-2

C = c o n c e n t r a t i o n

= c o n s t a n t  in  E q u a t i o n  A-2  

Cp = h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e  

d = r e a c t o r  d i a m e t e r  

D = d i f f u s i o n  c o e f f i c i e n t

D = t e r m  i n  E q u a t io n  1 1 - 2 3 ,  1 . 0 / [ r ( s ) ( R T ) ^ ]

E^ = e n e r g y  o f  a c t i v a t i o n

E^ = e n e r g y  o f  a c t i v a t i o n  r e f e r r e d  t o  i n f i n i t e  p r e s s u r e  

F = p a r t i t i o n  f u n c t i o n  

Fq = v o l u m e t r i c  f low  r a t e  a t  STP

136
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G = Gibbs  f r e e  e n e r g y  

AG° = s t a n d a r d  s t a t e  f r e e  e n e r g y  change a s s o c i a t e d  w i t h  

r e a c t i o n  

h = P l a n c k ' s  c o n s t a n t  

H = e n t h a l p y

H = h e a t  t r a n s f e r  c o e f f i c i e n t

H = h e a t  o f  r e a c t i o n  rx n

^^rxn  ~ r a t e  o f  h e a t  g e n e r a t i o n  by  r e a c t i o n  

I  = i n t e g r a l  d e f i n e d  by  E q u a t i o n  11-23 

k = s p e c i f i c  r e a c t i o n  r a t e ,  s e c  ^

K = t h e r m a l  c o n d u c t i v i t y  

K = e q u i l i b r i u m  c o n s t a n t  

K„ = Boltzraan c o n s t a n tJd

L = a x i a l  l e n g t h  o f  r e a c t o r  

M = m o l e c u l a r  w e i g h t  

n = number o f  moles  

N = c o l l i s i o n  t e rm .  E q u a t i o n  I I - 4  

P = p r e s s u r e  

r  = r a t e  o f  r e a c t i o n  

r  = r a d i u s  v a r i a b l e  

R = r e a c t o r  r a d i u s  

R = r e s i s t a n c e

R = gas  law c o n s t a n t ,  1 .9 8 7  c a l / m o l e - ° K

7 2 2R^ = gas  law c o n s t a n t ,  8 .3 1 4  x 10 gm cm / s e c  -m o le -°K  

R^ = gas  law c o n s t a n t ,  0 .0 8 2 0 5  l i t e r - a t m / m o l e - ° K  

R = R eyno lds  number,  à<v>p/jj,
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s = number o f  o s c i l l a t o r s  i n  E q u a t i o n  11-23 

S°  = s t a n d a r d  s t a t e  e n t r o p y  

t  = t im e  

T = t e m p e r a t u r e  

U = d i m e n s i o n l e s s  r a d i u s ,  r / R

V = l o c a l  v e l o c i t y  o f  f low  

V* = m o la r  a v e r a g e  v e l o c i t y

<v> = b u l k  v e l o c i t y

V = r e a c t o r  volume 

X = mole f r a c t i o n  

Z = a x i a l  d i s t a n c e

Greek
2

a = d i m e n s i o n l e s s  p a r a m e t e r ,  D/k^R

A = symbol f o r  d i f f e r e n c e  

Ô = p a r t i a l  d e r i v a t i v e  

9 = d i m e n s i o n l e s s  t e m p e r a t u r e ,  T/T^

X = c o n t a c t  t im e  p a r a m e t e r ,  k^Z/2<v> 

jU = v i s c o s i t y

V = d i m e n s i o n l e s s  r a d i a l  d i s t a n c e ,  r / R

p = d e n s i t y

= d e n s i t y  a t  STP 

r  = r e s i d e n c e  t ime

a = m o l e c u l a r  r a d i u s

n = r e d u c e d  p r e s s u r e ,  P /P^  

Q = c o l l i s i o n  i n t e g r a l
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S u b s c r i p t s  

a  = d e f i n i t i o n  i n  t e rm s  o f  a c t i v i t y  

A = component A ( u s u a l l y  c y c l o p r o p a n e )

b  = backw ard

B = component B ( u s u a l l y  p r o p y l e n e )

c = d e f i n i t i o n  i n  t e rm s  o f  c o n c e n t r a t i o n

f  = fo r w a r d

i  = v a r i a b l e  i  o r  i n l e t  c o n d i t i o n

m = m i x t u r e  p r o p e r t y

o = o u t l e t  c o n d i t i o n

r  = r a d i a l

w = w a l l

Z = a x i a l

“ = r e f e r s  t o  i n f i n i t e  p r e s s u r e

S u p e r s c r i p t s  

* = a c t i v a t e d  complex

— = m o la r  u n i t s
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APPENDIX A

CALCULATION OF PHYSICAL PROPERTIES

In  any  k i n e t i c  s t u d y  c o n d u c t e d  in  a g a se o u s  f low  

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

r e q u i r e d .  The mos t  i m p o r t a n t  p r o p e r t y  i s  t h e  d e n s i t y  o f  

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

l a t e d  t o  t h e  d e n s i t y :

w here :  r  = r e s i d e n c e  t im e

V = r e a c t o r  volume

= d e n s i t y  a t  r e a c t o r  c o n d i t i o n s

= d e n s i t y  a t  s t a n d a r d  c o n d i t i o n s

F = f lo w  r a t e  a t  s t a n d a r d  c o n d i t i o n s  o

E q u a t i o n  (A - 1 ) , o f  c o u r s e ,  i m p l i e s  t h e  a s s u m p t io n  o f  p l u g  

f low  w h ich  w i l l  be examined in  Append ix  B. In  a n a l y z i n g  

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

B ened ic t -W ebb-Rub in  e q u a t i o n  o f  s t a t e  (Bl) d e v e lo p e d  by  

E d m i s t e r ,  V a i r o g s  and K l e r k e r s  (El)  was u s e d .  B r i e f l y ,  

E d m i s t e r ' s  g e n e r a l i z a t i o n  o f  t h e  BWR e q u a t i o n  i n v o l v e d  

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

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

143
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s p e c i f i c  f o r  e a c h  p u r e  s u b s t a n c e ,  i n t o  an e q u a t i o n  i n  w hich  

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

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

was a s im p le  f u n c t i o n  o f  t h e  a c e n t r i c  f a c t o r .  T h e i r  e q u a 

t i o n s  a r e :

C'p  ^
+ (a '  a / )p ^ ^  + — ^  (1 + y 'p^^)  exp ( -  yo^})

B
(A-2)

w h e r e :  ir =  P / P ^

B = T/T^

Or ° OKTe'/Oc 
e t c  = 0(w)

I n  t e s t i n g  E q u a t i o n  (A -2 ) , E d m i s t e r  found i t  t o  be  compar

a b l e  t o  t h e  o r i g i n a l  BWR e q u a t i o n  i n  a c c u r a c y .  F i g u r e  42 

shows th e  c o m p r e s s i b i l i t y  o f  p u re  c y c l o p r o p a n e  computed from 

E q u a t io n  (A-2) compared w i t h  t h e  g e n e r a l i z e d  p r e d i c t i o n  

methods  o f  N e lso n  and  O b e r t  (Nl) and  L y d e rso n ,  G reenkorn  and 

Hougen ( L 6 ) .

Due t o  t h e  good a g re em e n t  be tw een  E q u a t i o n  (A-2) 

and  t h e  g e n e r a l i z e d  methods .  E q u a t i o n  (A-2) was u sed  t o  

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

S in c e  th e  d e n s i t y  o f  c y c l o p r o p a n e  and  p r o p y l e n e  d i f f e r  by 

l e s s  t h a n  1% o v e r  t h e  t e m p e r a t u r e  and  p r e s s u r e  r a n g e s
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c o v e r e d  in  t h i s  i n v e s t i g a t i o n ,  t h e  d e n s i t y  o f  p u re  c y c l o 

p ro p a n e  was t a k e n  a s  t h e  d e n s i t y  o f  t h e  r e a c t a n t  g a s e s .

V i s c o s i t y  and  d i f f u s i o n  c o e f f i c i e n t  a r e  i m p o r t a n t  

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

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

a r e  n e c e s s a r y  in  d e t e r m i n i n g  t h e  R eyno lds  number;

R = d<V>p/jU (A-3)

w h e re :  d = t u b e  d i a m e t e r

<V> = b u l k  v e l o c i t y  

p = d e n s i t y  

H = v i s c o s i t y

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  f o r  R eyno lds  numbers be low 

2100, and  in  t h e  a b s e n c e  o f  d i f f u s i o n  e f f e c t s ,  l a m i n a r  f lo w  

i s  p r e v a l e n t .  The v i s c o s i t y  c o r r e l a t i o n  o f  Lee,  S t a r l i n g ,  

Dolan and E l l i n g t o n  (L3) was ch o sen  as  t h e  most a p p r o p r i a t e  

method o f  co m p u t in g  gas  phase  v i s c o s i t y  a t  t h e  c o n d i t i o n s  

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

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

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

p = K exp (Xp^) (A-4)

K = (7 .77  + .0 0 6 3 M ) T ^ '^ / ( 1 2 2 ,4  + 1 2 . 9M + T)

(A-5)

X = 2 .5 7  + 1 9 1 4 . 5/T + .0095M (A-6)

Y = 1 .11  + .04  X (A-7)
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w here :  /i = v i s c o s i t y  in  m i c r o p o i s e
3

p = d e n s i t y  i n  g/cm 

M = m o l e c u l a r  w e i g h t  

T = t e m p e r a t u r e  i n  °R 

E q u a t i o n  (A-4) r e p r e s e n t e d  t h e  v i s c o s i t y  o f  p ro p an e  t o  

w i t h i n  1 p e r c e n t  o v e r  a w ide  ra n g e  o f  t e m p e r a t u r e s  and 

p r e s s u r e s .  I t  s h o u l d  be s i m i l a r l y  a c c u r a t e  f o r  com put ing  

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

A l l  r u n s  i n  t h i s  i n v e s t i g a t i o n  were  c o n d u c te d  a t  

R eyno lds  numbers be low  2100. However, t h e  a s s u m p t io n  o f  

p l u g  f low  was made i n  a n a l y z i n g  t h e  k i n e t i c  d a t a .  I t  i s  

t h e  p u rp o s e  o f  A ppendix  B t o  j u s t i f y  t h i s  a s s u m p t io n ,  

t h e r e f o r e  o n l y  t h e  method o f  com pu t ing  t h e  d i f f u s i o n  c o 

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

t i o n  f r e q u e n t l y  a t t r i b u t e d  t o  H i r s c h f e l d e r ,  B i r d ,  and 

S p o tz  (H2) was u s e d  t o  d e t e r m in e  d i f f u s i o n  c o e f f i c i e n t s  

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

t h e y  do n o t  o f f e r  s u b s t a n t i a l  i n c r e a s e s  in  a c c u r a c y  t o  

w a r r a n t  t h e i r  u s e .  The HBS e q u a t i o n  i s :

O.OOiaSST^'^^
D = ---------------------------5 - i - ^ ------^ -------  (A-8)

" "12  «D

where  T = t e m p e r a t u r e  i n  °K 

M = m o l e c u l a r  w e ig h t
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P = p r e s s u r e  i n  a tm o s p h e re s  

^12 ~ (cTj^+a2 ) / 2  = c o l l i s i o n  d i a m e t e r  in  an g s t ro m s  

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

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

(A-8) a s  e x p e r i m e n t a l  d a t a  f o r  t h e  c y c l o p r o p a n e - p r o p y l e n e  

s y s te m  a r e  n o t  a v a i l a b l e .  T a b le  10 o f  Appendix  B l i s t s  

th e  v a l u e s  o f  and D u sed  t o  examine t h e  e f f e c t s  o f

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



APPENDIX B

. EVALUATION OP THE EFFECTS OF LONGITUDINAL AND 

AXIAL DIFFUSION IN A TUBULAR REACTOR

One o f  t h e  m os t  f r e q u e n t  s i m p l i f y i n g  a s s u m p t io n s  

made in  t h e  a n a l y s i s  o f  k i n e t i c  d a t a  f rom t u b u l a r  r e a c t o r s  

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

e x i s t s ,  t h i s  a s s u m p t i o n  i s  u s u a l l y  s a t i s f a c t o r y .  In  th e  

l a m i n a r  f lo w  r e g i o n ,  p l u g  f lo w  can  be  c o r r e c t l y  assumed 

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

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

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

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

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

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

by  t h e  w e l l  known P o i s e u i l l e  e q u a t i o n :

V ( r )  = 2<v> ( 1 - r ^ / R ^ )  (B-1)

I t  i s  e v i d e n t  t h a t  t h e  c e n t e r  s t r e a m l i n e  ( r  = 0) w i l l  have  

a s m a l l e r  r e s i d e n c e  ( r e a c t i o n )  t im e  t h a n  a n y  e l e m e n t  a t  a 

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

149
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o f  r e s i d e n c e  t im e s  w h ic h  has  been  d i s c u s s e d  by  Bosworth  (B 4 ) . 

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

c o m p l i c a t e d .  C l e l a n d  and  Wilhe lm (0 2 ) ,  u s i n g  n u m e r i c a l  i n t e 

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

c r i b i n g  t h e  c o n c e n t r a t i o n  f i e l d  i n  a c i r c u l a r  tu b e  where  a 

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

I n  d i m e n s i o n l e s s  fo rm ,  t h e  e q u a t i o n  w h ic h  t h e y  s o l v e d  was:

2
-  (1 -7 /^ ) -^  + ot + — I "  -  c = 0 (B-2)ax a /  i;

w i t h  b o u n d a ry  c o n d i t i o n s :

(1) c = 1 a t  X = 0

(2) hc/du  = 0 a t  y = 1 and a t  u = 0 

w here :  X = k^Z/2<v>

c = c / c ^  

a  =

V = r / R

E q u a t i o n  (B-2) i n v o l v e s  t h e  f o l l o w i n g  a s s u m p t i o n s :

(1) i s o t h e r m a l  c o n d i t i o n s ,

(2) l a m i n a r  f lo w  f u l l y  d e v e l o p e d ,

(3) a x i a l  d i f f u s i o n  s m a l l  i n  c o m p ar i so n  t o  r a d i a l  

d i f f u s i o n ,

(4) c o n s t a n t  d i f f u s i v i t y .

C l e l a n d  and W ilhe lm  s o l v e d  E q u a t i o n  (B-2) f o r  v a l u e s  o f  

a  and  X f o r  w h ich  aX = 1-
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G e n e r a l l y ,  t h e  v a l u e s  o f  a  e n c o u n t e r e d  in  t h i s  

i n v e s t i g a t i o n  were  much l a r g e r  t h a n  t h o s e  c o v e r e d  by C l e 

l a n d  and  W ilhe lm and  t h e  v a l u e s  o f  \  much s m a l l e r .  T h e re 

f o r e  E q u a t i o n  (B-2) and  a s s o c i a t e d  b o u n d a r y  c o n d i t i o n s  were 

s o l v e d  by  a method s i m i l a r  t o  t h a t  u s e d  by  L a p id u s  (L2) f o r  

a new r a n g e  o f  p a r a m e t e r s .

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

t h a t  t h e  r a t i o .  a / \  c o u l d  be u sed  a s  t h e  c r i t e r i a  f o r  d e t e r 

m in in g  v a l i d i t y  o f  t h e  p l u g  f low  a s s u m p t i o n .  F i g u r e  43 

shows t h e  r e l a t i o n s h i p  be tw een  a / \  and  t h e  maximum p e r c e n t  

e r r o r  i n v o l v e d  in  a ssu m in g  p lu g  f l o w .  The p e r c e n t  e r r o r  

was d e t e r m i n e d  as  f o l l o w s  :

P e r c e n t  e r r o r  = 100 (B-3)

w h e re :  Cp^ = p l u g  f lo w  c o n c e n t r a t i o n

= n u m e r i c a l  i n t e g r a t i o n  c o n c e n t r a t i o n  

For v a l u e s  o f  a /X  g r e a t e r  t h a n  9, t h e  e r r o r  i n  a ssum ing  p lu g  

f low  w i l l  be l e s s  t h a n  0 . 5  p e r c e n t .  I n  g e n e r a l ,  v a l u e s  of  

a/X  f o r  t h i s  i n v e s t i g a t i o n  were l a r g e r  t h a n  100, so  t h e  

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

v a l i d .

Danckwerts  (Dl) has  a n a l y z e d  t h e  e f f e c t  o f  l o n g i 

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

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

t u d i n a l  d i f f u s i o n  t e n d s  t o  low er  t h e  c o n v e r s i o n  be low t h a t  

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

k ^ ^ D L / < v > ^ « l  h o l d s .  A l l  ru n s  i n  t h i s  s t u d y  f u l f i l l e d
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Figure 43. Error in Assuming Plug Flow.
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t h i s  c r i t e r i o n .

I n  summary, i t  can  be s a i d  t h a t :  (1) a l l  r u n s  i n

t h i s  s t u d y  e x i s t e d  i n  t h e  l a m i n a r  f low  r e g i o n ,  (2) t h e  p l u g

f lo w  a s s u m p t i o n  was v a l i d  i n  t h e  k i n e t i c  d a t a  a n a l y s i s  and

(3) l o n g i t u d i n a l  d i f f u s i o n  had a n e g l i g i b l e  e f f e c t  on c o n -
2

v e r s i o n  l e v e l s .  V a lu e s  o f  t h e  p a r a m e t e r s  a , X and k ^  DL/
3

<v> w ere  computed f o r  e ac h  r u n  u s i n g  t h e  p h y s i c a l  p r o p e r t y  

e s t i m a t i o n  t e c h n i q u e s  d i s c u s s e d  in  Appendix  A. The r e s u l t s  

a r e  t a b u l a t e d  i n  T a b le  1 0 .
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T A B L E  1 0  ( c o n t i n u e d )

R u n
N u m b e r

D e n s  i t y  
( m o l e / l i t e r  )

V i s c o s i t y
( m i c r o p o i s e )

D i f f u s i o n
( c m ^ / s e c )

-  V >  
( c m / s e c )

* > / A. K ^ ^ D L /  V  

( x l O ® )

R e y n o l d s
N u m b e r

R 9 - 3 0 0  . 0 4 9 2 1 9 9 . 0 0 .  1 2 5 2 . 8 5 1 5 4 , 5 0 0 1 5 . 5 7 2 4
R 9 - 3 0 A 0 . 0 4 8 7 1 9 9 . 0 0 . 1 2 6 3 . 7 3 1 9 9 , 0 0 0 7 . 1 9 3 1
R 9 - 1 5 0 . 0 3 2 3 1 9 8 . 9 0 . 1 9 1 4 . 4 1 3 5 5 , 0 0 0 6  .  5 4 2 4
R 9 - 5 0 . 0 2 1 0 1 9 8 . 8 0 . 2 9 3 6 . 6 0 8 4 9 , 0 0 0 2  . 9 0 2 4
R 9 - a t m s 0 . 0 1 6 8 1 9 8 . 8 0 . 3 6 6 7 . 6 1 1 . 1 5 0 . 0 0 0 2  . 4 9 2 2
R l O - 3 0 0 . 0 4 8 3 1 9 9 . 1 0 . 1 2 7 6 2  . 4 9 1 0 5 , 8 0 0 3 0 . 9 9 2 0
R 1 0 - 3 0 A 0 . 0 4 8 6 1 9 9 . 1 0 . 1 2 6 8 6 . 7 7 3 0 2 , 0 0 0 1 4  . 4 3 5 6
R l O - 1 5 0 . 0 3 2 1 1 9 8 . 9 0 . 1 9 2 0 4  . 0 7 2 5 7 , 0 0 0 1 0 .  7 7 2 2
R l O - 5 0 . 0 2 0 9 1 9 8 . 9 0 . 2 9 4 4 5 . 6 9 5 0 6 , 0 0 0 6 . 5 9 2 0
R i O - a t m s 0 . 0 1 6 7 1 9 8 . 9 0 . 3 6 8 3 7 . 4 9 8 7 1 , 0 0 0 3 . 4 5 2 1
R l l - 3 0 0 . 0 4 5 1 2 1 1 . 2 0 . 1 4 4 2 2 2  . 8 0 1 , 3 6 0 3 6 . 7 1 6 4
R i l - 1 5 0 . 0 2 9 8 2 1 1 . 1 0 . 2 1 8 0 3 4 . 2 4 i ,  5 0 0 3 3 . 9 1 6 3
R I 3 - 2 0 0 0 . 2  3 6 4 2 0 1 . 4 0 . 0 2 6 3 3  . 6 5 3 5 , 5 0 0 1 . 8 1 1 4 4
R 1 3 - 1 0 0 0 . 1 2 5 7 2 0 0 . 1 0 . 0 4 9 2 7 . 1 4 1 3 4 , 5 0 0 0 . 4 3 9 1 5 1
R 1 3 - 5 0 0 . 0 7 0 8 1 9 9 . 5 0 . 0 8 7 2 1 0 . 2 1 3 4 1 , 0 0 0 0 . 2 6 6 1 2 2
R 1 4 - 5 0 0 . 0 6 9 0 2 0 2  . 6 0 . 0 9 0 7 4  . 9 8 3 1 , 9 0 0 1 2  . 9 0 5 7
R 1 4 - 3 0 0 . 0 4 7 8 2 0 2  . 4 0 . 1 3 1 1 7  . 0 2 7 0 , 7 0 0 6 . 1 1 5 6
R 1 4 - 1 5 0 . 0 3 1 5 2 0 2 . 3 0 . 1 9 9 1 1 0 . 7 6 1 6 3 , 5 0 0 2  . 6 0 5 6
R 1 5 - 5 0 0 . 0 7 0 9 1 9 7 . 4 0 . 0 8 6 0 2 . 7 1 2 7 8 , 0 0 0 4 . 4 9 3 3
R 1 5 - 3 0 0 . 0 4 9 2 1 9 7 . 2 0 . 1 2 4 0 4 . 2 4 6 1 6 , 0 0 0 1 . 7 3 3 6
R i 5 - 1 5 0 . 0 3 2 7 1 9 7 . 1 0 . 1 8 6 6 6 . 4 0 1 . 4 4 1 , 0 0 0 0  .  7 3 3 3 6
R 1 6 - 5 0 0 . 0 7 3 0 1 9 3  . 4 0 . 0 8 2 2 2  .  5 0 1 , 9 5 0 , 0 0 0 0 . 6 9 0 3 2
R 1 6 - 3 0 0 . 0 5 0 5 1 9 3 . 2 0 . 1 1 8 9 3 . 5 8 4 , 2 8 0 , 0 0 0 0 . 3 2 0 3 2
R 1 6 - 1 5 0 . 0 3 3 3 1 9 3  .  1 0 . 1 8 0 0 5 . 3 0 9 , 8 6 0 , 0 0 0 0 . 1 4 5 3 1
R 1 6 - 5 0 . 0 2 2 0 1 9 3  . 0 0 . 2 7 2 3 8 . 3 5 2 1 , 3 0 0 , 0 0 0 0  . 0 6 2 3 2
R l 6 - a t m s 0 . 0 1 7 3 1 9 3 . 0 0 . 3 4 5 8 7 , 5 7 2 5 . 0 0 0 , 0 0 0 0 . 1 0 4 2 3
R 1 8 - 5 0 0 . 0 6 8 9 2 0 2  .  5 0 . 0 9 0 8 5 . 3 3 3 4 , 3 0 0 1 0 . 5 4 6 1
R 1 8 - 3 0 0 . 0 4 7 7 2 0 2 .  3 0 . 1 3 1 0 7 . 2 6 6 9 , 6 0 0 5 . 8 1 5 8
R 1 8 - 1 5 0 . 0 3 1 3 2 0 2  .  2 0 . 1 9 9 7 1 1 . 1 3 1 6 4 , 3 0 0 2  . 4 3 5 8
R 1 8 - 5 0 . 0 2 0 6 2 0 2 . 1 0 . 3 0 3 2 1 6 . 7 7 3 9 5 , 0 0 0 1  . 0 3 5 8
R 1 8 - a t m s 0 . 0 1 6 4 2 0 2 . 1 0 . 3 8 0 8 2 1 . 0 9 6 1 1 , 0 0 0 0 . 6 6 3 5 8
R 1 9 - 5 0 0 . 0 7 2 0 1 9 6 .  5 0 . 0 8 4 6 2  . 6 9 3 9 9 , 0 0 0 3  . 0 9 3 3
R 1 9 - 3 0 0 . 0 4 9 6 1 9 6 . 3 0 . 1 2 2 6 ■ 3 . 8 2 8 6 1 , 0 0 0 1  . 4 8 3 3
R 1 9 - 1 5 0 . 0 3 2 7 1 9 6 . 2 0 . 1 8 6 0 5 . 5 7 1 , 8 0 0 , 0 0 0 0  .  7 6 9 3 1
R 1 9 - 5 0 , 0 2 1 5 1 9 6 .  1 0 . 2 8 3 0 8 . 7 4 4 , 5 0 0 , 0 0 0 0 . 2 8 7 3 2
R l 9 - a t m s 0 . 0 1 6 9 1 9 6 . 1 0 . 3 5 9 8 1 1 . 0 8 7 . 1 8 0 , 0 0 0 0 . 1 8 3 3 2

UlUl
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T A B L E  1 0  ( c o n t i n u e d )

R u n
N u m b e r

D e n s i t y  
( m o l e / 1  i t e r )

V i s c o s i t y
( m i c r o p o i s e )

D i f f u s i o n  
( c m  / s e c )

V >
( c m / s e c )

n - / A R e y n o l d s
N u m b e r

R 2 0 - 4 0 0 - 1 0 . 4 4 4 4 2 1 0 . 4 0  . 0 1 4 4 6 . 0 3 1 4 7 3  , 4  . 8 2 4 2 8
R 2 0 - 4 0 0 - 2 0 . 4 4 4 2 2 1 0 . 4 0 . 0 1 4 4 3 . 7 6 9 2 8 . 1 9  . 6 6 2 6 7
R 2 0 - 4 0 0 - 3 0  . 4 4 4 8 2 1 0 . 3 0  . 0 1 4 4 1 0  . 9 5 2 5 9 7  . 0 . 8 2 8 7 7 7
H 2 0 - 4 0 0 - 4 0 . 4 4 4 1 2 1 0 . 4 0 . 0 1 4 4 2  . 0 9 5 6 1  . 1 0 5 . 1 0 1 4 9
R 2 0 - 4 0 0 - 5 0 . 4 4 4 3 2 1 0 . 4 0 . 0 1 4 4 1 . 0 7 4  5 8 . 4 8 8 . 1 0 7 6
R 2 I - 0 . 4 - 1 0 . 0 0 6 1 2 0 5 . 0 1 . 0 3 4 1 8 . 9 3 3 4 8 , 3 0 0  . 1 0 . 6 4 1 9
R 2 1 - 0 . 4 - 2 0 . 0 0 6 2 2 0 5 . 0 1 . 0 2 4 1 3  . 2 1 2 4 8 , 4 3 8 . 3 0 . 0 9 1 3
R 2 1 - 0 . 4 - 3 0 . 0 0 6 2 2 0 5 . 0 1 . 0 2 7 9 . 7 8 1 9 8 , 2 0 2 . 6 9 . 1 3 1 0
R 2 2 - 0 . 4 - 1 0 . 0 0 6 4 1 9 9 . 0 0 . 9 6 8 8 . 5 1 3 , 3 3 3 ,  3 3 3 . 4 . 8 3 9
R 2 2 - 0 . 4 - 2 0 . 0 0 6 3 1 9 9 . 0 0 . 9 7 3 7 . 3 7 2 , 7 9 3 , 3 8 8 . 7 . 7 5 8
R 2 3 - 1 1 . 1 4 9 7 2 1 7 . 2 0 . 0 0 5 5 3 . 2 2 6 3 0 6 . 0 . 5 8 3 5 6 6
R 2  3 - 2 1 . 1 5 0 3 2 1 7 . 2 0 . 0 0 5 5 6 . 0 7 1 1 3 2 0 . 0 . 0 9 1 1 0 6 9
R 2 3 - 3 1 . 1 5 0 4 2 1 7 . 2 0 . 0 0 5 5 1 . 5 0 3 1 8 0 . 5 .  3 0 2 6 4
R 2 3 - 4 1 . 1 5 4 9 2 1 7 . 3 0 . 0 0 5 5 0 . 6 1 1 9 8 6 . 5 1  . 7 8 1 0 7
R 2 4 - 1 0 0 0 1 . 1 5 1 5 2 1 7 . 2 0 . 0 0 5 5 7 . 1 4 1 4 3 1 1 . 0 . 0 5 2 1 2 5 8
R 2 4 - 1 5 0 0 1 .  7 3 5 2 2 3 0 . 3 0 . 0 0 3 7 6 . 1 4 8 0 5 0 . 0 . 0 5 6 1 5 2 3
R 2 4 - 2 0 0 0 2 . 3 2 2 1 2 4 5 . 5 0 . 0 0 2 8 5 . 8 3 5 9 7 7 . 0 . 0 4 7 1 7 9 6

en
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1 5 8

5 0 ___________  Run N u m b er

S.S, 1 0 ______________ _ B a r o m e t r i c  P r e s s u r e ,  I n .  Hg

Q S > 0 _______________  R oom  T em p, °C

‘j 0 -^ .0________ 7»^ C o n t r o l  S e t t i n g ,  C r s e - F i n e

f .O _________________  A i r  F l o w  I n d i c a t o r  R dg

9 * 3 _________________  P r o p a n e  R o t a m e t e r  R d g

S 5 ’» 3 Z I ____________  B r i d g e  R e a d i n g ,  Ohms

Û , C O K a ___________  B r i d g e  C o r r e c t i o n ,  Ohms

2 h > S ______________  B r i d g e  T em p , °C

S O t O _______________ R e a c t o r  P r e s s u r e ,  P S IG

.27» 4-_______________ F l o w  M e t e r  T em p , °C

l< 5 '4 -_______________  F l o w  M e t e r  AP, I n .  H g .

lS»(c>_______________  F l o w  T i m e ,  S e c

4 ^ 6 / . 9 7 ____________ F l o w  R a n g e

1 ______________  F l o w  M e t e r  C o d e ,  1 =  SBM 2 = WTM

3 .  l 3 ______________  F l o w  R o t a m e t e r  Rdg

 %________ 6  S a m p l e  # ,  R e a c t o r - P r e h

Q. 9 9 7 2 ____________ I n l e t  C o n e

0 ,  9 7 7 / ____________  O u t l e t  C o n e

 1 _____________  T e m p e r a t u r e  C o d e

Remarks:

F igure 4 4 .  Sample Input Data.



/ / I S O  J O B  R S - 0 2 3 4 9 , J O H N S O N , M S G L E V E L = i
c P R O GR A M T O A N A L Y Z E  DATA FOR S T U D Y  O F  T H E  T H E R MA L
Ç R R O P A N E
G
c N O M E N C L A T U R E
c * * * * * * * * * * * *
G
c P B A R B A R O M E T R I C  P R E S S U R E ,  I N C H E S  HG
c TRM = ROOM T E M P E R A T U R E ,  DEG C
c C R S E = C O A R S E  C O N T R O L  S E T T I N G
c C F N E F I N E  C O N T R O L  S E T T I N G
c F L A • = A I R  F LOW I N D I C A T O R
c F P R = P R O P A N E  R O T A M E T E R
c RMB = M U E L L E R  B R I D G E  R E A D I N G ,  OHMS
c TMB = M U E L L E R  B R I D G E  T E M P E R A T U R E ,  DEG C
c BC M U E L L E R  B R I D G E  C O R R E C T I O N ,  OHMS
c NO OD E = F LO W M E T E R  C O D E ,  I = S B M  2 = WT M
c T F M = FLOW M E T E R  T E M P E R A T U R E ,  DE G  C
c D E L P = FLOW M E T E R  D E L T A  P ,  I N C H E S  HG
c T MF = F L O W  T I M E ,  S E C
c RNGE = FLOW M E T E R  RA N G E
c R F R - F LOW R O T A M E T E R  R E A D I N G
c MVTS = B A T H  T H E R M O C O U P L E ,  MV
c N S A M P = S A M P L E  NUMBER
c CONG I I N L E T  C O N C E N T R A T I O N ,  MOLE F R A C T I O N
c C O N G O = O U T L E T  C O N C E N T R A T I O N ,  MOLE F R A C T I O N
c I F = R E A C T O R  T E M P E R A T U R E ,  DEG F
c TC = ,  DE G C
c RT = C O R R E C T E D  M U E L L E R  B R I D G E  R E S I S T A N C E
G
c P R R E A C T O R  P R E S S U R E ,  P S I G

I S O M E R I Z A T I O N  O F  C Y C L O -

ui

OHMS

5 F 0 R M A T I 6 A 4 )
1 0  F O R M A T ! F  1 0 . 3 , F 1 0 . 3 )  
1 5  F 0 R M A T 1 F 1 0 . 4 )
2 0  F 0 R M A T ( 2 1 5 )
2 5  F D R M A T Ï F 1 0 . 5 )



3 5 F 0 R M A T ( 1 H +

1 0 0 F O R M A T I I H ,
1 0 5 F O R M A T ! I H O )

1 1 0 F O R M A T ! I H ,
1 1 5 F O R M A T ! I H ,
1 2 0 F O R M A T ! I H ,
1 2 5 F O R M A T ! I H ,
1 3 0 F O R M A T ! I H ,

L , '  F I N E ' )

1 3 5 F O R M A T !  I H ,
1 4 0 F O R M A T ! I H ,
1 4 5 F O R M A T ! I H ,
1 5 0 F O R M A T ! I H ,
1 5 5 F O R M A T ! I H ,
1 6 0 F O R M A T ! I H ,

1  ' , 1 2 )
1 6 5 F O R M A T ! I H ,
1 7 0 F O R M A T ! I H ,
1 7 5 F O R M A T !  I H ,
1 8 0 F O R M A T ! I H ,
1 8 5 F O R M A T ! I H ,
1 9 0 F O R M A T !  I H »
1 9 5 F O R M A T ! I H ,
2 0 0 F O R M A T ! I H ,
2 0 5 F O R M A T ! I H ■»
2 1 0 F O R M A T ! I H ,
2 1 5 F O R M A T ! I H ,

1 *  D E G  C* )
2 2 0 F O R M A T ! I H ,

1 P S I A ' )
22 5 F O R M A T ! I H ,
2 3 0 F O R M A T ! I H ,
2 3 5 F O R M A T ! I H ,
2 4 0 F O R M A T ! I H ,
2 4 5 F O R M A T ! I H ,

1 C  )

1 5 X » » D A T A  A N A L Y S I S  F O R  R U N * I

• S U M M A R Y  OF  RUN V A R I A B L E S * J  
» *  * * * * * * * * * *  ) 
5 X , * B A R O M E T R I C  P R E S S U R E  
5 X , * R 0 0 M  T E M P E R A T U R E  
5 X , « B A I L E Y  C O N T R O L  S E T T I N G S

• U N C O R R E C T E D  R E A C T O R  C O N D I T I O N S
I * * * * * * * * * * *  * * * * * * *  * * * * * * * * * *

5 X , ' R E A C T O R  P R E S S U R E  
5 X , ' B R I D G E  R E S I S T A N C E  
5 X , " B R I D G E  T E M P E R A T U R E  
5 X , « I N L E T  C O N C E N T R A T I O N  
5 X , • O U T L E T  C O N C E N T R A T I O N  
• C O R R E C T E D  R E A C T O R  C O N D I T I O N S ' ) 
# * * * * * * * * *  * * * * * * *  * * * * * * * * * * * )  
5 X , ' B R I D G E  R E S I S T A N C E  
5 X , ' R E A C T O R  T E M P E R A T U R E

, 5 X , ' R E A C T O R  P R E S S U R E

I N C H E S  HG* >
D E G  C  )
C O U R S E * , 3 X , F 5 . 1

, F 5 . 2 )  
, F 6 . 2 )  
, 1 2 ) 
, F 5 - 1 ,  
,  F 6 . 3 ,

DEG C* )
I N C H E S  H G * »

, I 2 , 3 X , ' F O R  P R E H E A T O R  =

)
)
,  F 6 .
, 1

, F 7 . 4 )
, F 7 . 4 )

P S I G * )
>

D E G  C  )

o

• O H M S ' )
, F 8 . 2 , • D E G  F ' , 3 X , F 8 . 2 ,

, F 6 . I , *  7 P S I G '  , 3 X , F 7 . 1 , •

, F 7 . 4 )
, F 7 . 4 )

, 5 X , ' T E M P E R A T U R E , F 8 . 2 , D EG F * , 3 X , F 8 . 2 , '  DE G



2 5 0  
2 5  5  
2 6 0  
2 6 5  
2 7 0  
2 7 5  
2 8 0  
2 8 5  

9 1 9 1

F O R M A T * I H  
F O R M A T * I H  
F O R M A T C I H  
F O R M A T ( I H  
F O R M A K  I H  
F O R M A T * I H  
F O R M A T * I H  
F O R M A T * I H

, 5 X , ' P R E S S U R E  
, 5 X , ' R E S I D E N C E  T I M E  
, 5 X , ' D E N S I T Y  AT RC 
, 5 X , ' D E N S I T Y  AT S T P  
, 5 X , » F L O W  R A T E  AT S T P  
, 5 X , ' R O T A M E T E R  R A T E  
, 5 X , ' R A T E  C O N S T A N T  
, # * * * * * * * » » #  END OF  R UN

F 7 - 2 ,  
, F 7 . 4 ,  
, F 7 . 4 ,

F 9 . 2
= • , E 1 I . 4 ,  
A N A L Y S I S ' )

P S I A ' I  
S E C  )
M O L E S / L I T E R * ) 
M O L E S / L I T E R ' ) 
M L / S E C  ) 
M L / S E C  I 

' P E R  S E C )

F O R M A T d H I  I
C
C

c
c

R E A D  I N P U T  D A T A

COMMON R T , T F , T C , T R , T K , C I » C O , T A U , F L O W , R H O , R H O S  ,  F LOW I  ,  RKC 
R E A D * 1 , 2 0 )  N S E T S  
DO 5 0 0  J K L = I ,  N S E T S  
R E A D * 1 , 5 )  Q 1 , Q 2 , Q 3 , Q 4 , Q 5 , Q 6  
R E A D * I , I D )  P B A R  

TRM
C R S E ,  C F N E  
F L A

R E A D *  I ,  1 0 1  
R E A D * I , 1 0 )  
R E A D * 1 , 1 0 )  
R E A D * I , 1 0 )  
R E A D * I , 1 0 )  
R E A D * 1 , 1 5 )  
R E A D * I , 1 0 )  
R E A D * 1 , 1 0 )  
R E A D * I , 1 0 3  
R E A D * I , 1 0 )  
R E A D *  1 ,  1 0 )  
R E A D * I , 1 0  ) 
R E A D * 1 , 2 0 )  
R E A D *  I ,  1 0 1  
R E A D * 1 , 2 0 )  
R E A D * 1 , 2 5 )  
R E A D * 1 , 2 5 )  
R E A D * 1 , 2 0 )

CTl
F P R
RMB
BC
TMB
P R
T F M
D E L P
TMF
R N G E
N CODE
R F R
N S A M P ,
C O N C I
C ONGO
N T E M P

N S A M P l

B E G I N  C A L C U L A T I O N S



162

oc
<
CD
Q.

C£
LU
ce
LU
O
zce

lU
H"
Z?>

mz
H
CÛ
z
ce
LU0  
Q w
ce
CD

-I
1
u

LU o
z a
h " •>

LT\
û . a a
u f z
LU LU <
Q a Z LO

o % LU Z
u z en O
z  ex: u u a ' ••
o < H 4* LU e u
o  CD •« N c e  LU C l  e u  z

► C l  LU a < Z LO < o: O z  _j <
• a L/> » CÛ OC CC u  ÛL o  IL LU t / )

O iZ Q H ÛL H u LU ILz  h -  Q  z
Z û .  u -J ^  C7
o z  ce 3 m4 ^  ^  ^
u -w ÛL L /) O '  o LnoLntnouooifLO in o LT\ o

OC «w o> r 4  o  If» Lfi Ln »o
u w  o LU ex: O '  " 4  m lU *4 1—4 lU
z  u. u H « • . • K M » » » » *  *  #  *
Q  >  U  < H CD m m m m m m
O û .  LU OC 3

O LU LU LU L U L U L U O J L U L U U J U J L U LU lU  LU LU
u J -J -J t— H* h< H H" h” H
■U u -J -J H M M 1-4 M M M M
< < < < Z ce ce ce ceococococococococ oc oc OC 0:
u u u u 3  3  3 3 3 3 3 3 3 3 3 3 3 3 3 3

OC
eu

M O
o o  

CÛ CD z  z
OC Z Z O a
0. C3C I- u u

I ( \ J  » #»

H H* h" H H

O O O U



c
c

W R I T E I 3 # 2 0 5 i
W R I T E « 3 , 1 0 5 >
W R 1 T E 1 3 , 2 1 0 1  R T  
W R i T E I 3 « 2 1 5 l  T F ,  Î C  
P R 1 = P R 4 -  ( P B A R / 2 9 .  9 2 * * 1 4 . 7  
W R 1 T E I 3 . 2 2 0 I  P R ,  P R l  
W R I T E I 3 , 2 2 5 »  C I  
W R I T E < 3 , 2 3 0 I  C O  
W R I T E Î 3 , 1 0 5 *
W R I T E ( 3 . 2 3 5 I
W R I T E ( 3 , 2 4 Q 1
W R I T E f 3 » l 0 5 )
U R I T E f 3 , 2 4 5 1  T F ,  TC 
W R I T E f 3 , 2 5 0 1  P R l  
W R I T E I 3 , 2 5 5 »  T A U  
W R I T E I 3 , 2 6 0 1  R H O  
W R I T E I 3 , 2 6 5 *  R H O S  
W R I T E < 3 , 2 7 0 )  F L O W  
W R I T E C 3 , 2 7 5 J  F L O W l  
W R I T E I 3 . 2 8 0 1  RK C 
W R I T E ( 3 t 1 Q 5 )
W R I T E I 3 , 2 8 5 I  

5 0 0  C O N T I N U E  
S T O P  
END

S U B R O U T I N E  T O  C O M P U T E  C O R R E C T E D  M U E L L E R  B R I D G E  R E S I S T A N C E  AND R E A C T O R  T E MP

S U B R O U T I N E  B R I D G E I R M B , T M B , B C , N T E M P ) i
COMMON R T ,  T F ,  T C ,  T R ,  TK 
R M B 1 = R M B -  4 0 . 0 0  
R M B 1 = R M B I *  BC
C F 1 =  0 - 9 9 9 3  3 *  0 - 0 0 0 0 3 6 0 7 4 * T M B -  0 - 0 0 0 0 0 0 4 2 9 6 9 * T M B * T M B  
R 1 = R M B 1 * C F I
R 2 =  4 0 - 0 0 *  0 - 0 4 2 1 *  0 . 0 0 0 1 8 3 4 * T M B  
GO T O * 5 0 , 1 0 0 , 1 5 0 ) ,  N T E M P  

5 0  C O N T I N U E

w
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1 0 1  I F i D I F F E - Z Z )  1 1 2 , 1 1 2 , 1 0 2
1 0 2  DO 1 0 6  J = l ,  2 0 0  

D = D +  COR
P I = T l * 0 + ( B O * T 1 - A O - C 1 / I T 1 » T 1 ) ) * D * D + i B * T l - A ) » D » * 3 + ( A » A L P H ) * D * * 6 +  

l ( C * D * * 3 / * T i * T i l 3 * i l . O  +  G A M * D * D ) * E X P ( - G A M * D * D )
D I F E = P R E D - P I
D I F F E = A B S 1 D I F E 3

1 0 3  I F ( D I F E )  1 0 7 , 1 0 7 , 1 0 6
1 0 6  C O N T I N U E
1 0 7  I F ( C O R - 0 . 0 0 0 0 1 )  1 1 2 , 1 1 2 , 1 0 9  
1 0 9  D = D - C O R

C 0 R = 0 . 1 * C 0 R  
GO TO 1 0 1  

1 1 2  C O N T I N U E
R H 0 = D * 5 4 . 2 /  ( R = # = 3 9 7 . 6 )
R H 0 S = 0 . 0 4 2 9 6  
R E T U R N
END ^

C S U B R O U T I N E  TO C O M P U T E  F LOW R A T E S  AT S T P I 6 0  F ,  1 A T M S )  AND R E S I D E N C E  T I M E  m
C I N  R E A C T O R
C

S U B R O U T I N E  F L C O R ( N C O D E , T F M , D E L P , T M F , R N G E , R F R , P B A R )
COMMON R T , T F , T C , T R , T K , C I , C Q , T A U , F L O W , R H O , R H O S , F LOW I
V P =  0 . 4 7 2 9 6 +  0 . 0 3 7 8 6 8 * T F M +  0 . 0 0 0 4 3 9 5 1 * T F M * T F M +  0 . 0 0 0 0 4 3 6 1 * T F M * T F M *  

I T F M  
V P = V P / 2 . 5 4  
P F M = P B A R +  D E L P -  V P  
F A C T l = P F M / 2 9 , 9 2
F A C T 2 = (  5 2 0 . 0 / 1  t T F M + 2 7 3  . 2  ) * 1  - 8  )
GO TO I 1 0 , 1 5 , 1 0 ) , NCODE 

1 0  F L 0 W = * R N G E * F A C T 1 * F A C T 2 ) / T M F  
T A U = ( 2 3 9 . 9 / F L 0 W ) » ( R H 0 / R H 0 S )
GO T O  2 0  

1 5  F L O W = ( R N G E * F A C T l * F A C T 2 ) / T M F  
F L O W = F L O W / 0 . 0 0 0 0 3 5 3  
T A U = ( 2 3 9 . 9 / F L 0 W ) » ( R H 0 / R H 0 S )



2 0  C O N T I N U E  !
F L O W I = - 1 . 5 5 9 5 +  0 . 6 9 8 4 5 * R F R +  0 . 0 0 5 9 8 8 5 * R F R * R F R  
F L O W l = F L O W l / i . 0 0 3 5 3 * 6 0 . 0 )
R E T U R N
E N D

C S U B R O U T I N E  T O  C O M P U T E  C O R R E C T E D  C O N C E N T R A T I O N S  
C

S U B R O U T I N E  C O N G ( C O N C I , C O N G O )
COMMON R T , T F , T C , T R , T K , C I , C O  
I F { C 0 N C O - 0 . 8 0 0 0 > 1 0 , 1 5 , 1 5  

1 0  C 0 = 0 . 0 2 5 6 +  0 . 9 7 9 8 7 * C 0 N C 0  
GO TO 2 0  

1 5  C 0 = 0 . 0 5 1 1 *  0 . 9 4 8 7 4 * C 0 N C 0  
2 0  C O N T I N U E

C I = 0 . 0 5 1 1 +  0 . 9 4 8 7 4 * C 0 N C I
R E T U R N
END

C S U B R O U T I N E  T O  C O M P U T E  R A T E  C O N S T A N T  
C

S U B R O U T I N E  R A T E ( P R )
COMMON R T , T F , T C , T R , T K , C I , C O , T A U , F L O W , R H O , R H O S , F L O W l , RKC
R K C = A L Q G t C I / C O ) / T A U
R E T U R N
END

CTi
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C A T 4  A N A L Y S I S  F OR  RUN K l - 5 0

SUMMARY CF  RUN V A R I A B L E S  
* * * * * * *  * *  * * «  * * * * * * * * *

= 2 8 . 7 0  I N C H E S  HG
=  2 5 . 0 0  P E G  C

B A R O M E T R I C  P R E S S U R E
RCCM T E M P E R A T U R E    _  _  _
E A I L E Y  C O N T R O L  S E T T I N G S  =  9 2 2 . 0  C O U R S E
A I R  F LCW. I NOLC. ATOR_ _ _ _ _ _ _ _ r ..._ .8 . ,0 0 ____________
P R O P A N E  R C T A ME T Ë R  = 9 . 2 0
F L O W ME T E R  CODE_ _ _ _ _ _ _ _ _ _ _ _ = I________

7 . 0  F I N E

FLOW MET E R T E M P E R A T U R E  =  2 7 . 4  DE G C
F LOW METER_ OEL_ TA P _ =  1 . 5 4 0  I N C H E S  JHG 
S AMP L E  NUMBER F UR R L A C T O R =  ~ l '  F U R  P R Ê H E A T O R

■ U N C O P R E C T E D R E A C T O R  C O N D I T I O N S
* * * * * * * * * * *  * * * * * * *  * * * * * * * * * *

-R JA C J .C R  P R f - S i U B i _ _ _
B R I D G E  R E S I S T A N C E  

m i D G E  T E MP E R A T U R E

 = SÔ g.JlSJUL
5 5 . 3 2 1  OHMS 
? 6 . 5  P E G  C _

I N L E T  C O N C E N T R A T I O N  
X .U T L  E T Ç U N C £ N I.RA .TJ CJN..___

0 . 0 9 7 2

C O R R E C T E D  R E A C T C R  C O N D I T I O N S  
* * * * * * * * *  * * * * * * *  * * * * * * * * * *

B R I D G E  R E S I S T A N C E  
. r e a c t o r ., T E M P E R A T U R E .  

R E A C T O R  P R E S S U R E  
I N L E T  C O N C E N T R A T I O N

=  5 5 . 3 7 5  OHMS
8 .9 9  . .8 .9 .J IE J 5 _ F _ _ _ _ _ _ 4 8 . 2 , 1 6  D& G..C
5 0 . 0 7 P S I G  6 4 . 1  P S I A

=  0 . 9 9 7 2 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C U T L E T  C G N C E N T R A T I C N =  0 . 9 7 8 1

s u m m a r y  OF  R A T E  V A R I A B L E S
* * * * * * *  * *  * ♦ * *  * * * * * * * * *

. T E MP E R A T U R E ____
P R E S S U R E  

. R E S I D E N C E  T i m .
D E N S I T Y  AT RC 
D E N S I T Y  AT S T P

8 9 9 . 8 9  DE G F
6 4 . 1  P S I A  

7 1 . 5 9  S E C

A â 2 . , i 6 . . 0 . E . G „ C _____

=  0 . 0 7 0 6  M O L E S / L I T E R
=  0 . 0 4 3 0  M U L E S / L I T E R

FLOW R A T E  AT S T P  
R O T A ME T E R  R A T E

5 . 5 1  M L / S E C  
5 . 4 0  M L / S E C

R AT E  C O N S T A N T = 0 . 2 6 9 7 E - 0 3  P E R  S E C

6 * * * * * * * * * *  e n d  OF RUN A N A L Y S I S

F ig u re  45 . Sample Computer R e s u l t s .
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SPARK
PLUG

* BATTERY  
12 V

o

o
SECONDARYPRIMARY

BREAKER

CAPACITOR
IGNITOR

THERMOCOUPLE

BASO DEVICE

A C. SUPPLY lai

110 V
START BUTTON

fr

 -------------
SOLENOID VALVE

PROPANE
FUEL

(b )  S A FET Y SHUTDOWN DEVICE

BURNER IGNITION SYSTEM  

ELECTRICAL CIRCUIT DIAGRAMS

F i g u r e  46 .  B u rn e r  I g n i t i o n  System E l e c t r i c a l  C i r c u i t  
D iagram s.
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SECONDARY AIR PORTS 

5 " FLANGE \ THERMOCOUPLE ASSEMBLY

o o' c o a o o

PILOT TIP

3 /4 "  AIR 
CONNECTIONIGNITOR ROD

INSULATOR

13INSULATOR
BRACKET-

PILOT MIXER

4 " FLANGE

SPARK PLUG CONNECTION TO 
' 'BASO DEVICE

l / 4"  PROPANE 
CONNECTION-

DESIGN CONDITIONS

HEAT RELEASE : 3 0 ,0 0 0  BTU/HR. 
FUEL : PROPANE @  8 PSIG

Note: REPRODUCED BY PERMISSION 
OF JOHN ZINK COM PA N Y.

SECTIONAL ELEVATION OF BURNER 
FOR SAND BATH HEATER

F i g u r e  47.  S e c t i o n a l  E l e v a t i o n  o f  B u rn e r  f o r  Sand Bath  
H e a t e r .
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5"-l50"" FS RF BLIND FLANG 
BORED W/S" DIA. HOUE

^  DRILL , 18 HOLES
20* SPACING

#  DRILL .18 HOLES
20" SPACING

SEE GRID PLATE 
DETAIL

SAND TRAPOUT PAN

THICK CS 
PLATEGAUGE

GAUGE SS
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STAINLESS TUBING 
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Figure 48. Reactor Fluidized Sand Heater.
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TO FACILIATE VIEWING OF DETAIL DRAWINGS.

S C A L E  I

REACTOR FLUIDIZED SAND HEATER

GRID HOLE DE TAI L

GRID PLATE FOR REACTOR 
FLUIDIZED SAND HEATER

S C A L E  A S  SHOW N

M
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Figure 49. Reactor Fluidized Sand Heater— Sectional,
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Figure 50. Reactor Fluidized Sand Heater— Grid Plate.
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T A B L E  1 1  

S U M M A R Y  O F  E X P E R I M E N T A L  R U N S

R u n
N u m b e r

T e m p e r a t u r e  
“ C  ° F

P r e s s u r e F l o w  
m l . / s e c .  

( S T P )

D e n s i t y  
m o l e s / 1  .

T
s e c

C y c l o p r o p a n e  
C o n c e n t r a t i o n  

i n l e t  o u t l e t

C o n v e r s i o n
%

k  X  1 0 “*
s e c

M a t e r i a l
B a l a n c e

( o u t / i n ) x l 0 0
C o m m e n t s

R I - 5 Ü 4 8 2 . 1 6 8 9 9 . 8 9 4 . 3 6 5 . 5 1 0 . 0 7 0 6 7 1 . 5 7 0 . 9 9 7 2 0 . 9 7 8 1 L  . 9 2 2  . 6 9 8
f - . I - l O O 4 8 2 . 1 7 8 9 9 . 9 1 7 . 7 4 7 . 1 9 0 . 1 2 5 4 9 7 . 3 4 0 . 9 9 7 4 0 . 9 7 1 4 2 . 6 1 2  .  7 1 3
R I - 2 0 0 4 8 2 . 1 6 8 9 9 . 8 9 1 4 . 5 7 1 4  . 0 5 0 . 2 3 7 1 9 4 . 2 4 0 . 9 9 7 4 0 . 9 7 1 9 2 . 5 6 2 . 7 4 0
R I - 3 0 0 4 8 2 . 2 6 9 0 0 . 0 7 2 1 . 3 4 2 0 . 8 8 0 . 3 4 8 6 9 3  . 2 3 0 . 9 9 7 5 0 . 9 7 1 9 2 . 5 7 2 . 7 9 1
R I - 4 0 0 4 8 2 . 2 5 9 0 0 . 0 4 2 8 . 1 1 2 8 . 3 3 0  . 4 6 0 9 9 0 . 8 3 0 . 9 9 7 6 0 . 9 7 3 0 2 . 4 7 2 . 7 4 6
R 2 - 5 0 5 1 0 . 0 8 9 5 0 . 1 4 4 . 3 7 1 1 . 6 5 0 . 0 6 8 1 3 2 . 6 5 0 . 9 9 7 0 0 . 9 5 7 0 4  . 0 1 1 2 . 5 5
R 2 - I O O 5 1 0 . 2 2 9 5 0 . 4 0 7  .  7 3 1 5 . 9 4 0 . 1 2 1 5 4 2 . 5 6 0 . 9 9 o 5 0 . 9 4 0 9 5 . 5 8 1 3  . 4 9 1 0 1  . 0
R 2 - 1 0 0 A 5 1 0 . 2 2 9 5 0 . 4 0 7  .  7 8 1 6 . 2 0 0 . 1 2 1 5 4 1  . 8 9 0 . 9 9 6 5 0 . 9 4 0 9 5 .  5 8 1 3 . 7 0
R 2 - 2 0 0 5 1 0 , 1 4 9 5 0 . 2 5 1 4 . 5 5 2 7 . 0 3 0 . 2 2 8 1 4 7 . 1 3 0 . 9 9 o 6 0 . 9 3 7 3 5 . 9 5 1 3 . 0 1 1 0 2  . 1
R 2 - J Ü 0 5 1 0 . 2 1 9 5 0 . 3 8 2 1 . 3 3 3 9 . 6 2 0 . 3 3 5 3 4 7 . 2 6 Ü . 9 9 6 8 0 . 9 3 6 3 7 . 0 7 1 3 . 2 f 1 0 1 . 5
R 2 - 4 0 0 5 1 0 . 2 0 9 5 0 . 3 6 2 8 . 1 3 5 3 . 5 4 0 . 4 4 3 4 4 6 . 2 5 0 . 9 9 6 7 0 . 9 3 7 1 5 . 9 8 1 3 . 3 3 1 0 1 . 8
R 3 - 5 0 5 3 8 . 2 0 1 0 0 0 . 7 6 4 . 3 5 5 1 . 3 3 0 . 0 6 5 4 7 . 1 2 0 . 9 9 7 0 0 . 9 5 6 8 4  . 0 3 5 7 . 8 6 1 0 3  . 9
R 3 - 1 0 0 5 3 8 . 2 2 1 0 0 0 . 7 9 7 . 7 6 5 1 . 1 8 0 . 1 1 7 0 1 2 . 7 6 0 . 9 9 6 3 0 . 9 2 4 6 7 . 1 9 5 8 , 5 3 1 0 2 . 0
R 3 - 2 0 0 5 3 8 . 3 0 1 0 0 0 . 9 3 1 4 . 5 3 5 0 . 7 0 0 . 2 1 9 6 2 4 . 1 9 0  . 9 9 5 1 0 . 3 5 7 1 1 3  . 8 7 5 8 . 2 8 1 0 3 . 9
R 3 - 3 0 0 5 3 8 . 2 9 1 0 0 0 . 9 2 2 1 . 3 2 5 0 . 0 3 0 . 3 2 3 0 3 6 . 0 5 0 . 9 9 3 0 0 . 9 0 6 9 1 8 . 8 1 5 7 . 7 9 1 0 0 . 6
R 3 - 4 0 0 5 3 8 . 1 9 1 0 0 0 . 7 5 2 8 . 1 4 4 9 . 6 6 0 . 4 2 7 3 4 8 . 0 5 0 . 9 9 2 7 0 . 7 5 1 1 2 4 . 3 4 5 8 . 0 5
R 4 - 5 0 4 5 4 . 0 9 8 4 9 . 3 6 4  . 3 5 5 . 7 8 0 . 0 7 3 2 7 0 . 7 2 0 . 9 9 8 0 0 . 9 9 4 4 0 . 3 6 0 . 5 1 1 6
R 4 - I 0 0 4 5 4 . 0 2 8 4 9 . 2 4 7 . 7 2 6 . 7 5 0 . 1 3 0 1 1 0 7 . 5 6 0  9 9 8 0 0 . 9 9 3 0 0 . 5 0 0 . 4 6 9 5
R 4 - 2 0 0 4 5 3 . 9 5 8 4 9 . 1 1 1 4 . 5 5 6 . 5 1 0 . 2 4 6 4 2 1 1 . 4 8 0 . 9 9 8 0 0  . 9 8 8 4 0 . 9 6 0 . 4 6 0 7
R 4 - 3 0 0 4 5 3 . 9 7 8 4 9 . 1 5 2 1 . 3 2 1 0 . 5 1 0 . 3 6 2 7 1 9 2 . 6 8 0 . 9 9 7 8 0 . 9 8 8 9 0 . 9 0 0 . 4 7 0 9
R 4 - 4 0 0 4 5 4 . 2 5 8 4 9 . 6 6 2 8 . 1 2 1 4 . 4 6 0 . 4 8 0 3 1 8 5 . 4 4 0 . 9 9 8 0 0 . 9 8 8 7 0  . 9 3 0 , 5 0 4 7
R 5 - 5 0 5 2 4 . 4 1 9 7 5 . 9 4 4 . 3 4 3 5 . 4 1 0 . 0 6 6 5 1 0 . 4 9 0 . 9 9 7 3 0 . 9 6 9 1 2 . 8 3 2 7 . 3 3 9 9 . 7 0
R 5 - 1 0 0 5 2 4 . 4 1 9 7 5 . 9 4 7 . 7 4 3  5 . 5 4 0 . 1 1 8 7 1 8 . 6 5 0 . 9 9 6 6 0 . 9 4 8 1 4 . 8 7 2 6 .  7 5 1 0 1 . 3
R 5 - 2 0 0 5 2 4 . 6 7 9 7 6 . 4 0 1 4 . 5 2 3 5 . 2 4 0 . 2 2 3 3 3 5 . 3 8 0 . 9 9 5 9 0 . 9 0 1 7 9 . 4 5 2 8 . 0 3 9 9 . 8 0
R 5 - 3 0 0 5 2 4 . 6 4 9 7 6 . 3 6 2 1 . 3 0 3 7 . 8 2 0 . 3 2 8 5 4 8 . 5 0 0 . 9 9 5 2 0 , 8 7 0 8 1 2 . 5 0 2 7 , 5 3 9 9 . 8 0
R 5 - 4 0 0 5 2 4 . 5 3 9 7 6 . 1 5 2 8 . 1 1 4 1  , 6 3 0 . 4 3 4 7 5 8 .  3 1 0 . 9 9 4 3 0 . 8 4 7 4 1 4  . 7 7 2 7 . 4 3 1 0 1 . 3
R G - 5 0 4 9 6 . 5 0 9 2 5 . 7 0 4  . 3 4 6 . 8 0 0 . 0 6 8 9 5 6 . 5 4 0 . 9 9 6 9 0  .  9 6 4 0 3  .  3 0 5 . 9 4 0
R 6 - 1 0 0 4 9 6 . 4 5 9 2 5 . 6 2 7 . 7 8 9 . 0 3 0 . 1 2 3 6 7 6 . 4 8 0 . 9 9 7 2 0 , 9 5 2 1 4 . 5 2 6 .  0 4 6
R 6 - 2 G 0 4 9 6 . 3 1 9 2 5 . 3 7 1 4 . 5 2 1 0 . 1 9 0 . 2 3 1 7 1 2 7 . 0 5 0 . 9 9 6 4 0 . 9 2 4 1 7 . 2 6 5  . 9 2 9
R 6 - 3 0 0 4 9 6 . 4 1 9 2 5 . 5 3 2 1 . 3 0 1 4 . 0 3 0 . 3 4 1 1 1 3 5 . 7 5 0 . 9 9 6 3 0 , 9 1 7 9 7 . 8 7 6 . 0 4 2
R 6 - 4 0 0 • 4 9 6 . 3 6 9 2 5 . 4 5 2 8 . 1 5 1 8 . 5 1 0 . 4 5 2 3 1 3 6 . 4 2 0 . 9 9 6 2 0 , 9 1 7 9 7  . 8 6 6 . 0 0 6
R 7 - 5 0 5 3 8 . 1 9 1 0 0 0 . 7 4 4 , 3 5 4 0  . 4 4 0 . 0 6 5 5 9 . 0 4 0 . 9 9 6 8 0  . 9 4 6 0 5 . 1 0 5 7 . 7 8 b
R 7 - 1 0 0 5 3 8 . 1 4 1 0 0 0 . 6 6 7 , 7 7 4 9 . 6 8 0 . 1 1 7 1 1 3 . 1 6 0 . 9 9 6 4 0 . 9 2 4 9 7 . 1 7 5 6  . 6 2 9 9 . 4 4 b
R 7 - 2 0 0 5 3 8 . 0 0 1 0 0 0 . 4 1 1 4 . 5 3 5 2 . 1 3 0 . 2 1 9 6 2 3 . 5 3 0 . 9 9 5 3 0 . 8 7 2 7 1 2 , 3 2 5 5  . 8 6 1 0 0 . 7 1 b
K 7 - 3 0 0 5 3 8 . 0 3 1 0 0 0 . 4 5 2 1 , 3 6 5 6 . 9 0 0 . 3 2 3 6 3 1 . 7 6 0  . 9 9 4 3 0 . 8 3 1 1 1 6 , 4 1 5 6 . 4 7 1 0 1 . 8 0 b
R 7 - 4 0 0 5 3 8 . 1 4 1 0 0 0 . 6 6 2 8 . 1 6 5 6 . 9 7 0 . 4 2 7 8 4 1 . 9 3 0 . 9 9 2 9 0 . 7 8 2 2 2 1 , 2 2 5 6 . 9 4 9 9 , 9 2 h
R 8 - 3 0 5 1 1 . 3 7 9 5 2 . 4 7 3  . 0 3 7 . 5 2 0 . 0 4 7 1 3 4 . 9 7 0 . 9 9 6 9 0 . 9 5 1 1 4 . 5 9 1 3  . 4 5
R 8 - 1 5 5 1 1 . 1 2 9 5 2 . 0 1 1 . 9 8 6 . 2 9 0  . 0 3 0 9 2 7 . 4 1 0 . 9 9 7 2 0 . 9 5 9 3 3  , 8 0 1 3  . 4 0
R 8 - 5 5 1 2 . 7 3 9 5 4 . 9 0 1 . 3 3 3 . 3 6 0 . 0 2 0 6 3 4 . 1 3 0 . 9 9 6 7 0 . 9 4 8 8 4 . 8 0 1 4  . 4 3
R 8 - a  t m s 5 1 2 . 8 6 9 5 5 . 1 6 1 . 0 3 3 . 4 1 0 . 0 1 6 1 2 6 .  3 7 0 . 9 9 7 2 0 . 9 5 9 5 3 . 7 8 1 4  . 6 0
R 9 - 3 0 4 8 1 . 2 3 8 9 8 . 2 2 3  . 0 4 1 . 6 1 0 . 0 4 9 2 1 7 0 . 8 5 0 . 9 9 6 7 0 . 9 5 6 1 4 . 0 7 2 . 4 3 4
R 9 - 3 0 A 4 8 1 . 1 2 8 9 8 . 0 2 3  . 0 1 2 , 0 9 0 . 0 4 8 7 1 3 0 . 4 2 0 . 9 9 7 1 0 . 9 6 5 5 3 . 1 7 2  . 4 6 9

U l



T A B L E  1 1  ( c o n t i n u e d )

R u n
N u m b e r

T e m p e r a t u r e  
o c  « F

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

F l o w  
m l / s e c .  

( S T P )

D e n s  i t y  
m o l e s / 1 .

C y c l o p r o p a n e  
C o n c e n t r a  t i e n  

i n l e t  o u t l e t

C o n v e r s i o n
%

k  X  
s e c ~ l

M a t e r i a l  
B a l a n c e  

( o u t / i n ) x l O O
C o m m e n t s

R 9 - 1 5 4 8 1 . 1 7 8 9 8 . 1 1 1 . 9 9 1 . 6 4 0 . 0 3 2 3 1 1 0 . 2 1 0 . 9 9 7 1 0 . 9 7 0 3 2 . 6 9 2 . 4 6 8
R 9 - 5 4 8 1 . 1 2 8 9 8 . 0 1 1 . 3 0 1 . 5 9 0 . 0 2 1 0 7 3 . 7 1 0 . 9 9 7 4 0 . 9 7 9 7 1 . 7 7 2 . 4 2 2
R 9 - a t m s 4 8 1 . 1 6 8 9 8 . 0 9 1 . 0 4 1 . 4 7 0 . 0 1 6 8 6 3 . 8 7 0 . 9 9 7 4 0 . 9 8 1 6 1 . 5 8 2  . 4 9 2
R l O - 3 0 4 8 1 . 3 7 8 9 8 . 4 7 2 . 9 8 1 . 3 8 0 . 0 4 8 3 1 9 5 . 3 7 0 . 9 9 5 5 0 . 9 4 2 8 5 . 2 9 2 . 7 8 2
R 1 0 - 3 0 A 4 8 1 . 4 8 8 9 8 . 6 6 3 . 0 0 3 . 7 8 0 . 0 4 8 6 7 1 . 8 4 0 . 9 9 7 0 0 . 9 7 7 8 1 . 9 3 2 . 7 0 2
R l O - 1 5 4 8 1 . 3 4 8 9 8 . 4 2 1 . 9 8 1 . 5 0 0 . 0 3 2 1 1 1 9 . 4 4 0 . 9 9 6 4 0 . 9 6 3 7 3 . 2 8 2 . 7 9 6
R i O - 5 4 8 1 . 4 9 8 9 8 . 6 9 1 . 2 9 1 . 3 7 0 . 0 2 0 9 8 5 . 4 6 0 . 9 9 6 8 0 . 9 7 2 2 2 . 4 7 2 . 9 2 1
R l O - a t m s 4 8 1 . 4 5 8 9 8 . 6 1 1 . 0 3 1 . 4 4 0 . 0 1 6 7 6 4  . 8 8 0 . 9 9 7 1 0 . 9 7 8 8 1 . 8 4 2 . 8 5 7
R l l - 3 0 5 3 8 . 1 1 1 0 0 0 . 5 9 2 . 9 9 1 1 . 8 0 0 . 0 4 * ^ 1 2 1 . 3 3 0 . 9 9 4 3 0 , 8 4 0 4 1 5 . 4 8 7 8 . 9 3
R l l - 1 5 5 3 8 . 0 2 1 0 0 0 . 4 3 1 . 9 8 1 1 . 7 2 0 . 0 2 9 b 1 4 . 2 0 0 . 9 9 4 5 0 . 8 4 6 7 1 4 . 8 6 1 1 3 . 3 c

R 1 3 - 2 0 0 4 8 2 . 6 4 9 0 0 . 7 5 1 4 . 5 3 9 . 9 2 0 . 2 3 6 4 1 3 3  . 0 5 0 . 9 9 7 1 0 . 9 6 0 9 3  . 6 3 2 . 6 3 4
R 1 3 - 1 0 0 4 8 2 . 5 5 9 0 0 . 5 9 7 . 7 6 1 0 . 3 0 0 - 1 2 5 7 6 8 . 1 3 0 . 9 9 7 7 0 . 9 8 0 2 1 . 7 5 2 . 5 9 1
R 1 3 - 5 0 4 8 2 . 5 8 9 0 0 . 6 4 4 . 3 7 8 . 3 0 0 . 0 7 0 8 4 7 . 6 4 0 . 9 9 7 8 0 . 9 8 5 6 1 . 2 2 2  . 5 9 0
R 1 4 - 5 0 4 9 6 . 7 4 9 2 6 . 1 4 4 . 3 5 3 . 9 5 0 . 0 6 9 0 9 7 . 6 4 0 . 9 9 5 7 0 . 9 3 8 7 5 . 7 2 6 . 0 2 9
R 1 4 - 3 0 4 9 6 . 5 8 9 2 5 . 8 4 3 . 0 1 3  . 8 5 0 . 0 4 7 8 6 9 . 3 0 0 . 9 9 6 6 0 . 9 5 7 5 3  . 9 2 5 . 7 7 4
R 1 4 - 1 5 4 9 6 . 6 2 9 2 5 . 9 2 1 . 9 8 3 . 8 9 0 . 0 3 1 5 4 5 . 1 9 0 . 9 9 7 1 0 . 9 7 1 3 2 . 5 9 5 . 8 0 3
R 1 5 - 5 0 4 7 2 . 7 8 8 8 3 . 0 1 4 . 3 4 2 . 2 1 0  . 0 7 0 9 1 7 9 . 3 1 0 . 9 9 6 9 0 . 9 7 1 0 2 . 6 0 1 . 4 6 8
R 1 5 - 3 0 4 7 2 . 6 9 8 8 2 . 8 4 3  . 0 1 2 . 4 0 0 . 0 4 9 2 1 1 4 . 7 5 0 . 9 9 7 2 0 . 9 8 0 4 1 . 6 8 1 . 4 8 0
R 1 5 - 1 5 4 7 2 . 9 1 8 8 3 . 2 4 2  . 0 0 2 . 4 0 0 . 0 3 2 7 7 6 . 0 1 0 . 9 9 7 6 0 . 9 8 6 6 1 . 1 0 1 . 4 5 9
R 1 6 - 5 0 4 5 4 . 6 7 8 5 0 . 4 0 4 . 3 5 2 . 1 0 0 . 0 7 3 0 1 9 4 . 5 0 0 . 9 9 7 9 0 . 9 8 7 9 1 . 0 0 0 . 5 2 0 7
R 1 6 - 3 0 4 5 4 , 7 5 8 5 0 . 5 6 3 . 0 1 2 . 0 8 0 . 0 5 0 5 1 3 5 . 8 1 0 . 9 9 7 8 0 . 9 9 1 0 0  . 6 8 0 . 5 0 5 8
R 1 6 - 1 5 4 5 4 . 7 8 8 5 0 . 6 1 1 . 9 9 2 . 0 3 0 . 0 3 3 3 9 1 . 7 1 0 . 9 9 7 9 0 - 9 9 3 4 0 . 4 5 0 . 4 9 8 6
R 1 6 - 5 4 5 4 . 8 3 8 5 0 . 6 9 1 . 3 1 2 . 1 1 0 . 0 2 2 0 5 8 . 2 4 0 - 9 9 7 9 C  . 9 9 4 9 0 . 3 0 0 . 5 2 3 0
R 1 6 - a t m s 4 5 4 . 8 4 8 5 0 . 7 2 1 . 0 3 1 . 5 1 0 . 0 1 7 3 6 4 . 2  3 0 . 9 9 7 8 0 . 9 9 4 5 0 . 3 3 0 . 5 1 9 0

R 1 8 - 5 0 4 9 6 . 4 7 9 2 5 . 6 5 4 . 3 4 4 . 2 2 0 . 0 6 8 9 9 1 . 2 5 0 . 9 9 6 1 0 . 9 4 2 8 5 . 3 5 6 . 0 2 8
R 1 8 - 3 0 4 9 6 - 2 7 9 2 5 . 2 9 3 . 0 1 3 . 9 8 0 . 0 4 7 7 6 6 . 9 6 0 . 9 9 6 8 0 . 9 5 8 0 3 . 8 9 5 . 9 3 0
R 1 8 - 1 5 4 9 6 . 3 9 9 2 5 . 5 1 1 . 9 7 4 . 0 1 0 . 0 3 1 3 4 3 . 6 7 0 . 9 9 7 3 0 . 9 7 1 9 2 . 5 5 5 . 8 9 2
R 1 8 - 5 4 9 6 . 4 2 9 2 5 . 5 6 1 . 3 0 3 . 9 7 0 . 0 2 0 6 2 9 . 0 0 0 . 9 9 7 8 0 . 9 8 0 4 1 . 7 4 5 . 7 5 4
R l 8 - a t m s 4 9 6 . 2 1 9 2 5 . 1 8 1 . 0 3 3 . 9 7 0  . 0 1 6 4 2 3  . 0 6 0 . 9 9 7 8 0 . 9 8 4 5 1 . 3 3 5 . 8 1 1
R 1 9 - 5 0 4 6 8 . 7 0 8 7 5 . 6 6 4 . 3 7 2 . 2 2 0 . 0 7 2 0 1 8 0 . 6 7 0 . 9 9 7 5 0 . 9 7 5 8 2 . 1 8 1  . 2 1 3
R 1 9 - 3 0 4 6 8 . 6 4 8 7 5 . 5 6 3 . 0 1 2 . 1 8 0 . 0 4 9 6 1 2 7 . 1 7 0 . 9 9 7 5 0 . 9 8 2 6 1 . 4 9 1 . 1 8 3
R 1 9 - 1 5 4 6 8 . 8 0 8 7 5 . 8 5 1 . 9 9 2 . 0 9 0 . 0 3 2 7 8 7 . 2 2 0 . 9 9 7 8 0 . 9 8 7 2 1 . 0 6 1 . 2 1 7
R 1 9 - 5 4 6 8 . 8 2 8 7 5 . 8 7 1 . 3 1 2 . 1 5 0 . 0 2 1 5 5 5 . 6 3 0 . 9 9 7 8 0 . 9 9 1 2 0 . 6 6 1 . 1 8 3
R 1 9 - a t m s 4 6 8 . 8 8 8 7 5 . 9 8 1 . 0 3 2 . 1 5 0 . 0 1 6 9 4 3 . 8 8 0 . 9 9 7 8 0 . 9 9 2 6 0 . 5 2 1 . 1 9 5
R 2 0 - 4 0 0 - 1 5 1 0 . 0 7 9 5 0 . 1 2 2 8 . 1 8 3 0 . 7 6 0 . 4 4 4 4 8 0 . 6 8 0 . 9 9 2 7 0 . 8 9 8 9 9 . 4 5 1 2 . 3 1 f
R 2 0 - 4 0 0 - 2 5 0 9 . 9 8 9 4 9 . 9 6 2 8 . 1 7 1 9 . 1 9 0 . 4 4 4 2 • 1 2 9 . 2 9 0 . 9 9 2 9 0 . 8 4 7 5 1 4 . 6 5 1 2 . 2 5 f
R 2 0 - 4 0 0 - 3 5 0 9 . 7 4 9 4 9 . 5 3 2 8  . 2 0 5 5 . 9 2 0 . 4 4 4 8 4 4 . 4 2 0 . 9 9 6 5 0 . 9 4 2 7 5 . 4 0 1 2 . 4 9 f
R 2 0 - 4 0 0 - 4 5 1 0 . 0 7 9 5 0 . 1 2 2 8 . 1 6 1 0 . 6 8 0 . 4 4 4 1 2 3 2 . 1 4 0 . 9 8 7 9 0 . 7 5 1 8 2 3 . 9 0 1 1 . 7 7 t
R 2 0 - 4 0 0 - 5 5 1 0 . 0 8 9 5 0 . 1 5 2 8 - 1 8 5  . 4 8 0 . 4 4 4 3 4 5 2 . 5 1 0 . 9 8 0 7 0 . 6 4 3 2 3 4 . 4 1 9 . 3 2 1 f
R 2 1 - 0 . 4 - 1 5 1 0 . 1 1 9 5 0  . 2 0 0 . 3 9 3 1 . 3 2 3 0 . 0 0 6 1 2 5 . 6 8 0 . 9 9 6 4 0 . 9 6 5 4 3  . 1 2 1 2 . 2 2
R 2 1 - 0 . 4 - 2 5 1 0 . 1 7 9 5 0 . 3 0 0 . 3 9 7 0 . 9 3 5 0 . 0 0 6 2 3 6 . 8 2 0 . 9 9 5 6 0 . 9 5 3 2 4 . 2 5 1 1 . 8 3
R 2 1 - 0 . 4 - 3 5 1 0 . 1 0 9 5 0 . 1 8 0 . 3 9 5 0 . 6 9 0 0 . 0 0 6 2 4 9 . 7 3 0 . 9 9 5 2 0 . 9 4 0 3 5 . 5 0 1 1 . 4 1
R 2 2 - 0 . 4 - 1 4 8 2 . 2 4 9 0 0 . 0 3 0 . 3 9 4 0 . 6 2 0 0 . 0 0 6 4 5 7 . 1 7 0  . 9 9 7 0 0 . 9 8 2 7 1 . 4 4 2 . 5 2
R 2 2 - 0 . 4 - 2 4 8 2 . 2 2 9 0 0 . 0 0 0 . 3 9 2 0 . 5 3 5 0 . 0 0 6 3 6 5 . 9 4 0 . 9 9 6 9 0 . 9 8 0 1 1 . 6 9 2 . 5 7
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R 2  3 -  1 9 0 0 . 0 : 4 8 2 . 2 6 6 8  . 8 9 4 2  . 4 9 1 . 1 4 9 7 1 5 1 . 0 9 0 . 9 9 6 3 0 . 9 5 6 6 3  . 9 8 2 . 6 9 5 9
2 9 0 0 . 0 3 4 8 2 . 2 4 6 8 . 9 3 8 0 . 2 0 1 . 1 5 0 3 8 0 . 1 0 0 . 9 9 7 6 0 . 9 7 5 7 2 - 2 0 2 . 7 6 1 9

: . 2 3 - 3 9 0 0 . 0 3 4 8 2 . 2 4 6 8 . 9 3 1 9 . 8 4 1 . 1 5 0 4 3 2 3 . 8 0 0 . 9 9 5 2 0 . 9 1 5 1 8 . 0 5 2 . 5 9 1 g
i ' 2  i - 4 9 0 0 . 1 1 4 8 2 . 2 8 6 9 . 2 0 8 . 0 4 1 . 1 5 4 9 8 0 2 - 5 2 0 . 9 9 0 8 0 . 8 3 8 6 1 5 . 3 6 2  . 0 7 9 g
; - 2 4 - : o o o 9 0 0 . 0 4 4 8 2 . 2 4 6 9 . 0 1 9 4 . 3  7 1 . 1 5 1 5 6 8 . 1 4 0 . 9 9 7 9 0 . 9 8 0 0 1 . 7 9 2 . 6 6 1
' . 2 4 - 1 5 0 0 8 9 9 . 6 9 4 8 2 . 0 5 1 0 2 . 9 6 1 2 2 . 3 7 1 . 7 3 5 2 7 9 . 1 8 0 . 9 9 7 8 0 . 9 7 6 8 2 . 1 0 2 . 6 9 4
' < 2 4 - 2 0 0 0 8 9 9 . 4 7 4 8 1 . 9 3 1 3 7 . 1 9 1 5 5 . 3 5 2 . 3 2 2 1 8 3 . 4 7 0 . 9 9 7 p O . 9 7 C 0 2  .  i . B 2  . 6 3 8
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F o o t n o t e  Comments on E x p e r i m e n t a l  Runs

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

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

b -  s ec o n d  o c c u r r e n c e  o f  p r e h e a t e r  p l u g g i n g .  Same p rob lem  

a s  i n  comment ( a ) .

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

p r e h e a t e r  removed and  r e p l a c e d  w i t h  u n l i n e d  p r e h e a t e r .

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

t o  remove a n y  c a r b o n  d e p o s i t s  w h ic h  had a c c u m u la te d  

on r e a c t o r  l i n i n g .

e -  same as  (d) ,

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

e f f e c t  o f  r e s i d e n c e  t im e  on t h e  r a t e  c o n s t a n t .

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

e f f e c t  o f  r e s i d e n c e  t im e  on t h e  r a t e  c o n s t a n t .


