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ABSTRACT

K i n e t i c  Study of  th e  Form ation  o f  Cyclohexene from 
E th y len e  and B utad iene  a t  E le v a te d  

P r e s s u r e s  and Tem pera tures

The e f f e c t  of  p r e s s u r e  on t h e  r a t e  of  a chem ica l  

r e a c t i o n  i s  a phenomenon which h as  been of  i n t e r e s t  f o r  many 

y e a r s .  However, e s s e n t i a l l y  no k i n e t i c  d a ta  a t  e l e v a t e d  

p r e s s u r e s  have been r e p o r t e d  f o r  homogeneous, n o n c a ta ly z e d  

g a seo u s  r e a c t i o n s .  To o b t a i n  a b e t t e r  u n d e rs t a n d in g  of  th e  

e f f e c t  o f  p r e s s u r e  on homogeneous, n o n c a t a l y t i c ,  gaseous  

( f l u i d )  sys tem s t h e  D ie l s - A ld e r  r e a c t i o n  of e th y l e n e  w i th  

b u t a d i e n e  t o  form cyclohexene  was i n v e s t i g a t e d .  The 

o b j e c t i v e s  were:  (1) t o  des ign  and c o n s t r u c t  an e f f i c i e n t

c o n t in u o u s  f lo w  r e a c t o r  f o r  use a t  p r e s s u r e s  up t o  5,000 

I b . / s q . i n .  and t e m p e r a t u r e s  up t o  900°F, and (2) t o  u t i l i z e  

t h i s  equipment in  making a comprehensive k i n e t i c  s tu d y  to  

d e te rm in e  t h e  e f f e c t  o f  p r e s s u r e  on th e  r e a c t i o n  r a t e  

c o n s t a n t .

The f i r s t  p a r t  of  t h e  d i s s e r t a t i o n  covers  b o th  th e  

t h e o r e t i c a l  and p r a c t i c a l  a s p e c t s  o f  h i g h - p r e s s u r e ,  h ig h -  

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

c o n s t r u c t i o n  and subsequen t  o p e r a t i o n  of  th e  e x p e r im e n ta l

i i i



equipment a r e  p r e s e n t e d  i n  d e t a i l ,  w i th  p a r t i c u l a r .emphasis  

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

.. The second p a r t  o f  t h e  d i s s e r t a t i o n  i s  concerned 

w i th  t h e  e f f e c t  of  p r e s s u r e  on the  r e a c t i o n  r a t e  c o n s t a n t ,  

e x p la in e d  in  t e rm s  o f  t h e  two r a t e  t h e o r i e s ,  f o r  th e  

f o r m a t io n  o f  cyc lohexene  from e th y l e n e  and b u t a d i e n e .

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

i n  term-s o f  b o t h  a c t i v i t i e s  and c o n c e n t r a t i o n s  and when 

e x p re s s e d  in  t e rm s  of  a c t i v i t i e s  a r e  in  agreement  w i th  th 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 .
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KINETIC STUDY OF THE FORMATION OF CYCLOHEXENE FROM 

ETHYLENE AND BUTADIENE AT ELEVATED 

PRESSURES AND TEMPERATURES

CHAPTER I  

INTRODUCTION

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  of  a chem ica l  

r e a c t i o n  i s  a phenomenon which has  been of  i n t e r e s t  f o r  

many y e a r s .  P re v io u s  s t u d i e s  have covered  a wide range  

o f  r e a c t i o n s  in  bo th  homogeneous and c a t a l y z e d  l i q u i d  

sys tem s and in  c a t a l y z e d  g a seo u s  sys tem s .  However, excep t  

f o r  one system (1) no k i n e t i c  d a t a  a t  e l e v a t e d  p r e s s u r e s  

have been r e p o r t e d  f o r  homogeneous, n o n c a t a ly z e d ,  gaseous  

r e a c t i o n s .  To o b t a i n  a b e t t e r  u n d e r s t a n d in g  o f  the  e f f e c t  

o f  p r e s s u r e  on homogeneous, n o n - c a t a l y t i c ,  gaseous  ( f l u i d )  

sys tem s t h e  D ie l s - A ld e r  r e a c t i o n  of e th y l e n e  w i th  b u t a d ie n e  

t o  form cyclohexene was s e l e c t e d  f o r  i n v e s t i g a t i o n  a t  

e l e v a t e d  p r e s s u r e s  and t e m p e r a t u r e s .

In  g e n e r a l ,  t h e  r a t e  of  a  chem ica l  r e a c t i o n  i n  a 

homogeneous g aseous  system i s  a f f e c t e d  i n  two ways by 

i n c r e a s e d  p r e s s u r e .  One i s  th e  i n c r e a s e  i n  t h e  a c t i v i t y  

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

1
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t h e  e f f e c t  o f  p r e s s u r e  on th e  r e a c t i o n  r a t e  c o n s t a n t  i t s e l f .  

The l a t t e r  e f f e c t  i s  of  p r im ary  i n t e r e s t  i n  t h i s  s tu d y .

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

d e s ig n  and c o n s t r u c t  an e f f i c i e n t  c o n t in u o u s  f lo w  r e a c t o r  

system f o r  use a t  p r e s s u r e s  up t o  5 ,000 I b . / s q . i n .  and up t o  

900°F, and (2) t o  u t i l i z e  t h i s  equipment in  making a 

comprehensive k i n e t i c  s tudy  t o  d e te rm in e  t h e  e f f e c t  of  

p r e s s u r e  on th e  r e a c t i o n  r a t e  c o n s t a n t .



CHAPTER I I  

DESCRIPTION OF EXPERIMENTAL EQUIPMENT

The equipment was de s ig n ed  so t h a t  th e  r e a c t i o n  

between e th y l e n e  and b u ta d ie n e  would ta k e  p la c e  c o n t i n u o u s l y ,  

a t  c o n s t a n t  p r e s s u r e  and t e m p e r a t u r e ,  i n  a t u b u l a r  r e a c t o r .

A sc h em a t ic  f lo w  diagram of  t h e  e x p e r im e n ta l  equipment i s  

shown in  F ig u r e  1. A 1 . 5 - c u b i c  f e e t  Autoc lave  E n g in e e r s  

h ig h  p r e s s u r e  v e s s e l  (1) was used a s  th e  feed  r e s e r v o i r  

f o r  e th y l e n e  a t  5 , 0 0 0 ' I b . / s q . i n .  Water was pumped i n t o  t h e  

bot tom of  t h e  h ig h  p r e s s u r e  e th y l e n e  r e s e r v o i r  w i th  a 

Sprague ,  a i r - o p e r a t e d ,  l i q u i d  pump (2) t o  m a in t a in  th e  

e th y l e n e  a t  a c o n s t a n t  5,000 I b . / s q . i n .  a s  i t  was used 

d u r i n g  a r u n .  The e th y l e n e  f e e d  from th e  h ig h  p r e s s u r e  

r e s e r v o i r  p a ssed  in  s u c c e s s io n  th ro u g h  a d r y e r  ( 3 ) ,  f i l t e r  

( 4 ) ,  and an e x c e s s  surge  check va lve  ( 5 ) .  The d r y e r  was an 

A u toc lave  K u e n tz e l  Bomb, 1 - in c h  l . D .  by 1 5 - in c h e s  lo ng ,  

f i l l e d  w i th  D r i - R i t e  d e s i c c a n t .  The e x c e s s  surge  check 

v a lv e  was used  i n  the  system as  a s a f e t y  d e v ice  t o  s t o p  t h e  

f lo w  of  e t h y l e n e  i n  case  of  a r u p t u r e  downstream. The 

e th y l e n e  f low ed  th ro u g h  a c o i l e d  c a p i l l a r y  t u b e  (6) which ■ 

was used a s  a  m e te r in g  d e v ic e .  A Bar ton  d i f f e r e n t i a l

3
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5

p r e s s u r e  gauge (7) measured and i n d i c a t e d  t h e  p r e s s u r e  

drop a c r o s s  the  c o i l e d  c a p i l l a r y  which by c a l i b r a t i o n  

y i e l d e d  the  e th y le n e  f low  r a t e .  The e th y l e n e  f low  r a t e  was 

c o n t r o l l e d  w i th  an Autoc lave  l / 8 - i n c h  m e te r in g  va lve  

hav ing  a 2 -deg ree  t a p e r e d  stem (Ô). A s t a n d a r d  n eed le  

va lve  (9) was l o c a t e d  down-stream f o r  s h u t - o f f  c o n t r o l  

s in c e  th e  m e te r in g  v a lv e  should  be used on ly  f o r  m e te r in g .  

The e th y l e n e  from th e  n e e d le  va lve  e n t e r e d  a c r o s s - t y p e  

s a f e t y  head assembly (10) where i t  was mixed w i th  th e  l i q u i d  

b u ta d ie n e  f e e d .  The r u p t u r e  d i s k  in  t h e  s a f e t y  head 

assembly  was connec ted  t o  the  ven t  l i n e  which was ven ted  

t o  t h e  o u t s i d e .  A p r e s s u r e  gauge w i th  a 0 -5 ,0 0 0  I b . / s q . i n .  

p r e s s u r e  range (11) was connec ted  between th e  s h u t - o f f  

n e e d le  va lve  and t h e  s a f e t y  head assembly so t h a t  the  

e th y l e n e  p r e s s u r e  cou ld  be d e te rm ined  p r i o r  t o  mixing w i th  

th e  b u ta d ie n e  and t o  e n t e r i n g  t h e  r e a c t o r .

The b u t a d ie n e  f e e d  r e s e r v o i r  (12) f o r  t h e  h ig h -  

p r e s s u r e  l i q u i d  pump was c o n s t r u c t e d  from a 2 - i n c h  l . D .  by 

5 - f o o t  long copper t u b e .  The tu b e  was f i t t e d  w i th  a s i g h t  

g l a s s  over  i t s  e n t i r e  l e n g t h .  The b u t a d ie n e  f lo w  r a t e  was 

low enough so t h a t  t h e  s i g h t  g l a s s  a lo n e  was used as  the  

r e s e r v o i r  when t h e  f lo w  r a t e  o f  t h e  b u ta d ie n e  was de te rm ined  

d u r in g  each ru n .  The h igh  p r e s s u r e  l i q u i d  pump was a 

Hil ls -McCanna "U" ty p e  p r o p o r t i o n i n g  pump ( 1 3 ) .  A n i t r o g e n  

p r e s s u r e  o f  60 I b . / s q . i n .  gauge was m a in ta in e d  on th e  l i q u i d  

b u t a d i e n e  i n  o r d e r  t o  p re v e n t  any v a p o r i z a t i o n  in  t h e  pump



6

c y l i n d e r  d u r in g  t h e  pumping c y c l e .  A r u p t u r e  d i s k  assem bly  

( 14) was l o c a t e d  im m edia te ly  downstream from th e  h ig h  

p r e s s u r e  l i q u i d  pump. The b u ta d i e n e  th en  passed  th r o u g h  a 

tw in  s e a l  check va lve  (1-5) and s t a n d a r d  n eed le  v a lv e  (16) 

b e f o r e  i t  e n t e r e d  th e  c r o s s - t y p e  s a f e t y  head assem bly  (10) 

and mixed with  th e  e th y l e n e .

The mixed f ee d  passed  th ro u g h  a mixing c o i l  (17) 

where th e  p u l s a t i o n  e f f e c t  of  th e  l i q u i d  b u ta d ie n e  due t o  

t h e  pumping a c t i o n  was d i s s i p a t e d  b e f o r e  i t  e n t e r e d  t h e  low 

t e m p e r a tu re  p r e h e a t e r .  The mixing c o i l  c o n s i s t e d  o f  a 6 - f o o t  

long  c o i l  of  l / 16- i n c h  l . D .  304 s t a i n l e s s  t u b i n g .  The low 

t e m p e r a tu r e  p r e h e a t e r  (18) c o n s i s t e d  o f  an 8 - f o o t  long 

l / l 6 - i n c h  l . D .  s t a i n l e s s  s t e e l  tu b e  c o i l e d  and immersed 

in  a ho t  o i l  b a th  (1 9 ) .  The o i l  b a th  was h e a te d  w i th  a 

500-watt  immersion h e a t e r  and was m a in ta in e d  a t  400°F by 

means o f  a Fenwal Thermoswitch.  The mixed fe e d  from t h e  low 

t e m p e r a tu r e  p r e h e a t e r  f lowed t o  t h e  h ig h  t e m p e ra tu re  

p r e h e a t e r  (20) and hence t o  t h e  l a r g e  r e a c t o r  (2 1 ) .  The 

p r e h e a t e r  was formed from an 8 - f o o t  long l / l 6 - i n c h  l . D .  304 

s t a i n l e s s  s t e l l  tu b e  c o i l e d  i n t o  a 3 - i n c h  d ia m e te r  c o i l .

The l a r g e  r e a c t o r  c o n s i s t e d  o f  a p p ro x im a te ly  4 0 - f e e t  of  

l / 4 - i n c h  O.D. by l / 8 - i n c h  l . D .  304 s t a i n l e s s  s t e e l  t u b in g  

c o i l e d  i n t o  a 6 - i n c h  d ia m e te r  c o i l .  The o u t l e t  end of  th e  

h ig h  t e m p e r a tu re  p r e h e a t e r  was connec ted  t o  th e  i n l e t  end 

o f  t h e  r e a c t o r  w i t h i n  t h e  l i q u i d  s a l t  pot  and b o th  t h e  h igh  

t e m p e r a tu r e  p r e h e a t e r  and r e a c t o r  were immersed in  t h e  l i q u i d
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s a l t  b a th  ( 2 2 ) .  A sm al l  r e a c t o r ,  c o n s i s t i n g  o f  60 f e e t  

o f  l / 8 - i n c h  O.D. by l / l 6 - i n c h  l . D .  304 s t a i n l e s s  s t e e l  

t u b i n g ,  was a l s o  c o i l e d  and immersed in  t h e  l i q u i d  s a l t  

b a t h .  The sm a l l  r e a c t o r  when in  use was connec ted  d i r e c t l y  

t o  th e  low t e m p e r a tu re  p r e h e a t e r .  The s a l t  p o t ,  0 - i n c h e s  

l . D .  by 2 0 - i n c h e s  lo n g ,  was f i l l e d  w i th  Thermo-Quench h e a t  

t r e a t i n g  n i t r a t e - n i t r i t e  base  s a l t  o b ta in e d  from th e  Park 

Chemical  Company. The s a l t  m e l ted  a t  a p p ro x im a te ly  300°F.

A " L ig h tn in "  a i r - d r i v e n  p o r t a b l e  mixer  (23) was mounted 

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

m a i n t a i n i n g  a un iform  te m p e r a tu re  w i th in  th e  l i q u i d  s a l t  

b a th  a s  w e l l  a s  m a i n t a i n in g  a h ig h  h e a t  t r a n s f e r  c o e f f i c i e n t  

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

The s a l f  pot  was h e a te d  by f o u r  300-watt  Chromalox 

s t r i p  h e a t e r s  e le m e n ts  mounted v e r t i c a l l y  on th e  o u t s i d e  

o f  th e  s a l t  p o t .  Two-inch t h i c k  Kaylo h ig h  te m p e ra tu re  p ipe  

i n s u l a t i o n  was used t o  i n s u l a t e  a round th e  o u t s i d e  o f  t h e  

s a l t  p o t .  The h e a t  in p u t  t o  th e  h e a t e r s  was c o n t r o l l e d  w i th  

a P o w e rs ta t  v a r i a b l e  t r a n s f o r m e r .  The t e m p e ra tu re  w i t h in  

t h e  s a l t  po t  was c o n t r o l l e d  v e ry  a c c u r a t e l y  by means of  a 

Bayley P r e c i s i o n  Temperature  C o n t r o l l e r .  The Bayley 

c o n t r o l l e r  u t i l i z e s  a r e s i s t a n c e  therm ometer  w i th  an 

e l e c t r o n i c  b r i d g e  c i r c u i t  and has  a s t a t e d  c o n t r o l  a c c u ra c y  

, o f  + .001°C. The Bayley c o n t r o l l e r  c o n t r o l l e d  th e  power 

i n p u t  by o n - o f f  c o n t r o l  t o  a sm a l l  175-w at t  immersion h e a t e r  

. lo ca te d  w i t h i n  t h e  s a l t  p o t .  Temperature  c o n t r o l  of
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c o n s i d e r a b l y  b e t t e r  th a n  + 1°F was m a in ta in ed  w i th in  t h e  

s a l t  pot  a t  a l l  t i m e s .  The a c t u a l  t e m p e ra tu re  w i t h in  th e  

s a l t  b a th  was o b t a i n e d  by a Leeds and North rup  8662 

p r e c i s i o n  p o t e n t i o m e te r  from a chrome1-alumel thermocouple  

mounted in  a therm ocoup le  w e l l  l o c a t e d  in  t h e  t o p  of  the  

s a l t  p o t .

The o u t l e t  end o f  th e  r e a c t o r  ex tended  th ro u gh  th e  

bot tom of  t h e  s a l t  p o t .  A l / l 6 - i n c h  l .D .  s t a i n l e s s  s t e e l  

tube  connec ted  th e  r e a c t o r  o u t l e t  t o  a c r o s s  (24 ) .  A 

p r e s s u r e  gauge (25) w i th  a 0 -7 ,5 0 0  I b . / s q . i n .  range was 

connec ted  t o  t h e  c ro s s  in  o r d e r  t o  de te rm ine  th e  p r e s s u r e  

w i t h i n  t h e  r e a c t o r .  The rem ain ing  two o u t l e t s  from th e  

c r o s s  were connec ted  t o  two s t a n d a r d  n e e d le  v a lv e s  (26, 2 7 ) .  

One o f  t h e s e  n e ed le  v a lv e s  was connec ted  d i r e c t l y  t o  a ven t  

l i n e  and t h e  o t h e r  one t o  a R esearch  C o n t ro l  Valve (3 0 ) .

The R esea rch  C o n t r o l  Valve was p a r t  o f  t h e  back p r e s s u r e  

r e g u l a t o r  system which c o n t r o l l e d  th e  p r e s s u r e  in  th e  

r e a c t o r .  The back p r e s s u r e  r e g u l a t o r  system was composed 

of  a S e r i e s  650 M e ta g ra p h ic ,  pneumatic  p r e s s u r e  t r a n s m i t t e r  

(28) o b t a in e d  from th e  B r i s t o l  Company, a M-58 C o n so t ro l  

pneumatic  c o n t r o l l e r  (29) o b t a in e d  from t h e  Foxboro Company, 

and a R esea rch  C o n t r o l  Valve (30) o b ta in e d  from Research  

C o n t r o l s ,  I n c .  With t h i s  back p r e s s u r e  r e g u l a t o r  system the  

o p e r a t i n g  p r e s s u r e  i n  t h e  r e a c t o r  cou ld  be a c c u r a t e l y  

c o n t r o l l e d  (+ 20 I b . / s q . i n . )  a t  any p r e s s u r e  from 200 t o  

5 ,000 I b . / s q . i n .  In  norm al  o p e r a t i o n  t h e  p r o d u c t s  from th e
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r e a c t o r  passed  th ro u g h  th e  Research  C o n t ro l  Valve t o  t h e  

a n a l y s i s  s e c t i o n .  The o t h e r  need le  v a lve  (2?) was used only 

when i t  became n e c e s s a r y  t o  ven t  o r  f l u s h  out  th e  system.

A f lo w  diagram f o r  t h e  a n a l y s i s  s e c t i o n  i s  shown 

in  F ig u re  2. The r e a c t o r  p ro d u c t s  a f t e r  expanding th ro ug h  

t h e  Research  C o n t ro l  Valve passed  th ro u g h  a cold  w a te r  

condenser  (1) m a in ta in ed  a t  a p p ro x im a te ly  $0°F. The l i q u i d  

p r o d u c t s  were c o l l e c t e d  in  a 50 ml, g r a d u a te d  r e c e i v e r  ( 2 ) .  

The gaseous  p roduct  passed  overhead from th e  l i q u i d  

r e c e i v e r  t o  a 1 l i t e r  mixing f l a s k  ( 3 ) .  From th e  mixing 

f l a s k  t h e  gas  p roduct  passed  th ro u g h  a sample f i t t i n g  (4) 

where gas samples were o b ta in e d  f o r  chrom atograph ic  

a n a l y s i s .  The mixing f l a s k  was i n s e r t e d  between th e  l i q u i d  

r e c e i v e r  and sample p o i n t  in  o rd e r  t h a t  a more r e p r e s e n t a t i v e  

gas  sample could  be o b t a i n e d .  The gaseous  p roduc t  th en  

p assed  th ro u g h  a w a te r  s a t u r a t o r  (5) t o  a " P r e c i s i o n ” 

w e t - t e s t  meter  ( 6 ) ,  where i t  was m e te re d .  From th e  w e t - t e s t  

m ete r  th e  gaseous p roduc t  was ven ted  t o  t h e  o u t s i d e .

A l l  of  th e  a p p a r a t u s  shown in  F ig u re  1, excep t  f o r  

t h e  b u ta d ie n e  r e s e r v o i r ,  t h e  two h ig h  p r e s s u r e  l i q u i d  pumps, 

th e  p r e s s u r e  t r a n s m i t t e r  and th e  c o n t r o l l e r ,  were l o c a t e d  

beh ind  a s t e e l  and wood b a r r i c a d e .  The b a r r i c a d e  was 

c o n s t r u c t e d  from l / 4 - i n c h  s t e e l  p l a t e  backed by a 1 - in c h  

t h i c k  wood l a y e r .  The wood l a y e r  was s e p a r a t e d  from th e  

s t e e l  p l a t e  by a 2 - in c h  a i r  sp a ce ,  A door c o n s i s t i n g  of  a 

heavy rope b l a s t  mat p rov ided  an e n t r a n c e  t o  th e  b a r r i c a d e d



. F i g u r e  2 -  Flow Diagram o f  A n a l y s i s  S e c t i o n  '
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a r e a .

F ig u r e  3 shows a f r o n t  view of t h e  b a r r i c a d e .  A l l  

t h e  v a lv e s  have e x t e n s i o n s  th ro u g h  th e  b a r r i c a d e  so t h a t  

a l l  r e q u i r e d  o p e r a t i o n s  cou ld  be perform ed w i th o u t  going  

beh ind  t h e  b a r r i e r .  Holes were cu t  in  t h e  b a r r i c a d e  above 

e y e - l e v e l  so t h a t  t h e  Barton d i f f e r e n t i a l  p r e s s u r e  gauge 

' and th e  s t a n d a r d  p r e s s u r e  gauges  could  be r ea d  e a s i l y  from 

i n  f r o n t  o f  t h e  b a r r i e r .  The f lo w  diagram of  the  equipment 

was marked on t h e  f r o n t  of  t h e  b a r r i c a d e  w i th  c o lo red  

s c o t c h  t a p e  a s  shown in  F i g u r e  3* F ig u re  1+ shows th e  heavy 

rope  b l a s t  mat a c c e s s  door .

F i g u r e  5 shows a l l  a s s o c i a t e d  equipment l o c a t e d  

o u t s i d e  o f  t h e  b a r r i c a d e d  a r e a .  P i c t u r e d  in  th e  upper  l e f t  

i s  a  Leeds and N or th rup  Micromax m u l t i p o i n t  t e m p e ra tu re  

r e c o r d e r  which was used t o  m o n i to r  th e  t e m p e r a t u r e s  a t  

s e v e r a l  p o i n t s  in  t h e  sys tem .  Located below th e  t e m p e r a tu re  

r e c o r d e r  a r e  t h e  w e t - t e s t  m e te r ,  p ro d u c t  co ndense r ,  Bayley 

P r e c i s i o n  Tempera ture  C o n t r o l l e r ,  gas  sample f i t t i n g ,  

g r a d u a te d  l i q u i d  r e c e i v e r ,  g a s -m ix in g  f l a s k  and w a te r  

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

c o n t r o l l i n g  t h e  power in p u t  t o  th e  v a r i o u s  h e a t e r s  and th e  

s w i t c h  f o r  t h e  Hil ls -McCanna l i q u i d  b u t a d i e n e  pump. The 

Foxboro C o n s o t r o l  pneumatic  c o n t r o l l e r  i s  shown mounted on 

th e  upper  l e f t  c o r n e r  of t h e  p a n e l  bo a rd .  The B r i s t o l  

M e to g rap h ic  p r e s s u r e  t r a n s m i t t e r  i s  mounted on t h e  back of  

t h e  p a n e l  bo a rd  im m edia te ly  b e h in d  th e  Foxboro c o n t r o l l e r .
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F ig u re  3 - F ro n t  View of  B a r r ic ad e
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F ig u re  1+ -  B la s t  Mat Door



# # #

F i g u r e  5 -  A s s o c i a t e d  Equipment L o ca ted  O u t s i d e  o f  B a r r i c a d e d  Area
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b u t  i t  can no t  be seen i n  t h e  p i c t u r e .  Loca ted  below th e  

p a n e l  board  a r e  t h e  Hil ls -McCanna l i q u i d  pump and th e  

Sprague a i r - d r i v e n  l i q u i d  pump. To th e  r i g h t  o f  th e  p a n e l  

b oa rd  i s  t h e  l i q u i d  b u t a d i e n e  r e s e r v o i r .  The l a r g e  g l a s s  

carboy  a t  t h e  r i g h t  i s  th e  oxygen f r e e  d i s t i l l e d  w a te r  

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

t h e  c o n n e c t io n s  r e q u i r e d  f o r  b l a n k e t i n g  th e  d i s t i l l e d  w a te r  

and f o r  p r e s s u r i z i n g  th e  l i q u i d  b u t a d i e n e  f e e d .  F ig u re  6 

i s  a complete  v iew of  t h e  a r e a  o u t s i d e  o f  t h e  b a r r i c a d e  

showing th e  l o c a t i o n  o f  th e  a s s o c i a t e d  equipment w i th  

r e s p e c t  t o  t h e  b a r r i c a d e  and b l a s t  m a t .^

A view o f  th e  equipment l o c a t e d  beh ind  th e  b a r r i e r  

i s  shown in  F i g u r e  7.- The i n s u l a t e d  l i q u i d  s a l t  pot i s  

mounted on t h e  s t e e l  t a b l e  i n  t h e  middle of  t h e  ph o tog raph .  

The mixer  s h a f t ,  r e s i s t a n c e  thermometer  l e a d ,  immersion 

h e a t e r  l e a d ,  f e e d  tu be  and therm ocouple  l e a d  can be seen 

e x te n d in g  from th e  t o p  o f  t h e  r e a c t o r .  The a i r - d r i v e n  mixer  

a lo n g  w i th  i t s  p r e s s u r e  r e g u l a t o r  and l u b r i c a t o r  a re  mounted 

on t h e  s t e e l  beam which e x te n d s  a c r o s s  above t h e  s a l t  p o t .  

The hot  o i l  b a th  i s  mounted on t h e  l e f t  beam s u p p o r t .  On 

t h e  r i g h t  s id e  o f  t h e  p i c t u r e  i s  l o c a t e d  t h e  h ig h  p r e s s u r e  

e th y l e n e  r e s e r v o i r .  A l l  o f  t h e  rem ain ing  t u b i n g ,  f i t t i n g s  

and a s s o c i a t e d  equipment a r e  shown mounted on th e  wooden 

s id e  of  t h e  d u p lex  b a r r i c a d e .

A 4 ,0 0 0  CFM e x h aus t  f a n  w i th  an e x p lo s io n  p ro o f  

motor was mounted i n  t h e  window beh ind  t h e  s t e e l  t a b l e .  A
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F i g u r e  6 -  O v e r - a l l  View i n  F r o n t  o f  B a r r i c a d e
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F ig u re  7 -  View Behind B a r r icade
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w a te r  fog  n o z z le  mounted above the  l i q u i d  s a l t  could  be 

a c t i v a t e d  in  case  o f  emergency by means of  an e l e c t r i c  

s o l e n o id  l o c a t e d  a t  a c o n s i d e r a b l e  d i s t a n c e  from the  

equipment .



CHAPTER I I I

DESIGN CALCULATIONS AND CONSTRUCTION

The d e s ig n  and c o n s t r u c t i o n  of  any equipment  f o r  

h igh  t e m p e r a t u r e ,  h igh  p r e s s u r e  s e r v i c e  i n v o lv e s  c e r t a i n  

b a s i c  f a c t o r s  n o t  u s u a l l y  e n c o u n te re d  in  most d e s ig n  

p r o c e d u r e s .  S ince  th e  u l t i m a t e  o b j e c t i v e  i n  t h e  c o n s t r u c t i o n  

o f  any p ie c e  of  equipment i s  t h a t  i t  o p e ra te  s a t i s f a c t o r i l y  

under  t h e  s p e c i f i e d  c o n d i t i o n s ,  t h e  f i n a l  d e s ig n  w i l l  depend 

on c e r t a i n  b a s i c  methods which have a l r e a d y  proved s a t i s ­

f a c t o r y  i n  s i m i l a r  s e r v i c e .  In  t h e  case  of h ig h  p r e s s u r e ,  

h ig h  t e m p e r a tu r e  s e r v i c e  where extreme care  must be e x e r c i s e d ,  

t h e  d e s ig n  i s  i n c l i n e d ' t o  be r a t h e r  c o n s e r v a t iv e  and t o  

adhere  t o  w e l l - e s t a b l i s h e d  m ethods.  The d e s ig n  of  th e  

equipment  n e c e s s a r y  f o r  t h i s  i n v e s t i g a t i o n  was v e ry  

c o n s e r v a t i v e  a s  th e  t e m p e r a tu re  and p r e s s u r e  r e q u i r e m e n t s  

were n o t  s e ve re  f o r  t h e  m a t e r i a l s  u sed .  The maximum d e s ig n  

c o n d i t i o n s  e s t a b l i s h e d  were 900°F.  a t  5,000 I b . / s q . i n .

B as ic  Design Formula  

S e v e r a l  fo rm u la s  a r e  a v a i l a b l e  f o r  d e te r m in in g  t h e  

e l a s t i c  s t r e s s  d i s t r i b u t i o n  in  a u n i fo rm ly  t h i c k  c y l i n d e r  

b u t  t h o s e  of  Lame’ a re  t h e  most common. The Lame’

19
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e q u a t i o n s  (2 ) a r e  a s  fo l lo w s* :

, p/-Pl-(r^/r')(Pl-P2)
r  2 2

K - 1

where = t a n g e n t i a l  s t r e s s

= r a d i a l  s t r e s s  

r ^  = i n t e r n a l  r a d i u s  

rg  = e x t e r n a l  r a d i u s  

r  = any r a d i u s  w i th in  the  tube  w a l l  

P]_ = i n t e r n a l  p r e s s u r e  

?2 = e x t e r n a l  p r e s s u r e  

K == ^2/ ^ 1 *

The Lame’ e q u a t io n s  can be used t o  c a l c u l a t e  t h e  s t r e s s  

d i s t r i b u t i o n  in  a simple  c y l i n d e r  when th e  w a l l s  deform 

e l a s t i c a l l y  and a re  no t  s t r e s s e d  beyond t h e  range  of 

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

The m ax im u m -shea r -s t re ss  t h e o r y  (2) i s  one o f  th e  

most g e n e r a l l y  a c c e p te d  t h e o r i e s  f o r  d e te rm in in g  th e  l i m i t  

o f  e l a s t i c  b e h a v io r  of  a d u c t i l e  m e t a l .  This  t h e o r y  s t a t e s  

t h a t  th e  breakdown of  ' e l a s t i c  a c t i o n  o c cu rs  when the  

s h e a r i n g  s t r e s s  a t  any p o i n t ,  due t o  any com binat ion  of

*A t h i r d  e q u a t io n  f o r  th e  l o n g i t u d i n a l  s t r e s s ,  r g , 
i s  n e g l e c t e d  in  t h i s  d e s ig n  s in c e  i n  t h e  c r i t i c a l  s t r e s s  
r e g i o n s  i t s  a b s o l u t e  v a lue  i s  th e  s m a l l e s t  of  t h e  t h r e e  
p r i n c i p a l  s t r e s s e s .
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s t r e s s e s ,  exceeds  t h e  s h e a r in g  p r o p o r t i o n a l  l i m i t  o f  th e  

m a t e r i a l .  The s h e a r  s t r e s s  a t  any p o in t  i s  e q u a l  t o  one- 

h a l f  the  a l g e b r a i c  d i f f e r e n c e  between th e  maximum and 

minimum p r i n c i p a l  s t r e s s e s .  For a t h i c k - w a l l e d  c y l i n d e r  th e  

s h e a r i n g  s t r e s s  i s  o n e - h a l f  the  d i f f e r e n c e  between the  

t e n s i l e  and compressive  s t r e s s e s .  T h ere fo re :

T  = ^  (c r^-CTr)  3

where T = sh ea r  s t r e s s .

The sh e a r  s t r e s s  a t  any p o in t  in  a t h i c k - w a l l e d  c y l i n d e r  

i s  found by s u b s t i t u t i n g  the  Lame’ e q u a t io n s  i n t o  t h e  sh e a r  

s t r e s s  e q u a t io n .  T h e re fo re :

K h P , - P , ) r ^  

r  (K -1)

The s h e a r  s t r e s s  w i l l  be maximum a t  th e  i n n e r  r a d i u s ;  

t h e r e f o r e  th e  maximum sh e a r  s t r e s s  w i l l  be:

m " o 0
K - 1

where = maximum sh ea r  s t r e s s .

The sh e a r  p r o p o r t i o n a l  l i m i t  of  t h e  m a t e r i a l  i s  de te rm ined  

from th e  y i e l d  p r o p e r t i e s  of  th e  s t e e l .  E q ua t ion  3 

i n d i c a t e s  t h a t  t h e  p r o p o r t i o n a l  l i m i t  in  sh e a r  i s  e q u a l  to  

o n e - h a l f  t h e  y i e l d  s t r e s s  in  pure  t e n s i o n .  T h e re fo re :

" 2 ^
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where "Ty = sh e a r  p r o p o r t i o n a l ,  l i m i t

“■y = y i e l d  s t r e s s  in  pure  t e n s i o n .

The maximum a l lo w a b le  o p e r a t i n g  p r e s s u r e ,  ( w i th in  e l a s t i c  

l i m i t s )  of  a t h i c k - w a l l e d  c y l i n d e r  i s  de te rm ined  by s e t t i n g  

t h e  maximum sh e a r  s t r e s s  e q u a l  t o  t h e  she a r  p r o p o r t i o n a l  

l i m i t .  T h e r e fo r e :

Tubing and F i t t i n g s  

Tubing and f i t t i n g s  used in  t h i s  equipment were 

o b t a i n e d  from Autoc lave  E n g in e e r s ,  I n c .  S p eed l ine  v a lv e s  

and f i t t i n g s  w i th  a p r e s s u r e  r a t i n g  of  10,000 I b . / s q . i n .  

proved t o  be ve ry  s a t i s f a c t o r y  f o r  t h i s  s e r v i c e  when used 

w i th  a n n ea le d  s t a i n l e s s  s t e e l  t u b i n g .  S tan d ard  l / 4 - i n c h  

O.D. by l / S - i n c h  I .D .  and l / S - i n c h  O.D. by l / l 6 - i n c h  I .D .  

a n n e a le d ,  304 s t a i n l e s s  s t e e l  t u b i n g  was used .  A maximum 

p r e s s u r e  r a t i n g  of  13,000 I b . / s q . i n .  was d e te rm ined  f o r  

t h i s  t u b i n g  from E qua t ion  7 u s in g  a y i e l d  s t r e s s  of  33,000 

I b . / s q . i n .  f o r  the  s t a i n l e s s  s t e e l  a s  compared t o  th e  

maximum o p e r a t i n g  p r e s s u r e  o f  5 ,000 I b . / s q . i n .  r e q u i r e d  

f o r  t h i s  s tu d y .

R e a c to r s

The l a r g e  r e a c t o r ,  c o n s t r u c t e d  from s t a n d a r d  

l / 4- i n c h  O.D. by l / 8- i n c h  I .D .  a n n e a le d ,  304 s t a i n l e s s  

s t e e l  t u b i n g ,  was 3 9 . 5 - f e e t  l o n g .  The sm a l l  r e a c t o r ,
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c o n s t r u c t e d  from s ta n d a r d  l / 8 - i n c h  O.D. by I / I 6 I .D .  

a n n e a le d ,  304 s t a i n l e s s  s t e e l  t u b i n g  was 5 6 . 3 - f e e t  lo n g .

The l e n g t h  r e q u i r e d  could  on ly  be o b t a in e d  by j o i n i n g  

l e n g t h s  of t u b in g  t o g e t h e r .  The l a r g e  r e a c t o r  was formed 

from two l e n g t h s  of  t u b in g  w h i le  t h r e e  l e n g t h s  were used 

f o r  t h e  sm a l l  r e a c t o r .  The j o i n t  was made by s l i p p i n g  th e  

two ends of  t h e  t u b e s  to  be j o i n e d  i n t o  a s h o r t  p i e c e  of 

s t a i n l e s s  s t e e l ,  l / 2 - i n c h  O.D. by l / 4 - i n c h  I .D .  f o r  th e  

l a r g e  r e a c t o r  and l / 4 - i n c h  O.D. by l / 8 - i n c h  I .D .  f o r  th e  

sm a l l  r e a c t o r ,  and th en  w e ld in g .  The t u b e s  th en  were 

c o i l e d  t o g e t h e r  around a 4 - i n c h  m andre l  t o  form t h e  f i n a l  

c o i l  which was a p p ro x im a te ly  6 - i n c h e s  in  d i a m e te r .

The r e a c t o r s  were immersed in  a l i q u i d  s a l t  b a th  

and had t o  o p e r a t e  s a t i s f a c t o r i l y  a t  a maximum t e m p e r a tu re  

o f  900°F and th e  maximum p r e s s u r e  o f  5 ,000 I b . / s q . i n .  At 

o r d i n a r y  t e m p e r a t u r e s  th e  d e s ig n  o f  equipment i s  based  on 

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

t e m p e r a t u r e s ,  however ,  c o n t in u o u s  p l a s t i c  d e fo rm a t io n  o r  

c re e p  a t  c o n s t a n t  s t r e s s  i s  e n c o u n te re d  in. a d d i t i o n  t o  t h e  

r ed uced  s t r e n g t h  a t  th e  h i g h e r  t e m p e r a t u r e .  Freeman and 

V oorh ies  (3) r e p o r t e d  t h a t  t h e  s t r e s s  r e q u i r e d  t o  cause a 

c re e p  r a t e  o f  one p e r  cen t  p e r  10,000 ho u rs  i n  304 s t a i n l e s s  

s t e e l  a t  900°F was 2 8 ,0 0 0  I b . / s q . i n .  Using t h i s  va lu e  a s  

t h e  a l lo w a b le  s t r e s s  E q u a t io n  7 gave a maximum p r e s s u r e  

r a t i n g  of  10,500 I b . / s q . i n .  f o r  t h e  r e a c t o r  compared t o  th e  

maximum o p e r a t i n g  p r e s s u r e  o f  5 ,000 I b . / s q . i n .
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E thy len e  S to ra g e  V e s s e l  and Dryer

The e th y l e n e  h ig h  p r e s s u r e  s to r a g e  y e s s e l ,  o b t a in e d  

from A utoc lave  E n g in e e r s ,  I n c . ,  was 1 2 - in c h e s  O.D. by 

0 - i n c h e s  I .D .  by $ 2 - in c h e s  i n s i d e  d e p th .  This  v e s s e l  was 

m an u fac tu red  from 4340 a l l o y  s t e e l  w i th  a s e l f - s e a l i n g  

c lo s u r e  a t  one end.  The v e s s e l  had t h r e e  openings  i n  th e  

cover  and two a t  the  bo t tom . One of  th e  openings  in  th e  

t o p  was co n nec ted  t o  a p r e s s u r e  gauge,  o n e ' t o  th e  e th y l e n e  

i n p u t - o u t p u t  l i n e  and th e  t h i r d  connec ted  t o  a r u p t u r e  d i s k ,  

s a f e t y  head assem bly .  The working p r e s s u r e  of  t h i s  h ig h  

p r e s s u r e  v e s s e l  was 15,000 I b . / s q . i n .  a t  ?2°F and i t  was^ . 

h y d r o s t a t i c a l l y  p r e s s u r e  t e s t e d  a t  22,500 I b . / s q . i n .  a t  

?2°F .  The r u p t u r e  d i s k  was r a t e d  a t  20 ,000 I b . / s q . i n .  

a t  7 2°F .

An Autoc lave  m o d if ied  KB-15 K u en tze l  Bomb,. 2 - i n c h e s

O.D. by 1 - i n c h  I .D .  by 1 5 - in c h e s  i n s i d e  d e p th ,  was used f o r  

t h e  e th y l e n e  d r y e r .  This  v e s s e l  was m anufac tu red  from 316 

s t a i n l e s s  s t e e l  hav ing  a s p e c i f i e d  y i e l d  s t r e s s  o f  60,000 

l b , . / s q . i n .  Each end of d oub le -ended  v e s s e l  had a c o n f in e d  

s t a i n l e s s  s t e e l ,  compression g a s k e t - t y p e  c lo s u r e  which was 

p r o v id e d  w i th  a 3 /Ô - in ch  h ig h  p r e s s u r e  c o n n e c t io n .  The 

working p r e s s u r e  of t h i s  v e s s e l  was s t a t e d  t o  be 10,000 

I b . / s q . i n .  a t^650°F  w i th  a h y d r o s t a t i c  p r e s s u r e  t e s t  of  

16,500  I b . / s q . i n .  a t  72°F. D r i e r i t e  was used as  t h e  

d e s i c c a n t  i n  t h e  d r y e r .
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E thy lene  Flow Device 

The e th y le n e  f low  r a t e  was de te rm ined  by measuring  

t h e  p r e s s u r e  drop  a c r o s s ^ a - c o i l e d  c a p i l l a r y  t u b e .  A Barton 

Model 200 I n d i c a t o r  having  a d i f f e r e n t i a l  p r e s s u r e  range of  

1 0 - in c h e s  o f  w a te r  was used t o  measure th e  p r e s s u r e  drop .  

Three c o i l s  were used to  cover  t h e  range of  f low  from 2 t o  

60 S.CFM. C o i l  1, 6 f e e t  o f  l / B - i n c h  O.D. by 0 .030  I .D .  

s t a i n l e s s  s t e e l  t u b i n g  c o i l e d  in  a 1 - in ch  c o i l ,  covered 

th e  range  from 2 t o  11 SCFM, C o i l  2, s i m i l a r  t o  c o i l  1, 

b u t  on ly  2 .5  f e e t  lo ng ,  covered th e  range  from 5 t o  30 

SCFM. C o i l  3 ,  s i m i l a r  t o  c o i l  1 excep t  be ing  l / l 6  I . D . ,  

covered  the  range  above 30 SCFM. F ig u re  Ô i n d i c a t e s  the  

f lo w  diagram of  t h e  e th y le n e  f low  d e v ic e .  The v a lv in g  was 

■designed w i th  t h e  h a nd le s  e x te n d in g  th ro u g h  th e  w a l l  so 

t h a t  t h e  d e s i r e d  c o i l  could  be s e l e c t e d  from in  f r o n t  of 

t h e  b a r r i c a d e .  F ig u re  3. The second v a lve  shown in 

c o n ju n c t io n  w i th  C o i l  3 was i n s t a l l e d  so t h a t  i f  needed 

C o i l  3 could  be r e p l a c e d  w i th  any o t h e r  d e s i r e d  c o i l  w i thou t  

d e p r e s s u r i z i n g  th e  system. F ig u r e  9 shows th e  e th y le n e  

f l o w  d e v ic e  a s  seen from behind  th e  b a r r i c a d e .

L iqu id  S a l t  Pot 

The l i q u i d  s a l t  pot  was c o n s t r u c t e d  from a p iec e  of  

S - i n c h ,  schedu le  40, s t e e l - p i p e  2 2 - in c h e s  long .  A 3 / 8 - i n c h  

t h i c k  s t e e l  p l a t e  was welded t o  one end to  form t h e  bottom. 

T h is  b o t t o m . p l a t e  was th en  d r i l l e d  and f i t t e d  w i th  two
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DIFFERENTIAL PRESSURE GAUGE

COIL NO.I

COIL NO. 3

Figure 8 -  Flow Diagram o f  Ethylene Flow Device
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F ig u r e  9 -  E thy lene  Flow Device
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S p e e d l in e  f i t t i n g s ,  one l / 4 - i n c h  and t h e  o t h e r  l / 8 - i n c h ,  

which were welded in  p l a c e .  The f i t t i n g s  were d r i l l e d  out  

so t h a t  t h e  ends of  bo th  c o i l e d  r e a c t o r s  could  pass  th ro u g h  

t h e  bottom of  the  s a l t  p o t .  S ta n d ard  S p e e d l in e  n u t s  and 

s l e e v e s  were used t o  s e a l  between th e  r e a c t o r  tube  and th e  

s a l t  p o t .  Four  l e g s  were welded t o  th e  bottom of t h e  pot  

so t h a t  i t  cou ld  be mounted a p p ro x im a te ly  4 - i n c h e s  above, 

t h e  s t e e l  t a b l e .  Four ,  500-watt  Ghromolox s t r i p  h e a t e r  

e le m e n ts  were mounted v e r t i c a l l y  a round t h e  o u t s i d e  of  t h e  

s a l t  p o t .  Thermon was used t o  i n c r e a s e  t h e  e f f e c t i v e  a r e a  

o f  c o n ta c t  between th e  s t r i p  h e a t e r s  and t h e  s a l t  p o t .

The a r e a s  between and above th e  h e a t e r s  were f i l l e d  f l u s h  

w i th  t h e  o u t e r  p e r i p h e r y  of  t h e  h e a t e r s  w i th  a s b e s t o s  p a s t e  

a s  a p r e c a u t i o n a r y  measure t o  p r o t e c t  t h e  h e a t e r s  i n  case  

any o f  t h e  l i q u i d  s a l t  was sp la sh e d  out  of  t h e  s a l t  p o t .  

Kaylo h ig h  t e m p e r a tu re  p ipe  i n s u l a t i o n ,  tw o - in c h e s  t h i c k ,  

was th e n  used t o  i n s u l a t e  t h e  o u t s i d e  of th e  s a l t  p o t .

The cover  f o r  t h e  s a l t  pot  c o n s i s t e d  of a 3 / l 6 - i n c h  

t h i c k  s t e e l  p l a t e ,  r e s t i n g  on t h e  o u t e r  edge of  th e  s a l t  

p o t .  I t  was h e ld  in  p la c e  by t h r e e  l u g s  welded t o  th e  

o u t s i d e  o f  th e  s a l t  p o t .  A s t a i n l e s s  s t e e l  thermocouple  

w e l l  and a round copper  t u b e ,  b o th  s e a l e d  a t  t h e  bot tom, 

ex te n d ed  i n t o  t h e  s a l t  and were welded t o  t h e  co v er .  The 

copper  tu b e  c o n ta in e d  a 170-w att  Chromalox c a r t r i d g e  

e lement  which  was connec ted  i n  s e r i e s  w i th  t h e  Bayley 

P r e c e s io n  Tempera ture  C o n t r o l l e r .  The s a l t  pot  cover  a l s o
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had a c e n t e r  ho le  f o r  th e  mixer  s h a f t  and a sm a l l  ho le  

where t h e  r e s i s t e n c e  thermometer  ex tended  i n t o  th e  s a l t  

b a t h .  The l / 8 - i n c h  O.D. p r e h e a t e r  and r e a c t o r  t u b e s  

e n t e r e d  a t  t h e  edge of  t h e  s a l t  pot  th ro u g h  a s l o t  in  th e  

t o p .  The cov er  o f  th e  s a l t  pot  was i n s u l a t e d  w i th  4 - i n c h e s  

of  b lo c k  Kaylo .  F ig u re  6 shows th e  s a l t  pot  w i th  th e  

i n s u l a t i o n  in  p l a c e ;  F ig u r e  10, t h e  s a l t  pot  and cover  w i th  

t h e  i n s u l a t i o n  removed; and F ig u r e  11, the  cover  w i th  

a t t a c h m e n t s .

Hot O i l  Bath

The ho t  o i l  b a th  was a sm a l l  6 - in c h  I .D .  by 6 - in c h  

deep v e s s e l  f i l l e d  w i th  Wesson o i l  and i n s u l a t e d  on the  

o u t s i d e .  A 500-watt  Chromalox c a r t r i d g e  element i n s e r t e d  

i n s i d e  a  copper  sh e a th  and immersed in  th e  o i l  was th e  

h e a t  s o u r c e .  The t e m p e ra tu re  was c o n t r o l l e d  a t  a p p r o x i ­

m a te ly  400°F by means o f  a  Fenwal Thermoswitch t e m p e ra tu re  

c o n t r o l l e r .
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m #

Fig u re  10 - S a l t  Pot w i th  I r s u l a t i o n  Removed



F i g u r e  11 -  S a l t  Pot Cover w i t h  A t ta c h m e n t s



CHAPTER IV 

PRESSURE GENERATION AND FLOW REGULATION

E th y len e  P r e s s u r i z a t i o n  

In  most a p p l i c a t i o n s  where a gas  i s  r e q u i r e d  a t  h igh  

p r e s s u r e  a m u l t i - s t a g e  gas  compressor  i s  u sed ,  b u t  when one 

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

t h i s  d e s ig n  a gas  i n t e n s i f i e r  was used t o  i n c r e a s e  th e  

p r e s s u r e  of  th e  e th y l e n e  from t h a t  a v a i l a b l e  in  s t a n d a r d  

lA g as  c y l i n d e r s  t o  t h e  5 ,000 I b . / s q . i n .  r e q u i r e d  f o r  th e  

h ig h  p r e s s u r e  e th y l e n e  fe e d  v e s s e l .  ’

The gas  i n t e n s i f i e r  u n i t  c o n s i s t e d  of two, low- 

p r e s s u r e  r e s e r v o i r s  connec ted  th r o u g h  a Seco h igh  p r e s s u r e ,  

h y d r a u l i c ,  r a d i a l  p i s t o n  pump t o  two h igh  p r e s s u r e  

r e s e r v o i r s .  E th y le n e  from t h e  s t a n d a r d  e th y l e n e  c y l i n d e r s  

was f e d  t o  t h e  empty h ig h  p r e s s u r e  r e s e r v o i r s .  The Seco 

pump th e n  pumped t h e  h y d r a u l i c  o i l  from t h e  low p r e s s u r e  

r e s e r v o i r s  i n t o  t h e  bot tom of t h e  h ig h  p r e s s u r e  r e s e r v o i r s  

and hence i n t e n s i f i e d  th e  p r e s s u r e  on th e  e t h y l e n e .  The 

cy c le  was completed  when t h e  o i l  was moved back t o  t h e  low 

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

i n t e n s i f i e r  was 10,000 I b . / s q . i n .  D i f f i c u l t y  in  th e

32
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o p e r a t i o n  of  t h e  i n t e n s i f i e r  was due t o  th e  s o l u b i l i t y  of 

t h e  e th y le n e  in  t h e  h y d r a u l i c  o i l ,  which caused  extreme 

foaming when t h e  o i l  from th e  h igh  p r e s s u r e  r e s e r v o i r ,  in  

c o n ta c t  w i th  t h e  e t h y l e n e ,  was r e t u r n e d  t o  t h e  low p r e s s u r e  

r e s e r v o i r .  Although th e  a d d i t i o n  of  Dow Corning Antifoam A 

t o  t h e  h y d r a u l i c  o i l  red uced  th e  s t a b i l i t y  of  t h e  foam, i t  

s t i l l  remained th e  l i m i t i n g  f a c t o r  in  t h e  o p e r a t i o n  o f  the  

i n t e n s i f i e r .  Due t o  th e  low p r e s s u r e  source  o f  e th y le n e  

and t h e  foaming of  th e  h y d r a u l i c  o i l  t h e  ch a rg in g  o f  th e  

e th y l e n e  h ig h  p r e s s u r e  s t o r a g e  v e s s e l  was a v e ry ,  t im e -  

consuming u n d e r t a k in g  and a source  of  c o n s t e r n a t i o n .  The 

problem of  a low p r e s s u r e  source  o f  e th y le n e  was p a r t i a l l y  

a l l e v i a t e d  by i n j e c t i n g  d i s t i l l e d  w a te r  i n t o  t h e  e th y le n e  

c y l i n d e r s  w i th  t h e  Sprague l i q u i d  pump t o  i n c r e a s e  th e  

e th y l e n e  p r e s s u r e .

B u tad iene  Pumping 

The pumping of  l i q u i d  b u ta d ie n e  a t  a c o n s ta n t  f low  

r a t e  proved t o  be t h e  most d i f f i c u l t  problem t o  so lv e  in  

t h i s  i n v e s t i g a t i o n .  A d u e l  f e e d ,  Hil ls -McCanna "U" type  

m e te r in g  pump, f i t t e d  w i th  a v a r i a b l e  s t r o k e ,  5 / l 6 - i n c h  

ceram ic  p lu n g e r  and double  cone ty pe  check v a l v e s ,  was 

recommended by t h e  m anufac tu re  a s  s a t i s f a c t o r y  f o r  t h i s  

s e r v i c e .  This  pump had a r a t e d  maximum c a p a c i t y  o f  1 .2  gph. 

and minimum c a p a c i t y  of 0 .0 6  gph. The pump was t e s t e d  by 

pumping a g a i n s t  a gas  p r e s s u r e  o f  1,000 I b . / s q . i n .  The cone
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checks leaked  so much t h a t  an a p p r e c i a b l e  s t r o k e  had t o  be 

used j u s t  t o  overcome th e  l e a k .  The fo u r  check v a lv e s  in  

s e r i e s  a re  shown in  Figure- 12 (A).  As t h e s e  checks d id  not  

prove s a t i s f a c t o r y  t h e y  were r e p l a c e d  by a s e t  o f  b a l l  

checks which was even more u n s a t i s f a c t o r y .  I t ,  t h e r e f o r e ,  

became n e c e s s a r y  t o  embark on th e  development of  a new 

des ig n  f o r  the  check v a lv e s .

F i g u r e s  12 (B, C) show th e  o r i g i n a l  cone type  

check va lve  and th e  f i r s t  m o d i f i c a t i o n .  The o r i g i n a l  

check was a cone type  w i th  a l i n e  c o n t a c t .  The f i r s t  

m o d i f i c a t i o n  c o n s i s t e d  o f  p r e s s in g  th e  cone i n t o  th e  s e a t  

so t h a t  an a r e a  c o n ta c t  r a t h e r  th an  a l i n e  c o n ta c t  was 

formed. Adm it ted ly  the  a re a  c o n ta c t  was more s u s c e p t i b l e  

t o  f o u l i n g ,  bu t  i t  formed a b e t t e r  s e a l .  Although th e  

o p e r a t io n  o f  the  cone check was improved,  i t  s t i l l  was no t  

s a t i s f a c t o r y .  The next  m o d i f i c a t io n  c o n s i s t e d  o f  machining 

a new s e a t ,  c o n ta in in g  a sm al l  h o le ,  as  shown in  F ig u r e  12 

(D) f o r  use w i th  th e  same cones.  F u r t h e r  improvement of  

th e  o p e r a t i o n  of  the  check was n o te d ,  but  t h e r e  was s t i l l  

a sm a l l  lea k  which a f f e c t e d  th e  f low  r a t e  a t  v e ry  sm a l l  

f lo w  r a t e s .  This check was f u r t h e r  m o d i f ie d .  F ig u re  12 (E),  

by p r e s s i n g  the  check i n t o  th e  s e a t  t o  form an a r e a  s e a t .  

Then th e  cone was lapped  t o  t h e  s e a t  w i th  a ve ry  f i n e  

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

proved t o  be s a t i s f a c t o r y ,  bu t  a f t e r  long p e r i o d s  o f  t im e ,  

d u r in g  a r u n ,  th e  f low  r a t e  would s t a r t  d e c r e a s i n g  w i th o u t
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t h e  s t r o k e  a d ju s tm en t  be in g  changed. I n s p e c t i o n  of  th e  check 

and pump c y l i n d e r  showed t h a t  p a r t  of  t h e  packing  was f l a k i n g  

o f f  i n s i d e  th e  pump chamber and a f t e r  a p e r io d  of  t im e  would 

cause th e  check t o  s t a r t  l e a k in g .  S ince  p re v io u s  t e s t s  of 

t h e  check v a lv e s  had been made w i th o u t  t h e  pump o p e r a t i n g  

f o r  any ex ten ded  p e r i o d ,  th e  f l a k i n g  o f  th e  packing  

r e p r e s e n t e d  a n o th e r  p o t e n t i a l  source  of  d i f f i c u l t y .

T h e r e f o r e ,  a c o m p le te ly  new d e s ig n  f o r  a check va lve  was 

d e v i s e d  and t e s t e d .  The s e a t  and check were-machined so 

t h a t  t h e r e  was a s m a l l  f l a t  a r e a  of  c o n ta c t  a s  shown in  

F ig u r e  12 ( F) .  The check was made from a hard  p l a s t i c  and 

was s p r i n g  loaded  so t h a t  i t  took  a p p ro x im a te ly  500 i b . / s q . i n .  

p r e s s u r e  t o  u n se a t  th e  check.  This  check has been in  

c o n t in u o u s  use s in c e  i t  was i n s t a l l e d  and has proven v e ry  

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

As m ent ioned above,  i n s p e c t i o n  o f  th e  check va lv e  

body a t  t h e  end o f  some of  th e  f i r s t  r u n s  showed t h a t  th e  

p ack in g  was f l a k i n g  o f f  i n t o  th e  pump chamber. The 

su g g e s te d  pack ing  assem bly  f o r  t h i s  s e r v i c e  c o n s i s t e d  

o f  o i l  and g r a p h i t e - l u b r i c a t e d ,  b a b b i t  f o i l .  In  o r d e r  t o  

e l i m i n a t e  t h i s  c o n ta m in a t io n  of  t h e  system s e v e r a l  o t h e r  

t y p e s  o f  pack ing  were t r i e d .  In  most c a se s  th e  c o e f f i c i e n t  

o f  f r i c t i o n  was so l a r g e  t h a t  when th e  pack ing  nu t  was 

t i g h t e n e d  t o  p re v e n t  th e  packing  from l e a k i n g ,  c o n s i d e r a b le  

f o r c e  was r e q u i r e d  t o  move t h e  p lu n g e r  t h ro u g h  t h e  p a ck in g .

The b a b b i t  f o i l  p ack ing  was r e p l a c e d  by a t e f l o n  assem bly
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shown i n  F ig u r e  13 ( A) . I t  has  o p e ra te d  s a t i s f a c t o r i l y  

s in c e  i t  was i n s t a l l e d  w i th  e s s e n t i a l l y  no leakage  and w i th  

o n ly  a minimum amount of  f o r c e  r e q u i r e d  t o  move th e  p lu n g e r  

th ro u g h  t h e  p a c k i n g . , S ince  no l u b r i c a t i o n  was r e q u i r e d ,  

t h e r e  was no p o s s i b i l i t y  of  c o n ta m in a t in g  t h e  b u t a d i e n e .  

Another  pack ing  des ig n  which a l s o  worked q u i t e  s a t i s f a c t o r i l y  

i s  shown in  F ig u re  13 (B).

The pump has o p e ra t e d  s a t i s f a c t o r i l y  a t  a l l  f low  

r a t e s  and p r e s s u r e s  s in c e  m odify ing  th e  packing  and check 

v a l v e s .  T e s t s  have shown t h a t  t h e r e  was l e s s  t h a n  two per  

c en t  e r r o r  w i th  f lo w  r a t e s  as  low as  0 .03 gph. At h i g h e r  

f lo w  r a t e s  t h e  pump was even more c o n s i s t e n t .

E thy lene  Flow R e g u la t io n  

The f lo w  r a t e  of  e th y le n e  was c o n t r o l l e d  by means 

o f  a m e te r in g  v a lve  a s  shown in  F ig u r e  1. The e th y l e n e  in  

t h e  h igh  p r e s s u r e  s to r a g e  v e s s e l  was m a in ta in e d  a t  5,000 

I b . / s q . i n . ;  t h e r e f o r e  t h e  p r e s s u r e  i n  t h e  m e te r in g  c a p i l l a r y  

and on th e  ups tream  s id e  of th e  m e te r in g  v a lve  was 

m a in ta in e d  a t  5 ,000 I b . / s q . i n .  i r r e s p e c t i v e  o f  t h e  o p e r a t in g  

p r e s s u r e  w i t h in  t h e  r e a c t o r .  As t h e  o p e r a t i n g  p r e s s u r e  in  

t h e  r e a c t o r  v a r i e d  from 250 t o  4 ,500  I b . / s q . i n .  t h e  p r e s s u r e  

drop a c r o s s  t h e  m e te r in g  va lve  v a r i e d  from 4 ,750  t o  500 

I b . / s q . i n .  With t h e  h ig h e r  p r e s s u r e  d rops  a c r o s s  th e  v a lve  

t h e  m e te r in g  of  t h e  lower  f lo w  r a t e s  was v e ry  d i f f i c u l t .

A s t a n d a r d  Autoclave  l / 4 - i n c h  S p e ed l in e  m e te r in g



3Ô

rTEFLON PACKING

^ o p y  rubber'' ̂ À/uÙ  y

PUMP
PLUNGER

/PACKING 
CGLAND/

PUMP BARREL

(A ) TEFLON PACKING ASSEMBLY

TEFLON PACKING

PUMP _  
PLUNGER

PACKING

PUMP BARREL

(B ) SOLID TEFLON PACKING

F ig u r e  13 -  Packing C o n f i g u r a t io n s  f o r  High 
P re s s u re  L iqu id  Butadiene  Pump



39

v a lv e  was f i r s t  p u rchased ,  bu t  i t  was no t  s e n s i t i v e  enough 

f o r  t h i s  s e r v i c e .  Another m e t e r i n g .v a lv e  which .did no t  

prove t o  be s a t i s f a c t o r y  was t h e  Veegroo, t a p e r e d - o r i f i c e ,  

m ic ro - f lo w  v a lve  purchased  from th e  Genera l-Americah Valve 

Company. The v a lve  had a long narrow t a p e r e d  s l o t  i n  i t s  

t i p .  The t i p  moving in  or  out  of  t h e  0 - r i n g  had th e  e f f e c t  

o f  a v a r i a b l e  o r i f i c e  t o  t h e  f low  o f  gas  th ro u g h  th e  v a lv e .

At t h e  t i p  of  th e  t a p e r e d  grove i t  was 0 .02  in c h e s  deep 

w i th  a 45° a n g le .  This  o r i f i c e  a r e a  d e c re a se d  t o  zero as  

t h e  v a lv e  moved th ro u g h  i t s  3 / 4 - i n c h  t r a v e l .  Of the  m e te r in g  

v a l v e s  t e s t e d  t h i s  one was t h e  b e s t  f o r  f low  r e g u l a t i o n  

b e c a u s e . a  p r e s e t  e th y le n e  f lo w  r a t e  was easy  t o  o b ta in  and 

a f a i r l y  l a r g e  movement of  t h e  handle  r e s u l t e d  in  on ly  a 

smc.ll change in  t h e  f low  r a t e .  The o b j e c t i o n  t o  t h i s  

m e te r in g  v a lv e  was t h a t  i t  would no t  m a in ta in  a c o n s ta n t  

f lo w  over  a long p e r io d  of  t im e w i th  a l a r g e  p r e s s u r e  drop 

a c r o s s  th e  v a lv e .  However t h i s  d e c re a se  in  f lo w  was 

e a s i l y  c o r r e c t e d  manually  by c o n s t a n t  m o n i to r in g  and 

a d ju s tm e n t  d u r in g  a ru n .  The d e c re a se  in  f low  was p robab ly  

due t o  t h e  co ld  f low  of  t h e  0 - r i n g  i n t o  t h e  o r i f i c e  grove 

a t  th e  l a r g e  p r e s s u r e  d ro p s .  With a low p r e s s u r e  drop 

a c r o s s  the  va lve  th e  same problem was no t  e n c o u n te re d .

. The m e te r in g  v a lv e  which was t h e  most s a t i s f a c t o r y  

was t h e  A u to c lav e ,  l / 8 - i n c h ,  f i n e  m e te r in g  v a lv e .  This  

v a lv e  was equipped w i th  a t a p e r e d  stem which had a 2 -deg ree  

a n g le  on th e  t i p .  The stem t r a v e l  was c o n t r o l l e d  by a
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f i n e  m icrom eter  t h r e a d  ( l / 4 - i n c h - 4 0 J  which p e rm i t s  f i n e  

c o n t r o l  o f  t h e  stem t r a v e l .  This  v a lv e  was much more 

d i f f i c u l t  t o  a d j u s t ,  p a r t i c u l a r l y  a t  f lo w  r a t e s  under  

10 SCFH, th an  th e  Veegroo t a p e r e d  o r i f i c e  v a l v e ,  b u t  when 

once s e t ,  t h e  e th y l e n e  f lo w  r a t e  h e ld  c o n s t a n t .



CHAPTER V 

REVIEW OF PREVIOUS WORK

The o ccur rence  o f  th e  Die . ls -Alder  r e a c t i o n  between 

e th y le n e  and b u ta d ie n e  was f i r s t  dem ons tra ted  by Wheeler  

and Woods (4 ,  5 ) .  They found in  t h e i r  s t u d i e s  on the  

mechanism of  th e rm a l  decom pos i t ion  of  th e  normal  o l e f i n s  

t h a t  some cyclohexene was formed when a m ix tu re  of  13 

per  cen t  b u t a d i e n e  and S? per  cen t  e th y l e n e  was h e a te d  to  

600°C. P r e v i o u s l y  i t  had been th o ug h t  t h a t  some type  of  

a c t i v a t e d  g roup  was n e c e s s a r y  t o  r e n d e r  th e  double  bond 

capab le  of  e n t e r i n g  i n t o  t h e  D ie l s - A ld e r  s y n t h e s i s .  This  

c o n te n t i o n  was proven t o  be f a l s e  a s  e t h y l e n e ,  t h e  s im p le s t  

o l e f i n ,  was -found to  r e a c t  w i th  1 ,3 - d i e n e .

J o s h e l  and Butz (6) found t h a t  e th y le n e  r e a c t s  

r e a d i l y  w i th  b u ta d ie n e  a t  200°C and 200 t o  400 atm. p r e s s u r e  

F o r t y  grams of  1 ,3 - b u t a d i e n e  were added t o  a 300 ml. 

r o c k i n g - t y p e  a u to c la v e  and p r e s s u r i z e d  t o  900 I b . / s q . i n .  

a t  room t e m p e r a tu re  w i th  e t h y l e n e .  The a u to c la v e  was then, 

h e a t e d  t o  a p p ro x im a te ly  200°C whereupon th e  p r e s s u r e  r o s e  

t o  4 ,500  I b . / s q . i n .  While shak ing  a t  t h i s  t e m p e r a tu re  f o r  

13 h o u rs  t h e  p r e s s u r e  dropped t o  2 ,075 I b . / s q . i n .  and h e ld

41
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c o n s t a n t .  The p ro d u c t s  showed an 1Ô pe r  cen t  c o n v e rs io n  t o  

cyc lohexene .

J o s h e l  (7 ,  8) i n d i c a t e s  a p r o c e s s  f o r  m anu fac tu r in g  

o rg a n ic  compounds of  t h e  a l i c y c l i c  c l a s s .  The p ro c e s s  

comprises  r e a c t i n g  e th y l e n e  w i th  a 1 ,3 - d i e n e  under  the  

a c t i o n  of  h e a t  and p r e s s u r e .  The r e a c t i o n  p roceeds  by the  

1 , 4 - a d d i t i o n  o f  the  e th y l e n e  t o  the  d i e n e ,  whereby the  

a l i c y c l i c  compound produced h a s ,  in  each case ,  a s i x -  

membered r i n g .  Examples were g iven  f o r  th e  fo rm a t io n  of  

cyclohexene  and 1 ,2 -d im e th y l - c y c lo h e x e n e  by r e a c t i n g  

e th y le n e  r e s p e c t i v e l y  w i th  1 ,3 - b u ta d i e n e  and 2 , 3 - d im e th y l -  

1 , 3 - b u t a d i e n e .

Gorin and Oblad (9) d e s c r i b e  a con t in u ou s  p ro c e s s  

f o r  th e  p ro d u c t io n  of cyclohexene from p e n te n e s .  The 

p r o c e s s  c o n s i s t s  of t h e  p y r o l y s i s  o f  s t r a i g h t  cha in  pen tenes  

t o  form approx im ate  s t o i c h i o m e t r i c  q u a n t i t i e s  o f  e th y le n e  

and 1 ,3 - b u t a d i e n e  which a re  th en  condensed t o  form 

cy c lohexene .  The r e a c t i o n  i s  s t a t e d  t o  t a k e  p la c e  a t  about 

150 atm. p r e s s u r e  w i th  a  t e m p e ra tu re  range of 300 t o  350°C. 

An i n i t i a l  r a t i o  of  e th y l e n e  t o  b u ta d ie n e  of  between 5 to  

1 t o  30 t o  1 should  be m a in ta in ed  i n  th e  r e a c t o r .

Whitman (10) r e l a t e s  a p r o c e s s  of  p r e p a r in g  

cyclohexene  from e th y le n e  in  r a t h e r  l a r g e  y i e l d s .  He s t a t e s  

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

mole r a t i o  of  e th y le n e  t o  b u t a d i e n e .  The e f f e c t  of 

i n c r e a s i n g  th e  mole r a t i o  of  e th y le n e  i s  t o  f a v o r  the
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p r o d u c t io n  of  cyclohexene a t  t h e  expense  o f  t h e  competing 

r e a c t i o n  vdiich l e a d s  t o  t h e  fo rm a t io n  of  4 - v i n y l c y c l o h e x e n e . 

Based on 100 p e r  cen t  b u ta d ie n e  r e c o v e r y ,  y i e l d s  g r e a t e r  

t h a n  60 pe r  cent  were o b ta in e d  w i th  a mole r a t i o  o f  10 t o  

1 and g r e a t e r  th a n  75 per  cen t  w i th  a mole r a t i o  o f  20 t o  -

1. The r e a c t i o n  was c a r r i e d  out  a t  a t e m p e r a tu re  of  about 

100 t o  300°C and a p r e s s u r e  of  a t  l e a s t  100 atm. Whitman 

s t a t e s  t h a t  e th y l e n e  c o n ta in i n g  l e s s  th a n  200 p a r t s  pe r  

m i l l i o n  o f  oxygen should  be used.

The above r e f e r e n c e s  i n d i c a t e  t h a t  e th y l e n e  w i l l  

r e a c t  w i th  b u ta d ie n e  t o  g ive  cyclohexene a t  e l e v a t e d  

p r e s s u r e s  and f a i r l y  low t e m p e r a t u r e s ,  bu t  t h e y  g ive  no 

i n f o r m a t i o n  a s  t o  t h e  r a t e  o r  mechanism of  th e  r e a c t i o n .

Evans and Warhurst  (11) have a p p l i e d  th e  semi-  

e m p i r i c a l  method f o r  c a l c u l a t i n g  t h e  a c t i v a t i o n  energy  of  

s imple  chem ica l  r e a c t i o n s ,  f i r s t  deve loped  by E y r in g  and 

P o la n y i  (1 2 ) ,  t o  d ien e  a s s o c i a t i o n  r e a c t i o n s .  As t h e  

p r o to ty p e  of  th e  r e a c t i o n  t h e y  c o n s id e re d  th e  a d d i t i o n  of  

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

They p r e d i c t e d ,  from th e  t h e o r e t i c a l  s t u d y ,  t h a t  the  

a c t i v a t i o n  e n e r g i e s  of  d ien e  a s s o c i a t i o n  r e a c t i o n s  between 

m o le cu le s  c o n t a i n i n g  no s p e c i a l l y  p o l a r  s u b s t i t u e n t s  were 

t h e  same and of  t h e  o rd e r  o f  IB k .  c a l s .  Data a v a i l a b l e  on 

t h e  a c t i v a t i o n  e n e r g i e s  of  d iene  a s s o c i a t i o n  r e a c t i o n s  show 

t h a t  t h e  a c t i v a t i o n  e n e r g i e s  a r e  a p p ro x im a te ly  c o n s t a n t  w i th  

a mean v a lu e  o f  26.3  k . c a l s .
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Rowley and S t e i n e r  (13) in  t h e i r  s tu d y  of  t h e  

k i n e t i c s  of d iene  r e a c t i o n s  a t  h ig h  t e m p e r a t u r e s  measured 

th e  r a t e s  of t h e  r e a c t i o n  of  b u t a d i e n e  w i th  e th y le n e  t o  

form cyclohexene i n  th e  t e m p e r a tu re  range  of  400 t o  600°C 

a t  low p r e s s u r e s  w i th  low c o n v e r s io n s .  The p r o d u c t s  of 

t h e  r e a c t i o n  were cyclohexene  and v in y lc y c lo h e x e n e ,  the  

l a t t e r  a r i s i n g  from th e  s im u l ta n eo u s  d i m e r i z a t i o n  o f  

b u t a d i e n e .  The r e a c t i o n  was de te rm in ed  t o  be a homogeneous, 

b im o le c u la r  a s s o c i a t i o n  hav ing  a r a t e  c o n s t a n t  as  a f u n c t i o n  

of  t e m p e ra tu re  e q u a l  t o

kg = 3 .0 x l0 ^ ° e x p ( -2 7 ,5 0 0 /R T )m o le s " ^ c m .^ s e c . " ^  .

The e q u i l i b r i u m  c o n s t a n t  between cy c lohexene ,  b u t a d i e n e  and 

e th y l e n e  based  on th e r m a l  and s p e c t r o s c o p i c  d a t a  was

c a l c u l a t e d  t o  be
(C.H ) _ .

Kg = '[c H ')3c('C "H ) ~ 0 .33x10 exp(36 ,200/RT)moles  cm.
2 4 4-6

The a c t i v a t e d  o r  t r a n s i t i o n  s t a t e ,  based  on s t a t i s t i c a l  r a t e  

c a l c u l a t i o n s ,  was d e te rm in ed  t o  be a c y c l i c  complex s i m i l a r  

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

complex.

These e x p e r im en ts  were c a r r i e d  out  i n  a f low  system 

u s in g  m e ta l  r e a c t o r  t u b e s .  Some of  t h e  r e a c t o r  t u b e s  were 

m anufac tu red  from m ild  s t e e l ,  o t h e r s  from phosphor  b ro n ze .  

The r e s u l t s  were i d e n t i c a l  i n  b o th  t y p e s  of  r e a c t o r s ;  

f u r t h e r m o r e ,  t h e  r a t e  was n o t  a f f e c t e d  by an i n c r e a s e  in  ■ 

t h e  s u r f a c e  t o  volume r a t i o ,  which was i n c r e a s e d  by a
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f a c t o r  o f  t e n  in  one e x p er im en t ,  and t h e r e f o r e  i n d i c a t e s  

t h a t  t h e  r e a c t i o n  i s  homogeneous and no t  su r f a c e  c a t a l y z e d .

In th e  s tu d y  of  D i e l s - A l d e r  r e a c t i o n s  in  t h e  gas  

phase  (1 4 ) th e  d iene  a d d i t i o n  has  been observed  as  a 

homogeneous r e a c t i o n  of  th e  second o r d e r  while  th e  d i v i s i o n  

o f  the  d i e n e - a d d u c t  has been observed  as  a homogeneous 

r e a c t i o n  o f  th e  f i r s t  o r d e r .  The A r rh e n iu s  f req u en cy  

f a c t o r s  f o r  t h e  gas  r e a c t i o n s  a re  of  an o rd e r  about  105 

t im e s  s m a l l e r  than  th e  c o l l i s i o n  r a t e  f o r  a gas  r e a c t i o n ;  

t h e y  a r e  sm a l l  enough t o  show t h a t  a h i g h ly  s p e c i a l  o r i e n ­

t a t i o n  o f  d iene  and d i e n o p h i l e  i s  r e q u i r e d  f o r  con v e rs io n  

i n t o  t h e  t r a n s i t i o n  s t a t e  of r e a c t i o n .

A re v ie w  o f  th e  r e a c t i o n  o f  e th y l e n e  w i th  b u t a d ie n e  

would n o t  be complete without-  a r e v i e w  of  th e  d i m e r i z a t i o n  

o f  b u t a d i e n e .  The d i m e r i z a t i o n  of b u ta d ie n e  has been 

s t u d i e d  by s e v e r a l  a u t h o r s  under  v a r i o u s  c o n d i t i o n s .  The 

g e n e r a l  c o n c lu s io n  d e r iv e d  i s  t h a t  i t  i s  a homogeneous 

b i m o l e c u l a r  r e a c t i o n ,  n o t  c a t a l y z e d  by oxygen, and u n a f f e c t e d  

by a n t i - o x i d a n t s .  The p r im ary  p ro du c t  was i d e n t i f i e d  a s  

v in y lc y c lo h e x e n e  a l th o u g h  in  some i n v e s t i g a t i o n s  c y c l o o c t a -  

d ien e  was a l s o  found i n  sm a l l  amounts.

K is t iak ow sk y  and Ranson (15) s t u d i e d  th e  d i m e r i z a t i o n  

o f  g a seo us  b u ta d i e n e  i n  th e  t e m p e r a tu re  range  from 446 t o  

660°K a t  low p r e s s u r e .  The r e a c t i o n  was of  second o r d e r  

w i t h  a r a t e  c o n s t a n t  e x p re s s e d  by t h e  e q u a t io n ,

kf, = 9 .2 0 x l0 ^e x p ( -2 3 ,6 9 0 /R T )m o le s"^ cm .^ se c .  ^ .
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They p o s t u l a t e d  th e  l i n e a r  t r a n s i t i o n  s t a t e  or  a c t i v a t e d  

complex based  on s t a t i s t i c a l  c a l c u l a t i o n s .  However th e  

a c t i v a t i o n  energy  o b ta in e d  was c o n s id e r a b ly  lower th an  t h a t  

o f  o t h e r  i n v e s t i g a t i o n s .

Wasserman (16) r e v i s e d  th e  c a l c u l a t i o n s  of 

K is t iakow sky  and Ranson and c a r r i e d  them th ro ug h  f o r  th e  

a c t i v a t e d  complex which i s  s t e r e o c h e m ic a l l y  s i m i l a r  t o  

v in y lc y c lo h e x e n e .  In bo th  c ase s  (15, 16) t h e  agreement 

w i th  exper im ent  was comparable so t h a t  no p o s i t i v e  

c o n c lu s io n s  r e g a r d i n g  t h e  i d e n t i t y  of  th e  a c t i v a t e d  complex 

cou ld  be drawn. However i f  a t t e n t i o n  i s  d i r e c t e d  to  the  

f a c t  t h a t  t h e  k i n e t i c  course  of  t h e  a s s o c i a t i o n  of  

b u ta d ie n e  and o f  o t h e r  b im o le c u la r  d iene  s y n t h e s i s  i s  

n o t  a l t e r e d  by oxygen o r  p e ro x id e s ,  th en  i t  can be 

concluded t h a t  f r e e  r a d i c a l s  do no t  p lay  a r o l e  as 

i n t e r m e d i a t e s .  I t  a p p e a r s  more p ro b a b le ,  t h e r e f o r e ,  t h a t  

t h e  s low es t  s t a g e  o f  t h e s e  p r o c e s s e s  i n v o lv e s  a c t i v a t e d  

complexes o f  the  same s t e r e o c h e m ic a l  type  as  th e  s t a b l e  

p ro d u c t  m o le c u le s .

Robey, Wiese and M o r r e l l  (17) s tu d ie d  th e  r e a c t i o n s  

which b u ta d ie n e  undergoes  in' t h e  l i q u i d  phase d u r in g  s to ra g e  

and p l a n t  p r o c e s s i n g .  The two r e a c t i o n s  observed  were the  

d im e r iz a t io n '  by th e  D i e l s - A l d e r  type  co n d en sa t io n ,  and the  

p o ly m e r iz a t i o n  t o  p l a s t i c  m a t e r i a l s  of  h igh  m o le cu la r  w e ig h t .  

The r e a c t i o n  r a t e  c o n s t a n t s  f o r  th e  f i r s t  r e a c t i o n ,  which 

was b im o le c u la r  and homogeneous, ag re ed  w i th  th o se  o b ta in ed
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by K is t iakow sky .  The fo rm a t io n  of  h ig h e r - m o le c u la r - w e ig h t  

polymers was found t o  be p e r o x i d e - c a t a l y z e d .

Rowley and S t e i n e r . (13) s t u d i e d  th e  d i m e r i z a t i o n  of  

b u ta d ie n e  t o  form v in y lc y c lo h e x en e  a t  t e m p e r a t u r e s  of 4,00 

' t o  600°C a t  low p r e s s u r e s  w i th  low c o n v e r s io n s .  The 

d i m e r i z a t i o n  was found to  be a s im p le ,  homogeneous, 

b im o le c u la r  r e a c t i o n  l e a d in g  e s s e n t i a l l y  t o  t h e  p roduct  

i n d i c a t e d .  The r e a c t i o n  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  was 

c a l c u l a t e d  t o  be

kg = 1 .30x l0^^exp(-26 ,800 /R T )m oles  ^cm .^sec .  ^ .

Combination of  t h i s  r a t e  d a t a  -with t h a t  o b ta in e d  by 

K is t iakow sky  and Ransom (15) a t  lower t e m p e r a t u r e s  shows 

t h a t  the  a c t i v a t i o n  energy i s  t e m p e ra tu re  d e p en den t .  They 

showed, by s t a t i s t i c a l  r a t e  c a l c u l a t i o n s ,  t h a t  a c y c l i c  

t r a n s i t i o n  complex acc o u n ts  b e s t  f o r  a l l  a v a i l a b l e  r a t e  

d a t a ,  which s u p p o r t s  Wasserman’ s a ssum pt ion .

Duncan and Janz  (18) d e te rm in e d ,  based on p re v io u s  

i n v e s t i g a t i o n s  and thermodynamic e q u i l i b r i u m  c a l c u l a t i o n s ,  

t h e  e x p r e s s io n  f o r  th e  e q u i l i b r i u m  c o n s ta n t  between 

b u ta d ie n e - v in y lc y c lo h e x e n e  t o  be

Kg -  2 .76xl0~^exp(35,000/RT)moles~^cm.^  .

In  a few i n v e s t i g a t i o n s  an eight-membered r i n g  

compound was found in  t h e  r e a c t i o n  p r o d u c t s  of  t h e  d i m e r i ­

z a t i o n  r e a c t i o n .  F o s t e r  and S c h r e i b e r  (19) found t h a t  the  

d i m e r i z a t i o n  o f  1 ,3 - b u t a d i e n e  a t  100 t o  130°G proceeded to
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g iv e  a p reponderance  of  v in y lc y c lo h e x e n e  a l t h o u g h  th e  

p re sen c e  of  1-5 pe r  cent  o f  an e ight-membered r i n g  dimer 

was d e m o n s t ra te d .  The s t r u c t u r e  of  t h i s  e ight-membered 

r i n g  compound was not  de te rm in e d ,  but  c y c lo o c ta n e  was 

formed when i t  was hydro gen a ted .

H i l l g e r  and Smith (20) s t u d i e d  t h e  c o n d i t i o n s  under  

which the  e ight-membered r i n g  fo rm a t io n  i s  most f a v o r e d  in  

t h e  b u ta d ie n e  d i m e r i z a t i o n  r e a c t i o n .  No c y c lo o c t a d i e n e  was 

found  in  the  p r o d u c t s  when t h e  r e a c t i o n  was c a r r i e d  out  a t  

a tm o sp h e r ic  p r e s s u r e ,  but  a t  p r e s s u r e s  between 40 t o  100 

I b s . / s q . i n .  gauge w i th  a t e m p e r a tu re  o f  660 t o  800°F, as  

much as  Ô pe r  cen t  of  th e  p roduc t  was de te rm ined  t o  be 

c y c l o o c t a d i e n e .  At h ig h e r  p r e s s u r e s  t h e  amount of  

c y c lo o c to d ie n e  dimer formed was markedly  red u c ed .

The i n v e s t i g a t i o n s  p r e s e n t e d  have been concerned 

w i t h  t h e  r e a c t i o n s  t a k i n g  p la c e  a t  low p r e s s u r e .  No d a ta  

a r e  a v a i l a b l e  f o r  t h e s e  r e a c t i o n s  a t  more th a n  a few 

I b s . / s q . i n .  In f a c t  th e  on ly  d a t a  a v a i l a b l e  f o r  a 

b i m o l e c u l a r  homogeneous r e a c t i o n  in  th e  gas phase a t  

e l e v a t e d  p r e s s u r e s  a re  K is t iakow sky*s  ( 1 ) .  K is t iakow sky  

de te rm in e d  the b e h a v io r  of th e  r a t e  c o n s t a n t  w i th  p r e s s u r e  

f o r  t h e  decom posi t ion  o f  hydrogen io d id e  a t  300°C a t  

p r e s s u r e s  r a n g in g  from 1 t o  300 atm. At moderate  p r e s s u r e s  

( c o n c e n t r a t i o n s  o f  HI from 0 .02  t o  1 m o l . / l . ) ,  t h e  r a t e  

c o n s t a n t  i n c r e a s e d  v e ry  s low ly  w i th  i n c r e a s e d  p r e s s u r e ;  

however,  a t  h ig h e r  p r e s s u r e s  ( c o n c e n t r a t i o n s  from 1 t o  7
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m o l . / l . )  t h e  i n c r e a s e  i n  t h e  r a t e  c o n s ta n t  was q u i t e  r a p i d  

w i th  i n c r e a s e d  p r e s s u r e .



CHAPTER VI 

THEORETICAL CONSIDERATIONS

E f f e c t  o f  P re s s u re  on t h e  Rate of  Reac t ion

The e f f e c t  of p r e s s u r e  on th e  r a t e  of  chem ica l

r e a c t i o n s  has  been observed  in  t h e  gas and l i q u i d  phases  f o r

b o th  homogeneous and c a t a l y z e d  r e a c t i o n s .  In g e n e r a l ,  th e

e f f e c t  o f  p r e s s u r e  on th e  r a t e  of  r e a c t i o n  i s  much more

pronounced in  gas  phase r e a c t i o n s  than  in  l i q u i d  or  s o l i d  

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

can be c o n s i d e r a b l e .  Over th e  l a s t  t h i r t y  y e a r s  c o n s i d e r a b l e  

e f f o r t  has  been g iven  t o  t h e  s tud y  of  t h e  e f f e c t  of p r e s s u r e  

on r e a c t i o n  r a t e ' s  in  homogeneous and c a t a ly z e d  l i q u i d  

r e a c t i o n s  and in  c a t a ly z e d  gaseous  r e a c t i o n s .  However, 

e s s e n t i a l l y  no work has  been done on th e  e f f e c t  of p r e s s u r e  

on t h e  r e a c t i o n  r a t e  f o r  a homogeneous gas phase r e a c t i o n .

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

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

b i m o l e c u l a r ,  homogeneous gas  phase r e a c t i o n .

In  c o n s i d e r i n g  t h e  e f f e c t  of p r e s s u r e  on a 

homogeneous g as  r e a c t i o n  i t  i s  im p o r tan t  to  r e l a t e  th e  e f f e c t  

o f  p r e s s u r e  t o  t h e  v a r i o u s  c h a r a c t e r i s t i c s  of  th e  r e a c t i o n

50
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system, such a s :  (1) c o n c e n t r a t i o n  of  r e a c t a n t s ,  (2)

c o n d i t i o n  of e q u i l i b r i u m ,  (3) d e v i a t i o n  from p e r f e c t  and 

i d e a l  s o l u t i o n  b e h a v io r ,  (4) r e a c t i o n  r a t e  c o n s t a n t s .

The c o n c e n t r a t i o n  of r e a c t a n t s  and th e  c o n d i t i o n  

o f  e q u i l i b r i u m  a re  th e  two f a c t o r s  which a re  no rm al ly  

c o n s id e re d  a s  being  a f f e c t e d  by p r e s s u r e  in  a gaseous  

r e a c t i o n .  The i n c r e a s e  in  p r e s s u r e  no t  on ly  i n c r e a s e s  th e  

r e a c t i o n  r a t e  by i n c r e a s i n g  th e  c o n c e n t r a t i o n  of r e a c t a n t s  

bu t  a l s o  red u ces  t h e  r e a c t i o n  volume r e q u i r e d .  In c r e a s e d  

p r e s s u r e  can a l s o  have a pronounced e f f e c t  on t h e  e q u i l i b r i u m  

c o n c e n t r a t i o n  depending upon th e  mole r a t i o  of  th e  p ro d u c t s  

t o  t h e  r e a c t a n t s .  The d e v i a t i o n  from p e r f e c t  gas  and i d e a l  

s o l u t i o n  b eh av io r  w i th  i n c r e a s e d  p r e s s u r e  a r e  no t  independen t  

c h a r a c t e r i s t i c s .  The e f f e c t  of  t h i s  n o n - i d e a l  b e h a v io r  i s  

f e l t  th ro u g h  i t s  e f f e c t  on th e  above d i s c u s s e d  c o n s i d e r a t i o n s .

The r e a c t i o n  r a t e  c o n s t a n t  i s  a l s o  e f f e c t e d  by 

p r e s s u r e ,  and t h i s  e f f e c t  i s  of  p r im ary  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 .  I t  w i l l  be e x p la in e d  i n  te rm s  of  t h e  two 

p r i n c i p a l  r a t e  t h e o r i e s :  (1) t h e  c o l l i s i o n  t h e o r y ,  (2) th 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 .

In  a sense  th e  two t h e o r i e s  a r e  e q u i v a l e n t ,  but  

t h e i r  methods of  app roach ing  th e  problem of  k i n e t i c s  a re  

q u i t e  d i f f e r e n t .  I t  seems t h a t  t h e  t r a n s i t i o n  s t a t e  model 

i s  b e t t e r  s u i t e d  f o r  t h e  p r e s e n t  pu rp ose .
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The C o l l i s i o n  Theory and P r e s s u r e  

The c o l l i s i o n  th e o r y  (21) i s  based  on th e  assum ption  

t h a t  two c o n d i t i o n s  a re  n e c e s s a r y  f o r  a chem ica l  r e a c t i o n .  

The r e a c t i n g  m o lecu le s  must c o l l i d e  b e fo r e  t h e y  can r e a c t  . 

and on ly  t h o s e  m o lecu les  p o s s e s s in g  e n e r g i e s  in  ex ce ss  of  a. 

c r i t i c a l  amount, c a l l e d  energy of  a c t i v a t i o n ,  r e a c t  upon 

im p a c t .  The c o l l i s i o n  t h e o r y  i s  e x p re ssed  by th e  A rrhen iu s  

e q u a t io n

k = 8

where k = r e a c t i o n  r a t e  c o n s t a n t

A = f r e q u e n c y  f a c t o r  r e p r e s e n t i n g  th e  t o t a l

number of  c o l l i s i o n s  pe r  u n i t  t ime among the  

r e a c t i n g  m olecu les  in  a u n i t  volume 

Eg = energy  of  a c t i v a t i o n  

R = gas c o n s t a n t  

T = a b so lu te ,  t e m p e r a t u r e .

U n f o r t u n a t e l y ,  t h e  agreement of  th e  c o l l i s i o n  t h e o r y  w i th  

d i r e c t  exper iment  i s  l i m i t e d  on ly  t o  a few ve ry  simple  

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

t h e  A r rh e n iu s  e q u a t io n ,  a c o r r e c t i v e  f a c t o r  known a s  th e  

p r o b a b i l i t y  o r  s t e r i c  f a c t o r  q must be i n t r o d u c e d .  This  

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

i n  t h e  c o l l i s i o n  t h e o r y ,  but i t  i s  m ain ly  c o n s id e re d  t o  

r e p r e s e n t  t h e  f r a c t i o n  o f  c o l l i s i o n s  t h a t  have th e  p ro p e r  

o r i e n t a t i o n  f o r  t h e  c o l l i d i n g  m o le c u le s .  The m o d if ied  

e q u a t io n  i s
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k = Aqe"®a/^^ 9

Although t h e  A r rh e n iu s  e q u a t io n  does n o t  c o n ta in  a 

p r e s s u r e  te rm ,  th e  v a r i a t i o n  of  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  i s  m a n i f e s t e d  by t h e  v a r i a t i o n  of  t h e  A, q, and 

te rm s  in  t h e  e q u a t io n .

E x p e r im e n ta l  ev idence  (based  on l i q u i d  systems) 

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

in d ep e n d en t  of  p r e s s u r e .  The p r o b a b i l i t y  o r  s t e r i c  f a c t o r  

a p p e a r s  t o  be o n ly  s l i g h t l y  e f f e c t e d .  C onsequen t ly  i t  i s  

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

r a t e  o f  c o l l i s i o n s  as  can be exp ec te d  from th e  i n c r e a s e  in  

c o n c e n t r a t i o n s  which s h o r t e n s  t h e  f r e e  p a th s  f o r  m o le cu la r  

m o t ion s  and i n c r e a s e s  t h e  e f f e c t  of  van d e r  Waal’ s f o r c e s ,  

e t c .

The A bso lu te  R e a c t io n  Rate  Theory and P r e s s u r e  

The t h e o r y  of  a b s o l u t e  r e a c t i o n  r a t e s  ( th e  E yr ing  

Theory) i s  founded on s t a t i s t i c a l  m echanics  and t h e  semi-  

e m p i r i c a l  c a l c u l a t i o n  o f  t h e  energy  of  a c t i v a t i o n .  I t  

assumes a fo r m a t io n  o f  an a c t i v a t e d  complex, in  e q u i l i b r i u m  

w i th  t h e  r e a c t a n t s ,  a s  an i n t e r m e d i a t e ■s t e p  i n  t h e  s imple  

r e a c t i o n .  The r a t e  of  r e a c t i o n  i s  de te rm in ed  by th e  

c o n c e n t r a t i o n  o f  t h i s  complex p r e s e n t  in  th e  r e a c t i o n  

sys tem .  The t h e o r y  of  a b s o l u t e  r e a c t i o n  r a t e s  p r o v i d e s  a 

means o f  d e r i v i n g  an e q u a t io n  t o  d e te rm ine  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  a t  c o n s t a n t  t e m p e r a t u r e .  The
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d e r i v a t i o n ,  based  on th e  works o f  Evans and P o la n y i  (2 2 ) ,  

i n v o l v e s  the  f o l lo w in g  s t e p s .

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

t h e o r y  i s  e x p re s s e d  as

k = K lk -I  K* 10

where k’ = t r a n s m i s s i o n  c o e f f i c i e n t  e x p r e s s in g  th e

p r o b a b i l i t y  of  c o n v e rs io n  of th e  a c t i v a t e d  

complex i n t o  p r o d u c t s  

k ’ = Boltzmann c o n s t a n t  

h = P lanck  c o n s ta n t

K''' = e q u i l i b r i u m  c o n s t a n t  in  te rm s  o f  th e

a c t i v a t e d  complex and i n i t i a l  r e a c t a n t s .

The e q u i l i b r i u m  c o n s t a n t  f o r  a chem ica l  r e a c t i o n ,  K^, i s  

r e l a t e d  the rm odynam ica l ly  t o  th e  s t a n d a r d  f r e e  ene rg y ,  a G°, 

by t h e  e q u a t io n

-RTlnK^= aG°. 11

Applying  t h i s  e q u a t io n  t o  th e  f o r m a t io n  of  th e  a c t i v a t e d  

complex,

-RTlnK* = AG* . 12

where AG'' i s  t h e  s t a n d a r d  f r e e  ene rg y  o f  fo rm a t io n  o f  th e  

a c t i v a t e d  complex. Combining E q u a t io n s  10 and 12

-RTlnK* = -RTln(k  = AG* 13

D i f f e r e n t a t i o n  of  E qua t ion  13 w i th  r e s p e c t  t o  p r e s s u r e  a t  

c o n s t a n t  t e m p e r a tu re  y i e l d s
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But a t  c o n s ta n t  t e m p e r a tu re ,  by d e f i n i t i o n ,

= V  15
T

th en

where ^ Y ' "  i s  the  d i f f e r e n c e  in  volume between th e  a c t i v a t e d

complex and th e  o r i g i n a l  r e a c t a n t s .  Combining E q u a t io n s

14 and 16 g iv e s  th e  d e s i r e d  r e l a t i o n  between the  r e a c t i o n

r a t e  c o n s ta n t  and p r e s s u r e .

fdlnk^ _ _ AV'
T

A simple  a n a l y s i s  of  t h i s  e q u a t io n  i n d i c a t e s  t h a t  th e  r a t e

c o n s t a n t  i n c r e a s e s  w i th  p r e s s u r e  i f  a V'‘' i s  n e g a t i v e ,  i s  

independen t  of  p r e s s u r e  when a V''" i s  ze ro ,  and d e c r e a s e s  

w i th  p r e s s u r e  i f  a V'" i s  p o s i t i v e .

The cons tancy  o f  the  r e a c t i o n  r a t e  c o n s t a n t  in  th e  

g as  phase a t  modera te  p r e s s u r e s  i n d i c a t e s  t h a t  a V''' i s  

zero  o r  t h a t  t h e  volume of  t h e  a c t i v a t e d  complex i s  th e  

same as  t h a t  of  th e  i n i t i a l  r e a c t a n t s .

R eac t io n  K i n e t i c s  

The r e a c t i o n  r a t e  of a chem ical  r e a c t i o n  i s  

u s u a l l y  d e f in e d  as  th e  r a t e  o f  change of  mass of  some 

p a r t i c i p a n t  t h a t  i s  formed o r  t r a n s fo rm e d  p e r  u n i t  of
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volume of  th e  sys tem. E xpressed  m a th e m a t i c a l ly ,

where r  = r e a c t i o n  r a t e ,  moles formed o r  consumed per

u n i t  volume pe r  u n i t  t ime 

N = moles of r e a c t a n t  o r  p roduct  p r e s e n t  a t  t ime t

V = volume of  t h e  system

t  = t im e  of  r e a c t i o n .

The l a w 'o f  mass a c t i o n  s t a t e s  t h a t  th e  r a t e  of a chem ica l  

r e a c t i o n  i s  p r o p o r t i o n a l  t o  t h e  a c t i v e  masses of th e  

p a r t i c i p a n t s .  This  law was f i r s t  o b ta in e d  on e x p e r im e n ta l  

g rounds  and was su b s e q u e n t ly  d e r iv e d  from t h e  m o le cu la r  

t h e o r y  in' g a s e s  and l i q u i d s .  In  th e  o r i g i n a l  development ,  

" a c t i v e  mass" meant c o n c e n t r a t i o n  but  o t h e r  i n t e r p r e t a t i o n s  

have been v e n tu r e d  from t ime t o  t im e .  The r a t e  e q u a t io n  

may be w r i t t e n  a s

 ̂ “  I  ^   ) 19

where k = r a t e  c o n s t a n t

f ( N a ,N b .« . )  = f u n c t i o n  e s t a b l i s h e d  by th e  law of  mass 

a c t i o n .

From a s tu dy  o f  r e v e r s i b l e  p r o c e s s e s  i t  a p p e a rs  

t h a t  thermodynamic a c t i v i t y  should  be r e g a rd ed  a s  t h e  

" a c t i v e  m ass ."  Take t h e  g e n e r a l  r e a c t i o n

b -aA+bB+. . . .< -  r R + s S + . . . .  20
kg
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The n e t  r a t e  of  d ecom pos i t ion  o f  su b s ta n c e  A which 

p a r t i c i p a t e s  i n  b o th  t h e  fo rw ard  and r e v e r s e  r e a c t i o n  can 

be e x p re s s e d  by t h e  law of  mass a c t i o n  a s  f o l l o w s :

ar = + Kdf); = k]C&Cg kgCgCg...  21

where C g , . . . ,  = c o n c e n t r a t i o n s  o f  components A, B, e t c .  

At e q u i l i b r i u m  t h e  n e t  r a t e  o f  d ecom pos i t ion  i s  z e ro ,  so 

t h a t

or

h i  = ( C s ) e ( C R ) e . . . .  ^

where,Kg = e q u i l i b r i u m  c o n s t a n t  e x p re s s e d  in  t e rm s  of 

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

In  n o n i d e a l  sys tem s t h e  e q u i l i b r i u m  c o n s t a n t  should  be 

e x p re s s e d  in  t e rm s  o f  a c t i v i t i e s  r a t h e r  t h a n  t h e  concen­

t r a t i o n .  Thus i t  a p p e a r s  t h a t  th e  thermodynamic a c t i v i t y  

shou ld  be used  a s  t h e  a c t i v e  mass te rm  in  t h e  law of  mass 

a c t i o n .  T h e re fo re  E q u a t io n  21 shou ld  be w r i t t e n  as

-  ^ = k i ( aA) ( a g ) . . . . - k2 ( a R) ( a g ) -----  24

where a ^ ,  ag ,  a^ ,  and a^ = a c t i v i t i e s  o f  components

A, B, R, and S r e s p e c t i v e l y .  

T h e o r e t i c a l  c o n s i d e r a t i o n s  b ased  on t h e  a c t i v a t e d  complex 

t h e o r y  a l s o  su g g e s t  t h a t  a c t i v i t i e s  shou ld  be used in



e x p r e s s in g  r e a c t i o n  r a t e s  (2 3 ) o

Most k i n e t i c  d a t a  a v a i l a b l e  in  th e  l i t e r a t u r e  a r e  

based  on c o n c e n t r a t i o n s  o r  p a r t i a l  p r e s s u r e s .  In  i d e a l  

sy s tem s ,  such a s  gas  phase  r e a c t i o n s  a t  low p r e s s u r e s ,  

no e r r o r  i s  in v o lv e d  in  u s in g  c o n c e n t r a t i o n s  and p a r t i a l  

p r e s s u r e s  r a t h e r  th a n  a c t i v i t i e s .  At h igh  p r e s s u r e s ,  

however, gas  m ix t u r e s  t e n d  t o  become n o n - i d e a l  and th e  use 

o f  p a r t i a l  p r e s s u r e s  or  c o n c e n t r a t i o n  can l e a d  t o  severe  

e r r o r s .  T h e r e fo r e ,  a c t i v i t i e s  should  be used in  th e  

f o r m u la t i o n  o f  the  r a t e  e q u a t io n  a t  e l e v a t e d  p r e s s u r e s .

D e te rm in a t io n  of  A c t i v i t i e s  i n  Gas M ix tu re s  

The a c t i v i t i e s  o f  th e  r e a c t a n t s  w i l l  have t o  be 

d e te rm in e d  f o r  the  gaseous  m ix tu r e s  used in  t h i s  i n v e s t i ­

g a t i o n  so t h a t  th e  r a t e  c o n s t a n t s  can be p r o p e r l y  e v a lu a t e d .  

No d a t a  a re  a v a i l a b l e  f o r  d e te rm in in g  th e  a c t i v i t i e s ,  bu t  

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

of  a component in  a gas  m ix tu r e .

G. N. Lewis in  1901 (24, 25) in t r o d u c e d  th e  concept  

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

of  c a s e s  in  which th e  i d e a l - g a s  and i d e a l  s o l u t i o n  concep ts  

do n o t  a p p ly .  The f u g a c i t y  o f . a  r e a l  gas  i s  d e f i n e d  by th e  

f o l l o w in g  two e q u a t io n s :

dG = RTdlnf = VdP 25
“ T

and

l im  f / P  = 1 26
P—0
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where f  = f u g a c i t y  o f  t h e  gas

G = f r e e  energy  of th e  gas 

V = m ola l  volume of  th e  gas 

P = p r e s s u r e  on th e  gas 

E q u a t io n  25 can be i n t e g r a t e d  t o  g ive

P

In p  = In *  = /  dP 27
0

where f  = f u g a c i t y  a t  p r e s s u r e  P 

4) = f u g a c i t y  c o e f f i c i e n t  

Z = c o m p r e s s i b i l i t y  f a c t o r .

The va lue  of  th e  f u g a c i t y  or f u g a c i t y  c o e f f i c i e n t  can be 

de te rm ined  by e v a l u a t i n g  th e  i n t e g r a l  on the  r i g h t  e i t h e r  

by s u b s t i t u t i n g  an e q u a t io n  o f  s t a t e  f o r  Z or  from 

e x p e r im e n ta l  d a ta  by g r a p h i c a l  i n t e g r a t i o n .

The r i g o r o u s  d e te r m in a t io n  of  the  f u g a c i t y  f o r  a 

component in  a m ix tu re  i s  p o s s ib l e  when s u f f i c i e n t  PVT- 

compos i t ion  d a ta  a r e  a v a i l a b l e  f o r  th e  system. The 

p rocedure  i s  s i m i l a r  t o  t h a t  f o r  a pure compound (shown 

above) except  t h a t  t h e  p a r t i a l  m ola l  q u a n t i t i e s  a re  s u b s t i ­

t u t e d  f o r  th e  m o la l  q u a n t i t i e s  in  Equat ion  25. At c o n s ta n t  

t e m p e ra tu re

(dG. ) m = RTdlnf . = V.dP 28
- J -I J J

where Gj = p a r t i a l  m o la l  f r e e  energy  o f  component j  in  

th e  m ix tu re

Vj = p a r t i a l  m o la l  volume of  component j  in  th e
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m ixture

f j  = f u g a c i t y  of  component j  in  t h e  m ix tu re  

P = t o t a l  p r e s s u r e  e x e r t e d  on th e  m ix tu r e .  

E qu a t io n  20 can be i n t e g r a t e d  t o  g ive

P

I n f .  -  lny .+ ln P +  /  —g—  dP 29
J J o

where Zj = p a r t i a l  m o la l  c o m p r e s s i b i l i t y  f a c t o r  of

component j  i n  t h e  m ix tu re

y j  = mole f r a c t i o n  of  component j  in  t h e  m ix tu re .

The f u g a c i t y  of  component j  in  t h e  m ix tu re  may be c a l c u l a t e d

from t h i s  e q u a t io n  by u s in g  PVT-composit ion d a ta  t o

e v a l u a t e  t h e  i n t e g r a l  on t h e  r i g h t .  For  th e  s p e c i a l  case

in  which t h e r e  i s  no volume change on mixing a t  c o n s t a n t

t e m p e r a t u r e ,  combining E q ua t ion  27 w i th  E quat ion  29 g i v e s

I n f j  = I n y j + l n f j  30

or

^

This  E qua t ion  i s  known a s  Lewis and R a n d a l l  f u g a c i t y  r u l e ,  

and i t  a p p l i e s  t o  i d e a l  s o l u t i o n s .  I t  i s  a p p l i c a b l e  t o  

g a s e s  over  a c o n s id e r a b ly  wider  range  th a n  th e  p e r f e c t - g a s  

law or  D a l to n ’ s law of  p a r t i a l  p r e s s u r e s .

E qua t ion  29 may be e x p re s s e d  more simply by 

d e s i g n a t i n g  t h e  i n t e g r a l  on t h e  r i g h t  a s  I n " ^ , where 

i s  c a l l e d  t h e  f u g a c i t y  c o e f f i c i e n t  f o r  component j  in  th e  

m i x t u r e . Then
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P _
r Z i - 1  ■lnc|5. = f  —  dP 32

J ■ 0

where f j  = Yj'f’jP » 33

The f u g a c i t y  c o e f f i c i e n t ,  4>j , may be e v a l u a t e d  when s u f f i ­

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

in  E qua t ion  32. ' The most a c c u r a t e  e v a l u a t i o n  o f  j  i s  l i k e l y  

t o  be o b t a in e d  from an e q u a t io n  of  s t a t e  w i th  s e v e r a l  

c o n s t a n t s .  However t h e  e q u a t i o n s  a r e  l i m i t e d  t o  su b s ta n c e s  

f o r  which t h e  c o n s t a n t s  a r e  a v a i l a b l e ;  t h e y  a p p ly  on ly  over  

t h e  r e g io n  where t h e  e q u a t io n s  a r e  a p p l i c a b l e .  Two p r o c e d u re s  

w i l l  be b r i e f l y  d e s c r ib e d  which can be a p p l i e d  t o  any 

su b s ta n c e  and which r e q u i r e  a minimum of  d a t a .  The f i r s t  

u se s  t h e  t w o - c o n s t a n t  e q u a t io n  of  s t a t e  of  R e d l i c h  and Kwong 

and th e  second employs th e  g e n e r a l i z e d  c h a r t s  based  on. th e  

theorem of  c o r re sp o n d in g  s t a t e s .

The R e d l i c h  and Kwong e q u a t io n  of  s t a t e  i s  

a dvan tageous  in  t h a t  i t  r e q u i r e s  o n ly  a minimum amount of 

d a t a  and has  been c o n s t r u c t e d  t o  be in  acc o rd  w i th  th e  

b e h a v io r  o f  r e a l  g a se s  a t  h ig h  p r e s s u r e .  I t  has  been 

a d ap ted  f o r  use in  c a l c u l a t i n g  t h e  f u g a c i t y  c o e f f i c i e n t  

f o r  a component i n  a m ix tu re  ( 2 6 ) .  The c o n s t a n t s  f o r  the  

e q u a t io n  o f  s t a t e  f o r  t h e  m ix tu re  a r e  o b ta in e d  from th e  

c o n s t a n t s  f o r  t h e  pure  components which a r e  d e te rm ined  

from th e  c r i t i c a l  t e m p e r a tu re  and c r i t i c a l  p r e s s u r e  o f  each 

component and th e  t e m p e r a tu re  o f  t h e  m ix t u r e .  The e q u a t io n
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f o r  j  was o b t a in e d  as

2 P2.p^ 3 71
lo g  = Oo4343(Zjj^- l) - log(Z^-BP)- |  - ^ l o g { l + | ^ )  34

where A j , Bj = c o n s t a n t s  f o r  t h e  pure  components 

A, B = c o n s t a n t s  f o r  t h e  m ix tu re

Zj  ̂ = c o m p r e s s i b i l i t y  f a c t o r  f o r  t h e  m ix t u r e .  

The f u g a c i t y  c o e f f i c i e n t  f o r  a component i n  a 

m ix tu re  can a l s o  be de te rm ined  from th e  g e n e r a l i z e d  c h a r t s  

u s in g  t h e  theorem of c o r r e sp o n d in g  s t a t e s .  ■ The f o l lo w in g  

e q u a t io n  was proposed  by J o f f e  (2 7 ) .

In4>. -  ln4> 1 (T’ -T .)■< pT  ̂ 35
J c c c j  ^c

where (H'~ H) r e p r e s e n t s  th e  d i f f e r e n c e  in  m o la l  e n th a lp y  

of t h e  m ix tu re  a t  a low p r e s s u r e  and a t  t h e  p r e s s u r e  where 

i s  t o  be e v a l u a t e d .

T^, P» = p s e u d o c r i t i c a l  t e m p e r a tu re  and p r e s s u r e  of  

th e  m ix tu r e .

T^j ,  P^j = c r i t i c a l  t e m p e ra tu re  and p r e s s u r e  o f  th e  

pure component.



CHAPTER VII 

EXPERIMENTAL PROCEDURE

The homogeneous r e a c t i o n  of  e th y le n e  w i th  b u ta d ie n e  

t o  form cyclohexene was f i r s t  r e p o r t e d  by Wheeler and Woods

(4) in  1929. Although many i n v e s t i g a t o r s  have s tu d i e d  t h i s  

r e a c t i o n  s in c e  t h e n ,  none of  the  i n v e s t i g a t i o n s  have been 

c a r r i e d  out  a t  p r e s s u r e s  of more th a n  a few pounds per  square  

i n c h .  The p r e s e n t  work was un de r taken  t o  i n v e s t i g a t e  th e  

e f f e c t  of  p r e s s u r e  on th e  homogeneous, gaseous  ( f l u i d ) ,  

b im o le c u la r  r e a c t i o n  of  e th y l e n e  w i th  b u ta d ie n e  i n  the  

p r e s s u r e  range  o f  250 t o  4 ,500 I b s . / s q . i n .  gauge and i n  the  

t e m p e r a tu re  range  o f  5OO to  700°F in  a t u b u l a r  r e a c t o r .

M a t e r i a l s

Pure grade  e th y l e n e  was s u p p l i e d  by the  P h i l l i p s  

Pe t ro leum  Company. This  e th y le n e  had a minimum p u r i t y  of  

99 mol. pe r  cent  w i th  an oxygen c o n te n t  o f  a p p rox im a te ly  

5 ppm. A sample an a ly ze d  on t h e  chromatograph i n d i c a t e d  

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

99 p e r  cen t  g u a ra n te e d .

Pure g rade  b u t a d i e n e ,  c o n ta in i n g  an i n h i b i t o r ,  was 

s u p p l i e d  by Esso R esea rch  L a b o r a t o r i e s .  As d i m e r i z a t i o n  of

63
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b u ta d i e n e  t o  v in y lc y c lo h e x en e  t a k e s  p lac e  s lowly  a t  room 

t e m p e r a t u r e ,  even in  t h e  p resen ce  o f  an i n h i b i t o r ,  i t  i s  

im p o s s ib le  t o  keep b u t a d ie n e  pure  over  an a p p r e c i a b l e  

l e n g t h  of  t im e .  Pure b u ta d ie n e  f o r  th e  r e a c t i o n  was 

o b t a in e d  by s i n g l e  s t a g e  d i s t i l l a t i o n  im m edia te ly  b e fo re  

each  e x p e r im e n ta l  run .  Butad iene  o b ta in e d  in  t h i s  manner 

was de te rm in ed  by chrom atographic  a n a l y s i s  to  be e s s e n t i a l l y  

pure w i th  on ly  a t r a c e  of  i m p u r i t i e s .

C a l i b r a t i o n s

I t  was n e c e s s a r y  t o  c a l i b r a t e  th e  c o i l e d  c a p i l l a r y  

e th y l e n e  f lo w  d ev ic e  and th e  b u ta d ie n e  r e s e r v o i r  b e fo re  

any d a t a  could  be t a k e n .  The e th y l e n e  f low  dev ice  was 

c a l i b r a t e d  a s  f o l l o w s .  A f t e r  c h a rg in g  th e  h igh  p r e s s u r e  

r e s e r v o i r  w i th  e th y le n e  t o  a p p ro x im a te ly  5,000 I b . / s q . i n .  

gauge, t h e  a i r  p r e s s u r e  t o  t h e  Sprague,  a i r - d r i v e n ,  h ig h -  

p r e s s u r e  pump was a d j u s t e d  so th e  e th y le n e  p r e s s u r e  was 

m a in ta in e d  a t  5 ,000 I b . / s q . i n .  gauge by i n j e c t i n g  w a te r  

i n t o  t h e  bottom of  t h e  p r e s s u r e  v e s s e l .  The o u t l e t  of  t h e  

m e te r in g  Valve was connec ted  d i r e c t l y  t o  th e  w a te r  s a t u r a t o r  

and hence t o  t h e  " P r e c i s i o n "  w e t - t e s t  m e te r .  The m e te r in g  

v a lv e  was a d j u s t e d  t o  g ive  t h e  d e s i r e d  r e a d in g  on th e  

B ar ton  gauge.  The e th y le n e  f lo w  r a t e  was d e te rm ined  by 

m easu r ing  th e  t ime r e q u i r e d  f o r  a p red e te rm in e d  amount of  

e th y l e n e  t o  f low  th ro u g h  t h e  w e t - t e s t  m e te r .  These v a lu e s  

were t h e n . c o n v e r t e d  to  s t a n d a r d  c o n d i t i o n s  by c o r r e c t i n g
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f o r  p r e s s u r e ,  t e m p e r a t u r e ,  w a te r  c o n te n t  and c o m p r e s s i b i l i t y  

f a c t o r .  Data were o b t a in e d  f o r  t h e  complete  range  of  

p r e s s u r e  drop f o r  each c o i l ,  A p l o t  was made o f  f lo w  r a t e  

v e r s u s  p r e s s u r e  drop  f o r  each c o i l  ( see  Appendix B).

The b u ta d ie n e  r e s e r v o i r  was c a l i b r a t e d  by f i l l i n g  

t h e  r e s e r v o i r  w i th  w a te r  and th e n  r e a d i n g  th e  l i q u i d  h e ig h t  

b e fo r e  and a f t e r  a c a l i b r a t e d  amount o f  w a te r  was removed 

from the  system. This  p rocedure  was c o n t in u e d  from to p  to  

bottom f o r  on ly  th e  s i g h t  g l a s s  a s  i t  was used f o r  a l l  

b u t a d i e n e  f low  r a t e  d e t e r m i n a t i o n s .  As th e  c r o s s - s e c t i o n a l  

a r e a  v a r i e d  s l i g h t l y  from to p  t o  bo t tom , a p l o t  o f  r e s e r v o i r  

volume v e r s u s  l i q u i d  h e ig h t  was o b t a in e d  by i n t e g r a t i n g  the  

vo lum e.over  the  h e ig h t  of  the  l i q u i d  f o r  th e  s i g h t  g l a s s  

( see  Appendix B).

P r e l im i n a r y  P rocedure

The equipment f o r  t h i s  i n v e s t i g a t i o n  was d e s ig n ed  

i n  such a way t h a t  c o n s i d e r a b l e  p r e p a r a t i o n  was r e q u i r e d  

b e fo r e  an a c t u a l  run  could  be made. The h ig h  p r e s s u r e  

e th y l e n e  s to r a g e  v e s s e l  had t o  be f i l l e d  as  p r e v i o u s l y  

d i s c u s s e d .  F r e s h l y  d i s t i l l e d  b u ta d ie n e  was o b t a i n e d  by one 

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

a sm a l l  b u ta d ie n e  f e e d  tank- mounted in  a co ld  w a te r  b a t h .

T h is  f r e s h l y - d i s t i l l e d  b u t a d ie n e  was t h e n  used t o  f i l l  t h e  

b u t a d i e n e  f e e d  r e s e r v o i r .  A w a te r  r e s e r v o i r  f o r  th e  

Sprague,  h ig h  p r e s s u r e  w a te r  pump was f i l l e d  w i th  o x y g e n - f r e e .
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d i s t i l l e d  w a t e r .  Then t h e  s a l t  i n  t h e  s a l t  b a th  was m el ted  

and h e a t e d  t o  t h e  d e s i r e d  t e m p e r a t u r e .  The power in p u t  to  

th e  s a l t  pot  was a d j u s t e d  and t h e  t e m p e r a tu re  c o n t r o l l e r  

s e t  so t h a t  t h e  c o n t r o l l e r  would c o n t r o l  a t  t h e  d e s i r e d  

t e m p e r a t u r e .  The ho t  o i l  b a th  was a c t i v a t e d  and a l lowed t o  

h e a t .  Then t h e  r e f r i g e r a t i o n  u n i t  was a c t i v a t e d  so t h a t  

c o ld  w a te r  would be s u p p l i e d  t o  th e  c o n d en se r .  The p r e s s u r e  

t r a n s m i t t e r  was s e t  a t  th e  d e s i r e d  o p e r a t i n g  r a n g e .  The 

chromatograph was a c t i v a t e d  and a l low ed  t o  come t o  the  

d e s i r e d  t e m p e r a t u r e .  A f t e r  t h e  above o p e r a t i o n s  were 

completed  th e  equipment was re a d y  f o r  o p e r a t i o n .

O pera t ing  P rocedure  

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

completed  th e  system was a c t i v a t e d  by opening t h e  m e te r in g  

v a l v e .  The p r e s s u r e  i n  th e  system i n c r e a s e d  u n t i l  the  

system p r e s s u r e  was e q u a l  t o  t h e  p r e s e t  o p e r a t i n g  p r e s s u r e ,  

a t  which t im e  t h e  back p r e s s u r e  c o n t r o l  system a c t i v a t e d  

and m a in t a in e d  a c o n s t a n t  p r e s s u r e .  I f  needed th e  s e t  p o in t  

on t h e  c o n t r o l l e r  cou ld  be changed t o  g ive  t h e  d e s i r e d  

o p e r a t i n g  p r e s s u r e .  The a i r  p r e s s u r e  t o  th e  Sprague,  a i r -  

o p e r a t e d ,  l i q u i d  pump was th en  a d j u s t e d  so t h a t  t h e  e th y le n e  

p r e s s u r e  would be m a in ta in e d  a t  5,000 I b . / s q . i n .  A f t e r  t h e  

m e te r in g  v a lv e  had been a d j u s t e d  t o  g iv e  t h e  d e s i r e d  

e th y l e n e  f lo w  r a t e ,  th e  va lve  from t h e  b u t a d ie n e  supply  

was opened and t h e  b u ta d ie n e  pump was a c t i v a t e d .  The 

b u t a d i e n e  f lo w  r a t e ,  de te rm in ed  by m easur ing  t h e  d e c re a se
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in  l i q u i d  b u t a d ie n e  h e ig h t  in  th e  s i g h t  g l a s s  per  u n i t  t im e ,  

was s e t  t o  t h e  d e s i r e d  v a lue  by a d j u s t i n g  th e  s t ro k e  l e n g t h .  

Th is  a d ju s tm e n t  could  be made w i th  t h e  pump in  o p e r a t i o n .

The system was t h e n  a l low ed  t o  r e a c h  s t e a d y  s t a t e  c o n d i t i o n s ,  

which r e q u i r e d  from t e n  t o  f o r t y - f i v e  m inu tes  depending 

upon th e  f low  r a t e  and p r e s s u r e .  In  most c a se s  i t  was not  

n e c e s s a r y  t o  a d j u s t  e i t h e r  t h e  e th y le n e  f low  o r  th e  b u ta d ie n e  

f lo w  d u r in g  a ru n .

Upon r e a c h in g  s t e a d y  s t a t e  o p e r a t i o n s  t h e  d a ta  

r e c o r d i n g  p r o c e s s  was s t a r t e d .  A s e t  of r e a d i n g s  were t ak e n  

a t  r e g u l a r  i n t e r v a l s  of  f i v e  t o  tw en ty  m in u te s ,  depending 

upon th e  p r e s s u r e  and f low  r a t e ,  u n t i l  a s u f f i c i e n t  number 

of  s e t s  had been o b t a i n e d ,  A normal d a ta  s e t  c o n s i s t e d  of 

t h e  f o l lo w in g :

(1) Time (hour  and minute)

(2), E th y len e  s t o r a g e  v e s s e l  p r e s s u r e  ( I b . / s q . i n .  

gauge)

(3) P r e s s u r e  drop a s  o b ta in e d  from th e  d i f f e r e n t i a l  

p r e s s u r e  gauge

(4) R e ac to r  t e m p e r a tu re  (°F)

(5) R e ac to r  p r e s s u r e  ( I b . / s q . i n .  gauge)

(6) W e t - t e s t  m eter  r e a d in g  (ze ro  a t  s t a r t  of  run)

(7) B u tad iene  s i g h t  g l a s s  r e a d in g  ( c e n t im e te r s )

(8) L iq u id  p roduc t  sample r e a d in g  ( c c . ,  50 a t  s t a r t )

(9) Temperature of  gas  in  w e t - t e s t  m eter  ( ° F ) .

The d a t e ,  run  number, c o i l  number and b a ro m e t r i c  p r e s s u r e
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were r e c o rd e d  on ly  a t  th e  b e g in n ing  of  each  r u n .  Im m edia te ly  

a f t e r  r e c o r d i n g  each s e t  of  d a ta  a gas sample was t a k e n ,  and 

a ch rom atographic  a n a l y s i s  made which was i d e n t i f i e d  w i th  

th e  time and run  number. Normally t h r e e  t o  f i v e  s e t s  of  

d a t a  were t a k e n  per  r u n .  A l i q u i d  sample was t a k e n  a t  th e  

end o f  each  run  f o r  a n a l y s i s  a t  a l a t e r  t im e .

A f t e r  each run  was completed th e  b u t a d i e n e  pump was 

s topped and a new run s t a r t e d  by r e p e a t i n g  th e  above 

p ro ce d u re ,  p rov ided  t h a t  t h e  p r e s s u r e  and t e m p e ra tu re  

remained c o n s t a n t .  I f  t h e  o p e r a t i n g  p r e s s u r e  were changed, 

th e  back p r e s s u r e  c o n t r o l  system had to  be s e t  t o  th e  new 

o p e r a t in g  p r e s s u r e  b e fo r e  a run could  be s t a r t e d .  In  most 

c a se s  t h i s  s e t t i n g  could  be accomplished  w i th o u t  d e p re s -  

s u r i z i n g  th e  sys tem. I f  t h e  o p e r a t i n g  t e m p e r a tu r e  were 

changed, t h e  system had to  be d e p r e s s u r i z e d ,  th e  l i q u i d  

s a l t  had t o  be h e a te d  and th e  t e m p e ra tu re  c o n t r o l l e r  had to  

be s e t  f o r  t h e  new te m p e ra tu re  b e fo re  a new run  could  be 

s t a r t e d .

A f t e r  com ple t ing  a s e t  of  r u n s ,  ch rom atograph ic  

a n a l y s e s  were made o f  t h e  l i q u i d  samples o b t a in e d  d u r in g  

t h e  r u n s .

Method of A n a ly s i s

S e v e r a l  methods were a v a i l a b l e  f o r  t h e  a n a l y s i s  of 

the  g a ses  and l i q u i d s  in  t h e  p roduc t  s t r e a m s .  Vapor phase ,  

p a r t i t i o n  chromatography was s e l e c t e d  because  i t  was t h e



69

c h e a p e s t ,  s im p le s t  and most conven ien t  f o r  o b t a i n i n g  an 

a c c u r a t e  a n a l y s i s .

A chromatograph,  b u i l t  in  c o n ju n c t io n  w i th  a 

p r e v io u s  r e s e a r c h  p r o j e c t  (2Ô), was s u i t a b l e  f o r  use on ly  

a f t e r  major  m o d i f i c a t i o n s  in  th e  method of  c o n t r o l l i n g  

t h e  t e m p e r a tu re  of  bo th  t h e  t h e r m o c o n d u c t iv i t y  c e l l  d e t e c t o r  

and th e  column. F ig u re  14 i s  a p i c t u r e  o f  t h e  chromatograph 

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

S e v e r a l  d i f f e r e n t  column pack in g s  were t r i e d  b e fo r e  

one was found which was s a t i s f a c t o r y . -Most of  the  p ack in g s  

had to o  g r e a t  an a f f i n i t y  f o r  th e  u n s a t u r a t e d  compounds and 

th e  d e s i r e d  s e p a r a t i o n  could  no t  be o b ta in e d  w i th in  a 

r e a s o n a b l e  l e n g t h  of t im e .  Apiezon-L on c e l i t e  and 

R e s o f l e x  446 on 42-60 t y l e r  supp o r t  were two of  the  

pack in g s  t r i e d  which d id  no t  g ive  th e  d e s i r e d  s e p a r a t i o n .  

S i l i c o n e  o i l  550 on f i r e  b r i c k  and LAC-72Ô ( d i e t h y l e n e  

g l y c o l  s u c c i n a t e )  on f i r e  b r i c k  b o th  proved t o  be s a t i s ­

f a c t o r y  pack ing  m a t e r i a l .

An e i g h t  f o o t  l / 4 - i n c h  copper t u b e ,  packed w i th  

s i l i c o n e  o i l  550 on f i r e  b r i c k ,  c o n s t i t u t e d  t h e  column used 

f o r  th e  gas  a n a l y s i s .  The column te m p e r a tu re  was m a in ta in e d  

a t  225 F with  a helium f low  r a t e  o f  150 cc .  p e r  m in u te .  The 

a n a l y s i s  was de te rm ined  by comparing th e  e l u t i o n  c u rv e s  

o b t a in e d  f o r  t h e  gas samples to  th o s e  o b t a in e d  from th e  

s t a n d a r d  gas sample. Two s t a n d a r d s  o f  d i f f e r e n t  co m po s i t io n s  

were u sed .
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The p rocedure  f o r  o b t a i n i n g  th e  s t a n d a r d  gas  samples 

was conducted in  t h e  f o l lo w in g  manner. A 500 cubic  inch  

s t a i n l e s s  s t e e l  c y l i n d e r  was ev acua ted  and a weighed amount 

o f  cyciohexene  added w i th  a s y r in g e  th rough  a ru b b e r  

septum i n  t h e  sys tem . B u tad iene  and e th y le n e  were then  

added in  s u c c e s s io n  t o  th e  c y l i n d e r ,  and th e  amounts were 

d e te rm in ed  from a b s o l u t e  p r e s s u r e  measurements t ak e n  b e fo re  

and a f t e r  each  gas  a d d i t i o n .  The a b s o l u t e  p r e s s u r e  m easure ­

ments  were o b ta in e d  from a mercury manometer connec ted  t o  

t h e  c y l i n d e r ,  . .

A one cub ic  c e n t im e te r  gas  sample was used f o r  

t h e  gas  a n a l y s i s .  The complete gas  a n a l y s i s  was completed 

i n  a p p ro x im a te ly  t h i r t e e n  m in u te s .  I f  t h e  v iny lc y c lo h e x en e  

c o n te n t  o f  t h e  gas  could  be n e g l e c t e d  (as  was t r u e  many 

t i m e s ) ,  t h e  a n a l y s i s  was completed in  on ly  f i v e  m in u te s .

F o r  t h e  l i q u i d  a n a l y s i s  two d i f f e r e n t  column pack ings  

were used .  The same column used f o r  t h e  gas  a n a l y s i s  was 

used f o r  t h e  f i r s t  s e t  of  l i q u i d  samples .  The te m p e ra tu re  

was i n c r e a s e d  t o  320°F bu t  a l l  o t h e r  cond i t ions-  remained 

t h e  same. A s i x - f e e t  lon g ,  l / 4 - i n c h  copper t u b e ,  packed 

w i th  LAC-72Ô on f i r e  b r i c k ,  was used a s  th e  column packing 

f o r  a l l  subsequen t  l i q u i d  a n a l y s i s .  The t e m p e ra tu re  was 

m a in ta in e d  a t  320°F f o r  t h i s  column, bu t  t h e  helium f low  

r a t e  was d e c r e a s e d  t o  BO cub ic  c e n t im e te r s  pe r  m in u te .  As 

w i th  t h e  gas  a n a l y s i s ,  t h e  l i q u i d  a n a l y s i s  was o b ta in e d  by 

t h e  comparison o f  th e  e l u t i o n  curve of  t h e  l i q u i d  sample
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w i th  th e  e l u t i o n  curve o f  t h e  s t a n d a rd  l i q u i d  sam ple . This  

p rocedure  gave th e  r e l a t i v e  amounts of a l l  t h e  l i q u i d  

p ro d u c t s  th ro ug h  bu t  d id  no t  i n d i c a t e  th e  amount of

th e  h e a v ie r  p o ly m e r iz a t io n  p ro d u c t s  in  th e  l i q u i d  phase .

The amount of  the  h e a v ie r  p o ly m e r iz a t io n  p r o d u c t s  was 

de te rm ined  by i n j e c t i n g  a known amount of  l i q u i d  sample 

i n t o  t h e  chromotograph and th en  c a l c u l a t i n g  th e  t o t a l  

amount of  the  l i g h t e r  components from th e  e l u t i o n  c u rv e s .  

The d i f f e r e n c e  r e p r e s e n t s  th e  amount of  the  h e a v i e r  

components in  t h e  l i q u i d  phase .  A l i q u i d  sample of  4 

m i c r o - l i t e r s  was used f o r  t h e  a n a l y s i s .

P r e l im i n a r y  Runs 

A s e r i e s  of p r e l i m i n a r y  ru n s  were conducted  t o  

de te rm ine  th e  b e s t  e x p e r im e n ta l  p rocedure  f o r  o p e r a t i n g  th e  

equipment and a l s o  t o  de te rm ine  t h e  maximum c o n d i t i o n s  a t  

which th e  p o ly m e r iz a t io n  of  e th y le n e  could  be n e g le c t e d  

in  th e  r e a c t i o n .  At t h e  t im e th e  p r e l i m i n a r y  ru n s  were 

made, th e  maximum p r e s s u r e  a v a i l a b l e  w i th  t h e  back p r e s s u r e  

r e g u l a t o r  in  use  was 3 ,000  I b o / s q . i n .  Based on th e s e  runs  

a t  a p r e s s u r e  o f  3 ,000 I b o / s q . i n . ,  w i th  a f lo w  r a t e  of 

ap p ro x im a te ly  4 SCFH, t h e  p o ly m e r iz a t io n  of pure  e th y le n e  

can be n e g le c t e d  a t  t e m p e r a t u r e s  below 700°F. Above 700°F 

e th y le n e  p o ly m e r iz a t io n  p ro d u c t s  s t a r t  t o  appea r  in  t h e  

p roduct  s t ream .
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Problems Encountered

As expec ted  th e  p r im ary  problem en co u n te re d  in  

t h e  a c t u a l  o p e r a t i o n  of  t h e  e x p e r im e n ta l  equipment was 

t h e  p o ly m e r iz a t io n  of  b u t a d i e n e .  Robey, Wise, and M orre l  

(1?) showed t h a t  th e  p o ly m e r iz a t io n  of  b u t a d ie n e  was sm a l l  

compared t o  th e  d i m e r i z a t i o n  r e a c t i o n  in  t h e  absence o f  a 

c a t a l y s t .  T h e i r  s t u d i e s  were made in  t h e  l i q u i d  phase  a t  

c o n s i d e r a b ly  lower t e m p e r a t u r e s  t h a n  a re  e n co u n te red  in  

t h i s  i n v e s t i g a t i o n ,  bu t  i t  was assumed t h a t  t h e s e  s t a t e m e n t s  

would a pp ly  t o  t h e  p r e s e n t  i n v e s t i g a t i o n .  This  assum ption  

has  been proved to  be c o r r e c t .  B utad iene  i s  ve ry  r e a d i l y  

c a t a l y z e d  by oxygen; t h e r e f o r e  s p e c i a l  p r e c a u t i o n s  were 

t a k e n  t o  keep th e  system as  ox y ge n -f re e  as  p o s s i b l e .  Even 

w i th  t h e s e  p r e c a u t i o n s  th e  p o ly m e r iz a t i o n  of  b u t a d ie n e  was 

a problem as  d i s c u s s e d  below.

In th e  i n i t i a l  des ign  o n ly  one p r e s s u r e  gauge was 

used t o  measure th e  p r e s s u r e  in  t h e  r e a c t i o n  s e c t i o n ,  and 

i t  was connec ted  t o  t h e  e x i t  end of  t h e  r e a c t o r .  T h e re fo re ,  

t h e  on ly  i n d i c a t i o n  o f  i n c i p i e n t  p lugg ing  due t o  a p resence  

o f  polymers was a d e c r e a s e  in  e th y l e n e  f low  r a t e .  By the  

t im e  t h i s  change i n  f lo w  was n o t i c e a b l e  th e  system would 

become co m p le te ly  p lugged .  By l o c a t i n g  a second p r e s s u r e  

gauge im m edia te ly  upstream from th e  r e a c t o r ,  t h e  two gauges 

would i n d i c a t e  a s l i g h t l y  d i f f e r e n t  r e a d in g  when t h e  system 

f i r s t  s t a r t e d  t o  p lu g ,  and c o r r e c t i v e  a c t i o n  cou ld  be 

t a k e n  b e fo re  the  p lug  had formed.
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The normal  p ro ced u re  observed  when th e  system f i r s t  

s t a r t e d  t o  p lug  was t o  open th e  va lve  t o  th e  vent  l i n e  and 

a l lo w  t h e  system p r e s s u r e  t o  b low -ou t  t h e  polymer i f  

p o s s i b l e .  The system was th e n  h e a t e d  t o  a t  l e a s t  600°F and 

a i r  f e d  t o  t h e  r e a c t o r  t o  o x i d i z e  t h e  polymer p r e s e n t .  The 

polymer o x i d i z e s  i n  a i r  a t  600°F (2 9 ) .  This  p rocedure  

worked i n  most c a s e s ,  but  a few t im e s  t h e  system became 

c o m p le te ly  p lugged .

The h ig h  t e m p e r a tu re  p r e h e a t e r  appeared  t o  be 

more s u s c e p t i b l e  t o  p lu g g in g  t h a n  th e  r e a c t o r  i t s e l f ,  

and as  such ,  i t  p ro b ab ly  p re v e n te d  t h e  more s e r i o u s  

problem o f  polymer d e p o s i t s  w i t h in  t h e  r e a c t o r .  The f i r s t  

t ime t h e  system p lugged ,  th e  p r e h e a t e r  was removed and th e  

r e a c t o r  was i n s p e c t e d .  The p r e h e a t e r  was com p le te ly  p lugged 

w i th  polymer b u t  t h e  r e a c t o r  ap pea re d  t o  be c l e a n .  No 

a p p r e c i a b l e  polymer d e p o s i t  was p r e s e n t ) ,  and a volume 

check showed no d e t e c t a b l e  change.

The second t im e  a p lug  o c c u r r e d ,  t h e  r e a c t o r  was 

h e a t e d  t o  a p p ro x im a te ly  1,000°F and th e  plug  was blown 

ou t  by p r e s s u r i z i n g  w i th  a h y d r a u l i c  hand pump. A l l  

sub seq u e n t  p lu g s  e x c e p t  one were removed by t h i s  method.

T h is  one e x c e p t i o n  o c c u r re d  when a run  was s t a r t e d  a t  ?00°F 

and 4 ,500  I b . / s q . i n .  The p lug  o c c u r r e d  b e fo r e  th e  system 

cou ld  be v e n te d .  A l l  methods were t r i e d ,  b u t  th e  p lug  

cou ld  n o t  be removed. F i n a l l y  th e  r e a c t o r  had t o  be 

removed and r e p l a c e d .  T h is  r e a c t o r  was cut  i n t o  s e v e r a l
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p i e c e s ,  and the  p lug  was found t o  be a p p ro x im a te ly  two f e e t  

long and l o c a t e d  n e a r  t h e  p r e h e a t e r .  From, t h i s  and the  

o t h e r  runs  i t  a p p e a r s  t h a t  polymer fo rm a t io n  i s  more 

p r e v a l e n t  a t  t h e  higher, t e m p e r a t u r e s .  Most o f  th e  

d i f f i c u l t i e s  were e n co u n te red  a t  t h e  h i g h e r  t e m p e r a t u r e s  

and a t  t h e  h i g h e r  p r e s s u r e s .



CHAPTER V II I  

RESULTS

The•e x p e r im e n ta l  run s  made- du r in g  th e  course  of  

t h i s  i n v e s t i g a t i o n  f o r  th e  r e a c t i o n  of  e th y l e n e  w i th  

b u ta d ie n e  were l i m i t e d  almost  e n t i r e l y  t o  t h r e e  t e m p e r a t u r e s ,  

500, 550, and 600°F. At each of  th o se  t e m p e r a t u r e s  th e  ru n s  

were c a r r i e d  out  a t  p r e s s u r e s  of  500, 1 ,000 ,  2 ,000  and 4,500 

I b s . / s q . i n .  gauge.  Approximately  f o u r  r u n s ,  hav ing  d i f f e r e n t  

f lo w  r a t e s  and c o m p os i t ion s ,  were made a t  each combination 

of  p r e s s u r e  and t e m p e r a tu re .  A few e x p e r im e n ta l  ru n s  were 

made a t  700°F b u t  t h e  r e a c t i o n  was so f a s t  above 500 

I b . / s q . i n .  a t .  t h a t  t e m p e ra tu re  t h a t  most o f  t h e  b u ta d ie n e  

r e a c t e d  and an a c c u r a t e  k i n e t i c s  s tudy  could  no t  be 

conduc ted .  In a d d i t i o n ,  th e  p o ly m e r iz a t io n  o f  b u tad ien e  

became q u i t e  a problem a t  t h e  h ig h e r  t e m p e r a t u r e s .  At 

t e m p e r a t u r e s  below 500°F, t h e  r e a c t i o n  was so slow t h a t  

a c c u r a t e  a n a l y s i s  could  be made on ly  a t  t h e  h i g h e s t  

p r e s s u r e s ,  t h e r e f o r e ,  500°F was t h e  lowest  t e m p e ra tu re  

i n v e s t i g a t e d .

Most o f  the  ru n s  were made u s in g  th e  l a r g e r  

( l / 8 - i n .  I . D . )  r e a c t o r  w i th  t h e  p r e h e a t e r .  The l a s t  s i x  

r u n s  were made u s in g  th e  s m a l l e r  ( l / l 6 - i n .  I . D . )  r e a c t o r
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w i th o u t  a p r e h e a t e r .  The sm a l l  r e a c t o r  was used t o  

d em on s t ra te  t h e  absence  o f  w a l l  e f f e c t s  i n  t h i s  r e a c t i o n .

Data

Because of  t h e  c o n s i d e r a b le  amount of  d a t a  t a k e n ,

th e  a c t u a l ,  raw e x p e r im e n ta l  d a ta  w i l l  n o t  be p r e s e n t e d .

However, a sample o f  t h e  a c t u a l  e x p e r im e n ta l  d a t a  f o r  a 

t y p i c a l  run  i s  g iv en  in  Table 1. In  c a l c u l a t i n g  the  

computed d a t a  from t h e  e x p e r im e n ta l  d a t a ,  v a lu e s  averaged  

over  th e  d u r a t i o n  o f  t h e  ru n ,  were used .  Sample c a l c u l a t i o n s  

and a complete  l i s t  o f  th e  computed d a t a  a r e  p r e s e n t e d  in  

Appendices C and D r e s p e c t i v e l y .  An IBM' 650 computer was 

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

The d a t a  r e p o r t e d  i n  t h i s  s tudy  were o b ta in e d  

u s in g  r a t h e r  l a r g e  mole r a t i o s  o f  e th y l e n e  t o  b u ta d ie n e

(mole r a t i o  v a r i e d  from 3 t o  16 ) ,  This  l a r g e  mole r a t i o

was r e q u i r e d  t o  reduce  th e  s id e  r e a c t i o n  o f  t h e  d i m e r i z a t i o n  

of  b u ta d ie n e  t o  v in y lc y c lo h e x e n e  and p o ly m e r iz a t i o n  to  

lo n g e r  c h a i n s .  The d a t a  r e p r e s e n t  a wide v a r i a t i o n  w i th  

r e s p e c t  t o  t h e  amount of  r e a c t i o n  which had o ccu red ,  in  

t h a t  a t  t h e  low p r e s s u r e s  and t e m p e r a t u r e s  on ly  a sm a l l  

amount o f  the  b u ta d ie n e  had r e a c t e d  where as  a t  t h e  h i g h e s t  

p r e s s u r e s  and t e m p e r a t u r e s  t h e  b u ta d ie n e  had a lmost  

c o m p le te ly  r e a c t e d .  The r e s u l t s  of  th e  m a t e r i a l  b a lan ce  

c a l c u l a t i o n s  p r e s e n t e d  in  Appendix D i n d i c a t e d  t h a t  t h e  

d a t a  were c o n s i s t e n t  in  t h a t  in  on ly  e i g h t  of  s i x t y  f o u r
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TABUS I

RAW EXPERIMENTAL DATA FOR THE REACTION 
OF ETHYLENE WITH BUTADIENE

Run 7^111 Date 10-17■^61

Baro,  P r e s s ,  i n  Hg.- 28 .9 0  E th y len e  Flow C o i l  ^

1. Time 9:15 9 :20 9:25

2. D i f f e r e n t i a l  p r e s s u r e  
a c r o s s  e th y l e n e  f lo w  c o i l 9 .9 0 9 .95 9 .90

3. R e a c to r  p r e s s u r e  ( I b . / s q .  
i n .  gauge) 4 ,500 4 ,500 4,500

4" R e a c to r  t e m p e r a t u r e  (°F) 500 500 500

5. Butad iene  f lo w  (cm.) 114.7 79.3 . 43 .7

6 . Gas p ro d uc t  ( f t . 3) 0 1.06 2.115

7. L iq u id  p ro d u c t  (cm.^) 50 41 .2 3 2 .6

8. Main E th y len e  R e s e r v o i r  
p r e s s u r e  ( I b . / s q . i n .  
g a u g e ) 5,000 5,000 5,000

9. Wet t e s t  m eter  
t e m p e r a tu r e  (°F) 75 75 75

Note:  (1) Gas a n a l y s i s  was d e te rm in ed  a t  every
d a t a  po in to

(2) L iqu id  sample was t a k e n  a t  t h e  com ple t ion  
o f  th e  ru n  f o r  a n a l y s i s  a t  a l a t e r  t im e .

ru n s  was- t h e  b u ta d ie n e  mass b a la n c e  o f f  g r e a t e r  t h a n  5 

p e r  cen t  and in  on ly  t h r e e  r u n s  g r e a t e r  th a n  10 p e r  c e n t .  

However, an e a r l i e r  s e t  o f  r u n s  were d i s c a r d e d  because  o f  

t h e  i n c o n s i s t e n c y  o f  t h e  m a t e r i a l  b a la n c e  c a l c u l a t i o n s .
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K i n e t i c  A n a ly s i s  

The k i n e t i c  a n a l y s i s  of t h e  r e a c t i o n  o f  e th y l e n e  

w i th  b u ta d ie n e  i n v o lv e s  th e  s tu d y  o f  two r e a c t i o n s ;  th e  

r e a c t i o n  o f  e th y le n e  w i th  b u ta d i e n e  t o  form cyclohexene  

and t h e  d i m e r i z a t i o n  of  b u ta d ie n e  t o  form v in y lc y c lo h e x e n e .  

Both r e a c t i o n s  a r e  s i m i l a r  D i e l s - A l d e r  r e a c t i o n s  and,  

based  on d a t a  o b ta in e d  a t  low p r e s s u r e ,  a re  s imple  

b im o le c u la r  homogeneous s e c o n d -o rd e r  r e a c t i o n s .  A c t u a l ly  

th e  d i m e r i z a t i o n  of b u t a d ie n e  y i e l d e d  a sm a l l  amount of 

c y c lo o c t a d i e n e  in  a d d i t i o n  t o  t h e  v in y lc y c lo h e x e n e ,  as  

shown in  Appendix D, b u t  i t  was in c lu d e d  w i th  t h e  

v in y lc y c lo h e x e n e  f o r  th e  purpose  of  s tu d y in g  th e  b u t a d i e n e  

d i m e r i z a t i o n  r e a c t i o n .  Thermodynamic c a l c u l a t i o n s  on the  

r e v e r s e  r e a c t i o n s ,  t h a t  i s  t h e  fo r m a t io n  of  e th y l e n e  and 

b u ta d ie n e  from cyclohexene and b u ta d i e n e  from v i n y l c y c l o ­

hexene ,  i n d i c a t e  t h a t  t h e s e  r e a c t i o n s  can be n e g l e c t e d  a t  

t h e s e  t e m p e r a t u r e s  and p r e s s u r e s .  Only a t  much h ig h e r  

t e m p e r a t u r e s  and a t  v e ry  low p r e s s u r e s  would t h e s e  r e a c t i o n s  

become a p p r e c i a b l e .

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

r e a c t o r  a m a t e r i a l  b a la n ce  over  a d i f f e r e n t i a l  volume of  

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

Fdx = rdVy 36

where F = r e a c t o r  f e e d  r a t e ,  moles pe r  u n i t  t im e

X = moles of  a component co n v e r ted  p e r  mole of  

f e e d
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r  -  r a t e  of  r e a c t i o n ,  moles of  a component 

co n ver ted  per  u n i t  volume per  u n i t  t im e 

Vp = r e a c t o r  volume occupied  by r e a c t i n g  system. 

The r a t e  of  r e a c t i o n  r ,  a s  p r e v i o u s ly  d i s c u s s e d ,  can be 

e x p re s s e d  in  terms'  of a c t i v i t i e s  f o r  a b im o le c u la r ,  

homogeneous, se co n d -o rd e r  r e a c t i o n  by th e  e q u a t io n

r  = k ( a ^ ) ( a g )  37

T h ere fo re  t h e  d i f f e r e n t i a l  r a t e  eq u a t io n  f o r  a t u b u l a r  f low  

r e a c t o r ,  de te rm ined  by combining E q u a t ion s  36 and 37, i s  

e x p re s s e d  as

dV7 "

Since  t h i s  e q u a t io n  i s  t o  be used t o  i n t e r p r e t  e x p e r im e n ta l  

k i n e t i c  d a ta  i t  can be r e a r r a n g e d  t o  g ive

The i n t e g r a l  r a t e  e q u a t io n  can be e x p re ssed  as

p r^o dx 
k '  V:  _j l  ( a , ) ( a j

E q u a t io n s  39 and 40 a re  t h e  b a s i c  r a t e  e q u a t io n s  f o r  a 

t u b u l a r  f low  r e a c t o r ,  assuming a homogeneous seco n d -o rd e r  

r e a c t i o n ,  and a re  used t o  de te rm ine  t h e  r e a c t i o n  r a t e  

c o n s t a n t  from e x p e r im e n ta l  d a t a .

In  o b t a in in g  e x p e r im e n ta l  k i n e t i c  d a ta  t h e  t u b u l a r  

f lo w  r e a c t o r  can be c l a s s i f i e d  e i t h e r  as  a d i f f e r e n t i a l  

r e a c t o r  o r  an i n t e g r a l  r e a c t o r .  In  a d i f f e r e n t i a l  r e a c t o r
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t h e  change in  com posi t ion  must be sm a l l ,  and c o n se q u e n t ly  

t h e  r e a c t i o n  r a t e  w i l l  be c o n s t a n t  th ro u g h o u t  th e  r e a c t o r .  

When th e  c o n d i t i o n s  of  a p p ro x im a te ly  c o n s ta n t  r e a c t i o n  r a t e  

cannot  be met ,  t h e  r e a c t o r  w i l l  be c o n s id e re d  an i n t e g r a l  

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

t h e  r e a c t i o n  r a t e  c o n s t a n t  can be o b ta in e d  d i r e c t l y  from th e  

d i f f e r e n t i a l  r a t e  e q u a t io n  (Equat ion  39) by assuming average  

v a lu e s  f o r  the  a c t i v i t i e s  th ro u g h o u t  th e  r e a c t o r ,  whereas  

f o r  t h e  i n t e g r a l  r e a c t o r  t h e  a c t i v i t i e s  have t o  be e x p re s sed  

i n  te rm s  of  com pos i t ion  a s  i n d i c a t e d  by th e  i n t e g r a l  r a t e  

e q u a t io n  (E qua t ion  4 0 ) .

The k i n e t i c  d a ta  o b ta in e d  in  t h i s  i n v e s t i g a t i o n  

was such t h a t  a t  th e  low p r e s s u r e s  and t e m p e r a t u r e s ,  where 

o n ly  a sm a l l  amount of  r e a c t i o n  o c cu red ,  th e  r e a c t o r  

o p e ra t e d  a s  a d i f f e r e n t i a l  r e a c t o r  and e s s e n t i a l l y  no 

e r r o r  was i n t r o d u c e d  by d e te rm in in g  th e  r e a c t i o n  r a t e  

c o n s t a n t  from th e  d i f f e r e n t i a l  r a t e  e q u a t io n .  At t h e  h ig h e r  

p r e s s u r e s  and t e m p e r a t u r e s ,  w i th  th e  i n c r e a s e d  r e a c t i o n  r a t e  

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

no lo n g e r  s a t i s f i e d .  The r e a c t o r  th e n  o p e ra te d  a s  an 

i n t e g r a l  r e a c t o r  r e q u i r i n g  th e  use o f  th e  i n t e g r a l  r a t e  

e q u a t i o n .

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

i s  a f u n c t i o n  of  t h e  a c t i v e  masses of  th e  r e a c t a n t s  and 

i s  u s u a l l y  e x p re s s e d  as  a c t i v i t i e s  o r  c o n c e n t r a t i o n s .  

A c t i v i t i e s  a r e  g e n e r a l l y  ag re ed  t o  be more c o r r e c t ,  bu t
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c o n c e n t r a t i o n s  a re  more common « The r a t e  c o n s t a n t s  f o r  

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

a d d i t i o n  t o  a c t i v i t i e s  s o ' t h a t  t h e  r a t e  c o n s t a n t s  based  on 

c o n c e n t r a t i o n s  can be compared t o  t h o s e  based  on a c t i v i t i e s .

Rate  C o n s t a n t s  Based on A c t i v i t i e s  

The two competing r e a c t i o n s  i n v o lv e d  in  t h e  r e a c t i o n  

of  e th y l e n e  w i th  b u t a d i e n e  can be w r i t t e n  a s  f o l l o w s :

^4*6 -  ^6*10

^«6 G4H6 -  CgHl2
where and k2 a re  t h e  r a t e  c o n s t a n t s  f o r  t h e  fo r m a t io n  

o f  cyc lohexene  and v in y lc y c lo h e x e n e  r e s p e c t i v e l y .  The 

k i n e t i c  r a t e  e q u a t io n s  f o r  th e  above r e a c t i o n s ,  b a sed  on 

a c t i v i t i e s  and assuming homogeneous b im o le c u la r  r e a c t i o n s ,  

can be w r i t t e n  a s

dXc (%!)(&&)(&b)
dVr F 41

dx,
d v ;  = -- F  • 42

where x , x^ = moles of  cyc lohexene  and v in y lc y c lo h e x e n e  

r e s p e c t i v e l y  p e r  mole of  f e e d  

a^ ,  a^ = a c t i v i t i e s  o f  e th y l e n e  and b u ta d ie n e  

r e s p e c t i v e l y .

The above e q u a t i o n s  can be so lv e d  p ro v id ed  t h e  a c t i v i t i e s  

can be e x p re s s e d  i n  te rm s  o f  c o m p o s i t io n .
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S e v e r a l  methods were p r e v i o u s l y  d i s c u s s e d  f o r  

c a l c u l a t i n g  th e  a c t i v i t y  of a component i n  a m ix t u r e .  A l l  

o f  th e  methods e x cep t  th e  Lewis f u g a c i t y  r u l e  a re  too  

co m p l ica te d  t o  be in c lu d e d  i n  t h e  r a t e  e q u a t io n ;  t h e r e f o r e ,

t h e  Lewis f u g a c i t y  r u l e  i s  u sed .  The a c t i v i t i e s  of  th e

r e a c t a n t s  i n  t h e  m ix tu r e ,  based  on th e  Lewis f u g a c i t y  r u l e  

and assuming u n i t  f u g a c i t y  a s  th e  s t a n d a r d  s t a t e ,  can be 

w r i t t e n  a s

aa  -  f a  “ %a^a

&b = fb  = Xb^b

where f ^ ,  fy  = f u g a c i t y  of  e th y l e n e  and b u ta d ie n e  

r e s p e c t i v e l y  in  th e  m ix tu re  

X^, = mole f r a c t i o n  o f  e th y le n e  and b u ta d ie n e

r e s p e c t i v e l y  i n  th e  m ix tu re  

f  , f , = f u g a c i t y  of  pure  e th y l e n e  and b u ta d ie n e  

r e s p e c t i v e l y  a t  th e  p r e s s u r e  and 

t e m p e r a tu re  i n  q u e s t i o n .

The mole f r a c t i o n s  of  the  v a r i o u s  components o f  th e  m ix tu re  

i n  te r ras  of  x^ ,  x ^ , Xg and x ĵ a r e  d e te rm ined  as  f o l l o w s ,  

where Aq and Bq a r e  th e  mole f r a c t i o n s  of  e th y le n e  and 

b u ta d i e n e  r e s p e c t i v e l y  in  t h e  f e e d .

Mol. C„H, /m o l .  f e e d  = x = A - x  452 4 a  0 c
Mol. C^H^/molo f ee d  = x^ = Bo-x^-Zx^ 46

Mol. C^H^g/mol. feed= x^ = x^ 47

Mol. CgH^^/mol. feed= x^ = x^ 48

T o ta l  m ol/mol,  f ee d  = Aq’*’ Bg-Xc-Xd “ l -X c-x ^  49



Ô4

The mole f r a c t i o n  of  each component i s  t h e r e f o r e

Xa = (Ao-Xc)/( l-Xc-Xd) ' 50

= (Bo-Xc-2xd)/( l -Xc-Xd) 51

Xc = XcZ(l-Xc-Xd) 52

Xd = %d/(l-Xc-Xd) 53

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

E q u a t io n s  41 and 42 can be r e w r i t t e n  as

d X g  ( k i ) ( f a ) ( f b ) ( A o - X c ) ( B o - X c - 2 x d )

■ d ^ '  ( F ) ( 1 - x , - x , ) 2  ”

E q u a t io n s  54 and 55 a re  two d i f f e r e n t i a l  e q u a t io n s  

hav ing  two dependent  v a r i a b l e s  and one independen t  v a r i a b l e ;  

t h e r e f o r e ,  knowing th e  e x i t  composit ion  from th e  r e a c t o r ,  

t h e  two e q u a t io n s  can be so lved  s im u l ta n e o u s ly  t o  g ive  th e  

two r a t e  c o n s t a n t s .  The a c t u a l  s o l u t i o n s  of  t h e  above 

e q u a t io n s  were o b ta in e d  by two methods.

, The f i r s t  s e t  o f  s o l u t i o n s  were o b ta in e d  by 

programing and s o lv in g  th e  two d i f f e r e n t i a l  e q u a t io n s  on 

t h e  Donner 3100 an a lo g  computer a v a i l a b l e  a t  t h e  U n i v e r s i t y  

o f  Oklahoma. Appendix E c o n ta in s  t h e  c a l c u l a t i o n s  and 

an a lo g  program used f o r  so lv in g  th e  e q u a t io n s  on th e  ana log  

computer .  The^analog computer h a n d le s  s im u l taneous  

d i f f e r e n t i a l  e q u a t io n s  of  t h i s  typ e  q u i t e  r e a d i l y  and th e
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a n a log  program i s  f a i r l y  s im p le ;  however,  due t o  minor 

m a l f u n c t io n s  o f  th e  computer  a t  th e  t im e  th e  s o l u t i o n s  

were made, th e  r e s u l t s  were n o t  a s  a c c u r a t e  a s  a n t i c i p a t e d .  

Comparison of  th e  a na log  r e s u l t s  w i th  th o s e  o b ta in e d  

assuming a d i f f e r e n t i a l  r e a c t o r  a t  t h e  low conv ers io n  

r u n s  showed a d e v i a t i o n  a s  l a r g e  a s  10 p e r  c e n t .

The second s e t  of  s o l u t i o n s  were o b ta in e d  from a 

a n a l y t i c a l  s o l u t i o n  of  th e  two d i f f e r e n t i a l  e q u a t i o n s .  The 

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

in  Appendix F. The r e s u l t i n g  e q u a t io n s  a re  as  f o l l o w s :

1 '  t V r l l f à ' ( f b )
kl =

and

where

(NJ(C)(F)

56

57

0 =
r

- ( N - l ) 1+SN + A^SfN-Z:
kT I

( 4) ( S) I |Bo.(N-1)+A^ - ( An) ( S)

and
*0

dS 5Ô

59

The f a c t o r  N in  E q u a t io n s  57 and 5Ô has  been p r e v i o u s ly  

d e te rm in ed  a s  shown in  Appendix F .  The a c t u a l  n u m e r ic a l  

s o l u t i o n s  were obtained, on t h e  IBM 65O computer . Appendix 

G c o n ta in s  a complete l i s t  of  t h e  r a t e  c o n s t a n t s  c a l c u l a t e d  

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

g a t i o n .  The r e s u l t s  o b t a in e d  by assuming a d i f f e r e n t i a l  

r e a c t o r  f o r  some of  t h e  low c o n v e rs io n  r u n s  a r e  i n  v e ry
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c lo s e  agreement w i th  th e  r e s u l t s  o b t a in e d  by s o l v i n g  th e  

above e q u a t i o n s .

The n a t u r a l  l o g a r i th m  of  the  r a t e  c o n s t a n t  based  

on f u g a c i t y ,  f o r  th e  fo rm a t io n  of  cyclohexene  from e th y l e n e  

and b u t a d i e n e ,  a r e  p l o t t e d  v e r s u s  p r e s s u r e  i n . F i g u r e  15 f o r  

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

F ig u r e  15 were o b t a in e d  by f i t t i n g  a q u a d r a t i c  e q u a t io n  t o  

the  d a t a  by th e  method o f  l e a s t  sq u a re s  u s in g  th e  IBM 65O 

computer .  The e q u a t io n s  o b ta in e d  f o r  the  l e a s t  sq u a re  f i t  

a re

Ink^ = -1 6 .3 5  + 8.20 x 10" S - 8.92 x 10"^P^

Ink^  = - 15.15 + 6 .63 X l O ' S - 8 . 0 2  x lO '^P^

and Ink .  = -1 3 .9 4  + 2.12 x 10"^P-1 .70  x 10"^P^

r e s p e c t i v e l y  f o r  t h e  t e m p e r a t u r e s  500, 550 and 600°F.

F ig u r e  15 a l s o  c o n ta in s  th e  r a t e  c o n s t a n t  o b t a in e d  from th e  

r a t e  e q u a t io n  developed by Rowley and S t e i n e r  i n  t h e i r  work 

a t  low p r e s s u r e s .  The p r e s e n t  d a ta  a p p e a r s  t o  a g re e  w i th  

t h e i r  work.

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  s t a t e s  t h a t  t h e

r e l a t i o n s h i p  between th e  r a t e  c o n s t a n t  and p r e s s u r e  i s

g iven  by E qua t ion  17, where

F ig u re  16 shows a p l o t  o f  aV"'' v e r s u s  P f o r  t h e  t h r e e  

p r i n c i p a l  t e m p e r a t u r e s  i n v e s t i g a t e d .  The v a l u e s  o f  AV'''
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were o b ta in e d  by d i f f e r e n t i a t i n g  t h e  e q u a t io n s  of  t h e  

curves  in  F ig u re  15 with  r e s p e c t  t o  P.

F ig u r e  17 c o n ta in s  s i m i l a r l y  f o r  t h e  b u ta d ie n e  

d i m e r i z a t i o n  r e a c t i o n ,  a p l o t  o f  In k .2 v e r s u s  p r e s s u r e  f o r  

th e  t e m p e r a tu re s  i n v e s t i g a t e d .  Also i n c lu d e d  i n  F ig u r e  17 

a re  th e  c o r r e c t e d  c u rv e s ,  o b t a in e d  by f i t t i n g  a q u a d r a t i c  

e q u a t io n  t o  t h e  d a t a  o b ta in e d  in  t h i s  work a t  2 ,000 and 

4,500 I b . / s q . i n .  in  c o n ju n c t io n  w i th  t h e  d a t a  of  Rowley and 

S t e i n e r  (13) a t  low p r e s s u r e s ,  a l l  a t  t e m p e r a t u r e s  500 and 

550°F. The e q u a t io n s  o b ta in e d  f o r  th e  c o r r e c t e d  cu rves  a r e

In k2 = -1 4 .1 6  + 6 .80  x 1 0 " S - 6 . 2 8  x lO '^P^

and In k_ = -12 .93  + 4 .6 1  x 10"^P-4 .75  x lO'^P^

r e s p e c t i v e l y  f o r  t h e  t e m p e r a t u r e s  500 and 5$0°F. F ig u r e  18 

c o n ta in s  a p l o t  of  AV2 '' v e r s u s  p r e s s u r e  f o r  th e  c o r r e c t e d  

curves  a t  500 and 550°F.

Rate  C o n s ta n ts  Based on C o n c e n t r a t i o n s  

The k i n e t i c  r a t e  e q u a t io n s  based  on c o n c e n t r a t i o n s  

a re  s i m i l a r  t o  E q u a t io ns  4 I  and 1+2 excep t  t h a t  c o n c e n t r a t i o n s  

a re  used i n s t e a d  of  a c t i v i t i e s .  T here fo re

dVr F

dV^ F

where k^^,  ^ 2  ̂ = r e a c t i o n  r a t e  c o n s t a n t s  f o r  th e
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fo rm a t io n  o f  cyclohexene and v i n y l c y c l o -  

hexene based  on c o n c e n t r a t i o n s .

C^, = c o n c e n t r a t i o n s  of  e th y le n e  and b u tad ien e

r e s p e c t i v e l y ,  m o l / f t ^ .

The c o n c e n t r a t i o n s  a re  e x p re s s e d  as

• â " (%a) ('z T t]\ m /

= (%b)

where = c o m p r e s s i b i l i t y  f a c t o r  f o r  t h e  m ix tu re .  

S u b s t i t u t i n g  E q u a t io n s  62, 63, 50 and 51 i n t o  E qua t ions  

60 and 61 g i v e s

^   ̂ <kicl (rl^(Ao-Xc)(Bo-Xc-2Xdl  

‘‘''r  (F)(ZmRT)2(l_Xc-Xd)^

dXd ( k 2 d ) ( P ) ^ ( B d - X d - 2 X d )
dV 2 2 65

(F)(ZmRT)^(l-Xc_Xd)^

The s o l u t i o n s  of  E q u a t io n s  6 l+  and 65 a re  p r e s e n te d  in  

Appendix F.

The r e s u l t i n g  e q u a t io n s  a re

= j c u m n !  66
■ ( V j , ) ( P )

k ,  = { 0 ) { F ) { R T : f m  67
 ̂ ( Vr ) ( P)  (2)

where C = complex f u n c t i o n  of th e  e x i t  c o n d i t i o n s  as  

p r e s e n t e d  in  Appendix F 

N = p r e v i o u s l y  de te rm ined  f a c t o r  a s  shown in 

Appendix F.
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F i g u r e s  19 and 20 c o n ta in  a p l o t  of  th e  n a t u r a l  lo g a r i th m  

o f  t h e  r a t e  c o n s t a n t s  v e r s u s  p r e s s u r e  as  o b t a in e d  in  t h e  

s o l u t i o n  o f  t h e  above e q u a t i o n s .  Also in c lu d e d  i n  F ig u r e s  

19 and 20 a re  the  r a t e  c o n s t a n t s  de te rm ined  from th e  r a t e  

e q u a t io n s  o b ta in e d  by Rowley and S t e i n e r  i n  t h e i r  work a t  

low p r e s s u r e .
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CHAPTER IX 

DISCUSSION OF RESULTS

The r a t e  c o n s t a n t s  based  on a c t i v i t i e s  o b ta in e d  

from th e  e x p e r im e n ta l  d a t a  f o r  th e  D i e l s - A l d e r  r e a c t i o n  

o f  the  f o r m a t io n  of  cyclohexene  from e th y l e n e  and b u ta d ie n e  

•at p r e s s u r e s  up t o  4 ,500  I b . / s q . i n .  gauge f o r  th e  t em p era ­

t u r e s  i n v e s t i g a t e d  a re  p r e s e n t e d  in  F i g u r e  15. The 

a ssum pt ion  o f  a second o r d e r  r e a c t i o n ,  a s  was th e  case  f o r  

t h i s  r e a c t i o n  a t  low p r e s s u r e ,  a p p e a r s  t o  be in  agreement  

w i t h  t h e  d a t a  o b t a in e d  i n  t h i s  i n v e s t i g a t i o n  a t  t h e  e l e v a t e d  

p r e s s u r e s .  That i s ,  t h e  i n c r e a s e  in  p r e s s u r e  from 

a tm o sp h e r ic  t o  4 ,500  I b . / s q . i n .  gauge does n o t  appea r  t o  

e f f e c t  t h e  o r d e r  o f  th e  r e a c t i o n .

When t h e  r a t e  c o n s t a n t s  o b ta in e d  i n  t h i s  i n v e s t i ­

g a t i o n  a re  e x t r a p o t a t e d  t o  a tm o sp h e r ic  p r e s s u r e  t h e y  ag ree  

q u i t e  r e a d i l y  a s  shown i n  F i g u r e  15 w i th  t h o s e  o b ta in e d  

from t h e  r a t e  e q u a t io n  deve loped  by Rowley and S t e i n e r  (13) 

i n  t h e i r  work a t  low p r e s s u r e  b u t  a t  s u b s t a n t i a l l y  h ig h e r  

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

somewhat s u r p r i s i n g  agreement  f o r  k i n e t i c  d a t a  t a k e n  over  

two s e t s  of t e m p e r a tu re  r a n g e s  which a re  s e p a r a t e d  about

96
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300°F .

The a b s o lu te  r e a c t i o n  r a t e  t h e o r y  p r e d i c t s ,  a cc o rd in g  

t o  E quat ion  17, t h a t  i f  aV̂ '  ̂ ( th e  d i f f e r e n c e  in  volume 

between th e  a c t i v a t e d  s t a t e  and th e  r e a c t a n t s )  i s  n e g a t iv e  

t h e  r e a c t i o n  r a t e  c o n s ta n t  should  i n c r e a s e  w i th  i n c r e a s e d  

p r e s s u r e .  In  t h i s  r e a c t i o n  t h e r e  i s  a c o n s i d e r a b le  volume 

d e c r e a s e  between th e  r e a c t a n t s  and p r o d u c t s — one mole of 

e th y l e n e  r e a c t s  w i th  one mole of  b u ta d ie n e  t o  g ive  one mole 

o f  cyc lohexene .  T here fo re  i t  would no t  be un reason ab le  

t o  assume t h a t  t h e r e  w i l l  be a d e c re a se  i n  volume in  going 

from th e  r e a c t a n t s  t o  th e  a c t i v a t e d  s t a t e .  A lso ,  based on 

s t a t i s t i c a l  r a t e  c a l c u l a t i o n s ,  Rowley and S t e i n e r  (13) 

d e te rm ined  th e  a c t i v a t e d  s t a t e  t o  be a c y c l i c  complex 

s i m i l a r  t o  t h e  f i n a l  r e a c t i o n  p ro d u c t .  T h e re fo re ,  the  

a ssum ption  of  a d e c re a se  in  volume between a c t i v a t e d  s t a t e  

and th e  r e a c t a n t s  f o r  t h i s  r e a c t i o n  ap p ea rs  t o  be j u s t i f i e d .  

F ig u r e  15 shows t h a t  a s  p r e d i c t e d  th e  r a t e  c o n s t a n t s  a re  

a p p r e c i a b ly  a f f e c t e d  by an i n c r e a s e  in  p r e s s u r e .  In  f a c t  

a t  500°F, the  r a t e  c o n s ta n t  a t  4 ,500 I b . / s q . i n .  gauge i s  

a p p ro x im a te ly  4 t im e s  a s  l a r g e  as  i t  i s  a t  500 I b . / s q . i n .  

gauge.  A p l o t  of a T ' '  v e r s u s  P as  o b t a in e d  from the  

i s o t h e r m a l  curves  in  F ig u r e  15, a cc o rd in g  t o  E qua t ion  17, 

i s  c o n ta in e d  in  F ig u re  16. This p l o t  shows t h a t  a s  th e  

p r e s s u r e  i n c r e a s e s ,  aV''' d e c r e a s e s ,  a s  would be e x pec ted  due 

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

In g e n e r a l ,  t h e  shape of  t h e  i s o t h e r m a l  cu rves  in
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F ig u r e  15 should  be s i m i l a r  s in c e  t h e y  a re  f u n c t i o n s  o f  

AV'’' which should  va ry  on ly  s l i g h t l y  w i th  t e m p e r a t u r e .  The 

cu rves  a t  500°F and 550°F appear  t o  be q u i t e  s i m i l a r ;  

however, t h e  curve a t . 600°F a p p e a r s  t o  d e v i a t e  from th e  

o t h e r  two. This  d i f f e r e n c e  can be e x p la in e d  by th e  f a c t  

t h a t  a t  t h e  h ig h e r  t e m p e r a t u r e s ,  e s p e c i a l l y  a t  t h e  h ig h e r
#

p r e s s u r e s ,  c o n s i d e r a b ly  more r e a c t i o n  took  p l a c e ,  and 

b u ta d ie n e  p o ly m e r iz a t i o n  was much more o f  a problem.

The r a t e  c o n s t a n t s  de te rm in ed  from th e  e x p e r im e n ta l  

ru n s  in  t h e  sm a l l  I .D .  r e a c t o r  as  p l o t t e d  in  F ig u re  15, a re  

c o n s i s t e n t l y  s m a l l e r  th a n  th o s e  d e te rm ined  from th e  l a r g e r  

r e a c t o r .  S ince  t h e  sm a l l  r e a c t o r  d id  no t  u t i l i z e  a 

p r e h e a t e r ,  r e s u l t i n g  in  a s l i g h t l y  d e c rea se d  e f f e c t i v e  

r e a c t i o n  volume, t h i s  r e s u l t  was a s  e x p e c te d .  I f  t h e  

r e a c t i o n  had been w a l l  c a t a l y z e d ,  t h e  r e a c t i o n  r a t e  would 

have i n c r e a s e d  due t o  th e  i n c r e a s e d  a r e a  t o  volume r a t i o  

o f  t h e  sm a l l  r e a c t o r  over  t h e  l a r g e  one.  As t h e  r a t e  

c o n s t a n t s  were n o t  i n c r e a s e d ,  i t  i s  concluded t h a t  th e  w a l l  

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

The r a t e  c o n s t a n t s ’’based  on c o n c e n t r a t i o n s  f o r  the  

r e a c t i o n  o f  e th y l e n e  w i th  b u t a d i e n e  t o  form cyclohexene 

a t  p r e s s u r e s  up t o  4 ,500 I b . / s q . i n .  gauge a re  p r e s e n t e d  

i n  F ig u r e  19* These r a t e  c o n s t a n t s  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  but  t h e y  a re  no t  e f f e c t e d  n e a r l y  as  much by 

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

i s o t h e r m a l  cu rves  in  F ig u r e  19 a re  n e a r l y  s t r a i g h t ,  bu t
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t h e y  t e n d  t o  curve up a t  the  h i g h e s t  p r e s s u r e .  These cu rv es  

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

p r e s e n t e d  i n  t h a t  th e  s lop e  of  t h e  i s o t h e r m a l  cu rv es  

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

Th is  r e s u l t  would i n d i c a t e  t h a t  t h e  a V''' was i n c r e a s i n g  

w i th  i n c r e a s i n g  p r e s s u r e ,  which does n o t  app ea r  t o  be 

p o s s i b l e .

The n o n s i m i l a r i t y  of  t h e  i s o t h e r m a l  curve a t  600°F 

compared t o  t h e  o t h e r  cu rv e s  i s  p ro b a b ly  due, a s  p r e v i o u s l y  

e x p l a i n e d ,  t o  the  b u t a d i e n e  p o ly m e r iz a t i o n  a t  t h e  h i g h e r  

t e m p e r a t u r e .

The r e a c t i o n  o f  p r im ary  i n t e r e s t  in  t h i s  i n v e s t i ­

g a t i o n  i s  t h e  r e a c t i o n  of  e th y l e n e  w i th  b u ta d i e n e  t o  form 

cy c lo h ex e n e .  However t h i s  r e a c t i o n ,  can no t  be i s o l a t e d  

due t o  t h e  d i m e r i z a t i o n  r e a c t i o n  o f  b u t a d i e n e .  T h e re fo re  

any k i n e t i c  i n v e s t i g a t i o n  o f  t h e  r e a c t i o n  of  e th y l e n e  

w i th  b u ta d i e n e  would n e c e s s a r i l y  have t o  i n c lu d e  th e  s tu d y  

o f  t h e  f o r m a t io n  of  v in y lc y c lo h e x e n e  i n  a d d i t i o n  t o  t h e  

f o r m a t io n  o f  cyc lo h ex e n e .

The d i m e r i z a t i o n  r e a c t i o n  o f  b u t a d i e n e  i s  q u i t e  

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

a r e  b i m o l e c u l a r ,  homogeneous, s e c o n d - o r d e r ,  D i e l s - A l d e r  

ty p e  r e a c t i o n s  y i e l d i n g  an uns a t u r a t e d  c y c l i c  p r o d u c t .  The 

o n ly  d i f f e r e n c e  i s  t h e  v i n y l  group on th e  cyclohexene  r i n g  

i n - t h e  d i m e r i z a t i o n  r e a c t i o n .  I t  would seem p r o b a b l e ,  due 

t o  t h e  s i m i l a r i t y  of  t h e  r e a c t i o n s ,  t h a t  t h e y  would behave
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i n  a s i m i l a r  manner. This  assum pt ion  i s  v e r i f i e d  by Rowley 

and S t e i n e r  (13) in  t h a t  t h e  a c t i v a t i o n  e n e r g i e s  and th e  

t e m p e r a tu re - in d e p e n d e n t  f a c t o r s  d e te rm in ed  f o r  t h e  two 

r e a c t i o n s  a r e  q u i t e  s i m i l a r .  I t  would a l s o  be r e a s o n a b l e  

t o  expec t  t h a t  f o r  t h e  two r e a c t i o n s  AV'*' would be a p p r o x i ­

m a te ly  e q u a l .

The e x p e r im e n ta l  r a t e  c o n s t a n t s  based  on a c t i v i t i e s  

o b ta in e d  in  t h i s  i n v e s t i g a t i o n  f o r  t h e  b u t a d i e n e  d i m e r i z a t i o n  

r e a c t i o n  a re  p l o t t e d  v e r s u s  p r e s s u r e  i n  F i g u r e  17*

However, th e  e x t r a p o l a t e d  v a lu e s  of  t h e  r a t e  c o n s t a n t s  

do n o t  a g re e  ve ry  c l o s e l y  w i th  th o s e  o b t a in e d  by Rowley 

and S t e i n e r ;  a l s o  th e  i s o t h e r m a l  cu rves  o b t a in e d  by a 

l e a s t  squa re  f i t  of  a q u a d r a t i c  e q u a t io n  t o  th e  d a t a  a re  

n o t  s i m i l a r  in  shape t o  t h e  c o r re sp o n d in g  cu rv es  in  

F ig u re  16. This  o b s e r v a t i o n  would t e n d  t o  d i s c r e d i t  th e  

assum pt ion  t h a t  AV' would be a p p ro x im a te ly  e q u a l  f o r  t h e  

two r e a c t i o n s .  These d i s c r e p a n c i e s  a re  p ro b a b ly  due t o  th e  

i n a c c u r a c y  in v o lv e d  in  d e te rm in in g  t h e  v in y lc y c lo h e x e n e  

c o n c e n t r a t i o n  i n  th e  gas  ph ase .

The chromatograph,  which was used f o r  th e  gas 

a n a l y s i s ,  was s e t  f o r  th e  optimum c o n d i t i o n s  f o r  a n a ly z in g  

f o r  e t h y l e n e ,  b u ta d ie n e  and cyclohexene  in  th e  gas  phase .

As t h e  chromatograph has a l i m i t e d  range  a s  t o  m o le c u la r  

s i z e  of  th e  components which can be a n a ly z e d  in  a r e a s o n a b le  

l e n g t h  of  t im e ,  i t  was a lm ost  im p o s s ib le  t o  a n a ly ze  

a c c u r a t e l y  f o r  b o th  e th y l e n e  and v in y lc y c lo h e x e n e .  T h e r e fo r e ,
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t h e r e  was a c o n s id e r a b le  t ime d e lay  between th e  sample 

i n j e c t i o n  and the  sample t r a c e s  f o r  th e  v in y lc y c lo h e x en e .

As the  i n i t i a l  composi t ion  of v iny lcyc lohexene  in  th e  gas 

phase was sm a l l  in  t h e  b e g in n in g ,  i t  was almost  im p o ss ib le  

t o  de te rm ine  th e  a re a  under th e  curveo In  the  runs  where 

t h e r e  was an a p p r e c i a b l e  amount of  l i q u i d  formed the  sm al l  

e r r o r  in  the  a n a l y s i s  o f  t h e  gas  phase could  be n e g l i g i b l e ,  

bu t  in  th e  ru n s  where t h e r e  was low c o n vers io n ,  and th u s  

e s s e n t i a l l y  no l i q u i d  formed, th e  e r r o r  could  be a p p r e c i a b l e .  

A p robab le  case  in  p o in t  were of th e  ru n s  a t  500 to  1,000 

I b . / s q . i n .  gauge a t  bo th  500 and 550°F. Consequently  the  

v a l i d i t y  o f  t h e s e  p o i n t s  o b ta in e d  a t  low convers ion  a re  

v e ry  d o u b t f u l .

I f  t h e s e  p o i n t s  a t  t h e  lower p r e s s u r e  a re  n e g le c t e d  

and a new i s o t h e r m a l  curve drawn between th e  h ig h e r  p r e s s u r e  

d a ta  and th e  d a t a  of  Rowley and S t e i n e r ,  as  shown in 

F ig u re  17, th e  r e s u l t i n g  curves  a re  s i m i l a r  to  th e  c o r r e ­

sponding cu rves  in  F ig u r e  15, and c onsequen t ly  th e  assumption  

t h a t  AT' i s  a p p ro x im a te ly  e q u a l  f o r  th e  two r e a c t i o n s  i s  

j u s t i f i e d  a s  shown in  F i g u r e s  16 and IS.

The n o n - s i m i l a r i t y  of  the  curve a t  600°F i s  

p robab ly  a r e s u l t  of  two f a c t o r s .  One, a s  p re v io u s ly  

ment ioned ,  i s  b u ta d ie n e  p o ly m e r iz a t i o n ,  and th e  o th e r  i s  

t h a t  in  t h i s  p a r t i c u l a r  s e t  of  runs  th e  v iny lcy c lo hexene  

in  th e  gas  phase was n e g l e c t e d .  This  l a t t e r  f a c t o r  

p rob ab ly  e f f e c t s  only  t h e  r u n s  a t  500 I b . / s q . i n .  gauge.
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a p p r e c i a b l y .

The e x p e r im e n ta l  r a t e  c o n s t a n t s  based  on concen­

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

F ig u r e  20. The i s o t h e r m a l  cu rves  p l o t t e d  in  F ig u r e  20 

co r re sp o n d  t o  t h e  c o r r e c t e d  cu rves  in  F ig u re  17* The d a ta  

a t  600°F a re  no t  co n s id e re d  because  of  t h e  r e a s o n s  p r e v i o u s ly  

g iv e n .  These cu rv e s  do no t  a g ree  w i th  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  in  t h a t  th e y  p r e d i c t  an i n c r e a s e  in  

aV''' (from a n e g a t iv e  va lue  t o  a p o s i t i v e  v a lu e )  as  th e  

p r e s s u r e  i n c r e a s e s .



CHAPTER X 

CONCLUSIONS

The r e a c t i o n  r a t e  c o n s t a n t s  o b ta in e d  f o r  th e  

r e a c t i o n  o f  e th y l e n e  w i th  b u t a d i e n e  showed an a p p r e c i a b l e  

i n c r e a s e  with  i n c r e a s i n g  p r e s s u r e s  up t o  th e  maximum 

p r e s s u r e  i n v e s t i g a t e d  of  4 ,500  l b » / s q . i n .  gauge a t  

c o n s t a n t  t e m p e r a t u r e .  The v a r i a t i o n  of  r a t e  c o n s t a n t s  

w i th  p r e s s u r e  a t  c o n s t a n t  t e m p e r a tu re  was e a s i l y  e x p la in e d  

by th 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 .

The r a t e  c o n s t a n t s  o b t a in e d  f o r  t h e  r e a c t i o n  of  

e th y l e n e  w i th  b u t a d ie n e  a g re e d ,  when e x t r a p o l a t e d  t o  low 

p r e s s u r e s ,  q u i t e  w e l l  w i th  t h o s e  o b ta in e d  by a p r e v io u s  

i n v e s t i g a t o r  a t  low p r e s s u r e s .  The r e s u l t s  a l s o  a g reed  

w i th  th e  p r e v io u s  i n v e s t i g a t i o n s  a t  low p r e s s u r e  in  t h a t  

t h e  r e a c t i o n  was found t o  be a homogeneous, b i m o l e c u l a r ,  

second o r d e r  r e a c t i o n  l e a d in g  e s s e n t i a l l y  t o  t h e  e x pec ted  

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

b u t a d i e n e  a t  t h e  h i g h e r  t e m p e r a t u r e s .

The r e a c t i o n  r a t e  c o n s t a n t s  o b t a i n e d  f o r  th e  

d i m e r i z a t i o n  o f  b u t a d i e n e  were n o t  i n  good ag reem en t ,  when 

e x t r a p o l a t e d  t o  low p r e s s u r e s ,  w i th  th o s e  o b ta in e d  by
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p r e v i o u s  i n v e s t i g a t o r s  a t  low p r e s s u r e s .  Also t h e  v a r i a t i o n  

o f  t h e  r a t e  c o n s t a n t s  w i th  p r e s s u r e  a t  c o n s t a n t  t e m p e r a tu re  

was n o t  s i m i l a r  t o  the  p r e v io u s  r e a c t i o n  a s  would be 

e x p e c te d  by th e  s i m i l a r i t y  of th e  r e a c t i o n s .  When 

c o r r e c t e d  cu rv e s  were drawn, th e  r e s u l t s  no t  only  a g re ed  

w i t h  t h o s e  o b ta in e d  by p r e v io u s  i n v e s t i g a t o r s ,  bu t  a l s o  the  

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

t o  th e  v a r i a t i o n  o b t a in e d  from th e  p r e v io u s  r e a c t i o n ,  

( e t h y l e n e  w i th  b u ta d ie n e )  a s  would be e x p e c te d .
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NOMENCLATURE



NOMENCLATURE

a = S u b s c r i p t  d e s i g n a t i n g  e th y le n e  

a j  = A c t i v i t y  o f  component j

A = Frequency  f a c t o r  r e p r e s e n t i n g  t h e  t o t a l  number of
c o l l i s i o n s  p e r  u n i t  t ime among th e  r e a c t i n g  m o lecu le s  
p e r  u n i t  volume

Aq = Mole f r a c t i o n  e th y le n e  in  f ee d

b = S u b s c r i p t  d e s i g n a t i n g  b u ta d ie n e

Bq = Mole f r a c t i o n  b u ta d ie n e  i n  f ee d

c = S u b s c r i p t  d e s i g n a t i n g  cyclohexene

Cj = C o n c e n t r a t i o n  of  component j

d = S u b s c r i p t  d e s i g n a t i n g  v in y lc y c lo h e x en e

Ea = Energy o f  a c t i v a t i o n

f j  = F u g a c i t y  of  pure  component j

f j  = F a g a c i t y  o f  component j  in  a m ix tu re

F = R e a c to r  f ee d  r a t e ,  moles pe r  u n i t  t ime

G = F re e  energy

Gj = P a r t i a l  m o la l  f r e e  energy  of  component j  

aG° = S ta n d a rd  f r e e  energy  change

aG''' = S ta n d a rd  f r e e  energy  of fo rm a t io n  of  th e  a c t i v a t e d
complex

h = P lanck  c o n s t a n t

k = R e a c t io n  r a t e  c o n s ta n t

k]_ = R e a c t io n  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  of e th y l e n e
w i th  b u t a d i e n e  based  on a c t i v i t i e s

k 2 = R e a c t io n  r a t e  c o n s t a n t  f o r  t h e  d i m e r i z a t i o n  r e a c t i o n  
o f  b u t a d i e n e  based on a c t i v i t i e s

k i c  = R e a c t io n  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  o f  e th y l e n e  
w i th  b u t a d i e n e  based  on c o n c e n t r a t i o n s
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k2c = R eac t ion  r a t e  c o n s ta n t  f o r  t h e  d i m e r i z a t i o n  r e a c t i o n  
of  b u ta d ie n e  based  on c o n c e n t r a t i o n s

k ’ = Boltzmann c o n s ta n t

K = rg /r^

K’ = T ransm iss ion  c o e f f i c i e n t  e x p re s s in g  the  p r o b a b i l i t y
o f  c o nv ers ion  of the  a c t i v a t e d  complex i n t o  p ro d u c t s

Kg = E q u i l i b r iu m  c o n s ta n t  e x p re s s e d  in  te rm s of  a c t i v i t i e s

Kg = E q u i l i b r iu m  c o n s ta n t  e x p re s s e d  in  terms of
c o n c e n t r a t i o n s

K = E q u i l i b r iu m  c o n s t a n t  in  t e rm s  of  th e  a c t i v a t e d  complex 
and i n i t i a l  r e a c t a n t s

N = Moles of r e a c t a n t  or  p roduc t  p r e s e n t  a t  t ime t

P = P re s s u re

P^ = I n t e r n a l  p r e s s u r e

P2 = E x t e r n a l  p r e s s u r e

Pjj, = Maximum a l lo w a b le  o p e r a t in g  p r e s s u r e  

q = P r o b a b i l i t y  o r  s t e r i c  f a c t o r

r  = R eac t ion  r a t e ,  moles formed o r  consumed pe r  u n i t
volume per  u n i t  time

r  = Radius w i th in  t h e  tube  w a l l

rT_ = I n t e r n a l  r a d i u s

r'2 = E x t e r n a l  r a d i u s

R = Gas c o n s ta n t

t  = Time

T = Absolu te  t e m p e ra tu re

V = Volume

V = M ola l  volume

V • = P a r t i a l  m o la l  volume of  component j
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= R e ac to r  volume occupied  b%, r e a c t i n g  system

aV -  D i f f e r e n c e  in  volume between th e  a c t i v a t e d  complex 
and the  o r i g i n a l  r e a c t a n t s

X = Moles of a component co n ve r ted  per  mole o f  fee d

X . = Moles of  component j  co nv e r ted  per  mole of  fee d
J

Xj = Mole f r a c t i o n  of  component j

Yj = Mole f r a c t i o n  component j  in  a m ix tu re

Z = C o m p r e s s i b i l i t y  f a c t o r

Zjjj = C o m p r e s s i b i l i t y  f a c t o r  f o r  a m ix tu re  

Zj = P a r t i a l  m ola l  c o m p r e s s i b i l i t y  f a c t o r  of  component j  

= R a d ia l  s t r e s s  .

-  T a n g e n t i a l  s t r e s s  

= L o n g i tu d in a l  s t r e s s  

T = Shear s t r e s s  

Tui = Maximum sh e a r  s t r e s s  

Ty = Shear p r o p o r t i o n a l  l i m i t  

4) = F u g a c i t y  c o e f f i c i e n t

= F u g a c i t y  c o e f f i c i e n t  f o r  component j  in  a m ix tu re
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APPENDIX C 

SAMPLE MATERIAL BALANCE CALCULATIONS



Sample M a t e r i a l  Balance C a l c u l a t i o n s  f o r  Run #111 .

1. Inp u t  Data  (Based on 10 minute d u r a t i o n  of  run)

E th y len e  (SCF) 

Butad iene  (SCF)

Mol. F r .  E thy lene  

Mol. F r .  Butadiene  =

10.77 SCF/hr. or  .1.795 SCF 

45.2  ml. or  27 .9  gm. ( P = 0.61Ô)

s g f  .

1.795
1.795 + 0 .432

0.432

=  0.806

= 0 .194
1.795 + 0 .432

2. E x i t  Gas Product

Data:

Composit ion

E th y len e

Butad iene

Cyclohexene

V iny lcyc lohexene

Mol, F r .  Amount ' 2 .115 CF

= 0.8746 Atmospheric  P r e s s .  28 .9

= 0,1036 i n .  Hg.

= 0 .0201  Room Temp. 75°F

= 0 .0017  Water Content  0 .0285 mol.

F r .

The gas  p roduct  h a s  t o  be c o r r e c t e d  t o  s t a n d a r d  

c o n d i t i o n s  and f o r  w a te r  c o n te n t .  T h e re fo re :

E x i t  Gas (SCF) = (^ | ^ = 1.93 SCF

The amount of  each component found in  t h e  gas p roduc t  i s  

d e te rm ined  from the  amount of  gas  p roduc t  and th e  gas 

p ro du c t  co m p o s i t io n .  T h e re fo re :

Gas (gm.) = (SCF)(Mol.Fr . ) ( f im.)  .

, , E th y len e  = ( 1 .9 3 ) ( 0 .8 7 4 6 ) ( 3 3 - 5 7 )  -  57.12 gm.

Bu tad iene  = ( 1 .9 3 ) ( 0 ,1 0 3 6 ) ( 6 4 - 7 3 )  = 13-05 gm.
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Amount 17*4 ce .

1^ polymer

Cyclohexene = ( 1 . 9 3 ) ( 0 . 0 2 0 1 ) (9&.31) = 3 .85  gm.

V in y lcy c lo h e x en e  = ( 1 .9 3 ) ( 0 . 0 0 1 ? ) ( 1 2 9 . 5 )  = 0 .4 4  gm.

3. E x i t  L iqu id  Produc t

Data:

Composi t ion  Vol .  F r ,

B u tad iene  = 0 .0424

Cyclohexene = 0.3803

V in y lcy c lo h exene  = 0 .3162

C y c lo o c ta d ie n e  = 0 .0611

The amount of  each  component found in  th e  l i q u i d  

p ro d u c t  i s  d e te rm in e d  from th e  amount o f  l i q u i d  p r o d u c t ,  

p e r  cen t  l i q u i d  p ro du c t  polymer and l i q u i d  p roduc t  

c o m p o s i t io n .  T h e r e fo r e :

= ( c c ) ( V o l .  F r . ) ( d e n s i t y ) ( ^  p ro du c t )  = gm.

= ( 1 7 . 4 ) ( 0 . 0424) ( 0 .6 2 8 ) ( 0 . 9 9 )  = O.46 gm.

= ( 1 7 . 4 ) ( 0 . 3 8 0 3 ) ( 0 . 8 2 0 ) ( 0 . 9 9 )  = 5 .39  gm.

L iq u id  (gm.) 

B u tad iene  . 

Cyclohexene

V i n y l c y c lo ­
hexene = ( 17 . 4 ) ( 0 . 5 1 6 1 ) ( 0 . 8 4 0 ) ( 0 . 9 9 )  = 7.495 gm.

C y c lo o c ta d ie n e  = ( 1 7 . 4 ) ( 0 . 0 6 1 1 ) ( 0 . 8 8 3 ) ( 0 . 9 9 )  -  0 .933 gm.

Polymer = ( 1 7 . 4 ) ( 0 .0 1 )  (1 .0 )  = 0 .170  gm.

4 . T o t a l  E x i t  P roduc t  Stream

The over  a l l  e x i t  com pos i t ion  i s  de te rm ined  by

adding  t h e  amount of  each  component from b o th  th e  gas  and

l i q u i d  p ro d u c t  s t r e a m s .  The mole f r a c t i o n  os each component

i n  the  e x i t  s t ream  i s  found by d i v i d i n g  th e  amount in  moles

o f  t h a t  component by th e  t o t a l  moles of  p r o d u c t .  T h e re fo re :
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Component grams mole f r a c t i o n

E th y len e  57 .11  0 .821

Butad iene  13 .51  0 .101

Cyclohexene 9 .2 4  0 .0454

V iny lcyc lohexene  7 .94  0.0296

C y c lo o c ta d ien e  0 .93 0.0035

Polymer 0 .17

' T o t a l  88.86

5. E th y len e  M a t e r i a l  Balance

E thy len e  in  f ee d  = ( 1 .7 9 5 ) ( 3 3 .5 7 )  = 60 .3  gm.

E th y len e  in  e x i t  p rod u c t  = 5 7 .1  gm.

E q u iv a le n t  e th y le n e  in  cyclohexene  product  = 3 .2  gm. 

T o t a l  e q u i v a l e n t  e th y le n e  in  p ro d u c t  = 60 .3  gm.

M a t e r i a l  b a la n c e  = i

6 .  B u tad iene  M a t e r i a l  Balance

B utad iene  in  f ee d  = 27 .9  gm.

T o ta l  e q u i v a l e n t  b u ta d ie n e  i n  p roduc t  = 28 .6  gm.

 ̂ Grams B utad iene  out  _ 2 8 .6  _ -,
M a t e r i a l  ba la n ce  Grams B u tad iene  i n  2 7 .9  *



APPENDIX D 

COMPUTED DATA FOR THE REACTION OF 

ETHYLENE WITH BUTADIENE



Run Number 
R e a c t o r  P r e s s u r e  
( I b . / s q . i n . g a u g e ) 
R e a c t o r  Temp. ( F) 
R e a c t o r  Volume 
(c u .  i n . )
I n p u t  F lo w  R a te  
(SCFH)

Mol. %  C2 In  
Mol.  %  In  
D u r a t i o n  o f  Run 
( m i n . )
P r o d u c t  Out (gm.)
Mol.
Mol.
Mol.
Mol,
Mol.

Out* 
c r  Out 
G5 Out 
Cg Out 
Gg^ Out 

Weight %  Polymer 
Go Mass B a la n ce* *  
C l  Mass B a la n ce

I

1 DATA FOR

TABLE 2 

. THE REAGTION OF ETHYLENE WITH BUTADIENE

77 78 • 79 . 80 81 . 82 83

500 500 $00 $00 1000 1000 1000
701 701 701 701 / 700 700 700

$.80 $ .8 0 $ .80 $ .8 0 $ .80 $ .8 0 $ .8 0

9 .3 9 9 .4 0 7 .73 6 . 9 5 7 .8 1 16 .0 6 16 .06
8 3 .0 8 2 .4 7 8 .9 8 7 .7 8 7 .6 8 6 .5 8 6 .5
1 7 .0 1 7 .6 2 1 . 1 12 .3 1 2 .4 1 3 .5 1 3 .5

30 15 15 20 20 20 15
181 .2 9 0 .3 7 7 .0 8 4 .2 9 6 .2 1 9 5 .0 14 2 .0

8 4 .7 8 4 . 1 8 2 .0 9 0 .4 9 0 .1 8 8 .8 8 9 .5
11 .6 1 2 .0 1 1 .8 7 .0 1 3 . 3 1 6 .26 $ .9 9

2 .23 2 .3 0 3 .13 1 .8 $ 4 .8 2 3 .4 3 3 .1 9
1 .2 1 1 .3 4 2 .6 4 0 . 6 7 1 .5 7 1 ,2 6 1 .12
0 . 2 1 0 .2 $ 0 .4 2 0 . 1 1 0 .1 9 0 . 2 1 0 .1 9
0 .3 0 . 2 0 . 8 1 . 1 2 . 1 0 . 2 . 1.3
1 .0 1 1 .00 1 .0 1 1 .0 0 0 .9 9 0 .9 9 0 .9 6
0 .9 6 0 .9 5 0 .9 6 0 . 8 7 0 .9 6 0 . 8 8 0 . 8 7

%



TABLE 2 - -C o n t in u e d

•i.
Run Number 85 86 87 88 89 90
R e a c to r  P r e s s u r e

\ ( I b . / s q . i n .  g a u ^ ) 500 500 1000 1000 1000 1000 1000

 ̂ ■

R e a c t o r  Temp. (^ ) 600 601 600 600 600 600 600
R e a c t o r  Volume

i ( cu .  i n . ) 5 .80 5 .80 5 .80 5 .8 0 5 .8 0 5 .8 0 5 .8 0
I n p u t  F low  R a te

3 . 6 1( SCFH) 6 .3 1 6 . 7 4 9 . 1 9 8 .0 6 5 .36 10.431 Mol. %  C2 In 7 5 .7 8 1 . 1 7 6 .5 78 .3 8 9 .0 84 .3 9 2 .1
! Mol.  %  In  

D u r a t i o n  o f  Run
24 .3 1 8 .9 2 3 .5 2 1 .7 1 1 .0 1 5 .7 7 . 9

(m in . ) 20 20 10 20 20 20 20
P r o d u c t  Out (gm.) 8 6 .0 4 8 .9 4 5 .3 124.3 9 9 .5 6 9 .6 12 7 .7

1 Mol.  %  Co Out 7 7 .0 8 2 . 4 7 8 .8 7 9 .8 8 9 .6 8 5 .2 9 2 .3
i Mol.  %  C, Out 

Mol. io eg Out
2 1 . 1 1 5 .5 14 .5 16 .2 9 .0 2 1 0 .9 6 .7 9

0 .93 1 .19 2 .93 1.92 1 .18 2 .3 8 0 .6 9
1 Mol.  % Cg Out 0 .8 7 0 . 8 1 3 .2 2 1 .85 0 .2 3 1 .3 4 0 .2 3
t Mol.  % Cg’ Out 0 .1 1 0 .0 9 0 .4 9 0 .2 2 ■--- 0 .1 8 ---
j Weight % Polymer — — 0 .2 --- 0 . 1 --- 0 . 1 ---

i
C2 Mass B a la n ce 1 .0 1 1 .0 4 0 . 9 9 . 1 .0 1 1 .0 1 1 .0 1 1 .02
C^ Mass B a la n c e 0 . 9 7 1 .0 0 0 .9 8 1 .0 0 0 .9 6 1 .0 1 1 .02

fOo



TABLE 2— C o n tin u ed

! Run Number 
R e a c to r  P r e s s u r e

91 92 93 94 95 96 97

' ( I b . / s q ' . i n .  gauge) 1000 250 2000 2000 2000 2000 4500j R e a c t o r  ,Temp. ( “F) 
R e a c t o r  Volume

600 600 600 600 600 600 600

l
i

( c u .  i n . )
I n p u t  F lo w  R a te

5 .8 0 5 .8 0 5 .8 0 5 .3 0 5 .3 0 5 .3 0 5 .3 0

(SCFH) 11 .45 3 .6 5 1 0 .2 4 1 1 .0 9 17 .77 1 9 .4 0 15 .3 7
Mol,  %  C2 In 8 3 .9 7 3 .5 3 3 .9 7 7 . 4 9 1 .7 3 4 . 0 3 7 .7

) Mol, % C4 In  
D u r a t i o n  o f  Run

1 6 .1 ' 2 1 .5 1 6 .1 2 2 .6 3 .3 1 6 .0 12 .3

(m in . ) 20 30 20 15 20 10 15
i P r o d u c t  Out (gm.) 15 0 ,0 7 5 .1 1 3 0 .8 110 .7 225 .5 1 2 7 .4 1 4 9 .1

Mol,  %  C2 Out 8 4 .4 8 0 . 1  ■ 8 6 . 1 3 1 .2 92 .3 3 6 .5 39 .3
j Mol,  %  C4 Out 1 3 .0 19.3 6 .5 3 7 .33 5.62 9 .2 5 1 .13

Mol.  %  06 Out 1 .37 0 .3 7 4 .7 3 5 .97 1 .6 4 2 .6 9 7 .6 2
i Mol.  %  Cg Out 1 .0 1 0 .2 7 2 .1 9 4 .3 9 0 ,4 2 1 .4 0 1 .7 1
1 Mol,  %  eg* Out 0 .1 5 —  — 0 .3 5 0 .6 6 0 ,0 2 0 .1 9 0 .2 6
i Weight %  Polymer 0 .2 ■ --- 0 . 4 0 .5 0 ,3 0 . 4 0 . 3
) C2 Mass B a la n c e 1 .02 1 .0 4 1 .0 0 1 ,0 0 1 .07 1 .0 2 1 .0 1

i
C^ Mass B a la n c e 1.03 0 .9 6 0 .9 7 0 .9 6 1 .05 0 .9 6 0 .9 3



TABLE 2— C o n tin u e d

1 Run Number 98 99 100 101 102 103 104
i R e a c t o r  P r e s s u r e
1
/ ( L b . / s q . i n .  gauge) 4500 4500 1000 1000 1000 1000 1000

R e a c t o r  Temp. (°F) 600 600 500 500 500 500 500

j R e a c t o r  Volume
( c u .  i n . ) 5 .8 0 5 .8 0 5 .12 5 .12 .5 .12 5 .12 5 .12

i I n p u t  F low R a te
9 .7 8( SCFH) 28 .2 9 5 0 .6 8 10 .9 0 12 ,2 5 6 .9 4 6 .5 9

î Mol.  %  02 In 9 3 .8 8 6 .5 91 .3 81 .3 8 0 .9 85 .3 8 4 .9
i Mol. % C4 In 6 .2 13 .3 8 . 7 1 8 .7 1 9 .1 1 4 .7 1 5 .1

D u r a t i o n  o f  Run
( m i n . ) 15 10 20 20 20 . 20 20

•J P r o d u c t  Out (gm.) 256 .3 1 9 2 .8 131 .4 160.3 8 8 .8 7 9 .7 12 3 .9
Mol.  %  02 Out 9 4 .2  - 8 8 .9 91 .3 81 .3 7 9 .1 8 5 .2 8 5 .6
Mol.  %  O4 Out 2 .0 0 3 .1 2 8 .6 1 8 .4 2 0 . 4 1 4 .2 1 3 .0

) Mol.  %  05 Out 3 .3 3 5 .9 4 0 .0 9 0 .1 7 0 . 3 1 0 .2 9 0 .83
J Mol.  %  Og Out 0 .4 1 1 .7 9 --- 0 .13 0 .2 4 0 .2 4 0 .4 8

M ol.  %  Oĝ  Out 0 .0 4 0 .2 6 --- 0 .0 1 --- — 0 .0 5
Weight  %  Polymer 0 . 4 0 . 6 --- 0 . 8 1 .6 — 1 . 1

( C2 Mass B a lan ce 1 .02 1 .03 1 .00 0 .9 9 0 .9 5 0 .9 6 0 .9 9
[
]

0^ Mass B a la n c e 1 .02 0 .9 7 0 .9 9 1 .02 1 .0 7 0 .9 7 1 .0 0

N)



TABLE 2— C on tin u ed

105 106 107 108 109 110 111

2000
500

2000
500

2000
500

2000
500

4500
500

4500
5 0 0 .

4500
500

5*12 5 .12 5*12 5*12 5*12 5 ,1 2 5 .1 2

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

10 .68
6 7 .2
3 2 .8

14 .1 7
7 5 .5
2 4 .5

1 3 .0 0
8 5 .6
14*4

9*11
83*4
1 6 .6

1 2 .0 1
8 8 .4
1 1 .6

13 .3 6  
8 0 .6  .
1 9 .4

Run Number 
R e a c t o r  P r e s s u r e  
( I b . / s q . i n .  gauge)
R e a c t o r  Temp. (°F)
R e a c t o r  Volume 
( c u .  i n . )
I n p u t  F lo w  R a te  
( SCFH)

Mol,  io  C2 In  
Mol, %  C l  In  
D u r a t i o n  o f  Run
(min. ) 20 15 15 20 10 15 10
P r o d u c t  Out (gm.) 154*9 104*6 146.5  16?*2 § ^ ^ 2 .4  fo * ?
Mol. %  C2 Out 7 6 ,9  6 8 .5  7 6 .4  85*6 ^4*4 8 8 .7  ^ 2 . 1

“ i l l s  ” : l  1 ; s  l i  : |  3  l |  '
Mol,  % eg* Out 0 .1 6  0 .3 8  0 .1 2  0 .0 2  0 .3 4  0 .1 4  0 .3 5

î i i  oTio ?;èo î;?o 0:98 “too
Mass B a la n c e  0.9& 0 . 9 1  1 .0 0  I .05  1 .0 1  I .05  1 .02

Vo



TABLE 2— C o n tin u e d

Run Number 
R e a c t o r  P r e s s u r e  
( I b . / s q . i n .  gauge)  
R e a c t o r  Temp. ( ° F ) 
R e a c t o r  Volume 
( cu .  i n .)
I n p u t  Fow R a te  
( SCFH)

Molo io  C2 In  
Mol, %  In  
D u r a t i o n  o f  Run 
( m i n . )
P ro d u c t  Out ( g m ,) 
Mol,  %  02 Out 
Mol. %  C l  Out 
Mol. %  06 Out 
Mol.  %  Og Out 
Mol, io  Cg: Out 
Weight io  Polymer 
O2 Mass B a la n c e  
0^ Mass B a la n c e

112 113 114 115 116 117 118

1000 1000 500 500 500 500 1000 ■
550 550 550 550 550 550 550

5 .12 5 .12 5 .12 5 .12 5 .12 5 .12 5 .12

9 .3 0 10.12 8 .1 4 10 .5 8 5 .95 5 .0 7 9 .7 5
8 9 .2 8 2 ,0 7 4 .9 8 0 .5 7 8 .1 9 1 .6 7 9 .5
1 0 .8 18 ,0 2 5 .1 19 .5 2 1 .9 8 . 4 2 0 .5

20 10 20 20 20 20 20
1 1 5 .1 6 5 .5 10 9 .9 1 3 8 .6 7 9 .5 6 0 . 2 129 .5

8 9 .0 8 2 . 1 7 5 .8 8 1 .1 78 .3 9 0 .8 7 9 .9
10 ,3 16 .8 2 3 .6 ' 18 .5 2 1 .1 8 ,9 1 18 .6

0 .4 2 0 .6 0 0 .2 3 0 .1 6 0 .2 5 0 ,1 6 0 .7 2
0 .2 6 0 .4 5 0 .43 0 .2 0 0 ,3 1 0 , 1 1 0 .6 6

—  — 0 .0 5 —  — —  — --- —  — 0 .0 7
—  — 0 .6 —  — —  — 1 .9 —  — 1.3

1 .0 0 0 .9 8 0 .9 9 1 .00 0 .9 7 0 .9 7 0 .9 8
1 .0 2 1.02 0 .9 6 .97 1 .02 1 ,0 5 1 .02



TABLE 2— C o n tin u e d

119 120 121 122 123 124 125

1000 1000 1000 2000 2000 2000 2000
^50 550 550 550 550 550 550

‘ Run Number
' R e a c to r  P r e s s u r e
: ( lb  . / s q .  i n . g a u ^  )
Î R e a c t o r  Temp. ( ^ )
; R e a c t o r  Volume
i ( cu .  i n . )

I n p u t  F low  R a te  
j (SCFH)

Mol.  $  C2 In  
] Mol.  io  C4 I n
‘ D u r a t i o n  o f  Run
•! ( m in . )
; P r o d u c t  Out (gm.)

Mol. %  C2 Out . ^
3 Mol.  i  Cg Out 10 .5  16 .2  2 2 .2  1 2 .k  1 2 .1  12 .3  1 7 .3  ^
I r. 7  n 17 n_qn n . o i  1 .1 0  1 . 2A 2 . 0 0  2 .6 2  ^Mol. %  06 Out 

Mol.  io Cg Out 
Mol.  io  C§ Out 
Weight  io  Po lym er  
02 Mass B a la n c e  
C4 Mass B a la n c e

5 .12 5.12 5 .12 5 .12 5 .12 5 .12 . 5 .12

18 .0 7 19 .9 4 8 .5 7 9 .0 2 8 .9 8 1 2 .4 7 13 .9 9
89 .3 3 3 .0 74 .3 8 0 .4 8 0 .0 8 3 .4 74 .3
1 0 .7 17 .0 2 5 .7 1 9 .6 2 0 .0 1 6 .6 2 5 .7

20 15 20 20 15 20 10
2 3 1 .6 19 4 .0 115 .0 1 1 7 .1 8 8 . 0 16 0 .8 9 6 .2

8 9 .2 8 3 .2 7 5 .2 8 1 .5 8 1 .5 8 4 .3 7 6 .2
10 .5 16 .2 2 2 .2 1 2 .4 1 2 .1 12.3 1 7 .8

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

_ _ 0 . 0 1 0 .2 2 0 . 3 4 0 .3 7 0 .1 8 0 .4 1
0 .9  . 0 . 8 0 . 1 — — 0 . 1 0 . 6 0 . 8
0 .9 9 1 .00 0 .9 7 0 .9 7 0 .9 8 0 .9 9 0 .9 8
1 .0 4 1 .02 0 .9 8 1 .0 1 1 .0 0 1 .0 1 1 .0 0

j-"



TABLE 2— C o n tin u ed

1■! Run Number 126 127 128 129 130 131 132
■1 R e a c t o r  P r e s s u r e
) ( I b . / s q . i n .  g a u ^ ) 2000 4500 4500 4500 4500 2000 4500

R e a c t o r  Temp. ( ^ ) 550 550 550 550 550 550 500
j R e a c t o r  Volume
i

(c u .  i n . )
I n p u t  F lo w  R a te

5.12 5 .12 5 .12 5 .1 2 5 .12 5 c 12 5 .12

i (SCFH) 2 9 .2 7 2 3 .5 8 3 0 .7 6 29 .15 26 .6 2 3 1 .1 4 2 2 .0 4
Mol.  %  C2 In 8 4 .8 8 6 .5 87 .3 9 2 .5 8 9 .6 7 9 .8 8 7 . 1

} Mol. C4 In 15 .2 13 .5 12 .7 • 7 .5 1 0 .4 1 0 .2 1 2 .9
i D u r a t io n  o f  Run

i

( m i n . ) 10 10 10 15 10 5 10
P ro d u c t  Out (gm.) 188 .8 150.3 196.3 2 6 9 .5 168 .0 . 1 0 3 .1 144 c 1
Mol. %  C2 Out 8 5 .7 8 7 . 1 88 .3 9 5 . 0 9 0 .0 8 0 .8 85 .3

j Mol, %  Cl̂ ^ Out 12 .9 6 .06 6 .83 4 .4 0 5.65 1 7 .2 1 0 .8
! Mol. % C6 Out • 0 .7 7 4 .5 8 5 .5 8 2 .0 8 3 .2 3 0 . 9 4 2 .4 1
j Mol. %  Cg Out 0 .63 1 .9 8 1.55 0 .4 8 10 04 1 .0 1 1 .35
% Mol. %  Cg’ Out 0 .03 0 . 2 4 0 .1 6 0 .0 5 0 .12 0 .0 9 0 .1 4
j

1
i

Weight %  Polymer 0 .5 0 . 2 0 .7 0 .9 1 .0 0 . 7 0 .5
C2 Mass B a la n ce 1 .0 1 1 .0 0 1 .0 1 1 .03 1.02 1 .0 0 0 .9 9
C^ Mass B a la n c e 1 .0 0 1 .05 1 .02 1 .0 8 1.08 1 .0 0 1 .0 1

Mo\



• TABLE 2— C o n tin u e d

Run Number 
R e a c to r  P r e s s u r e  
( L b . / s q . i n ,  gauge)  
R e a c t o r  Tempo ( F) 
R e a c t o r  Volume 
( cu.  i n . )
I n p u t  F low R a te  
( SCFH)

M ol.  io  C2 In  
Mol. io  C4 In  
D u r a t i o n  o f  Run 
(m in .)
P r o d u c t  Out (gm.) 
Mol.  io  C2 Out 
Mol. io  C , Out 
Mol. %  eg Out 
Mol. io  Cg Out 
Mol. io  Cĝ  Out 
Weight io  Polymer 
C2 Mass B a la n c e  
C^ Mass B a la n c e

Note :

133 134 135 136 137 138 139

4500 500 2000 4500 2000 2000 2000
500 500 500 500 550 550 600

5 .12 5 .12 2. 08# 2 .0 8 2 .0 8 2 .0 8 2 .0 8

28 .93 6 .3 3 8. 12 12 .8 2 12. 50 2 0 .6 8 2 2 .4 8
8 7 .8 74 .3 80. 9 8 1 . 1 8 2 .7 8 9 .7 9 0 .1
12.2 2 5 .7 19 . 1 1 8 .9 17.3 10 .3 9 . 9

10 20 20 5 15 5 15
182 .2 8 8 .1 108. 3 4 3 .0 125 .7 6 4 .0 2 1 1 .2

8 8 .6 7 4 .2 81 . 1 8 1 . 4 8 3 .4 8 9 .8 90 .3
9 .3 2 2 5 .5 1 7 . 9 1 4 .7 1 5 .1 9 .7 8 8 .7 1
1 .3 8 0 .0 9 0 . 48 2 .02 0 .7 7 0 .3 1 0 . 6 0
0 .6 2 0 .1 8 0 . 48 1 .6 8 0 .6 8 0 .1 6 0 .3 2
0 .0 5 —. mm 0. 04 0 .1 7 0 .0 7 --- • 0 .0 2
0 . 8 mmmm 1. 1 0 .5 1 .0 --- 0 .6
1 .0 1 ■ 1 .0 0 1. 00 1 .00 1 .03 1 . 0 1 1 .02
1 .0 1 1 .0 1 1. 04 1 .06 1 .0 4 1 .0 0 1 .0 5

>r 135-140 were made by use o f  1/ 8 - i n . I . D .  :r e a c t o r



TABLE 2— C o n tin u e d

Run Number 
R e a c t o r  P r e s s u r e  
( I b . / s q . i n .  gauge)  
R e a c t o r  Temp. ( " F ) 
R e a c t o r  Volume 
( c u .  i n . )
I n p u t  F lo w  R a te  
(SCFH)

Mol. io  C2 In  
M ol .  %  Cl In  
D u r a t i o n  o f  Run 
(m in , )
P r o d u c t  Out (gm.) 
M ol .  io  C2 Out 
Mol .  io  G l Out.
M ol .  io  C5 Out 
Mol .  io  Cg Out 
Mol.  io  Cg» Out 
Weight io  Po lym er  
C2 Mass B a la n c e  
C/j_ Mass B a la n c e

140

2 0 0 0
600

2 .08

24 .65
85 .2
14 .8

10
158 .7

85 .8
12 .6

0 .86
0 .65
0 .0 4
0 .7
1 ..01
1 ,.01

N)
CXL

Note:

*02 = E t h y l e n e ,  C ĵ  =  B u t a d i e n e ,  C5 
Cg» = C y c lo o c t a d i e n e

**Mass B a la n c e  = Mass o u t /  Mass i n

= C yc lo hexen e ,  Cg = V in y lc y c lo h e x e n e



APPENDIX E

ANALOG SOLUTION OF DIFFERENTIAL RATE EQUATIONS



Analog S o lu t io n  of  D i f f e r e n t i a l  Rate  E qu a t io n s  f o r  

D e term in ing  th e  Rate  C o n s ta n t s  Based on F u g a c i t i e s .

The d i f f e r e n t i a l  r a t e  e q u a t io n s  t o  be so lved  f o r  

t h e  r e a c t i o n  r a t e  c o n s t a n t s  a re

’  ( F K l - c - d ) '

dXd ( k ^ ) ( f ^ ) " ( B ^ - x ^ - 2 x ^ l^  

'^'^r ( F ) d - x ^ - X d ) ^

E-1

E-2

Before  t h e  above e q u a t io n s  can be so lved  on th e  ana log  

computer t h e y  must be p r o p e r l y  s c a l e d .  The v a r i a b l e s  

a v a i l a b l e  on th e  an a lo g  a re  v o l t a g e  and t im e .  T h e re fo re ,  

l e t  t h e  dependent  v a r i a b l e s ,  Xg and x^,  co rrespond  t o  th e  

v o l t a g e s  and th e  independen t  v a r i a b l e ,  V^, co rrespond  t o

t im e .  S ince  t h e  maximum mole f r a c t i o n  i s  one and the

maximum working v o l t a g e  i s  100 v o l t s ,  th e  s c a l e  f a c t o r  

f o r  t h e  dependent  v a r i a b l e s  i s . 100. The s c a l e  f a c t o r  f o r  

t h e  independen t  v a r i a b l e  i s  found by e v a l u a t i n g  w from th e  

f o l l o w i n g  e q u a t io n .

Vj. = w0, dVp = wde E-3

where = r e a c t o r  volume

6 = s o l u t i o n  t im e (sec)

- w = s c a l e  f a c t o r .

S u b s t i t u t i n g  t h e  s c a l e  f a c t o r s  i n t o  E q u a t io n s  E-1 and E-2 

y i e l d s

130
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d(100x ) ( k j ( f  ) ( f  ) (w) (lOO)^(A - x ' ) ( B  -x  - 2 x J
_______Q_ _ l a b  __________ 0 c o c d

d9 ? ? E-4
(F )(100)^ ( l_X g_x^)^

d d O O x J  (k ) ( f ,  )^ (w )(100)^(B  - X  - 2 x , ) 2  
-  d . = _ ^ _ b .................. 2__..c _ d_ .

( F ) ( 100) l l - x , - X ( i ) ' ^

Combining t h e  c o n s t a n t s  we l e t

(k ) ( f  ) ( f  )(100)(w) . (k ) ( f  )^(100)(w)
H =   (F) ■■----- and U = ....--------------------------

T here fo re

d(lOOXg) (H) ( 100) ( Ap- x^) ( 100) ( B^- x^-2x^)

( lO O )^ ( l -x ^ -x ^ )^

d(lOOx^) _ (U)( 1 0 0 )2 (Bo-Xç-2Xd)2 

( lO O )^ ( l -x ^ -x ^ )^

E q u a t io n s  E-6 and E-7 a re  now programed f o r  t h e  ana log  

computer as  shown in  F ig u r e  (2 3 ) .

The o p e r a t i n g  p rocedure  used in  o b t a i n i n g  th e  an a lo g  

s o l u t i o n  was as  f o l l o w s .  The t im in g  c i r c u i t  shown a t  t h e  

bottom of  F ig u re  (23) was a d j u s t e d  t o  g ive  a s o l u t i o n  t ime 

of  t h r e e  seconds .  This was a r b i t r a r y  and any p re -d e te rm in e d  

va lue  could  have been used .  The c o e f f i c i e n t  p o t s  Aq and Bq , 

co rre sp o n d in g  t o  th e  i n p u t  d a t a ,  were th e n  a d j u s t e d .  The 

computer was s e t  f o r  r e p e a t e d  o p e r a t i o n  and th en  s t a r t e d .  

C o e f f i c i e n t  p o t s  H and U, co r re sp o n d in g  t o  t h e  unknown r a t e  

c o n s t a n t s ,  were a d j u s t e d  u n t i l  t h e  v a lu e s  of x^ and x^ 

o b ta in e d  from th e  an a lo g  s o l u t i o n  were e q u a l  t o  th e
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-IOO(Ae- Xc)(B„-Kc-2xd)

( I - *ç- Xj)'

-100

-IOO(A,-X(j
lOOx,

-100

100 Xd

+100

HOLD
RELAY

+ 100

SO.

F ig u r e  23 -  Analog Computer Program f o r  S o l u t i o n  
o f  D i f f e r e n t i a l  Rate  E q u a t io n s
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e x p e r i m e n t a l  v a l u e s .  A ccura te  v a lu e s  o f  H and U were 

d e te rm in e d  from which su b s e q u e n t ly  th e  r a t e  c o n s t a n t s  were 

o b t a i n e d .



APPENDIX F

ANALYTICAL SOLUTION OF DIFFERENTIAL RATE EQUATIONS



1. S o lu t io n  of  Rate  E q u a t io ns  f o r  Determ in ing  the  

Rate  C o n s ta n ts  Based on F u g a c i t i e s .

The d i f f e r e n t i a l  r a t e  e q u a t io n s  t o  be so lved  f o r  

th e  r a c t i o n  r a t e  c o n s t a n t s  a re

dx  ̂ (kiKfgXfbXA^-x^XB^-x^-axjj)

F-2

For  convenience  l e t  K = (k2_) ( f^)  ( f ^ ) / F  and L = ( k g l f f y l ^ / F  

There fo re

dXc (K)(Ao-Xc)(Bo-Xc-2xa)
dVr -  2 F-3

(1-Xc-Xd) 

d^d _ (L)(Bo-Xç-2xa)2

R a th e r  th a n  s o lv in g  th e  two s im u l tan eo u s  d i f f e r e n t i a l  

e q u a t io n s ,  d iv id e  E qua t ion  F -4 ,  by Equat ion  F-3 and so lve  

f o r  th e  r a t i o  of  t h e  r a t e  c o n s t a n t s .  T here fo re

U)(B^-x^-2Xd)  
d%c ■' (K) t Ag-Xc ) F-5

With a s l i g h t  rea r rangem en t  o f  E qua t ion  F-5  one o b t a i n s

%  , /2LW \  _
d%c U  j lA o -X c j  (Ao-X(.)

A - X

Now, f o r  s i m p l i c i t y ,  l e t  S = ^ ..- , e = Bq-Aq and N = j p .

■135 •
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With t h i s  change in  v a r i a b l e ,  t h e  d i f f e r e n t i a l  E q ua t ion  F-6 

may be w r i t t e n  as

dx^ (N)IXj) / n^ ( « + A „ S )
-  r  -  /dS S V2/ S

S"
Using th e  i n t e g r a t i o n  f a c t o r  e  ^  ~  » th e

a n a l y t i c a l  s o l u t i o n  t o  t h i s  e q u a t io n  i s

^d 2 F-8

With a r ea r rangem en t  and th e  s u b s t i t u t i o n  n = Zx^-c,  

t h e  fo l lo w in g  e q u a t io n  i s  o b t a i n e d .

S«-(A  ) ( S ) ( ^ ^ ^ )  = 0 ■ F - 9

The on ly  unknown in  E qu a t io n  F-9 i s  N s in c e  a l l  the  

r em a in in g  q u a n t i t i e s  a r e  known from e x p e r im e n ta l  d a t a .  To 

so lv e  f o r  N b reak  up E qua t ion  F-9 as  f o l lo w s

=  (Ap)(S)(N) _

Taking t h e  n a t u r a l  lo g a r i th m  and s o lv in g  f o r  N

In I (Ap)(S)(N) _  (n)(N-1)
\  (Bo)(N)-« (Bq)(N)-

N -  ^ 3  F-11

The v a lu e  f o r  N i s  o b t a i n e d  from t h i s  e q u a t io n .

Now t h a t  t h e  r a t i o  of  t h e  r e a c t i o n  r a t e  c o n s t a n t s  

i s  known, i t  i s  p o s s i b l e  t o  e x p re s s  Xĵ  i n  te rm s  o f  Xĝ , or  

i t s  e q u i v a l e n t  S. T h e r e f o r e ,  E qu a t io n  F-3 may be e x p re s s e d  

as



KdVy =
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p - * f e )
- ( N - 1 ) I  I+S^^Bq+Aq \  + (A o ) (S ) (N -2 ) '2

N-1 dS F-12
(4 ) (S )   ̂ [bo (N-1)+Ao - (A o)(S ) j

I n t e g r a t i n g  t h e  above e x p r e s s io n  w i th  t h e  a p p r o p r i a t e  l i m i t s

o f  i n t e g r a t i o n ,  one o b t a i n s  
S

J  KdVr =

2
V

r“

(4 ) (S ) |^(Bo )(N-1)+Ao - (A o ) (S )J
dS

F-13

Denot ing  the  v a lu e  o f  th e  r i g h t  s i d e  by C, th e n

KV^ = C F-14

*1 ■

■  a w
The r e a c t i o n  r a t e  c o n s t a n t s  o b ta in e d  from E q u a t io n s  F-15 and 

F -16  a re  t h e  r e s u l t s  o f  t h e  a n a l y t i c a l  s o l u t i o n  of  th e  

d i f f e r e n t i a l  r a t e  E q u a t io n s  F -1  and F -2 .

The IBM 650 d i g i t a l  computer was used in  t h e  a c t u a l  

s o l u t i o n  o f  t h e  above e q u a t i o n s .  The method of  s u c c e s s iv e  

s u b s t i t u t i o n  was used t o  de te rm in e  N in  E q ua t io n  F -1 1 .  I f  

N were e q u a l  t o  one then  E q u a t io n  F-11 would be i d e n t i c a l l y  

s a t i s f i e d .  T h is  was t h e  s o l u t i o n  o b ta in e d  u s in g  Newton’ s 

method f o r  f i n d i n g  t h e  r o o t  o f  t h e  e q u a t io n .  . The i n t e g r a l  

i n  E qu a t io n  F-13 was e v a l u a t e d  u s in g  Simpson’ s r u l e  of 

i n t e g r a t i o n .



138

2. S o lu t io n  of  Rate  E q u a t io n s  f o r  Determining  the  

Rate  C o n s ta n t s  Based on C o n c e n t r a t i o n s .

The d i f f e r e n t i a l  e q u a t io n s  t o  be so lved  a re

d x ,  (k i c ) ( P |^ ( A o - X c ) ( B o - x ; - 2 x d )  
dV “ 2 2 2 2

(F)(Zm )^(R)^(T)^( l-X c-Xd)

^  ,  (k2cl lP)^lBo-XQ-2Xd|2

( F ) ( Z „ ) h R ) h T ) ^ ( l - X c - X d ) ^

F-17

F -IS

Assuming a d d i t i v e  volumes th e n

Zm = XaZa+XbZb+%c%c+%dZd B-19
where Za, Zy, Zq , and Z^ = c o m p r e s s i b i l i t y  f a c t o r s  f o r

e t h y l e n e ,  b u t a d i e n e ,  c y c lo ­

hexene and v in y lc y c lo hexene  

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

and t e m p e r a tu re  in  q u e s t i o n .

(kj_ci(P)^ ’ (k 2 c ) IP )^

° ( F ) ( R ) h T ) "  °  Tf h r Î ï ï t F

T h ere fo re  by s u b s t i t u t i o n

(K^)(Aq- x^ ) (B p - x^-2 x^) ^

^ A o - X c ) 2 a + ( B o - X c - 2 x d ) Z b + % c Z c + X d % ^dVr
F-20

dx^ _ . (L^)(Bq-Xc- 2 x^)^
dV, ^  Aq-Xc ) 2a'*'( Bo“Xç- 2 x^) Zy^Xc^c^^d^d 

D iv id in g  E q u a t io n  F-21  by E qua t ion  F-20 and i n t e g r a t i n g  as  

p r e v i o u s l y  shown g iv e s

F-21
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l n ^ A o ) (S ) ( N * )  ( n ) ( N t - l )
I (B ) (N M -«  “  (Bq ) (n M- « ,

NT =  i 2 ' F-22
InS

(2) (L^)  Ap-Xç, ,
where N’ = — -------- * S = —̂ —  . e = Bq-Aq

n = ( 2 ) ( x ^ ) -  £ .

Knowing th e  r a t i o  of t h e  r e a c t i o n  r a t e  c o n s t a n t s  from the

above e q u a t io n ,  X(̂  can be e x p re s s e d  in  terms of  Xq .

T here fo re  E qua t ion  F-20 can be i n t e g r a t e d  w i th  p roper

l i m i t s  of i n t e g r a t i o n  t o  g ive  
S

r  [ a q ) ( S ) ( Z ^ )  + ( Q ) ( Z ^ ) + A q ( 1 - S ) Z ^ + ( M ) z J ^  ( A q )

( A _ ) ( S ) ( Q )
'K^dVr- -  I  , .—r T t r r m  dS

F-23

(N ' ) (A o ) \  (Ao)(S)
where Q = S I «  1 -  n »-1 '

(NQ (A q )(S )  (S ^ ' )  [ ( B q ) ( N Q - ^
a n d  M =

(2 ) (N ’ -1)  (2)(N»-1) 2

Denoting th e  va lue  o f  t h e  r i g h t  s id e  of  Equat ion  F-23 by C’ , 

then

KqVj, = C’ F-24

.  .  ( C ' ) ( F ) ( j U i ( .T)^ P .25
(P)2(Vr)

k .  = ( H ' l ( C ' ) .l F j l R h l F l  F-26
( 2 ) ( V r ) ( P ) 2
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E q u a t io n s  F-25 and F-26 a re  t h e  s o l u t i o n s  f o r  t h e  r e a c t i o n  

r a t e  c o n s t a n t s  based  bn c o n c e n t r a t i o n s .  The IBM 6$0 

d i g i t a l  computer  was used in  t h e  a c t u a l  s o l u t i o n  of  t h e s e  

e q u a t io n s  a s  p r e v i o u s ly  d e s c r i b e d .



APPENDIX G

REACTION RATE CONSTANTS DETERMINED FROM THE 

ANALYTICAL SOLUTION OF THE 

DIFFERENTIAL RATE EQUATIONS
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TABLE 3

REACTION RATE CONSTANTS DETERMINED FROM THE. ANALYTICAL 
SOLUTION- OF THE DIFFERENTIAL RATE EQUATIONS

Run # k l ^2 • ^ Ic k2c

m o l e / h r . - m o l e / h r . - c u . f t . / - c u . f t . / -
I b . / s q . i n . - I b . / s q . i n . - mole h r . mole h r .

c u . f t . c u . f t .

77 5.23 2 0 .1 7.33 26.5
78 5.27 2 1 .1 7.36 27 .8
79 5.38 26.3 7.35 33 .8
80 4 .88 15.9 6 .92 2 1 .1
81 4 .4 1 19 .0 5.60 21.3
82 5.06 20 .2 6 .47 22 .7
83 4 .60 17.2 5 .9 0 1 9 .4
84 1 .04 4 .0 1 1.17 4 .09
85 0 .99 3 .80 1.12 3 .9 0
86 1.20 7.20 1.09 5.69
87 1.06 5.76 0.995 4.43
88 1 .04 5.00 1.03 4 .00
89 1.04 5.13 1.00 4 .0 4
90 1.02 5.45 1.02 4 • 49
91 1.10 6 .9 0 1.06 5.47
92 0 .944 2 .7 1  ■ 1 .14 3 . 1-5
93 1.38 7.63 1.02 ■ 3 .9 8
94 1.49 9 .15 1.03 4 .48
95 1 .24 6 .0 1 0 .97 3 .36
96 1.25 6 .56 0.93 3 .4 7
97 1.58 8.83 1.20 4.03
98 1.69 9 .16 1.32 4 .3 1
99 1 .60 9.07 1.22 4 .1 4

100 0.156 —  — 0.106 —  —

101 ■ O . I 64 0.753 0.106 0 .3 6 4
102 O.I63 0 .751 0.105 0.362
103 0 .171 0.882 0.116 0 .437
104 0.278 1.95 . 0.125 0 .540
105 0.292 2.29" 0.121 0.582
106 0.370 2 .80 0.142 0 .6 6 1
107 0.316 2.35 0.132 0 .600
108 0.282 2 .0 4 0 .128 0 .568
109 0.541 4.49 0 .234 1.03
110 0.498 3 .95 0.222 0.938
111 0.504 3 .9 1 0.217 0 .897
112 0 .471 2 .78 0 .389 1.81
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TABLE 3—Continued

Run # ■ k2 k lc ^20

m o l e / h r . - m o l e / h r . - c u . f t . / - c u . f t . / -
I b . / s q . i n . - I b . / s q . i n . - mole h r . mole h r .

c u . f t . c u . f t .

113 0.470 2 .51 0.375 1.58
114 0.356 2 .12 0.346 1.83
115 0.370 . 2 ,16 0.365 1.89
116 0 .368 2.20 0 .360 1.92
117 0.361 2 .94 0.364 2.63
118 0.500 2.65 0.393 1 .64
119 0.425 2 .6 1 0.353 1 .71
120 0.475 2.65 0.382 1.68
121 0.477 3 .6 4 0.363 2.18
122 0.750 5.48 0.435 2.16
123 0.783 5.81 0.452 2.27
124 0.697 4 .39 0.418 1.78
125 0 .754 5 ,14  . . 0.419 1.93
126 0.647 4.83 0 .394 1.99
127 1.05 8 .44 0.630 2 .98
128 0.998 6.66 0.602 2 .38
129 0.913 6 .32 0 .561 2 .30
130 1.02 7 .14 0 .621 2.56
131 0 .668 4 .88 0.393 1 .94
132 0.546 4.60 0.242 1 .04
133 0.412 ' 3 .16 0.184 0,754
134 1.24 0.698 0 .104 0.503
135 0 .261 0.212 0 .114 0.567
136 0.467 4 .0 1 0.205 0.937
137 0.611 4 .40 0 .367 1.79
138 0 .611 4 .15 0.386 1.77
139 1.27 9 .92 0 .997 5 .51
140 1.39 9 .89 1.06 5.33


