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SUMMARY.

The s lu r r ie d  b ed  r e e c to r  has b een  d is c u s s e d  in  

the c o n te x t  o f  exotherm ic gas r e a c t io n s .  The mathema- 

; t i c a l  model has b een  d evelop ed  w ith  a v iew  to  p ro v id in g  

a method f o r  s c a l e  up in  terms o f  Number o f  'Reactor 

U n its  (K.RoU.)p Number o f  Ohemical U n its  (N.ChoU.)^ 

a forw ard c a t a l y s t  su r fa c e  r a te  c o n s ta n t  and an 

o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  lig
S x p c r in e n ta l  work was c a r r ie d  out in  a co n tin u o u s  

bench  s c a le  r e a c to r  to  e s t a b l i s h  the y a lu e  o f  th e  

t h e o r e t i c a l  model. p.thyleno h yd rogen ation  on a 

Raney N ic k e l  c a t a l y s t  was the model r e a c t io n  employed. 

R e s u l t s  vfere o b ta in e d  u s in ^  v a r io u s  i n l e t  r e a c ta n t  

f lo w  r a t e s  and c o m p o s it io n s .  The r e a c to r  Siïaè was 

a ls o  v a r ie d .

R e s u l t s  are p r e se n te d  which show the perform ance  

p o s s ib l e  w ith  the s lu r r i e d  b ed  r e a c to r s  as w e l l  as  

se r v in g  as data  f o r  the t h e o r e t i c a l  model. I t  i s  

shown th a t  c o n v e r s io n  i s  a d i r e c t  fu n c t io n  o f  r e a c to r  

l e n g th  and an in v e r s e  f u n c t io n  o f  r e a c to r  f lo w  rate ,,

I t  i s  a ls o  shovm th a t  the n atu re  o f  the c a t a l y s t  

suspending l i q u i d  i s  o f  g r e a t  im portance to' r e a c t io n  

r a t e .



A ïïiothocl o f  e s t im a t in g  r e a c to r  perform ance i s  

pro sen te  d.

For the system  c o n s id e r e d  i t  i s  shom i th a t  mass 

t r a n s f e r  o f th e  r e a c ta n t s  from bubble to  c a t a l y s t  

su r fa ce  can b e  made to  p la y  a major p a r t  in  c o n t r o l l i n g  

the r e a c t io n  r a t e . The d i f f u s i o n a l  r e s i s t a n c e s  to  

hydrogen are shown to  be th e  g r e a t e s t .  E quation  

1 . 2 .5 7 ,

V-n 1 NoR.U. 1

! ■ /  H.Oh.n. K, H.Oh.U. Kg i f ^

e n a b le s  v a lu e  o f  'K̂ , th e  forw ard c a t a l y s t  su r fa c e  

r e a c t io n  r a te  constant^  and K « the mass t r a n s f e r
o

c o e f f i c i e n t  b etw een  b ub b le  and c a t a l y s t  su rf  ace  ̂  to  

be c a lc u la t e d  from th e ex p er im en ta l d a ta .  I t  i s  

su g g es ted  th a t  t h i s  eq u a tio n  has p o t e n t i a l  v a lu e  in  

r e a c to r  d e s ig n .
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SUMMARY.

The s lu r r i e d  b ed  r e a c to r  has b een  d is c u s s e d  in  

the c o n te x t  o f  exotherm ic  gas r e a c t io n s .  The mathema- 

s t i c a l  model has b een  d evelop ed  w ith  a v iew  to p ro v id in g  

a method f o r  s c a l e  up in  terms o f  Number o f  R eactor  

U n it s  (NoR.Uo) ,  Number o f  Ohemical U n it s  (l#.Oli*U, ) ,  

a forw ard c a t a l y s t  su r fa c e  r a te  c o n s ta n t  and an 

o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  K£i>
E xperim ental work was c a r r ie d  ou t in  a co n tin u o u s  

bench s c a le  r e a c to r  to  e s t a b l i s h  the y a lu e  o f  the  

t h e o r e t i c a l  model. E th y len e  h yd rogen atio n  on a 

Raney N ic k e l  c a t a l y s t  was the model r e a c t io n  employed. 

R e s u l t s  were  o b ta in e d  u s in g  v a r io u s  i n l e t  r e a c ta n t  

f lo w  r a t e s  and c o m p o s it io n s .  The r e a c to r  s i ' s e  was 

a ls o  v a r ie d .

R e s u l t s  are p r e se n te d  which show the perform ance  

p o s s ib l e  w ith  the s lu r r i e d  bed  r e a c to r s  as w e l l  as  

se r v in g  as data  f o r  the t h e o r e t i c a l  model. I t  i s  

shown th a t  c o n v e r s io n  i s  a d i r e c t  f u n c t io n  o f  r e a c to r  

le n g th  and an in v e r s e  f u n c t io n  o f  r e a c to r  f l o w  r a t e .

I t  i s  a ls o  shovjn th a t  the 'n atu re  o f  the c a t a l y s t  

suspending l i q u i d  i s  o f  g r e a t  im portance to  r e a c t io n  

r a t e .



A method o f  e s t im a t in g  r e a c to r  perform ance i s  

p r e se n te d .

For the system  c o n s id e red  i t  i s  shonvii th a t  mass 

t r a n s fe r  o f  th e  r e a c ta n t s  from bubhle to  c a t a l y s t  

su r fa ce  con b e made to  p la y  a major p a r t  i n  c o n t r o l l in g  

the r e a c t io n  r a t e .  The d i f f u s i o n a l  r e s i s t a n c e s  to  

hydrogen are shov/n to  b e  the g r e a t e s t .  E quation  

1 * 2 .5 7 ,

1  ̂ NoRoUc 1R H*

1îg« % %s V .  f g .
e n a b le s  v a lu es  o f  th e  forvmrd c a t a l y s t  su r fa c e

r e a c t io n  r a te  c o n s t a n t , and K » the mass t r a n s f e rB
c o e f f i c i e n t  betvireen b ub b le  and c a t a l y s t  s u r fa c e ,  to  

b e  c a lc u la t e d  from th e  experio-:ental d a ta .  I t  i s  

su g g es ted  th a t  t h i s  eq u a tio n  has p o t e n t i a l  v a lu e  in  

r e a c to r  d e s ig n .



1 . 1 .  INTRODUCTION,
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There are th r e e  ty p e s  o f  co n tin u o u s  r e a c to r  a v a i la b le  

f o r  h e tero g en eo u s  exoth erm ic  c a t a l y t i c  gas  r e a c t i o n s : -  

f i x e d  bed; f l u i d i s e d  bed; and s lu r r i e d  b ed  r e a c t o r s .

In  th e  l a t t e r  r e a c to r  th e  bed i s  in  th e  form o f  a 

s lu r r y  in  which th e  c a t a l y s t  p a r t i c l e s  are suspended in  

an i n e r t  l i q u i d  through  which r e a c ta n t  gase^ are b u b b led .  

P r e v io u s  workers have u sed  the name s lu r r y  phase r e a c to r  

f o r  the typ e b u t  t h i s  i s  n o t  m ean in gfu l.

The p r i n c i p l e  o f  th e  s lu r r i e d  b ed  r e a c to r  i s  w e l l  

e s t a b l i s h e d  ( l ) ( 2 ) ( 3 ) ( 4 ) *  I t  o r ig in a t e d  i n  Germany 

where much work h as  b een  c a r r ie d  o u t on i t s  a p p l i c a t io n  

to  th e  F is c h e r  Tropsch p r o c e s s  ( 3 ) ( 4 ) ( 5 ) *  A g e n e r a l  

account o f  the work done i n  Germany b e f o r e  and d uring  

the war on the F i s c h e r  Tropsch s y n t h e s i s ,  in c lu d in g  th e  

developm ent o f  the s l u r r i e d  bed  r e a c t o r ,  i s  g iv e n  by  

Storch^Golumbic and Anderson ( 6 ) .  Today German 

te c h n iq u e s  have e v o lv e d  a very  h ig h  l e v e l  o f  perform ance,  

e , g .  one b a t t e r y  o f  b l a s t  fu r n a c e s  prod uces 2 ,2 5 0  to n s  

o f  p ig  ir o n  per day and the su rp lu s  b l a s t  fu rn a ce  g as  

i s  co n v er ted  to  140  to n s  per day o f  liydroearbons u s in g  

th e  F is c h e r  Tropsch p r o c e s s  in  a s l u r r i e d  b ed  r e a c to r  (? ) . 

WoTk has also: b een  done in  t h i s  cou n try  ( ô ) ( 9 ) ( l o )  and 

in  the U .S .A . ( l l )  on s lu r r i e d  b ed  r e a c t o r s .  However, 

o n ly  in  Germany have s lu r r i e d  bed r e a c t o r s  b een  u s e d  f o r  

com mercial p r o d u c t io n .
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A dominant problem i n  th e  d e s ig n  o f  r e a c t o r s  f o r  

exotherm ic  gas  r e a c t io n s  i s  the e f f e c t i v e  removal o f  th e  

h e a t  o f  r e a c t io n  s in c e  f a i l u r e  to  do t h i s  w i l l  cau se  

o v e r h e a t in g  and im pair  r e a c to r  perform ance. The h e a t  

t r a n s f e r  c h a r a c t e r i s t i c s  o f  th e  th ree  ty p e s  o f  r e a c to r  

are summarised.

F ix e d  Bed R e a c to r s :

In  th e s e  h e a t  t r a n s f e r  c o e f f i c i e n t s  b etw een  c a t a l y s t  

b ed  and c o o l in g  e lem en ts  are  r e l a t i v e l y  low  5 ,0  B tu /h r .  

F t^  Of  ( i 2 )(1 3 )_ 7 *  "Hot sp o ts"  a r i s e  due to  d i f f e r e n t  

h ea t t r a n s f e r  p a th  l e n g t h s  betw een  in d iv id u a l  c a t a l y s t  

p art id le  san d  c o o l in g  e le m e n ts .  There i s  no vmy o f  

co m p le te ly  overcom ing t h i s  d i f f i c u l t y  b u t  a ttem p ts  to  do 

so in v a r ia b ly  lead, to  complex m echanical d e s ig n .

F l u id i s e d  Bed R e a c to r s :

In  t h e s e ,  h e a t  t r a n s f e r  c o e f f i c i e n t s  are c o n s id e r a b ly  

h ig h e r  50 B tu /h r  F t^  ^F (13) (14)_J7 and even g r e a te r  

v a lu e s  have b een  r e p o r te d  ( 1 5 )*

However in  th e  F i s c h e r  Tropsch s y n t h e s i s ,  the  

c a t a l y s t  may become d i f f i c u l t  to  f l u i d i s e  due to  carbon  

d e p o s i t io n ,  Scharmann ( l 6 )  c o n s id e r s  th a t  d e s p i t e  

o v e r a l l  e f f i c i e n t  h e a t  t r a n s f e r ,  the "skin" tem perature  

o f th e  c a t a l y s t  i s  much h ig h e r  than the average bed  

tem perature  and t h i s  c o n d i t io n  i s  l a r g e l y  r e s p o n s ib le  

f o r  carbon d e p o s i t io n .  T h is  th eo ry  i s  encouraged  b y
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r e p o r ted  f r a c t i o n a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  ■between 

gas and p a r t i c l e s  in  a f l u i d i s e d  bed  ( l? ) *  A lso  

Hemingor s t a t e s  th a t  th e  amount o f  carbon d e p o s i t io n  

d e c r e a s e s  w ith  in c r e a s in g  gan v e l o c i t y  ( 1 8 ) .  T h is  

im p l ie s  th a t  th e  drop in  carbon fo r m a tio n  i s  due to  th e  

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

S lu r r ie d  Bed R e a c to r s :

The h e a t  t r a n s f e r  c o e f f i c i e n t s  f a r  ex c eed  th o se  o f
P Q

the o th e r  t y p e s ,  v a lu e s  up to  1 ,3 3 0  B t u / f t  h r ,  F h av in g  

b een  r e p o r te d  ( 1 9 ) ( 2 0 ) ( 2l ) a  I t  has b een  shown b y  

vjorkers i n  t h i s  f i e l d  th a t  s e l e c t i v i t y  ( i . e .  p ro d u c tio n  

of m o le c u le s  o f  the d e s ir e d  s tr u c tu r e )  i s  a p p r e c ia b ly  

h ig h e r  f o r  s lu r r i e d  bed  r e a c t o r s  due to  the absence o f  

"hot sp o ts"  which can cau se  cra ck in g  o f  p rod u ct m o le c u le s  

( 8 ) ( l l ) .  The h ig h  h e a t  c a p a c i ty  o f  the l i q u i d  medium 

and i t s  in t im a te  c o n ta c t  v /ith  c a t a l y s t  and gas  p r e v e n ts  

sudden f l u c t u a t i o n s  i n  r e a c t o r  tem perature and p erm its  

of e a s i e r  tem perature c o n t r o l .

A com parison o f  the o th e r  f e a t u r e s  o f  the th ree  

ty p e s  o f  r e a c t o r ,  p a r t i c u l a r l y  perform ance and c o s t ,  

i s  more d i f f i c u l t .  T able  1 .  1 .  compares th e  perform ance  

o f  each  f o r  the ca se  o f  the F is c h e r  Tropsch s y n t h e s i s .

The t a b le  i s  b a sed  m ain ly  on f i g u r e s  from Storch^

Oolumbic and Anderson ( 6 ) .
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Table. ÏJ., shows th a t  th e  f l u i d i s e d  bed  r e a c to r  

o p e r a te s  a t  much h ig h e r  space v o l o c i t i e s  than  the o th e r  

two. A d isad van tage  o f  f l u i d i s e d  bod r e a c to r s  i s  th a t  

the range o f  f lo w  r a t e s  i s  r e s t r i c t e d  by  f l u i d i s a t i o n  

req u irem en ts . The s p e c i f i c  y i e l d  appears to  be b e s t  

f o r  the s l u r r i e d  bed  r e a c to r  b u t the space timo y i e l d  

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

I n  a b r i e f  survey o f  th e  o th er  f e a t u r e s  o f  the th ree  

ty p es  o f  r e a c t o r ,  i t  i s  n o ted  th a t  the c o n s tr u c t io n  o f  a 

f i x e d  b ed  r e a c to r  may b e  v ery  complex ( 6 ) w h ile  the  

f l u i d i s e d  b ed  ( 22 ) ( 2 3 ) and s lu r r ie d  bed  (? ) ty p e s  are  

f a i r l y  sim ple  a lth ou gh  the f l u i d i s e d  bed  r e a c to r  appears  

to r e q u ir e  more a u x i l i a r i e s .  C a ta ly s t  l i f e  ten d s to  

be lo n g e s t  in  the s l u r r i e d  b ed  r e a c to r  ( 7 ) vd iile  

c a t a l y s t  rep lacem ent i s  ea sy  in  f l u i d i s e d  and s lu r r i e d  

bod r e a c t o r s  and most d i f f i c u l t  in  the f i x e d  bed  

r e a c to r .  I t  thus appears th a t  b o th  c a p i t a l  and 

o p e r a t in g  c o s t s  o f  the f i x e d  bed r e a c to r  ard l i k e l y  

to be h i g h e s t .  With th e  in fo rm a tio n  a v a i la b le  i t  i s  

im p o ss ib le  to make a d e t a i l e d  com parison o f  th e  

r e l a t i v e  c o s t s  o f  the f l u i d i s e d  b ed  r e a c to r  and the  

s lu r r ie d  b ed  r e a c to r .

I t  appears th a t ,  ap a rt from i t s  a t t r a c t i o n s  in  th e  

h ea t t r a n s f e r  f i e l d ,  the s lu r r i e d  bed r e a c to r  has no 

s e r io u s  d isa d v a n ta g es  when compared w ith  the o th e r
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ty p e s  o f  r e a c to r  ( 8 ) .  Thus f o r  exotherm ic  h e te ro g en eo u s  

gas r e a c t io n s  where good tem perature c o n tr o l  i s  e s s e n t i a l ,  

the s lu r r i e d  b ed  r e a c to r  i s  o f  p o t e n t i a l  v a lu e .  A 

more, q u a n t i t a t iv e  Imowledge than p r e s e n t ly  e x i s t s  o f  the  

f a c t o r s  in f lu e n c in g  r e a c t io n  r a te  in  a s lu r r i e d  b ed  

r e a c to r  i s  d e s i r a b le .  Such loiowledge would f a c i l i t a t e  

r e a c t o r  d e s ig n  and p erhaps en a b le  the space tim e y i e l d ,  

the l e a s t  a t t r a c t i v e  f e a t u r e  o f  the s lu r r i e d  b ed  r e a c t o r ,  

to b e  improved.

In  t h i s  work, a m ath em atica l model o f  a b im o le q u la r  

r e a c t io n  o c c u r r in g  in  a s lu r r i e d  b ed  r e a c to r  i s  

p r e se n te d  as a b a s i s  f o r  a q u a n t i t a t iv e  i n v e s t i g a t i o n  

o f  the s lu r r i e d  b ed  system . R e s u l t s  from a s u i t a b l e  

ex p er im en ta l model are a ls o  p r e se n te d  w ith  r e fe r e n c e  

to  the m athem atica l m odel.
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1 .  2 . A MATHEMATICAL MODEL OF A 8E00ED ORDER

GA3 REACTION OCCURRING IN A SLURRIED BED

REACTOR.



I f  2 . A. T h is  s e c t i o n  p r o c e n ts  haeic; thei%odynamlo

and k i n e t i c  in fo r m a t io n .

1 .  2 .B . The v a r io u s  p h y s ic a l  and ch em ica l r e s i s t a n c e s

to  ch em ica l change b e l i e v e d  to  be p r e s e n t  i n  th e  

r e a c t o r  are d e f in e d .  The model o f  th e  system  

r e s u l t i n g  from a com bination, o f  the e x p r e s s io n s  f o r  

th o se  r e s i s t a n c e s  i s  shown, to  b e  ex trem e ly  com plex,

1 .  2 . 0 ,  Here an o v e r a l l  r e s i s t a n c e  to  th e  r e a c t io n

has b een  p o s t u la t e d .  T h is  r e s u l t s  i n  a much 

s im p ler  model than th e  p r e v io u s  o n e . A number 

o f  ap p aren tly  i n t e r e s t i n g  r e la t io n s h i p s  are  

e s t a b l i s h e d .
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1 , 2 .  A,

For the second order r e a c t io n  

A + B -------^  0

Forward r a t e  r^ =î " 1 . 2 ,  1 .

Backward r a t e  r^ = ( a)^ -  1 . 2 . 2 .

and the e q n il ih r iu m  c o n s ta n t

K = I f A  _ = _ &  -  1 . 2 .  3 .
1%

At any o th e r  s ta g e  than e qui l ib r iu m , th e  r a t e  i s

— 1 . 2 . 4  «
r “ “ - ^ c

In  t h i s  p a r t i c u la r  c a s e  a gas r e a c t io n  i s  b e in g  

co n s id e r e d  and i t  i s  more co n v en ien t  th a t  th e  e f f e c t i v e  

gas p r e s s u r e s  e x i s t i n g  a t  th e  c a t a l y s t  su r fa c e  ra th e r  

than th e  r e s p e c t iv e  a c t i v i t i e s  should  be c o n s id e r e d .

T h is  may b e  done by r e l a t i n g  f u g a c i t i e s  to  a c t i v i t i e s .
f

The a c t i v i t y  a =
J  o

K -  ('fO'^a(^^o^b — 1-2* 6
m p r g  ° — v ; q -

( / o ) a ( / o A
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For gaseou s  r e a c t io n s ,  i t  i s  customary tO' ch oose  as  

th e  standard s t a t e ,  the pure gas a t  1 atmosphere  

f u g a c i t y

ioO . f  ̂  n 1 atïïio  ̂ o
Hence in  t h i s  c a s e  ^  = 1 h u t  has u n i t s  o f  p

Tiiiis K = yA . é  - 1 . 2 .  6ÂyA
I t  i s  assumed th a t  th e  f u g a c i t y  of a gas i s  p r o p o r t io n a l  

to  i t s  mole f r a c t i o n  

Thus f  = i* y

Hence K = v A _ K é  -  1 . 2 . 7 .

Where K = A
^ A A"

The q u a n t ity  (K. = ^ ,
^TTe

Hence K = ^

I j ' / l î  a

- 1 . 2 .8

V/here ICc<;= L' /  77 ^ J c____

[A la [A]h

In  a g a seo u s  r e a c t io n  a q u a n t ity  i s  f r e q u e n t ly  

u se d . T h is  i s  d e f in e d  as f o l l o w s

S  “ %rA -, ” T e  ̂ ■'y
P c i r E F E T T s ]



Thus K = KpKoC ^

Y/hen th e  g a se s  f o l l o w  th e  i d e a l  g as  law  

” 1 and ^  “ p a ls o  ^  = 1

Hence K = n n m e r lc a lly

F or a second order h e tero g en eo u s  c a t a l y t i c  gas r e a c t io n  

the forw ard and backward r e a c t io n  r a t e s  per square  

ce n t im etre  o f c a t a l y s t  su r fa ce  may be g iv e n  as

^8f -  V n A  -  ^ ”2 . 9 .

Vg-b = K > c  -  1 .2 .1 0 ,

and K = K, ' ,

« 1has d im en sion s o f p

At any s ta g e  o th e r  than eq u ilib r iu m .

/  r
"•b “ AI A 1 “ 1 .2,11

I A  J
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1 o 20 Dp

The meGîirinism p o s t u la t e d  and g e n e r a l ly  a ccep ted  ( 9 ) 

( 24 ) ( 25 ) f o r  a gas r e a c t io n  in  a s lu r r i e d  b ed  r e a c to r  

supposes th a t  r o n e t in g  g a s e s  d i f f u s e  through the gas  

l i q u i d  in t e r f a c e  o f  the b ubble  and in to  th e  l i q u i d .  

T h e r e a fte r  pow erfu l c o n v e c t io n  c u rr en ts  g en era ted  by  

the tu rb u len ce  o f  the system  cause the r e a c t a n t s  to  

p a ss  f r e e l y  to  the l i q u i d  s o l i d  i n t e r f a c e .  Under 

c e r t a in  c o n d i t io n s  a c o n c e n tr a t io n  g r a d ie n t  o f  r e a c ta n t s  

may e x i s t  in  the b u lk  l i q u i d .  The r e a c t a n t s  then  

d i f f u s e  through the l i q u i d  s o l i d  in t e r f a c e  and are 

adsorbed on th e  c a t a l y s t  su r fa c e  whore r e a c t io n  ta k e s  

p la c e .  The p rod u cts  o f  th e  r e a c t io n  th en  p a ss  back to  

the bubble  by s im i la r  p r o c e s s e s .  The p r o g r e s s  of th e  

gas r e a c t io n

A + 3 -------> 0

i s  d e p ic te d  in  f i g ,  1 , 1 ,

In  t h i s  vforkg th e  problem i s  approached from the  

b a s i s  o f  Whitman^ s two f i l m  th eory  which i s  p r e fe r r e d  

to  the more s o p h i s t i c a t e d  p é n é tr a t io n  th eo ry  ( 2 7 ) 

b eca u se  i t  i s  n o t o n ly  e a s i e r  to  apply b u t  i t  has b een  

shown ( 2 8 ) ( 2 9 ) th a t  th e  c o n c lu s io n s  o f  the two t h e o r ie s  

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



THE MODEL SYSTEM

A diagrammatic r e p r e s e n ta t io n  of the r e a c t io n  A + B 
in  a s l u r r i e d  bed r e a c t o r .

->C

Gas-Liquid
I n t e r f a c e

L iq u id -S o l id  
I n t e r f a c e

Gas
Film

Li quid Bulk
Liquid

Liquid Adsorption  
 Step

Bulk
Gas C a ta ly s t

t'b 1 s ( 1 s  ̂r

cglt" cg l

Area
Agi

Area

Fig. 1.1
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The r a t e s  o f  the s to p s  ’b e lio voc l to  occur aro g ivon  

b elow  f o r  s tea d y  s t a t e  c o n d i t io n s  i n  the system»

For r e a c ta n t  A»

From b u lk  gas to  gas l i q u i d  in t e r f a c e  (g a s  f i lm )

:= -  1 . 2 . 12 ,

From gas l iq ;a id  i n t e r f a c e  to  b u lk  l i q u i d  ( l i q u i d  film ' l )

F ^^a2-*S;l^^agl " ^al )a l -  1„2»13

Down c o n c e n tr a t io n  g r a d ie n t  in  b u lk  l i q u i d

N K a 3 4 l ( ° a l  -  Oal ) 1.2,114-,

From b u lk  l ig jx id  to  l i q u i d  s o l i d  i n t e r f a c e  ( l i q u i d  f i l m  2)

-  0 .1  j  - 1 . 2 , 1 5 .a ls '

O v e r a l l  a d so r p t io n  r a te  o f  .cata lj^st su r fa c e  

^ f  a ^ a l  s'^^'ls^v " *" V^ra'^^ls^; "a

I s
aa

-  1 »2 »1 6 .

Assuming th a t  the g a s e s  in  s o lu t io n  obey Henry  ̂s law

Then ° a c l  "

'̂ Cll V

Gal = Il^P

G als =

a
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Thus
N o

=  ---------

^ a l  -  ^0.1

h i  -  h icia.S

ha h i

h \- i
0̂.

h hu h s

I f  the liiGchaxiism of th e  su r fa ce  r e a c t io n  c o n s i s t s  

o f  r e a c t io n  b etw een  adsorbed m o lecu le s  o f  A and B 

on su r fa ce  a c t iv e  s i to s ^  here denoted b y , the  

p r o c e s s  may be r e p r e se n te d  by the e x p r e s s io n

A.:$ + — » C.-&. + £ ,  - 1 . 2 , 1 7 ,

The r a te  o f the forw ard  r e a c t io n  i s  r e p r e se n te d  by  

the f o l lo w in g  e q u a t io n : -

h  “ h s  Gp. h -
G t
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The r a te  of tho h ack  r e a c t io n  i s

'h

Konce N

*Bb %  %

A-,_ 0,S f  -"-lE
S Cĵ 2î

t

K C.
^ S loh s Go"

C. %

\
h f  h s  j oh 0̂ *

0.
a

Ks j
-  lo 2 » l8

To o b ta in  an o v e r a l l  e x p r e s s io n  f o r  th e  r a te  in  

terms o f  , P^  ̂ i t  i s  n e c e s sa r y  to  e l im in a te  the

su r fa ce  p o t e n t i a l s  and 0^^ from l» 2 » l8 j

and in consGdueDce P̂ ĝ , h i '  h i '  h i '

^al ’ h i  ’ ^cl ’ ^r,l8’ h i s  ^c l s

T h is  i s  a ch iev ed  as f o l lo w s

From 1 . 2 o16

0 % 8 a P a ■^als "v
X N

' h a  h s
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S im i la r ly  = S|̂

S,

X nb — 1 o 2 a 20 O
s

+ h l s G v
3C

— 1 o 2o 2 1 o

I t  may b e  shown from 1» 2*12, 1 , 2»13g 1» 2 ,lk p  1»2»15  

th a t

a l s h -
1

*r 4- 1 1

"al'-'gl

-  1»2»22»

and s i m i la r l y

b i s / _ ! _ »  _ 7 _____+ 1 + 1
h i h i  h h a h i  h h s h i  h h h i s

-  1 ,2 ,2 3
\

pc l s
/ 1

G 4“ 1

\
K .A, E Kc r 'g l  ""c""c2^^gl "V"o3^'‘g l  "V"ck'‘* lsII E -.A

-  l» 2 » 2 k .
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Tho su r fa ce  c o n c e n tr a t io n s  o f A, B̂  0 and vacan t  

a c t iv e  s i t e s  may b e  r e la t e d  b y  the f o l lo w in g  

e q u a t io n

Ct 0 V
X -  l» 2 o 2 5

Hence Ct ■^als G'v

^b1 s^v

fa"'l8

fb '" ls

= C. %
V  ̂ + G<dals + h h l s  + h h l s

+ S h e

S h n h s  'h ’c h s

f c h s

Hence GV ' f c A l s

^  + ^ h n lB  + h h l s  + ® c^cls

- 1 .2 .26
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I t  i s  now p o s s i b l e  to  s u b s t i t u t e  in  th e  o r i g i n a l
I
tr a te  e q u a t io n  1 »2 „1 7  e x p r e s s io n s  which c o n ta in  o n ly

h '  h '  h '  h  = h  \ - l ’ h s  tllG

r a te  c o e f f i c i e n t s  f o r  the v a r io u s  s tep s»  A l l  o f  

th o se  q u a n t i t i e s  are cap ab le  o f  measurement i f  

p r a c t i c a l  d i f f i c u l t i e s  can b e  overcome» /m extromelrf 

la r g e  and unw ie ldy  e q u a t io n  i s  o b ta in ed  which has l i t t l e  

pr a n t ic  a l  i  npo r t  anc o »

There are s e v e r a l  d i f f e r e n t  mechanisms a t  the  

c a ta ljp st  su r fa c e  f o r  t h i s  type o f  r e a c t io n  ( 3 1 ) .

Only one has boon c o n s id e r e d  as t h i s  aipproach i s  

c o n s id e r e d  to  end in  an im passe i r r e s p e c t i v e  of  

mechanism» S ince a t h e o r e t i c a l  model o f  p r a c t i c a l  

v a lu e  i s  d e s i r e 8 , a d i f f e r e n t  approach must be  

employedo
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1*2» G»

In  the s p e c i f i c a t i o n  o f any r a te  p r o c e s s  i t  i s  

u s e f u l  to have an o v e r a l l  c o e f f i c i e n t  such as i s  common 

in  he a t  and mass t r a n s f e r .  I t  i s  co n v en ien t  to  e x p r e ss  

r a te  as b e in g  eq u a l to  ( o v e r a l l  c o e f f i c i e n t )  x (a r ea )

X (d r iv in g  f o r c e ) »

Ykien in  gas absorption^ th e  di^iving f o r c e  i s  g iv e n  

by (P^ -  the in s ta n ta n e o u s  r a te  may b e  w r i t t e n  as

where K i s  the o v e r a l l  c o e f f i c i e n t s  A the a re a , P the ̂ ae
p r e ssu r e  o f  gas in  e q u il ib r iu m  w ith  the c o n c e n tr a t io n  o f  

gas in  l iq u id »

Tho group (   has b een  a.ofined ( 6 2 ) as theJ  - P,̂ e)
number o f  o v e r a l l  gas  t r a n s f e r  u n i t s  N.T.U» The h e ig h t

rj
o f a t r a n s fe r  u n i t  i s  d e f in e d  as —--g--gr

T h is  con cep t has boon extended  to  gas c a t a l y t i c  

r e a c to r s  by  L a m p lich ler  ( 3 2 ) and e la b o r a te d  by  Hurt ( 3 3 ) 

f o r  a f i r s t  ord er  gas r e a c t io n .  B oth  d e f in e d  a new 

q u a n tity  -  the h e ig h t  o f  a r e a c to r  u n i t  (H.R.U. ) , 

Narsimhan and D o r a iswamy (3k) have a ttem pted  to  apply  

i t  to  a second ord er  r e a c t io n .

In  the case  o f  combined mass t r a n s f e r  and ch em ica l  

r e a c t io n  as en cou n tered  i n  th e  s lu r r i e d  bed  reactor^  the  

d r iv in g  f o r c e  i s  d i f f i c u l t  to d e f in e .  I t  i s  r e a so n a b le  

to  h o ld  th e  upper l i m i t  as the p a r t i a l  p r e s su r e  o f  the  

r e a c t in g  gas in  the gas b u b b le  and the low er l i m i t  as
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t h a t  p r e s su r e  o f  th e  r e a c t in g  gas which would h e  in  

o qp.ilihrium  w ith  th e  p rod uct p a r t i a l  p r e s su r e  a t  th a t  

p o in t  in  the r e a c t o r .

I f  in  tho ca so  under c o n s id e r a t io n

= K -  1 .2 ,2 7 ,
p Xp «

a -U3.
Then, th e  d r iv in g  f o r c e  i s  g iv e n  by (P^ -

I t  i s  now p o s s ib l e  to  p o s t u la t e  o v e r a l l  in s ta n ta n e o u s  

r a t e  e q u a t io n s  f o r  th e  p r o c e s s  f o r  b o th  r e a c t a n t s

= K a  (p _ p •«) _ 1 ,2 . 2 8 .

%  = -  O  -  1 - 2 .2 9 .

A^.l has boon  chosen  in  p r e fe r e n c e  to  A ls  b eca u se  in  th e  

s lu r r i e d  b ed  r e a c to r  the s o l i d  l i q u i d  i n t e r f a c i a l  area  

may be made v ery  la r g e  i f  desired^  whereasy f o r  a g iv e n  

gas f lo w  r a te  g the gas l i q u i d  area can o n ly  bo changed  

s l i g h t l y  (2 k ) ,  I t  t h e r e fo r e  seems l o g i c a l  to  b a se  t h i s  

work on tho g a s - l i q u i d  i n t e r f a c i a l  area  assuming th a t  

the l i q u i d - s o l i d  i n t e r f a c e  can be a l t e r e d  to  have no

in f lu e n c e  on the r e a c t io n  r a te  »

The r e a c t io n  i s  mole f o r  mole

:  ^G
Hc.nco P., -  p y  = l i b  (P.|̂  -  -  1 ,2 .3 0

At any p o in t  in  th e  reactorj, the r e la t io n s h i p  b etw een

P-h Pn g iv e n  b y  p
•̂ b “ ^
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S im i la r ly  a t  th e  r e a c to r  i n l e t

The r e la t io n s h i p  h e  tween CK. and o (  i s  g iv e n  i n  n o te  1

E quation  1 ,2»  30 may ho w r i t t e n

K
lEL

P —P ■
K Er:h

P,~Pn

'CA
/

E P.h -  E Bh

t * Bh = Bh
E

e ""

h
E

m  (F,
Er(b

p g ) 1 .2 .3 1

But h Pa

' P* - -̂ h
Egh

E.

E
:a Pa

r!b

or h = cK Pa

-  î h i )  + h s  p
KCb

! c a
E^

K

Egh

How E,n c
X c<’p„ “ h s  (p - p ”)t ». cL L I

J



— 2 0  “

L Krh

cid (cK -  p . . )

T h is  i s  o f tho form  

d =

whoro

h

whoro c

a
Q

hx "h ex"'

P

K
C

■p:a
K

K

Kgio

S2 ■£
ga

Kgh

c

1 .2 .5 2 -

d

X

KP

P

P i s  tho v a r ia b le  which i s  o f i n t e r e s t

The o r i g i n a l  a q u a t io n  may bo w r i t t e n  as
2

X 4 EjC 
C

a
cd

0

The s o l u t i o n s  o f  th o se  e q u a t io n s  are as  f o l l o w s : - 

X = ""D 4- / a  4- b  ̂ r o o t  A*^b 4*

2c y  cd kc 2
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X  =:: —

2c
'b
hoV

W ritin g  'these ou t f u l l y

/' / j
p a

Now

a(o(' ,

■■is

KGb V/ Gb

r o o t  B

^a(p< -  ^r:a) 1

, i a
Krt)

I s  a lw ays p o s i t i v e  as i s
r -  K )Ga:

K

i si s  a lw a y s ^ •P J q <
\

K
MU

Kgh

Hone G r o o t  B alw ays has a n e g a t iv e  v a lu e  and may he  

d isr e g a r d e d .

From a c o n s id e r a t io n  of r o o t  A? i t  can h e  shown th a t  

when i s  la r g e  w i l l  ho sm all

l e as KP * > o o  P, 0
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,6For la r g o  v a lu e s  o f  g ro a to r  than 10 say , P,

may roason ah ly  he assumed to  he 0 ,

E quation  1» 2, 2 8  th en  ho comes

-  W ‘’.i -  1 , 2 , 3 3 .

Such a r e a c t io n  might h e  s a id  to  f o l l o w  pseudo f i r s t  

order k i n e t i c s .

Through tho reactor^  tho f lo w  v a r i e s  w ith  

c o n v e r s io n . I t  can ho shov/n th a t ,  a t  th a t  p o in t  in  

the r e a c to r  where the c o n v e r s io n  i s  Xj the f lo w  P. 

i s  g iv e n  hy (n o to  2)

X
(1 +cx )(-rTg -  P J

M
S im i la r ly  P

X 'If r; ^1 /g
{1 + /$ )  ( 7 ^ p^)

X

1 ,2 ,3 4 ,

-  1 ,2 .3 5

C onsider now an e lem en t o f r e a c to r  dZ a t  the p o in t  

where c o n v e r s io n  i s  x

dZ

AV
P.
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Molos o f  A co n v e r te d  i n  e lem ent dZ are g iv e n  "by

Under the c o n d i t io n s  e x i s t i n g  (K^ la r g e )

p f  0

= V V h  az " 1 .2 .3 6

A lso  m oles o f  z; d P

or N = d P

a " 1 .2 ,3 7

a

^cVZ

N o t e ; -  P r e f e r s  to  tho m ola l f lo w  r a t e  o f  g a se s  

A5 D and 0 o n ly  in  r e a c to r  and does n o t  in c lu d e  th e  

m ola l f lo w  r a te  o f  th e  vapour from th e l i q u i d  medium.

Hence eq u a tin g  1 . 2 ,3 6  and 1 .2 ,3 7

1TIX

1 1 »  < ____  .  \ » v i  ^  “
if g (1 +C< ) (ifg - P̂ )
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I f  t h i s  e x p r e s s io n  i s  in b o g ra ted  o ver  the r e a c to r

'ax
d P K

a

* « )  \  -  * ’» )

dZ ^ 1 ,2 ,3 8

ao

In  the in t e g r a t io n s  i t  i s  assumed th a t  ÏC and Ano
are c o n s ta n t

%

» «■
a i  4- In  'ff'no 

ao lTgl :^ai '^'1^
-  1 , 2 , 3 9 .

or V

P
=

M
I + In  if CTO ~ ^aol

7? g i  “ ^ a i

-  I o 2 ,4 0

A lso

gb-* glm

In ^  + In '^gn ~ ^bo

4 ]o  7fn-i -  ^-bi

I t  i s  o f  i n t e r e s t  to  compsne the aheve e q u a t io n s  w ith  a 

c o n v e n t io n a l  r e a c to r  d e s ig n  e q u a t io n : -

ea VL> «
M

dx
r

whore r  i s  th e  apparent r e a c t io n  r a te  i n  terms o f  Xj 

the con version .
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E qu a t  i  on ■.1,2,38 may h o wri 11 e n thu s

a i
lTn K A , i f r

(1 .K X ) \ P ^  (fg. -  Pa) E .
M

m

ao

P

=< /  I f î  ® o
BX

Z(
0

az

( l + c < )  \ P ^  ( -  Pa) P., M

ao

The numher o f  r e a c to r  u n i t s  i s  here d e f in e  cl as

K.RoUc
P.,

c<- / ai
1

IT'c.
ap

-  P gtn

ao

I f  N,R,U,

H,R,U

cA T  P  •In  a i I n lfg o ao

Z
L 10 "77 Gi - h i

i t  f o l l o w s  th a t
H.RoUo

M

gm

-  1 .2 .U 1

1 . 2 .4 2

I t  should  he p o s s ib l e  to  assem ble the h e ig h t  o f  a 

r e a c to r  u n i t  from components d e a l in g  w ith  mass t r a n s f e r  

(HcToU.)ÿ and ch em ica l r e a c t io n  (HoGhoU,),

T h is  i s  n e x t  a ttem p ted .
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The Ov e r a l l  Mass T ran sfer  C o e f f i c i e n t .

E quation  1 ,2 .1 1  s t a t e s  th a t  the r a t e  o f  a c a t a l y t i c  

gas r e a c t io n  on a d e f in e d  area  o f  c a t a l y s t  su r fa c e  i s  

g iv e n  hy

a br -  i t l î A  -  b )S
In  th e  ca se  o f  the s l u r r i e d  bed  r e a c t o r ,  the  

e f f e c t i v e  p a r t i a l  p r e s s u r e s  which correspond  most n e a r ly  

to  ond are and P^g^ .̂ I t  i s  d e s ir a b le

to r e l a t e  P^^s^^bls ^ c l s  ^a^^b "bulk

gas p r e s s u r e s .

From 1 , 2 , 1 2 ,  1 , 2 . 1 3 ,  1 , 2 . 1 4  and 1 ,2 ,1 5  i t  m a y b e

shown th a t

l u V ' l p '

“ (P^ -  ^als^  *“ l ‘’^o43a
The o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  may b e  d e f in e d  as

 ̂  ̂ 4-   + ^tal -  l ,2 ,U 4 a

^ga ^^al ^a2^:a W a  W a ^ l s

and = ^^grf'^gl^^a ^als^  1 ,2 ,4 5

S im ila r  e x p r e s s io n s  may b e  o b ta in e d  f o r  B and G,

The Chemical Rate C o e f f i c i e n t ,

A ch em ica l r a te  c o e f f i c i e n t  may b e  d e f in e d  in  

the f o l lo w in g  terms

h  = h a h s ^ h l s - O  - 1 . 2 . 4 6
In  term s o f  e q u a t io n  1 , 2 , 1 1 ,  the r a te  p er  u n i t
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r e a c to r  volume i s  g iv e n  b y
P

^a ^V "ls^^\als^bls "" — —  ^
K

P

Wlien i s  la r g e

h a ^ 'a l s  " h ^ a l s h l s

Kra % h i s 1 . 2 ,4 7

Wxien P. .loll

Then

^ ^ a ls

H _  ( i

^ a ls

-  _ 1 )6 1 (Note l )
6

where-3 re ^ =:-  Pb l s i
Pa l s i

Kra K1
P

i f r .  (1  -  I J  +Lj
L S

1 , 2 , 4 8 .

S in ce  K i s  a f u n c t io n  o f  P^.  ̂ i t  cannot b e  a tru e
i  cTL t L JL S

c o e f f i c i e n t ,  Hov/ever i t  can b e  u sed  to  r e l a t e  o th e r

c o e f f i c i e n t s .  In  eq u a tio n  1 ,2 ,2 8
X'Na -  V  )

r
(P. ) + ( h i s  -  h " )a l s

Na

a l s  

1
h % s

whence 1

Kga

_1 _ +

h a  h a  h s

-  1 , 2 . 4 9 .

A s im i la r  e x p r o s s io n  may bo o b ta in e d  f o r  r e a c ta n t  B
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The in fercjnce o f t h i s  equf?.tion i s  th a t  in  a s l u r r i e a
1 A n

bed  r e a c to r  when ' ' 'g l  he  comes , the o v e r a l l

1 1 procos ,e . c o t ^ f f ic ie n t     hccom os e f f e c t i v e l y ___  ,

i n  h a
1

Under o th e r  c o n d i t io n s     i s  nor a tr u e  c o e f f i c i e n t ,
Kga

The r a t e  a t  th e  c a t a l y s t  su r fa c e  i s  g iv e j i  hy  

e g u a tio n  1 .2 ,1 1

= h  -  - U s  )

h
I f  i s  la r g e  ; -

" h  h s ^ a l s h l s  1« 2 .5 0

I f  the ch em ica l r e a c t io n  i s  n o t  the r a te  c o n t r o l l i n g  

s t e p 5 then  i s  a f u n c t io n  o f  mass t r a n s f e r  alone^  

and and Ue s m a ll .

I r r e s p e c t i v e  o f  v/hat regim e i s  c o n tr o l l in g ^  

eq u a tio n  1 ,2 ,5 0  i s  t r u e .

S u b s t i t u t in g  f o r  and P^^^ from e q u a t io n

1 ,2 .4 5  etCoj and e q u a t in g  w ith  1 ,2 .3 7

1 h s ( ^ a  -  • )  g b  “ h  )

"^g h a h l  h ' b ' t l

— 1 , 2 , 5 1 =
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T h is  e q u a t io n  i s  e a s i l y  s o lv a b le  f o r  l i m i t i n g  c a s e s

o n l y  „

There are 2 p o s s i h i l i t i e s  -

lo  One mass t r a n s f e r  term dominant and tho forw ard

r a te  c o n s ta n t  i n f l u e n t i a l .  Suppose K < K ^ga gh

From eq u a tio n  1 ,2 ,5 1

f a  = -  _ h . n  P^

h n h l

= -  h  h i  . ^  ) P.

J A .  5 :  (1  + ^ h h s h . h

-d -  h a V

. = V - 1 s4 P c

S u b s t i t u t in g  f o r  F and r a t i o n a l i s i n g

M 1

X

dP a

CL.

1 + K- A-i P1 I s  a
h i  h o .

  , ® a
■ d h h  y i f g . <  “ 1) + p , j  p,.^TTg -  ^ 1

b

pj
+ c?h /  dP^
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2
CA 1 lnd(: . In  h i

(1  1) h-o(='^ “ + ’h .0  1 :pao
1 -  p cpC4 _ dnv2A.l. 4-

OUx  “* ^ a i)  I ( l  4C< )^^ca' -̂gl7Î gm

P •■, P ,
P P . a l )  ao
-  1 ,2 .5 2 ,

(p o r  in t e g r a t io n  see  Note 3«) 

When 1 ('Note if)

V.P o(

F. M

+

In  h i  + I n f l ^ o J l l a o  ViiiQ . - I e i )
> P . / ,ao ax/ f

________h __________ In (f~fco ho), h i
( l  ')-(?( ) ̂ ĉ"'“'ElraAii ( h i  " ^ n l)  ^ao

-  1 .2 .5 3

The nuniber o f  ch em ica l u n i t s  I s  d e f in e  A as

W.Gh.U^ = "   ̂ i n A d h a J l h h i .
o < (X -  1) /fgo(oi -  1) + P^o

-   ̂ In  ^fXQ ~ ^ao

P
In  'lai,

-  l )  Pao

cA T^gi ^ a i I
— 1 , 2 , 5 4

or NoCh.U fA
1 “KA

In ^ n i + I n A o  -  ^ao + /lfgQ , - 7 f f-j ) j 
■Ppo h i  -  ^ a l  W a o  ^ a i / |

-  I . 2 J55

The number o f  ch em ica l u n i t s  i s  a measure o f  the d r iv in g  

fo r c e  overcom ing the ch em ica l r e s i s t a n c e  as opposed to

the d i f f u s i o n a l  r e s i s t a n c e  
From l o 2 ,5 3

V.K a

^ 1

N.Ch.U

hgiii ^ i h i

N.R.U„ 1 . 2 .5 6
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 ___________  g __ __ -I- Ü 2 q   _________ 2'____  -  1 . 2 . 5 7 .

» - ™ - b  V '-O 'lm  'rt'em

T ills  e q u a tio n  i s  o f  c o n c e iv a b le  im portance i n  re ao to r 

d e s ig n .

The h e ig h t  o f  a t r a n s f e r  u n i t  H.T/J =
H.T.U cl

N.T.Uo i s  here d e f in e d  as ^^ga/y l̂m ^  ^

- h “
(N.TaUo i s  l e s s  ea sy  to  d e f in e  p r e c i s e l y  than  in  the ca se  

o f  sim ple gas a b s o r p t io n ) ,

Hence Z ■■=  + N.R.U„ H.T.U„ .From 1 .2 .5 7

h h s  y  d  gm 

. ' . 1  ■ ' l "  * H -T .n .
14 t  iT H.Ch.U^ H.R.U.1 V.L (41

1 FH.Oli.U = . _________________ - 1 . 2 . 5 8

H.R.U. ^

2, In  t h i s  ca se  th e  forw ard r a te  c o n s ta n t  i s  dominant

and K i s  la r g e
g ' '  •

E quation  1 ,2 ,5 3  becom es ^ ________ « 1 , 2 , 5 9 ,
Fl** H.OH.Ü.

wand HoGh,U, =  1 -  1 ,2 ,6 0

h h s  ^ A ;m
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l2ÆS_l" h i  =c<  = h i  ; h  = p c A  A .
h i  h i  h

f .
oC may b e r e l a t e d  to

( s e e  n o te  2 )
(1  + o C ) ( l  -  Y g  

HOW P p ,  + P^Yb + ^ x h  “

A ls o ,  from n mass b a la n c e  P ,Y  = P Y , -  p Y ̂ X a X a i  X o

'  ■ V a  •  -* %  + » x \

. ' .  ®'x = + ' f A

f e x  -  v j  = h ' U  .

^  Y + . d l h• ■{TV>r)(l - A) h i  ■*■ XT +acy(T'_ Y)
f

h  "  ̂ “ h i  Cl +c<)(i -  h ) “ 1 -  (1  -
o< c<

HowO< Y  ̂ = Yy 

' ©C* Y^‘ = 1 -  (1  -  Y ) = I W -  1) + YC-. a ^  c-i
I ex.

*. «X =UL(«*^- 1) + i
<oCY„ oC

‘ - ©< = i  (1  -  1 )  + 1
Y~ iX «<d

o r  < x ' =  -  1 )  +  1

n
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Note 2 , I n  the s l u r r i e d  b ed  r e a c t o r ,  c e r t a i n  com plx- 

s e n t io n s  a r i s e  i n  d e f in in g  th e  mole f r a c t i o n s  o f  the  

com ponents. N orm ally th e  mole f r a c t i o n  o f  a gas  in  

a m ixture e q u a ls  the p a r t i a l  p ressu re  o f  th e  gas  

d iv id e d  by  t o t a l  p r e s s u r e .  However^ in  th e  s lu r r i e d  

bed r e a c t o r ,  th e  l i q u i d  medium p r e s e n t  e x e r t s  a 

p a r t i a l  p r e s s u r e .  The t o t a l  p r e ssu r e  o f  g r s  in  the  

r e a c to r  i s  hence eq u a l to  th e  t o t a l  p r e s s u r e  l e s s  the  

p a r t i a l  p r e s s u r e  o f  th e  l i q u i d .  The t o t a l  p r e s su r e

u sed  to  d e f in e  mole f r a c t i o n s  in  t h i s  v/ork i s  th e r e fo r e

th e  t o t a l  r e a c to r  p r e s s u r e  l e s s  the l i q u i d  p a r t i a l  

p ressu r e

fg = tfr f l
A ccord ing to  t h i s ,  mole f r a c t i o n  o f A =

B
TTg 
Pb

it II It 0 L "p®

tT g
These mole f r a c t i o n s  are th u s  eq u al to  th e  mole f r a c t i o n s  

o f  gas i n  any m ixture f r e e  o f  l i q u i d  vapour and p r ev e n t  

c o n fu s io n  in  p r a c t ic e ,  when i n l e t  and o u t l e t  vapour  

f r e e  stream s are b e in g  a n a ly se d  and th e  r e s u l t s  u sed  

to  compute the p a r t i a l  p r e s s u r e s  e x i s t i n g  w i t h in  th e  

r e a c t o r .
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Through th e  r e a c t o r ,  th e  f lo w  o f gas  v a r i e s  w ith  

con version o  The f lo w  a t  any p o in t  i n  th e  r e a c to r  

where th e  c o n v e r s io n  i s  x may he dectucecl t h u s : -

Suppose the i n l e t  p a r t i a l  p r e s s u r e s  o f  A and B are  

r e la t e d  th u s
h i  =

MI n l e t  molar f lov ; r a te  z:

M oles A e n te r in g  r e a c to r  = F^ ’̂̂ ^ a i

M oles B e n to r ln g  r e a c to r  = F ^ b l
" TTgi

At p o in t  where c o n v e r s io n  i s  x ,  f l o w  o f  r e a c t a n t s  i s

I n  th e  typ e  o f  r e a c t i o n  h o in g  A is c u s s e a

M oles C formed = M oles A u sed  = M oles B u se d

M oles A u sed  = F ^ ^^ fa i -  F._ j a  —  (A)
Vgi tTg

= M oles B u sed  = F ^ h i -  F
-TTgi f s

= h i  -  Px
i f g i  i f e

Moles 0 produced = F^  c ~  (C)P

TT g
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• *

TTeI  

%

f
-  cX .̂r.x

Tl g i

P

l i s

l t e
o< h i

TTgi 'If g i Tfg
By _

^x

f /  d . i  

f g i• IT e

S in ce  Pa + h  + — iTs
4. d A + b  A

TT e I f  e fT e
‘ d  A =  ®’x 1 -  %

'  •  T f s iT g

S u b s t i t u t io n  o f  E i n t o p g iv e  s

_a

6

=  TTg fT g
• ĥ

Tfg

(D)

(B)

(F)

d ^ x  = A -  ^x + ^ a i -  ^ x ^
TTg TT 6 TT g i TT g i Tfg

= A 1 _ £ a 1
TTg i

+ F T y ^ a i  
L T h i

-  a l
T T g i,

-  (

-

S in c e  m oles  A u sed  = M oles 0 formed  

S u b s t i t u t io n  o f  (G) in to  (O) g i v e s ; -
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^£?.i

l î g i

FX

F« # X

i r  r:

P1 -  2"'a
Tfg

1 -  - â1
I f s i

= Fj_M

77 g i

p

F̂ ^̂  <?<. ^ a i

Tfsi
t f f iSi.

1

f e

llTgi

a i  -  ’̂ a i  +

o7!oil  
K  s i

Now P̂ . + P̂ . = 7f ,

^ a l  + ^  ^ a i  = TT g i

^ a i

. .  ^x

t e i
1

____________ i s i ____________

1

(H)

I f  g
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/ .  ï'x = l 'g  "1
(1  +P<)(7]' » ^

(1  + c < ) ( l  -  Y^)

S im i la r ly  F^ = s  ^
( l  + /3 ){ " /r ^  -  Pj-|)

whero y3 = 1
cK



3S

flî© i s t s e m t i o B  o f

1)

|-{ f  H

SS A

and "(f'g s B

dPa

g  “

A§ i t  l e  ( ï e e l r e â  t a  I n t e g r a t o  th e  e x p r e s e l o n  'between

f a i and P

' a i

ao^ 

dP

the e x p r e s s io n  becom es

a
(A 4 V J  P^(B -  P ja

ao

B efo re  t h i s  can he in t e g r a t e d  i t  must he s p l i t  in t o  

p a r t i a l  f r a c t i o n s  t h u s : -

— 1

A(A + B )(A  + D) ADPa B(A + B)(B _ P )
cl

dPa

a dP dP

A(A B )(A  -H P^) ABP
a

a B(A + B)(B _ P^)

ao
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r
l n ( A  + P„) + ^

A(A 3 ) m

P . .

 L _  ln(B  _ P jj
B(A + B)

1

© <(t5< ~

In l fg C c A -  1) + p j  +

'P ao

ao

1
P .'Ti a i

In  P
(K » 1)1*•r 2̂ -

g
ao

1

g

^ a l

l n ( l f  -  P j

ao

1

tfg

-  1
4- i — In  ^ a l

1 P ao

ao

t f g i  “ ^ a i
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F o te  k,

G onsidor th e  e x p r e s s io n

-  1 in
_ 1) TTgoC^^- 1) + Pn4

o +

a i

y In 1  
(«K- 1) P

-  1
P^i 11 + (< ^- D ' ^ kI  

in  L P a i

ao

«X («X- 1)
ao

ï  + (X  -  1) 77£o
J

+ < In ^ni
(X -  l )  ^ao

ao
- 1 P 1

In  a i  + In  ^ ai
-J

X ( o < -  1 )  p ao 1

1 In  I 1 +
l )

n

^ a i

%o

In  I 1 4- (94 -  1 )

go J

Tho ex p an sio n  o f  th e  l o g  term s in (J g i v e s

-  1 In ^al + In  ^ a l

1 )

- ( g f . r „ -  ( * < ' -  l ) ^ 7 f s i ^  +  ( X  -  i p  i f z i ______
2 _.r, ^

^ a i 2^ai 5^0.1

(P ^ ~  l)7fpro -  1 )  ̂ ao^
2 _  3

ao 2Pao 3Pao J
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When —  1 t h i s  s e r i e s  need  n o t  b e  tak en  f u r t h e r

than the f i r s t  term, 

in ^ai > 1

Hence th e  oxproGSion becom es

1

Fao 1 <X(cs<  ̂ l )

1

cx
H.Ei -  ILsl

h i

1 In  h i  + / t_so  -  TLe^ \
Pao V ao P - .

no. 

^ g i

Hence H*OhoU» may b e  w r i t t e n  as

NoOhoU. = P<2
(1  +<=<)

In  ^ a i + (1 ^  PJ
Pao ao

£rr,'^
p

t t so. .r an

I I  g i - h i

(1 + )
In Pa i  + In

ao l T  r i  " ao a i



1 . 3 .  THE EXPERIMENTAL MODEL,
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An ex p er im en ta l model i s  r e q u ir e d  to  t e s t  th e  

math e m e t ic a l  m odel„ The h y d r o g en a tio n  o f  e th y le n e  

in  a s lu r r i e d  b ed  r e a c to r  i s  c o n s id e r e d  to  p ro v id e  a 

s u i t a b le  m odel.

h h  ^2 -------- >  CgHg

At 18*^0, A  ^  = - 3 2 ,7 3 2  c a ls /g m  m ol.  ̂ and the

r e a c t io n  i s  h ig h ly  exotherm ic» T his r e a c t io n  h as a 

la r g e  e q u il ib r iu m  c o n s ta n t  a t  normal tem p eratu res  

(Appendix I ) * W hile i t  h as b een  c la im ed  to  b e  a 

f i r s t  order r e a c t io n  under c e r t a i n  c o n d i t io n s  ( 3 5 ) ,  

i t  i s  a b im o le c u la r  r e a c t io n  and i t  i s  h ere  c o n s id e r e d  

to  b e  a sdcond ord er  r e a c t io n  ( 3 6 )0  Calderbank has  

a ls o  u sed  th e  h yd rog en atio n  o f  e th y le n e  in  the study  

o f  s lu r r ie d  b ed  r e a c t o r s  ( 1 0 ) .

Undergraduate r e se a r c h  h as  c la im ed  th e  r e a c t io n  

to  b e  a lm ost f r e e  o f  s id e  r e a c t io n s  a t  tem peratu res  

b e lo w  100^0 a lth o u g h  methane fo r m a tio n  can occu r  a t  

h ig h e r  tem p era tu res . I t  was d ec id ed  to  ca rry  o u t  the  

r e a c t io n  a t  75^0 f o r  most o f  the work and ig n o r e  the  

p o s s i b i l i t y  o f  methane fo r m a t io n ,  Vi/hile th e  r e a c t io n  

i s  ex o th erm ic , p r e v io u s  work on sm all s c a l e  s l u r r i e d  

b ed  r e a c t o r s  w ith  exotherm ic  r e a c t io n s  has shown t h a t ,  

a t  e le v a t e d  te m p era tu res , h e a t  must be added^rather  

than removed y to  m a in ta in  the tem perature (2Lf.)„ T h is  

i s  presum ably due to  h e a t  l o s s e s  ex c eed in g  h e a t
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p r o d u c t io n . Any sm a ll  s c a l e  r e a c to r  must in c lu d e  

p r o v i s io n  f o r  h e a t  a d d i t io n  and tem perature c o n t r o l .  

P r e v io u s  work (9 ) ( 2 i | )  in d ic a t e d  Raney n i c k e l  a s  a 

s u i t  rib l e  hydro g e n e r a t io n  c a t a l y s t  in  a s l u r r i e d  b ed .  

A lso  in  th e  l i g h t  o f  p r e v io u s  work (9)(2li-) the u se  

o f  a c y c l i c  hydrocarbon such as  x y le n e  i s  e n v isa g e d  

as the c a t a l y s t  su sp en d in g  medium »

The e x p er im en ta l  r e a c to r  had to  b e  d e s ig n e d  to  

a l lo w  v a r i a t i o n  o f  th e  param eters o f  r e a c to r  l e n g t h  

and volume, gas f lo w  r a t e ,  i n l e t  gas co m p o s it io n  and 

o p e r a t in g  tem p era tu re . O p eratin g  data  o f  a fu n d a -  

: m ental n atu re  must a l s o  b e  e a s i l y  m easurab le . T h is  

in c lu 6 ,e s;

(a ) P low  r a t e  o f  i n l e t  gas  stream .

(b) C om position  o f  i n l e t  gas stream .

(c )  C om position  o f  o u t l e t  g a s  stream .

(d) Plow  r a te  o f  o u t l e t  g as  stream .

(e )  O p eratin g  tem p era tu re ,

( f )  Gas l i q u i d  i n t e r f a c i a l  a re a ,

(g )  L iq u id  s o l i d  i n t e r f a c i a l  a re a .
Thus the e x p e r im e n ta l  model may b e  s p e c i f i e d  as

a s lu r r i e d  b ed  r e a c t o r  f o r  h y d ro g en a tin g  e th y le n e  a t  

75^0 w ith  Raney n i c k e l  suspended in  x y le n e  as th e  

s l u r r i e d  b ed . The d e t a i l  d e s ig n  was d eterm in ed  by  

th e  ex p er im en ta l  req u irem en ts  l i s t e d  above.
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The v/ork i s  s u b j e c t  to  c e r t a i n  l i m i t a t i o n s .

For f i n a n c i a l  r e a s o n s ,  the apparatus has b een  

r e s t r i c t e d  to b en ch  s c a l e .  The g l a s s  apparatus  

e v e n b u a lly  u sed  can o n ly  b e  o p era ted  a t  atm ospheric  

p r e s s u r e .



APPARATUS AND EXPERIMENTAL PROCEDURE.
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2 . 1 .  THS EXPERIMENTAL LAYOUT i s  shovm in  P i g .  2 , 1 .

Gas i s  pumped from the gas h o ld e r  0 through the flo w m eter  

D, the gas p u r i f i c a t i o n  system  B and th e  vfot g a s  m eter P 

by tho gas pump G. The gas  th en  f lo w s  to  the r e a c to r  H, 

The r e a c t io n  p ro d u c ts  p a ss  through the c o o le r  I to  the  

ga s  a n a ly s i s  u n i t  J and f i n a l l y  are v en ted  from the  

system  a f t o r  p a s s in g  through th e  wet gas m eter K.

2» 2. RBAOTMT GAS SUPPLY SYSTBM.

Hydrogen and e th y le n e  from the h ig h  p r e s s u r e  c y l in d e r s  

A are m etered through a system  o f  v a lv e s ,  a t  p r e s s u r e s  

o n ly  s l i g h t l y  above a tm osp h er ic , in to  the gas  h o ld e r  C, 

via. the vmt gas  m eter B. The ga s  h o ld e r  c o n s i s t s  o f  

the in n e r  tube o f  a la r g e  l o r r y  t y r e .  I t  has a

c a p a c i ty  o f  ap p rox im ate ly  100 l i t r e s .  The r e a c ta n t

g a s e s  from the h o ld e r  p a ss  through the f lo w  m eter D.

T h is  i s  a c a p i l l a r y  f lo w  motor w ith  a manometer 

c o n ta in in g  a c o lo u r e d  l i q u i d .  I t s  purpose i s  to  

in d ic a t e  the s t e a d in e s s  o f  th e  f lo w .  As th e  r e a c ta n t  

gas may c o n ta in  t r a c e s  o f  0^ and GO, , which are c a t a l y s t  

p o is o n s ,  an a b so r p t io n  t r a in ,  B, o f  a 12-̂ ô p y r o g a l lo l  

-f* 17^% KOH s o l u t i o n ,  an ammoniacal cuprous c h lo r id e  

s o l u t i o n  ( 1 1 . 5g . O uClg/ 50 cc  d i s t i l l e d  w ater + 14.3 0 0 . 

NHĵ ÔH) and d i l u t e  HOL i s  n e c e s s a r y .  These s o l u t i o n s

remove 0^, GO, and HĤ  r e s p e c t i v e l y .  The gas th en

p a s s e s  through a cu m u la tiv e  P ark in son  & Cowan w et gas
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me t o r  ̂  T h is  i s  an a cc u r a te  f lo w  m eter b u t  o n ly  o p e r a te s

i n  th e  p r e s su r e  ran ge + 10 ins*, vm ter gauge.

The gas th en  p a s s e s  through a n e e d le  adjustm ent  

v a lv e  and a \?ash b o t t l e  c o n ta in in g  g ra n u la r  ca lc iu m  

c h lo r id e  f o r  g as  d ry in g  to  the gas i n j e c t i o n  pump G-,

T h is  i s  a v a r ia b le  speed  Watson Marlowe H,Ro f lo w  

in d u c e r .  The g a s  i s  th en  pumped to  th e  r e a c t o r .

The rubber tu b in g  u sed  in  t h i s  pump r e q u ir e d  c o n s ta n t  

a t t e n t i o n  and i s  lu b r ic a t e d  b y  F rench  c h a lk ,

2, 3o THF REAOTOR SYSTEM, T his i s  shovm in  F i g ,  2, 2, 

R ea ctor  columns o f  d i f f e r e n t  l e n g t h s  may be i n s e r t e d ,  

StancTard r e a c t o r s  were made from 3cms, ID g l a s s  

tu b in g  and were f i t t e d  in t o  the system  by means o f  

B„UO Q,F,V, cone and s o c k e t  j o i n t s .  The r e a c t o r  

diam eter  i s  r e s t r i c t e d  due to  th e  p o s i t i o n  o f  th e  

downcomer from the se p a r a to r .  The se p a r a to r  and 

much o f  the p ip in g  i s  made o f  g l a s s .

S e c t io n  A c o n s i s t s  o f  t e f l o n  tu b in g  th e  l e n g t h  

o f  which was changed a cco rd in g  to  r e a c to r  l e n g t h .

The type o f  j o i n t  m ain ly  u sed  in  the c i r c u i t  i s  

shown in  F i g ,  2 , 3 , Q,F,V, B ,10  cone and s o c k e t  

j o i n t s  were a l s o  u se d .  S e c t io n  B̂  b etw een  the  

se p a r a to r  and th e  pump in c o r p o r a t in g  the h e a te r  and 

the f lo v /m eter , i s  e r e c te d  in  a sem i-perm anent
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manner wîiIXg S e c t io n  A may be a l t e r e d  a t  w i l l .

The f lo w  m eter c o n s i s t s  o f  a c o n s t r i c t i o n  i n  th e  

downcomer w ith  upstream  end downstream ta p p in g s .

These are co n n ected  to  a manometer by th e  t e f l o n  type  

j o in t  i l l u s t r a t e d  i n  Fig« 2, 3 , Mercury i s  u sed  as  

th e  manometer l i q u i d .  The s lu r r y  h e a te r  c o n s i s t s  o f  

U8 f t o  o f  26 SoWoG, n i  chrome w ire  wound, round a s b e s t o s  

paper on a f ’* 0 g l a s s  tu b e . The w in d in gs  are  

la g g e d  b y  a s b e s to s  ro p e . At 250  v o l t s ,  t h i s  h e a te r  

has a r a t in g  o f  6 5O w a t t s .  The h e a te r  ou tp u t i s  

c o n t r o l l e d  b y  a v a r ia c  co n n ected  to a H oneywell Brown 

tem perature r e c o r d e r  c o n t r o l l e r  v ia  a pneum atic  

diaphram v a lv e .  The T ,R ,0 , in p u t  s ig n a l  i s  o b ta in e d  

from a copper c o n s ta n ta n  therm ocouple lo c a t e d  down- 

; stream  from th e  pump, A P90 t e f l o n  c e n t r i f u g a l  

pump, s u p p lie d  b y  Glen C resto n , and w ith  a r a te d  

o u tp u t o f  12  l i t r e s  w a ter /m in u te  a g a in s t  1  m etre  

head o f  w ater i s  u sed  f o r  s lu r r y  c i r c u l a t i o n .

The gas d i s t r i b u t i o n  system  i s  shown i n  F i g ,  2, U, 

The gas d i s t r i b u t o r  i s  a s p in a r e t t e  w ith  I 8OO 0 ,1 0 5  m,m 

h o l e s .  The b a s e  p i e c e  i s  made o f  b r a s s  and i s  

co u p led  to th e  r e a c t io n  system  v i a  a KBM/l Q,V,F, 

j o i n t .

As a l i q u i d  con d en ser  and p rod u ct c o o l e r , a 

sm all con d en ser  i s  f i t t e d  on top  o f  th e  s e p a r a to r .
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2. Uo THE G-AS M A iySIS  SY8TM. (F ig .  2, 5„)

The gas  a n a ly se r  o p e r a te s  on th e  c o n s ta n t  volume

p r i n c i p l e  and i s  an i n t e g r a l  p a r t  o f  the system .

Samples o f  i n l e t  or o u t l e t  gas may he drawn in  con ven -

: i e n t l y  from the narrow h o re  main gas l i n e . The

apparatus i s  cap ab le  o f  a n a ly s in g  fa e th y le n e  c o n te n t

o n ly .  R e s u l t s  may h e  r e p e a te d  to  + 0.1%„ The

volume % (mole f r a c t i o n )  o f  e th y le n e  p r e s e n t  in  a
H — Hsample i s  c a l c u la t e d  from 1 2 „ where

■ ' rr ' X  J .U U  J-
•̂ 1

and are the i n i t i a l  and f i n a l  h e ig h t  d i f f e r e n c e s  in  

the mercury l e v e l s  in  the two l im b s .

The e th y le n e  a b so r p t io n  s o lu t io n  u sed  c o n s i s t s  o f  

200 gmso o f  m ercuric n i t r a t e  d i s s o lv e d  in  1000 c* c ,  

of 2H n i t r i c  a c id  and the s o l u t i o n  i s  s a tu r a te d  w ith  

sodium n i t r a t e  ( 3 7 ) « About 12 c . c . o f  t h i s  s o lu t io n  

absorbs 40 c . o .  e th y le n e  q u a n t i t a t iv e l y  a f t e r  2 m inutes

2. 5o DEVELOPMENT OF THE APP/JIATUS.

P re v io u s  virorh in  the R.O. 8. T. ( 3 8 ) on e th y le n e  hydro-  

; g e n a t io n  in  a bench  s c a l e  s lu r r i e d  bed  r e a c to r  has  

shovm th a t  h e a t  a d d i t io n  to  the system  was n e c e s s t o y  

due to  h e a t  l o s s e s  e x c e e d in g  h e a t  g e n er a ted . D ir e c t  

h e a t  supply  p r e se n te d  a number o f  problem s e s p e c i a l l y  

i f  v a r io u s  r e a c to r  s i z e s  virere to  be u sed . U n d es ira b le  

r a d ia l  tem perature e f f e c t s  are a ls o  o b ta in e d  i n  such a
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s y s t e m I t  was t h e r e f o r e  d ec id ed  to  supp ly  h e a t  

e x t e r n a l ly  to  th e  re a c to r*  The s lu r r y  th u s had to  h e  

pumped from the r e a c to r  through some form o f h e a t  

exchanger and hack  in t o  the rea cto r*  Xylene^ the  

proposed  suspend ing  medium, was found to  a t ta c k  rubber  

and polym ers g e n e r a l ly  w ith  the e x c e p t io n  o f  P*T*F*Eo 

D i f f i c u l t y  was en co u n tered  in  o b ta in in g  a s u i t a b l e  

pump* F i n a l l y  the P * T * F c e n t r i f u g a l  pump d e sc r ib e d  

e lsew h e re  was o b ta in e d  and t h i s  performed s a t i s f a c t o r i l y *  

The j o i n t s  in  the e x t e r n a l  s lu r r y  c i r c u i t  a l s o  gave  

c o n s id e r a b le  tro u b le*  I t  was fou n d , w ith  the g l a s s  

apparatus i n i t i a l l y  used., th e s e  had to  b e  f l e x i b l e  

and rea so n a b ly  e a sy  to  b rea k  open and remake*

E v e n tu a l ly  th e  typ e o f  j o i n t  shown in  Pig* 2* 3* was 

developed* T his j o in t  was found to  b e  e x c e p t i o n a l l y  

r e s i s t a n t  to  any l i q u i d s  which do n o t  a t ta c k  P*T*P*E*

I t s  s u c c e s s  d_epends on th e  a i r  s e a l  formed by th e  

rubber tubing* W ithout t h i s  leal^age o c c u r s  due to  

the poor ad h esion  o f  P*T*P*E* to  g la ss*

A m etal apparatus was d es ig n ed  c o n c u r r e n t ly  w ith  

the p r e l im in a r y  work* For v a r io u s  u n fo r tu n a te  

r e a so n s  th e  apparatus was b u i l t  in  copper* I t  had a 

d e s ig n e d  v?orking l i m i t  o f  50 p *s*i*g*  V ariou s  

r e a c to r  s i z e s  v/ere a v a i la b le  and th e  problem s o f  

f r a g i l i t y  o b ta in e d  w ith  the g l a s s  apparatus were
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absent* U n fo r tu n a te ly  i t  v/as d iso o v e r e d  th a t  copper  

p o iso n s  Raney n i c k e l  and the apparatus v?as u s e l e s s *

T h is  p o iso n in g  e f f e c t  i s  i n  f a c t  in d ic a t e d  h y  

Berkmann, M orell and E g lo f f  ( 3 9 ) ,  Thus t h i s  p a r t  

o f  th e  work was w asted  and work vms resumed on th e  

g l a s s  aparatuB who se f l e x i b i l i t y  in  u s in g  d i f f e r e n t  

r e a c to r  s i z e s  had to  b e  in c r e a s e d  to  the p r e s e n t  l e v e l*  

High p r e s s u r e  o p e r a t io n  was a l s o  im p o ss ib le*

The developm ent o f  th e  r e a c ta n t  gas supply  system  

a ls o  p r e s e n te d  c e r t a i n  problems* P r e v io u s  p r a c t i c e  

(214-), ( 3 8 ) ,  i kO)  in v o lv e s  m ix in g  r e a c ta n t  g a s e s  d i r e c t  

from the h ig h  p r e s su r e  sto rag e*  T his system  appears  

to  b e  s u b j e c t  to  fr e q u e n t  f l u c t u a t i o n s  in  f l o w  r a t e  

and c o m p o s it io n  and r e q u ir e s  c o n s ta n t  su p e r v is io n *

A f t e r  some i n v e s t i g a t i o n ,  a system  v/here gas o f  a 

c o n s ta n t  co m p o s it io n  co u ld  b e  pumped from a r e s e r v o i r  

at a c o n s ta n t  r a t e  to  th e  r e a c t o r  was e n v is a g e d ,  A

la r g e  ty r e  in n e r  tube was found  to  be a s u i t a b l e  

r e se r v o ir *  G-as may be s to r e d  a t  atm ospheric  

p r e ssu r e  i r r e s p e c t i v e  o f  th e  amount o f  gas  p resen t*

Ko problem s o f  gas s o lu t io n  are in v o lv e d  as i s  th e  

c a se  w ith  wet gasom eters*

Gas pumping c o n s t i t u t e d  an oth er  o b s ta c le *  Most 

g a s  pumps were found  to  le a k  s l i g h t l y  through diaphrams 

or p i s t o n  r in g s ,  e i t h e r  e x p e l l i n g  r e a c t io n  gas or
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in d u c in g  a i r .  B oth  phenomena are h i g h ly  u n d e s ir a b le  

as a cc u r a te  f lo w  measurement and gas a n a l y s i s  become 

im p o ss ib le^  However, th e  f lo w  in d u cer  e v e n t u a l ly  

u sed  overcame th e s e  d i f f i c u l t i e s .

Methods o f  g as  a n a l y s i s  were a ls o  con sidered *  

Bone and ifJheeler typ e  a n a l y s i s  apparatus {2k)  and th e  

therm al c o n d u c t iv i t y  c e l l  method (1)0) have b een  u sed  

p r e v io u s ly *  The f i r s t  was f e l t  to  b e  too  s lo w  and 

the second  to  b e  too  s e n s i t i v e  to  gas i m p u r i t i e s .  

A c c o r d in g ly ,  c o n s id e r a b le  work on the a n a l y s i s  o f

and GH  ̂ m ix tu r e s  in  a Janek (Ij-l) type  

gas chromatograph ap paratu s was c a r r ie d  out* S u f f i -  

: c i e n t l y  a cc u r a te  r e s u l t s  vmre n ever  o b ta in e d  and the  

work was e v e n t u a l ly  abandoned.

R ecourse was made to  th e  apparatus d e s c r ib e d  

e a r l i e r *  T h is  en a b led  th e  co m p o sit io n  o f  th e  o u t l e t  

gas to  b e  c a l c u la t e d  in  term s o f  H^, GgĤ ,̂ ajid 

p rov id ed  the i n l e t  c o m p o s it io n s  were known in  terms  

of Hg and CgH  ̂* The method assumed no o th e r  g a s e s  

to be p resen t*  Quick r e s u l t s  o f  i n l e t  and o u t l e t  

gas c o m p o s it io n s  were o b ta in a b le  b u t  th e  apparatus  

i s  l i m i t e d  and i s  c o n s id e r e d  to  b e  th e  l e a s t  s a t i s -  

:f a c t o r y  ra p o ct  a f  th e  ex p er im en ta l  work*
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2 , 6o EXPERIMENTA OPERATING PROCEDURE*

The l i n e  c o n n e c t in g  the r e a c to r  to  th e  gasom eter  

was shut o f f  * One o f  the gas  c y l in d e r s  was b rou g h t

in t o  l i n e  and m eter B and a s s o c ia t e d  l i n e s  were purged  

thoroughly* The required, amount o f  gas was th en  

m etered in to  the gas  holder* T h is  procedure was 

re p e a te d  f o r  the o th e r  gas and a gas m ixture o f  the  

d e s ir e d  co m p o s it io n  obtained* The gas h o ld e r  was 

then  i s o l a t e d  and l e f t  f o r  a tim e to  a llov / d i f f u s i o n a l  

m ixing to take p la c e .  Meanwhile the v a r io u s  c l i p s  

and v a lv e s  vfere s e t  in  such a manner th a t  the surge  

a s s o c ia t e d  w ith  s t a r t  up would n o t  b low  any absorbent  

or manometer l i q u i d  in t o  the system .

The gas pump G was s e t  in  m otion and th e  whole  

system  purged wath g a s .  The r e a c to r  vfas th en  

f i l l e d  w ith  th e  l i q u i d  and the r e q u i s i t e  amount o f  

c a t a ly s t *  The r e a c to r  by p a ss  was brought in to  l i n e  

and r e a c ta n t  gas  pumped through and a n a ly sed  u n t i l  

c o n s ta n t  v a lu e s  o f  th e  i n l e t  co m p o s it io n  were 

o b ta in e d .

Gas pumping was stopped  and the r e a c to r  o u t l e t  

l i n e  opened* Condenser w ater v/as turned on* The 

s lu r r y  r e c y c le  pump P was s t a r t e d  g e n t ly  to  p r e v e n t  

any mercury from th e manometer b e in g  fo r c e d  in t o  the
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system . Mercury c a u s e s  immediate p o is o n in g  o f  the  

Raney n ic k e l  c a t a l y s t  and can c lo g  th e  gas  d i s t r i b u t o r  

by amalgam fo r m a tio n . The re q u ired  tem perature was 

s e t  on th e  c o n t r o l l e r  and th e  c o n tr o l  system  a c t iv a te d *  

When o p e r a t in g  tem perature was reached  and th e  r e a c to r  

has s e t t l e d  down to  c o n s ta n t  tem perature o p e r a t io n ,  

gas was i n j e c t e d  a t  th e  r e q u ir e d  f lo w  ra te*  Vfhen 

s tead y  s t a t e  c o n d i t io n s  o b ta in e d  the v a r io u s  in stru m en t  

r e a d in g s  r e q u ired  were n o ted  a t s u i t a b l e  i n t e r v a l s  

of tim e f o r  th e  d u r a t io n  o f  th e  run. A f te r  th e  

p a ssa g e  o f  a r e a so n a b le  volume o f p rod u ct g a s ,  o u t l e t  

gas a n a ly se s  were commenced* These were, co n tin u ed  

p e r i o d i c a l l y  u n t i l  th e  end o f  the run. Runs v/ith  

very  low  i n l e t  gas f l o w  r a t e s  l a s t e d  up to  5 h o u rs ,  

w h ile  f o r  runs a t  v ery  h ig h  f lo w  r a t e s  20 m in utes  

was g e n e r a l ly  s u f f i c i e n t *  The d i f f e r e n c e  in  

o p e r a t in g  tim e v/as due to  a lo n g e r  time b e in g  

req u ired  a t  low f lo w  r a t e s  b e fo r e  a r e a so n a b le  

sample o f  p rod u ct gas co u ld  be drawn from th e  

system . The run v/as g e n e r a l ly  term in ated  when 

o u t l e t  gas a n a ly s e s  a t ta in e d  an ap p rox im ate ly  

c o n s ta n t  va lue*
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2* 7o GATAYST PREPARATION,

Raney N i c k e l  c a t a l y s t  (42) was p r e p a r e d  a c c o r d i n g  

to  th e  method o f  Covert and A dkins  (43) * T h i s  i s  

b e l i e v e d  to  p ro d u c e  c a t a l y s t  o f  f a i r l y  u n i fo rm  

a c t i v i t y a

To a s o l u t i o n  o f  500 gms* o f sodium hydroxide in  

2000 c c ,  o f  d i s t i l l e d  water in  a 5 l i t r e  b ea k er ,

500 gras, o f  f i n e l y  ground. A lum inium -N ickel a l l o y  

(50 -  50 w/w) were added s lo w ly  over a p e r io d  o f  5 

hours* During t h i s  a d d it io n ,  the tem perature i s  

k ep t b e low  2 0 °0 , o th e r w ise  liydrogen e v o lu t io n  i s  

e x c e s s iv e .  C oo lin g  i s  e f f e c t e d  by immersing th e  

b eak er  in  a b a th  c o n ta in in g  a f r e e z i n g  m ixture o f  

s a l t  and i c e ,  Yfhen the a d d it io n  o f the a l l o y  wan 

com p lete , th e  m ixture was h ea te d  to  a tem perature o f  

95-100*^0» and k ep t a t  t h i s  tem perature f o r  fo u r  hours  

w ith  o c c a s io n a l  s t i r r i n g .

N ext 700 cc* o f  19^ sodium hydroxide were added 

and the m ixture k ep t a t  95-100^0* f o r  a p e r io d  o f  

th ree  hours or u n t i l  th e  e v o lu t io n  o f  hydrogen had 

ce a se d . The m ixture  was th en  d i lu t e d  to  5 l i t r e s  

w ith  d i s t i l l e d  w ater . The c l e a r  s o lu t io n  o f  sodium  

alum inato r e s u l t i n g  i s  d eca n ted . The n i c k e l  thus  

l e f t  i s  washed s e v e r a l  t im es  by d é c a n ta t io n  w ith  

d i s t i l l e d  w ater t i l l  th e  su pern atan t l i q u i d  i s



-  55 -

n e u tr a l  to  l i t m u s .  Small amounts o f  car'bonate in  

the c a u s t i c  u sed  l e d  to  the fo r m a tio n  o f  f a i r l y  

in s o lu b le  aluminium compounds and much w ashing was 

r e q u ired  to  remove t h e s e ,  % en  w ashing was completed^  

the c a t a l y s t  was washed w ith  95/S e th a n o l  s e v e r a l  t im e s  

and m a in ta in ed  under th a t  medium,

B efo r e  u se  v /ith  x y le n e  or d oca linp  th e  c a t a l y s t  

in  e th a n o l  was t r a n s fe r r e d  to  a f l a s k  and an eq u a l  

volume o f  th e  r e q u ir e d  s o lv e n t  was added. The e th a n o l  

was then  d i s t i l l e d  o f f .  When a l l  was removed^ th e  

c a t a l y s t  p a r t i c l e s  no lo n g e r  agglom erated  h u t  

d isp e r s e d  e a s i l y  throughout the l i q u i d  and rem ained  

suspended f o r  lo n g e r  p e r io d s  b e fo r e  s e t t l i n g ,  YJhen 

an aqueous su sp e n s io n  o f  th e  c a t a l y s t  was r e q u ir e d ,  

the a lc o h o l  was m erely  washed away.



I .  RESULTS AND DTSriTTRRTmT
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3 . 1 . BXPERXMMgAL RESULTS.

From th e  r e s u l t s  t a b u la t e d  l a t e r  I t  w i l l  b e  s e e n  

th a t  th e  r e s u l t s  o b ta in e d  from  th e  r e a c t o r s  are

r e p e a t a b le .  Tvm methods are  a v a i l a b l e  f o r  c a l c u l a t e  

: in g  th e  r e a c t o r  perform ance a s  fo o f  r e a c t a n t  

c o n v e r te d  to  p r o d u c t .  One d.epends on th e  i n l e t  and 

o u t l e t  gas  a n a l y s i s  f i g u r e s ,  w h ile  th e  o th e r  depends  

on th e  measured i n l e t  and o u t l e t  g a s  f l o w  r a t e s .

I f  o n ly  th e  r e a c t io n  —> 0 2 %  ta k e s  p la c e ,

th e  r a t i o  o f  i n l e t  to  o u t l e t  volume f o r  any i n l e t  

r a t i o  a t  a g iv e n  c o n v e r s io n  ( d e f i n in g  % 

c o n v e r s io n  as the % o f  r e a c ta n t  e n te r in g  c o n v er ted  

to  th e  p rod u ct) may b e  c a l c u la t e d  and i t  i s  p o s s i b l e  

to  c o n s tr u c t  th e  f o l l o w i n g  t a b l e : -

TABLE 3 .  1 .

= 1 : 1 « 2 % :%  = 2 :1 = 1 = 2

% 02\
C on version

I n l e t :O u t le t  
Volume

I n l e t : O u t l e t  
Volume

I n l e t : O u t l e t  
Volume

0 1 :1 1 :1 1 : 1
10 1 .0 5 : 1 1 .0 7 : 1 1 .0 3 5 : 1
20 1 .1 1 : 1 ... _ 1.15_5.:.l.... 1 . 0 7 : 1  . .

30 1 .1 8 : 1 1 ,2 5 : 1 .. 1 .1 1 1 : 1
ko 1 .2 5 : 1 1 .3 6 5 :1 1 .1 5 5 : 1
50 1 .3 3 : 1 1 .5 0 : 1 1 .2 0 : 1  . .

60 1 .4 3 : 1 1 ,2 5 : 1 . .  .
70 1 .5 lt .: l 1 .3 0 5 : 1
So 1 .6 7 : 1 1 . 3 6 5 : 1  . _

_____ 90 1 , 8 2 :1 l . Ü ^ : l
100 2 . 0 0 : 1 „ 1 .5 Q :1 _ .
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UslîTg f i g *  3ol*  t î ie  % Oo-BversioB may b e  vemô. o f f  th e  

a p p ro p r ia te  chart*  T h is  method i s  v ery  s e n s i t i v e  to  

system  changes and i s  r a th e r  i n f l e x i b l e *  I t  p r o v id e s  

a u s e f u l  check  however om th e  worth o f  r e s u l t s  

c a lc u la t e d  from gas a n a l y s e s y e* g , f i g .  3 .2 *  N orm ally , 

co n v e r s io n  f i g u r e s  o b ta in e d  from th e  volume r e d u c t io n  

method are somewhat h igher*  T h is  i s  a t t r i b u t e d  to  

ex p er im en ta l e r r o r  a r i s i n g  from  le a k s  and m eter  

in a c c u r a c ie s  *

The f o l l o w i n g  t a b l e s  show th e  r e s u l t s  o b ta in e d  

from th e  v a r io u s  r e a c t o r s .

The r e a c t o r s  are d e s ig n a te d  th u s:

TABLE 3o 1 *

REACTOR
System  

Volume cjc.
R ea ctor  

Volume CO.
R eactor  

H eigh t cm.

C ross  
S e c t io n a l  

Area cm^
S lu rry

R ec v c le
H V 1200 990 112 8*6 Yes
R IV 1000 790 86 8 .6 Yes
R I I I 800 560 62 8 ,6 _ Y ea -
R I I .... 3 7 3 _ 3 5 5 3 7 ,5 8 .6 Yes
R I 480 230 ....... 26,.5l _... 8 ,6 Yes .
R 0 420 140 16*5. 8 .6 Yes
R I.VA 1000 790 4 9 ,5 _ 13*8 Yes
R IVB , 800 800 86 8 .6 He

D is c r e p a n c ie s  b e  tv/e en a c t u a l  r e a c to r  volum es and 

th e  volum es in d ic a t e d  b y  le n g t h  and mean d ia m eter  are  

due to  s l i g h t  i r r e g u l a r i t i e s  in  shape.
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STANDARD C0KDITÎ0K8,

Xylene, was th e  c a t a l y s t  su spend in g  medium i n  a l l  

c a s e s  u n l e s s  o th e r w ise  s ta te d *  L ik ew ise  th e  r e a c t o r  

o p e r a t in g  tem perature was 75*^0; the c a t a l y s t  concentra-  

: t i o n  i n  th e  s lu r r y  vms 2o5gi^is/100 c * c .  and the s lu r r y  

r e c i r c u l a t i o n  r a t e  was 90 l i t r e s / h o u r *

TABLE 3 ,  2, REACTOR V, S e r i e s  A,

A 9 P i ^ a i Ŷ a o 0 I / o Po
1 40 2 9 .4 5 1 .2 3 7 .9 0o25_ 76*7 1 4 .5 . .  23^0 .

2 40 2 8 .3 5 1 .2 .5 1 _,0_ 0 ,5 tf It _19...9.._
3 35 2 8 .9 5 1 .2 2 9 . 8 1 n ;l 1 9 -7
4 30 3 0 .2 5 1 .0 2 4 .4 2 VI II 19^65.
5 30 2 9 .9 5 1 .0 2 6 .5 3 n II 18.4^ _
6 30 2 9 .5 5 1 .0 2 4 .8 4 76*6 16 19_.3_^_
7 35 _ 28_,9_ _ 5 U 0 _ 2 3 . 0 5 u II ...1.8^2
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REACTOR V, Series B.

B G 1 Y • Y K S’,
1 15 7 8 .5 0 .5 1 2 0 ,3 1 0 7 6 .3 5 l 6 5.ik,.9_.
2 32 6 7 .2 u 0 .3 0 1 tt tt 4 6 .4
? 2k I 5 7 .9 ÎÎ 0 .2 8 9 .7 5 ,7 1 . . 16 ,5 ,. ..4o,a_.
k 24 4 4 .2 5 (1 0 .2 8 6 It ft .30.1..
5 40 3 3 .6 5 ÎI 0 .2 5 4 tt 11 22. 2 .
6 36 2 4 .6 0 ,4 7 5 0 .2 0 7 ft ft 1.5. ÎL.
7 48 1 8 .3 tt 0 ,1 9 0 tt tt 11.. 4_..
8 6o 6 ,3 5 It 0 .1 0 1  ! tt ft

9 120 i 3 .3 5 0 .5 0 0 ,0 8 5 7 5 .6 5 14
10 12 8 2 .2 tt 0 .3 0 6 tt tt

11 24 ; 50 tf 0 .2 8 7 tt It MM
12 28 46 0 .5 1 2 0 .2 8 8 it tt M i

13 28 3 0 .4 tt 0 .2 5 5 71-_5..._. It

I k 60 7 .9 7 tt .  0.130^ it It

T/iBLB 3c 4 , REACTOR IV. S e r i e s  G„

0 G ^ a o 1 Î F o
1 l 6 7 7 .6 0 .5 1 .. 0 ,35.2 7 4 ,5 4 . .16.3. 58_.lL
2 2k 5.6 . __ If 0 .3 4 1 ÎT It 41 ,5 .
3 28 4 5 .2 II 0 .3 1 6 t1 ft 3 3 .1
k 28 3 3 .6 0 .5 1 2 0 .2 8 5 tf tt 23..7.
5 44 1 8 .1 II 0 .2 3 7 7 3 ,6 16 1 1 ,9 5
6 60 1 0 .3 II 0 .1 9 5 it it 6 .5 6
7 150 3 .2 6 0 .4 8 0 ,0 9 4 tt It 1 .7 9
8 16 71 II 0 .3 0 6 tt It 5 1 .1
9 20 4 2 .2 0 .4 8 1 0 .2 8 2 7 4 ,1 1 7 ,5 2 9 .6

10 40 2 9 . 8 II 0 .2 3 8 ft ft ,1 9 .1
11 32 2 1 .4 0 .4 7 0 .2 2 1 It it 1 3 ,9
12 60 1 4 .7 I f 0 .1 8 7 ft ft 9 .8
13 120 7 .8 2 I I 0 .1 4 8 tt tt 4 .6 3
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REACTOR I I I . S o r ie s  D

D 9
..... . ■
^ a i Y■^ao V c ï'o

1 16 70 0 , 5 1 2 0 .3 8 6 7 6 . 1 13_. 5 5 . 2_
2 20 6 4 .6 0 . 5 1 5 0 . 3 8 8 w 51 ..
3 24 5 3 .4 0 . 5 0 0 0 . 3 6 3 (î SI

4 24 4 6 ,6 0 . 5 0 7 0 ,3 5 0 7 5 .8 tf

5 24 3 7 .8 it 0 ,3 2 5 tT tt
6 2 4 3 0 .3 if 0 ,3 1 4 H 11

7 36 1 9 . 1 I I 0 , 2 7 6 tr tf
8 66 1 2 ,3 0 . 5 0 5 0 . 2 4 4 ît 1 3 , 5.
9 180 3 . 6 5 II 0 . 1 3 6 ïî n

10 16 7 1 . 6 II 0 .3 8 4 ÎÎ îf

11 20 4 5 .2 I I 0 . 3 5 6 7 5 ,4 13
12 28 _ 3 3 ,9 I I 0 , 3 1 4 tf ît

13 60 1 8 ,5 I I 0 .2 8 3 it t r

1 4 120 _.__4._25 I I 0 . 1 8 4 ,
t î î t

TABLE 3o 6 REACTOR I I : S e r ie s  E.

E © Fi ^ai ^ao i r V o Fo
1 20 9 3 .7 0 . 5 2 0 0 ,4 5 5 7 4 , 7 5 15 8 2 ,1
2 20 6 5 . 6 ST 0 . 4 3 1 II î f 54,.5_
3 28 5 0 .5 If 0 , 4 1 9 II tf 4 1 . 4_
4 40 45 11 0 .4 0 9 II î f 3 5 .8
5 40 27 0 , 5 1 0 0 .3 4 8 7 5 , 1 î t 2 0 ,3
6 40 15 0 , 5 2 5 0 . 3 2 2 I I î f I0^_5...
7 60 1 0 .4 ÎT 0 .3 0 7 II î f .7 ,11
8 180 3 .1 2 î t 0 , 2 4 0 î t ÎT . 1..93,
9 28 . 69  . 3 t t 0 .4 3 0 7 4 ,8 14 5 7 .6

10 28 56 It 0 . 4 2 3 î f t t _ 4 6 . 4___
11 32 3 7 .6 0 , 5 0 0 0 .3 8 7 It t f 3 0 .2
12 32 3 5 .8 î t 0 .3 6 9 tt î f 28..D._
13 ko 22 t t 0 .3 3 7 î f î f 1 6 .4

1 1 4 90 l_LJ5; If
___  __  ̂ 0 ^ 5  1 î f It . . 5 . 32



TABLE 5 , 7 .
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REACTOR I . Series E

E 9
F i ^ a i

Y
^ a o '  l f

-----------------------------------------

1 24 6 5 .9 0 , 5 2 0 0 .4 5 4 7 4 .6 16._,.5_. ...5Xu3_
2 28 5 3 .9 t ! 0 .4 4 1 I f i t 4 6 .0
3 28 3 5 .1 It 0 , 4 l 6 f t i f 2 8 .6
4 40 2 5 .3 t t 0 .4 0 1 I f If

2 0 ^

5 40 1 9 ,8 0 ,5 0 0 0 .3 5 6 7 5 .6 18 1 5 , - 0

6 60 8 .7 9 t t 0 .3 0 2 If i t 6 l„ 0
7 152 3 .5 6 0 ,4 8 8 0 .2 1 3 tt If -2 ,-24
8 24 7 7 .4 !t 0 ,4 2 5 i f tt _.&La_
9' 24 6 1 .4 0 ,5 2 0 0 .4 5 3 76 If 53,3-

10 24 5 2 .9 i t 0 .4 5 0 . I f i f 4 6 .0 ..
11 28 4 3 ,5 t f 0 ,4 3 6 It i f 36,%_
12 32 3 1 .3 tt 0 .4 2 0 t f If 2 5 .6 -
13 92,

_  & . 7 S
if 0 .3 1 1 i f If 4 ,6 6

TABLE 3 . 8 REACTOR 0 S e r i e s  G-,

G 9 F i Y •^a.i ^ a o l f ^R°0 F o
1 20 78 0o490 0 .4 5 4 7 6 . 8 20 71-, 4  -
2 24 5 7 .1 if 0 .4 4 5 It 5 0 .0
3 28 4 6 .3 it 0 .4 3 9 it It -40.^7_
4 36 2 6 .9 if 0 , 4 1 4 if it . 2 2 , 5 -
5 40 1 8 .2 it 0 .3 8 0 7 6 .5 If - 1 5 ,0 5
6 96 7 .9 5 it 0 .3 1 7 If it -5 .-9 8
7 140 4 .0 8 if 0 . 2 6 2 if tf 2 ,7 4
8 24 6 7 . 7 5 if . 0,445_. it it 6 1 . 0
9 32 5 3 .2 if 0 .4 3 9 If if 4 6 ,3

10 32 3 9 .9 0 . 5 1 2 0 ,4 5 1 7 6 , 1 It 3 4 ,1
11 36 2 2 ,1 if 0 , 4 1 0

--J-Ji.,.- L
If

'■ - ... ■
it 1 7 -1

12 36 1 4 . 7  .. it 0 . 3 6 5 if i t 1 1 .1 5
, 13 . 76 . 6 . 4 If

u_,., .. _ 0 . 315 -
i t it 4 .4 8



TABLE 5 . 9
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REACTOR I VA. S e r ie s  H,

H 6 Y •a.i ^ a o 1T ï'o

1 2h 7 7 .3 0 . 4 9 1 0 .3 7 0 7 6 . 9 17 . 6 1 .5
2 28 6 5 . 9 I t 0 . 3 6 5 it tt 5 2 .5
3 32 5 2 , 6 n 0 . 3 5 1 if It 41.. 4^
4 36 2 5 . 7 ÎI 0 . 3 0 9 it It 1 9 ,3 5
5 U8 1 5 . 5 n 0 .2 6 0 7 6 ,4 19 1 0 .6
6 9 2 6 .8 4 u 0 . 2 1 4 it It .4 .5 7
7 160 4 .7 u 0 .1 9 5 tt It 3 .0 2
8 24 5 6 . 1 0 .k 9 0 0 .3 5 4 77o2 18 4.5. ,0..
9 3 2 3 9 .4 tt 0 .3 4 6 tf It 3 1 .1  _

10 3 2 3 0 , 5 tt 0 , 3 2 6 tf It 2 3 ,4
11 48 1 8 ,8 )t 0 , 2 9 7 tt II 1 3 .8
.12 60 1 0 .2 tt 0 . 2 6 3 tf it ___L,2Q

TABLE 3 .  10 REACTOR IVB S e r ie s  C

G 9 F i Y 'a i ^ a o Tf . t/ c
F o

1 24 7 8 .0 0 . 5 1 5 0 . 3 5 8 7 5 . 7 19
2 28 5 7 .3 It 0 . 3 2 4 it 'it

3 28 4 1 , 5 i t 0 . 2 9 4 II t t M

4 36 3 5 .2 0 . 5 0 5 0 . 2 7 3 II i f

5 36 2 7 . 4 t t 0 , 2 3 9 It it , .

6 36 2 0 .9 0 . 4 9 1 0 . 2 2 2 7 6 . 1 it

7 60 1 2 .9 it 0 , 1 7 4 It If

8 148 3 ,3 It 0 , 2 2 2 It tt

9 24 6 6 ,0 0 .4 8 7 0 , 5 3 1 7 6 , 2 tt

10 24 4 6 . 1 II 0 . 3 0 2 t f it

11 32 3 0 ,1 II 0 . 2 5 7 tt tt

12 40 1 6 .8 II 0 . 1 9 1 tt it

13 60 8 ,1 8 it 0 . 2 1 4 7 6 . 7 If

1 4 120 4 .7 7 It 0 . 2 2 3 II it
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REACTOR V, S e r ie s  I ,

I @ F i ^ a i Y a o f Tj,°C Fo

1 24 7 3 .6 0 . 6 7 4 0 . 6 2 7 3 . 1 15 5 8 ,9
2 ,36 5 5 .6 0 . 6 7 6 0 . 6 1 5 . U II 4 3 . 8_..
3 3 2 4 6 .9 0 . 6 7 7 0 « 609 It It 38 .2
h 32 2 7 . 8 0 . 6 8 0 0 .5 8 2 ÎÎ It _ 21.3__
5 32 1 3 . 5 0 . 6 8 0 0 . 5 5 2 !T it 9 .6
6 120 4 . 4 0 . 6 8 0 0 ,5 4 4 74,1 It

. J ± J i _

TABLE 3 .  12 REACTOR V, S e r i e s  J«
CgH^'.Hg = 1 :2

J Q F i Y •a i Y-ao f Fo
1 24 80 0 .3 .1 5 . Q.0575_ 7 3 . 6 16 56 ., 5
a 3 2 .6 3 . 5 ... 0 . 3 1 4 0 .0 4 4 6 tr ît 43.5_
3 32 5 0 .7 0 .3 3 1 0 . 0 4 4 tt tt 3 4 .3  .
4 36 3 1 .4 0 . 3 3 1 0 ,0 1 0 ît ft . 33_._6__
3 40 0^3.29.. 0 .0 0 0 îf it . 1 2 ,3 5

TABLE 3 .  13 REACTOR I I S e r i e s  M,
2:1

M Q Fi Y •ax ^ao f Fo
1 16 7 3 .4 0 . 6 7 6 0 . 6 5 3 7 6 . 0 17 6 9 . 2
2 32 5 4 .9 I t 0 .6 4 5 It It 4 9 .9
3 32 4 5 ,7 t t 0 . 6 4 6 i t It 2 8 .7
4 36 3 1 . 3 tt 0 . 6 2 5 f t It 2 6 .5
5 36 1 7 . 8 0 . 6 6 1 0 . 6 0 2 7 5 .1 i t 1 5 .0
6 5 2 1 0 .1 I t 0 .5 8 5 It i t 7 .8 5
7 88 I t 0 .5 7 4 I t f t 4 , 2 1



TABLE 3 . LU.
•» •**
RDAOTOR I I S e r i e s  R,

^2 ” 1*2

N © F i ^ a i Yao 1 T Fo

1 20 7 3 .9 0 ,3 1 3 0,173_ _7^oS _17_... 6 2 ,1 .
2 24 6 4 ,0 0 , 2 9 3 0 , 1 6 8 tt It , 5 1 ,8
3 28 4 8 ,4 0 ,2 9 9 0 ,1 5 7 tt It . _38_6 .
k 32 4 1 . 0 tt 0 . 1 3 4 tt It 3 1 .2
5 28 3 7 .6 tt 0 ,1 2 4 7 5 .1 it 28.._75
6 36 2 1 .7 5 tt 0 ,0 8 6 tt it 15.,8_.
7 64 9 . 2 5 tt 0 . 0 3 3 tt tt 6 ,3 7
8 84 . . . i . l j tf 0 .0 2 5 tt It . _3„.4.6.

B e fo r e  th e s e  r e s u l t s  co u ld  h e  a n a ly se d  i t  was 

n e c e s sa r y  to  d e r iv e  a number o f  f u n c t i o n s <, The 

c a l c u l a t i o n  o f  th e s e  i s  now d is c u s s e d

The t o t a l  g as  p r e s s u r e s  a t  i n l e t  and o u t l e t  

are  r e q u ir e d ,  ^  ~ %<3

TTg may "be o L ta in ed  b y  r e f e r e n c e  to  f i g ,  3 , 3 6

e , g ,  For run B 3 , "Y| = 7 6 ,3 5  atm.
7 6

= 8 , 2  a tm ., '
w

II; -  112  X 0 ,8 1 6
1 1 3 . 6  x"76

Ps"= 0 ,8 1 6  gm s/cc
a t  75 0 ( 49 )

= 6 , 7 2
7 ^

itm.

Hence c i  = 7 6 ,3 5  + 6 7 2  -  8 , 2  = 7U .87  
Bt 76  76

0 . 9 8 6  a 'tm .

l1go= T T 'd s
= 7 6 . 3 5  -  8 ,2  = 0 . 8 9 3  atm .

75
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The mean column' p r e s s u r e  i s  c a lc u la t e d  from

"iCm = " g i  = 0 , 9 8 6 . +. 0 .893. = 0 .9 4 0  a tm .
' 8 ^  2 2

The fo conversion- o f  a r e a c  t a n t  ̂  C? i s  r e q u ir e d .

C on sider  r e a c ta n t  A,

I t  has h e e n  shown i n  2 . U. t h a t

^1 -  ^2 = Yg
%

= t o t a l  f e o d  m oles  

“ mole f r a c t i o n  in  i n l e t

M oles = F ^  Yg_|, Moles Hg = P . ^ l - Y a i ) ,

C on version  = x ,  m oles  OgHr co n v e r te d  to
OgHg/mole OgH^ în QgH.+Hg —̂ OgHg

At O u t le t  m oles  OgHg = x

m oles  OgH  ̂= P^Yg^j_(l -  x )

m oles Hg = P ^ ( l  -  Yĝ )̂ -  P^Y^^ x

L et = C/2^l4- f r a c t i o n  i n  o u t l e t  stream

^ a o  =  F ? ^ a i  a  -  ^ ) _________________________

p jY g j X + P^Yg^i (1  -  X ) +  pM (l -Y ^ P  _ F^Y.^^ X

= Yai _ ^

Hence x = -  ^ao
Y ^ ï F ^ a o )
Y * Y= a i  — ^ao

?ao)
100

e . g .  run 02

Y gi = 0 . 5 1 2  Ygo = 0 ,3 4 1

0 = 0 .5 1 2  -  0 .3 4 1
6 . 5 1 2 ( 1  - 0 . 3 ^ 1 )  '
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When th e  r e a c t a n t s  are p r e s e n t  in  eq u al q u a n t i t i e s  

o n ly  th e  % c o n v e r s io n  o f  component A has h een  

c a lc u la t e d .

The fo c o n v e r s io n  0^ "based on volume r e d u c t io n  i s  

c a lc u la t e d  t h u s : -

P = 56  l i t r e  s /h r .

P ^ “  U I . 5  l i t r e s / h r .

P i
^  = _56 = 1 .3 5

Prom f i g .  j5, 1 , ,  (] i s  read  o f f  as  56%

The i n l e t  f l o w  r a t e  a t  S.ToPa, ^^STP^ i s  o b ta in e d  

in  th e  normal way from P^^ e . g .  D 10

f  = 7 5 . 8  p .  = 7 1 . 61
\  = 13 .5°C

Fjamp = 7 1 . 6  . 7 5 . 8  • 273  = 6 8 .2  l i t r e s / î i r
7 6 ^ 256". 5

P ^  th e  m olar f l o w  r a t e  i s  d e r iv e d  d i r e c t l y  from  
K

FiSTP" F £  = Fj_gjp
22, U

The space, tim e y i e l d ,  Ng* i s  o b ta in e d  th u s

e . g .  3 7  Pj = 0 ,4 3 5
Y a i = 0 , 5 2 5
X = 0 , 60
Vp = 0 .3 3 5

= 0 .4 3 5  X 0 . 5 2 5  X 0 . 6 0  = 0 . 4 1  m o l e s / l i t r e  hr
0 .3 3 5
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The p a r t i a l  p r e s su r e  term s u sed , sa y , may h e

c a lc u la t e d  as f o l l o w s : -

e . g .  P 12 Yai = 0 .5 2

0 ,9 1 1

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

^ b i '  F-aQj PjjQ may, h e  c a l c u la t e d  in  s im i la r  f a s h i o n .

0^ is  d e f in e d  h y  = g(. P ^

i, s oC = F. . = .

F a i ^ a i  ^ a i
The group ^  h a s  g r e a t e r  p r a c t i c a l  u se  

1 + oC Yt
/  t i

^  = Yai = Y, .
1 + oC 1 + ^

^ a i
e . g .  f o r  G 9 = 0 ,5 1

1 +oC

S im i la r ly  f o r
1 + ^

Prom a Imowledge o f  and Yĝ ,̂ Yy^ may h e

c a lc u la t e d .

Prom 1 . 2. Note 3

A  ^  I g o F ?  oC
F'o

(1 + o O (  'Kgo-  Fgq)
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Now FH

pW = P^ Ygo + pW Y^^ + P^ Y

H -,r . T.M V

0  ^ ,0  ■-■ •̂- 0 " L o  ' * o  "O o

»*i ïai - r'J Ïao - ®ï ï»i ■ a o

( 1 +<jt) Cllgo -  )

I t  may then  b e  shewn by s u b s t i t u t i o n  t h a t

Ybo = 1 " ^ a i  l3^.±^l(l...r..X ao)
(A.

e . g .  B 12
Bo 1 -  0 .5 1 2Si0.488 

1 -  0 .7 4 6

0 .2 5 4

0 .7 1 2
1

Kg a  and may he c a l c u la t e d  from e g u a t io n  l .Z .4 - 0

e . g .  Kg a
cL

Yp ' iTgrn + o6)Ag]ni

l n  £ a i  + Ivi l g o -  Fgp
ao iTgi"

C onsider G 10 

¥ ga -  . 1.215...,.._0.,319— , I 0 .785  + 0.300 
0 .7 9  . 0.90 . 0.92 '•

= 1.05

In  l i k e  manner ̂  b e

c a lc u la t e d  from e q u a t io n s  l ,2 a 4 ^  and 1*2*55«

oL

H,Oh.U„= oCa
1

- ■̂ ao

ao

4* _ Fac

Ï E .  

- ■

-  F ai

a-o + /  ”%o

TTdi-g i"  “^ î ao
%
'■ai
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N ote ; -  The v a lu e s  o f  quoted are d is c u s s e d

f u l l y  in  Appendix 2g and th o se  o f  Aj^ i n  Appendix 3,

TABLF 3 15 S e r ie s  A<

c
j ■' ■' -

t
0

1 ■■ ...  — "

A g i A.ls

---- ; ----- --  ----
■̂ 'Is
Agi

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

5 7 .3 62 0 .9 7 1 .2 5 1 . 2 7 5
5 9 .5 64 0 .9 7 2 .4 7 2 .5 4
6 8 .9 70 0 .9 7 4 .9 5 5 .1 1
6 5 .4 69 0 .9 7 7 ,4 0 7 . 6 3
6 8 ,5 69 0 .9 7 9 .8 5 1 0 , 1 5
7 1 ,4 74 0 .9 7 1 2 .3 5 ..12 .75___

TABLE 3 , 16 S e r ie s  B *

' 4 o lîgm F iS T P F i ” Agim ??0*

Z

F i S Ï P ^ "  ,

0 .9 8 6 0 .Ô9 3 , 0 . 9 4 0 .74 .5 - i t l l .
2 .8 4

1 .5 7 5 0 .9 8 5 ,1 . 5 1  ^ 0_298
1» ît ît 6 3 . 7 1 .3 5 5 0 . 8 6 5 ,1.7.65 0.3,49

0 . 9 7 8 0 .8 8 5 0 .9 3 2 5 4 ,5 2 ,4 4 1 , 2 6 5 0 .7 6 9 .2...05 0 .4 0 7
îf ît ît 4 1 .5 .1.8,5,. 1 .1 1 8 0 ,5 9 1 _.2.72 . 0_._535
If it il 3 1 , 6 1 .4 1 0 . 9 2 2 0 .4 9 2 3 .5 6  . Q^7_03
ît ît ît 2 3 . 1 1 . 0 3 0 , 6 9 2 0 .3 5 1 4 .8 7 0_._9,61
ît ît ,t 1 7 , 2 0 .7 7 0 . 5 2 0 0 .2 7 4 6 .5 5 1 .3 8 0
ît îf ît 5 .9 7 0 . 2 6 7 0 , 2 2 7 0 .1 1 6 1 8 .8 3.7.2Q

0 .9 7 7 0 .8 8 4 0 . 9 3 1 3 .1 8 0 . 1 4 2 0 . 1 3 4 0 . 0 6 5 3 5 ,4 6 .9 9 0
11 ît tt 7 8 .0 3 . 6 2 1 . 6 9 5 1 .0 2 1 .4 4 0 .2 8 4
ît ît tt 4 7 .4 2 . 2 4 1 .2 0 0 . 6 7 6 2 ,3 8 0 .4 6 7
tt ît ît 4 3 .6 2 ,0 6 1 ,1 2 0 . 6 5 5 2 .5 8 0,507.

0 .949 0 . 8 5 5 0 .9 0 2 2 8 .0 1 . 3 6 0 . 8 8 0 0 ,4 7 5 4 .0 2 Q. 7.9.2
tf II ît ... % .,.31 0 .3 2 8 0 ^254 .0 J A 6 15,.35,, . 3-.0_3_
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TABLE 3 . 17 S e r ie s  G

il"âi f ê ° FiSTP F i “ Aglm %o*
Z

FiSTP F M
0 ,9 4 0 0 , 8 6 9 0 , 9 0 5 7 1 , 9 3 ,2 1 1 . 8 5 0 .9 9 5 1 ,2 0 0 ,2 4 6

11 tt ît 5 1 . 8 2 . 3 2 1 ,4 6 0,755_ 1 .6 6 0 .3 4 1
îf 11 ît 4 1 . 9 1 ,8 7 1 , 1 7 0 . 6 7 1 2 .0 6 0 ,4 2 3
tt tt tt 3 1 . 1 1 .3 9 0 .9 8 0 ,5 5 8 2 ,7 9  _ 0 ^ 5 6 9

0 .9 2 8 0 .8 5 7 0 .8 9 3 1 6 ,5 5 0 .7 3 9 0 .5 4 0 .3 4 8 5 .2 0  _ 1 .0 7
tr ît it 9 .4 2 0 , 4 2 1 0 ,3 3 0 .2 1 0 9 ,1 3 1 .8 8
tt It 11 2 , 9 8 0 , 1 3 3 ..P,15„ 0,0716 2 8 ,9 5 ,95 ..
il It ît 6 5 . 0 2 .9 1 1 , 69. 0 .9 2 5 1 ,3 2 5 0 , 2 7 2

0 .9 3 7 0 .86U 0 . 9 0 0 3 8 , 6 1 .7 2 5 1 ,1 0 0 , 6 0 5 2 ,2 3 0^459
u ît ît 2 7 . 2 1 .2 1 5 0 ,9 2 0 .4 8 8 3 .1 7 0 .6 5 0
It tt ît 1 9 .6 0 ,8 7 5 0 , 6 3 0 .3 5 4 4 .4 0  . 0-90.5
11 It ît 1 3 . 4 5 0 .6 0 1 0 .4 5 0 . 2 6 5 6 ,4 0 1 ,3 1 5
11 ît ît .7 . 1 5 . 0 ,5 4 9 0 . 2 6 O.JL6 7 1 2 .0 0 2..,27 .

TABLE 18 S e r ie s  D

l f g i F i ”

Z %
llgo ' ^ i S T P Agijm ''o- F i S T P

P . H

0 .9 4 0 0 ,8 8 9 0 ,9 1 5 6 6 ,9 2 ,9 8 1 .5 9 1 ,0 9 0 .9 2 8 0 .1 8 8
tt îf II 6 1 ,7 2 .7 6 1 ,4 6 1 .0 2 5 1 .0 0 5 0 .2 0 3
11 If ît 5 1 . 0 2 ,2 8 1 .3 5 0 .8 7 5 1 .2 2 0 .2 4 6

0 .9 3 7 0 .8 8 6 0 . 9 1 2 4 4 .5 1 .9 9 1 .2 6 0 , 8 5 6 1 .3 9 5 0 .2 8 2
It It ÎÎ 3 6 . 1 1 .6 1 1 .1 2 0 .7 7 6 1 .7 2 0 ,3 4 8
It tt It 2 8 .9 1 , 2 9 0 , 9 8 5 0 ,6 4 7 2 .1 4 0 .4 3 5
II :t ît 1 8 .2 0 .8 1 2 0 . 60c 0 .4 6 4 3 .4 1 0 ,6 9 0
It II tt 1 1 ,7 5 0 , 5 2 5 0 , 3 6 8 0 .5 2 4 5 .2 8 1 .0 7 0
tt 11 tt 3 .4 8 0 , 1 5 6 0 . 1 5 3 0.118 17.8 . . 3 .580

ît If 6 8 ,2 3 ,0 4 1 .6 0 1 ,0 7 0 .9 1 0 .1 8 4
0 .9 3 1 0 .8 8 0 0 . 9 0 6 4 3 .0 1 . 9 2 1 ,2 3 0 ,7 9 5 1 .4 4 0 .292;

tt tt tt 3 2 , 2 1 .4 4 0 .935 0 .7 1 5 1 .9 3 0 .3 8 9
ît ît ÎÎ 1 7 .5 5 0 .7 8 4 0 ,576 0 .4 3 4 3 .5 4 0 .7 1 5
If ît ÎÎ 4 ,1 2 0 ,1 8 4 0.15A 0 , 1 2 9 . 15 .Û 5. .I.o.4_.
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TABLE 5 . 19 S e r ie s  E.

f g i lig® tfgmn FiSTP h " Agira
1

<

Z,

FiSTP p . ^1 1
0.90U 0 ,8 7 3 0 . 8 8 8 8 7 .5 3 ,9 1 1 . 9 2 1 ,3 9 5 0-4.29 0.085.6.1

ît <1 ît 5 9 .5  _ 2 ,6 6 1 ,4 7 5 1 .2 4 0 0 -63 0 0 . 1 2 6  .!
, it ît 4 7 .1 2 ,1 1 1 ,2 2 1 .1 0 5 0 ,7 9 .5 0-159__

If It It 4 2 .0 1 .8 8 1 .1 4 1 ,0 6 0,89 .4 0-17â_.
0 ,9 0 8 0 ,8 7 7 0 ,8 9 2 2 5 ,3 1 .1 3 0 .8 2 0 , 8 5 5 1,-48 0 .2 9 7

îf ît ît 1 4 ,1 0 , 6 3 0 ,4 6 5 0 ,5 6 1 2-66 0.53-2
ît It If 9.-75j 0 .4 3 5 0 . 3 2 0 ,4 1 0 3 . 8 5  ... 0 .7 7 1
ît It It 2 .9 2 0 .1 3 0 .0 8 7 0 .1 4 6 1 2 .8 5 2 ,5 8  ^

0 .9 0 4 0 .8 7 3 0 ,8 8 8 6 5 . 0 2 .9 4 1 .6 1 1 .4 7 0_,_5.77 0 .1 1 4
ît u If 5 2 . 5 2 .3 4 1 .3 5 1 . 2 4 0 .7 1 5 0 .1 4 3
ît ît i l 3 5 ,2 1 .5 7 1 . 0 4 5 0 ,8 7 1 , 0 6 5 0 ,2 1 3
ît ît ît _ 3 3 ,5 .. 1 , 5 0 1 .0 2 0 .9 5 1 .1 2 0 .2 2 3  .
tf ît II 2 0 .6 0 , 9 2 0 - 6 5 5 0 . 6 7 6 1 , 6 2 0 ..3.64_
ît ît II 7 , 2 5 ; 0 ,3 4 5 0 . 2 5 0 .3 2 0 5 .1 7 0 .9 7 1

TABLE 3 , 2 0 , S e r ie s  P .

1 îg o F i ”

Z Yr

/Igi llgm TP
 ̂ iSTP Agira F i STP F JVl

0 ,8 9 3 0 .8 7 0 0 .8 8 2 6 0 . 9 2 .7 2 1 .6 2 1..44 . 0 ,4 3 6 0 .0 8 5
tt ît ît 4 9 .8 2 .2 2 1 ,3 5 1 .3 6 5 0 .5 3 2 0,10 .4
tf tt it 3 2 , 5 1 .4 5 1 ,0 5 1 .1 2 0 .8 1 5 0 . 1 6 9
ît ît ît 2 3 . 4 1 , 0 3 5 0 .8 3 7 0 , 8 9 1 .1 3 5 0 .2 2 2

0 ,9 0 6 0 ,8 8 3 0 ,8 9 5 1 8 ,5 0 .8 2 5 0 ,6 2 0 , 8 6 5 1 ,4 3 5 0 .2 7 9
ît It It 8 .2 0 0 . 3 6 6 0 . 2 5 1 0 ,4 5 1 3 .2 4 0 .6 2 9
ît ît 3 .3 2 0 , 1 4 9 0 ,1 2 2 0 .2 2 7 7 .9 9 0 .1 5 5
II ît ît 7 2 . 2 3 .2 2 1 ,7 7 0 ,0 8 9 0 .3 6 6 0-J371.5.

0 ,9 1 1 0 ,8 8 8 0 ,9 0 0 57., 5 2 .5 9 1 .5 1 1 .3 8 0 .4 6 1 0 ,0 8 8 7
tt îf II 4 9 ,6 2 ,2 2 1 .3 4 1 .2 3 0 .5 3 5 0 .1 0 3 5
tf ît ît 4 0 . 8 1 .8 3 1 ,1 7 1 ,1 9 0 ,6 5 0 0 , 1 2 6 .
It ît It 2 9 . 4 1 ,3 1 5 0 , 9 6 I0 . 9 8 5 0 ,9 0 0 0 .1 7 5
ît ît îf 6 .3 4 m.lâ7lQ.,,373., 0 ,8 1 3  -
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TABLE 5. 21 Series Q-,

f g o l f g l m f /

Z %
f ±stp %o"' FiSTP pIM

. , i ______

0«913 0 ,8 9 8 0 .9 0 6 7 3 .2 3 . 2 7 1 .7 9 5 1 ,5 5 0 .2 3 2 _&jLÜ43_
It il ît 5 3 .9 2 , 4 0 5 1 ,4 5 1 ,6 4 0 .3 0 7 () ,0_5.8_..
î! ït Tl 4 3 .6 1 .9 5 1 .2 6 1 . 2 7 0 ,3 7 8 , 0_.,072
îf lî ît 2 5 .3 1 .1 3 0 .8 4 5 1 .0 4 5 0 ,6 5 2 0 ,s l2 4

0 ,9 0 9 0 .8 9 ^ 0 ,9 0 2 1 7 , 1 0 . 7 6 5 0 , 6 2 5 0 .9 6 7 0.965 , .o.,„m3__
Sî it îf

_  7.v45_ 0 .3 3 3 0 ,2 9 0 . 6 0 2 2 ,2 2  , ,0,„.4_2D
tf tt it 3 . 8 3 0 . 1 7 1 0 . 1 5 9 0 .3 7 8 4 ,3 . .. 0.817__,
t! ît tl 6 3 . 2 2 .8 2 1 .6 3 1 . 6 3 5 0 ,26 5 . ,0 .049
ît tl ît 5 0 .0 2 .2 3 1 .3 9 1 ,5 0 0 0 .3 3 0 0 . 0 6 2 6

0 ,9 0 3 0 ,8 8 9 0 ,8 9 7 J 2 ..2  _ 1 , 6 6 5 1 ,1 4 1 ,3 2 0 , 4 4 4 0.0,8,4_
It ît tt 2 0 .6 0 . 9 2 0 .7 4 1 , 1 3 5 0 . 8 0 0 0 .1 5 2
ît ît tf 1 3 .7 0 , 6 1 1 0 .5 0 3 1 .0 1 1 ,2 0 5 ,0...228„
il îf ît 5 .9 6 0 . 2 6 6 0 . 2 4 4 0 .5 4 5 2 .7 7 0 . 525_„.

TABLE 3 . 22. s e r i e s  H,

f g i f g o n g m
1 îîi

Z
\

FiSTP Aglm hg ^iSTP p]R

0 ,9 5 5 0 .8 9 9 0 .9 2 7 7 3 .6 3 .2 9 0 .9 4 5 0 , 8 0 2 0 . 6 7 2 0 .240
it tt iî 6 2 . 7 2 .8 0 0 .8 4 0 0-2P5_ 0.7,9, . 0 .2 8 3
tf ît ît 5 0 . 1 2 , 2 4 0 ,7 1 8 0 ,613_ 0,.,990_ 0,.3_5_3_
It ,t ît 2 4 . 4 i .og^ 0 , 4 4 4 o^352_ 2 .0 3 0 .725 ,

O.9U0 0 ,8 9 2 0 ,9 2 0 1 4 .4 0 .6 4 4 0 . 2 9 2 0 .255 3,.44,_ 1 - 2 3  _
st if ÎÎ 6 .4 3 0 .2 8 8 0 .1 3 9 0 . 1 2 9 7,.,70_ 2 .7 5
iî î t II 4 , 4 2 0 . 1 9 8 0 , 1 0 4 0 .9 2 0 11.,2 ,4 .00  .,

0o9ô2 0 .9 0 6 0 ,93U 5 4 . 8 2 .4 5 0 ,7 5 5 0 . 6 5 0 0 .9 0 5 0 . 3 2 2
tt ît il 3 7 .5 . , 1 . 6 7 0 . 6 0 5 0 ,4 6 5 1 .3 2 0 .4 7 4 ,.
(7 i f tt 2 9 , 8 1 .3 3 0 . 5 1 0 0 . 4 1 0 1 .  6 ,6 - q .5 9 5

i i ît 1 7 . 9 0 . 8 0 0 .3 4 2 0 . 2 7 8 2 . 7 7 0.988.,
ïî i î il

. 9 - 7 1 T 0_. 434 0.204- 0 ,1 6 9 ,1.^825
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T.ABLE 3 . 25 S e r ie s  0

lfgo ifgm F ib t p F-i“ A glm Me*

Z

FiSTP _ _T_____

0 .9 5 8 Q .8 8 Ii. 0 . 9 2 1 7 3 .4 3 , 2 8 1 , 6 8 0 ,9 9 1 0 . 2 4 4 ,.
It It It 5 3 .3 2 .3 8 1 . 4 6 0 .7 9 5 1 .6 4 0.336-..
II II It 3 8 . 6 1 ,7 3 1 .0 9 0 . 6 6 8 2_23_ 0..ik6_7_
If 11 !1 3 2 . 8 1 .4 6 0 .9 8 0 .5 8 1 2 . 6 2 0 .5 4 8 -
II ft It 2 5 . 5 1 . 1 4 0 .7 9 5 0 .5 0 0 Q4ZQ.Q_.

0 , 9 6 5 0 . 8 9 1 0 .9 2 8 1 9 . 6 0 . 8 7 6 0 .6 4 5 0 .3 8 0 4.,.4o_. D.-9.12-
It ft It 1 2 .1 0 .5 4 0 ,4 1 1 0 .2 5 9 7-.1 __ 1 .4 8
It It II 3 .1 0 . 1 3 8 0 .1 3 9 0 ,0 5 9 2 7 .8 5 .8 0  -

.0 . 9 6 7 O0892 _Q..529_ 6 1 .9 2 . 7 6 1 ,5 2 0 .8 0 4 1 .3 9 0 .2 9 0
It It It 4 3 . 3 1 .9 4 1 .1 8 0 ,6 4 5 ..0_Jil3-,
it It it 2 8 ,2 1 . 2 6 0 , 8 6 5 0 .4 8 6 3 .0 5 0.„-6.35-
It tt It 1 5 .8 0 .7 0 5 0 .5 2 5 0 ,3 2 2 5 .4 5 1 .1 3 5

0 .9 7 1 0 .8 9 7 0 ,9 3 4 7 .7 0 .3 4 4 0 ,2 8 8 0 .1 5 0 1 1 .2 2 .3 2
It It It 4 .5 0 .2 0 1 0 .1 7 5 0 , 0 8 5 19^1 3,9.8__

TABLE 5 . 2 k . S e r ie s  I

II gi lTgo tfgm
F i S T P L

Z

F i v S T P ... _ _ J L .

0 - 9 7 1 0 .8 7 7 0 . 9 2 4 6 9 . 5 3 .1 1 . 6 6 0 .4 4 7 1 .6 2 0 .3 2
II It It 5 2 . 4 2 .3 4 1 ,3 8 0 .3 7 4 2 .1 5 ,0-.42B__
it t t It 4 3 .8 1 .9 6 1 .2 2 0 .3 4 1 2 .5 7 0 » B-0_B_
It It It 2 6 .2 1 ,1 7 0 ,8 3 0 .2 7 7 4 .3 0 0 -846
It ft It 1 2 .4 0 ,5 5 5 0 .4 4 5 0 . 1 6 1 9 , 0 6 - I .  7 9  _ .

It II It 4o 26 0 ,1 9 1 0 , 1 7 6 0.0575 2 6 . , 4 , .
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TABLE 5 . 25 S e r i e s  J,

f é i Il g o 'fTgltn F i STP F i ” Agira %0

Z \
F i STP F M

0^952 0 .8 5 8 0 .9 0 5 7 3 .0 ._3.26 . 1 .7 0 .8 9 9 1,5.4_.. 0-.3Q4.
îf ît ÎÎ 5 8 .2 2 . 6 0 1.4,5 0 ,740- 1 .9 3 0..381
îf '.t 11 4 6 .5 2 . 0 8 1 .2 5 0 .6 2 5 2 . 4 2 - 0.476...
ît it ît 2 8 .8 1 .2 9 0.885. 0 .4 2 1 .3,90.^ Û...748 .
ît ît It 1 7 .4 .0447.5., 0.619 p . 258 6 .4 6 1...2S.

TABLE 3a 26 S e r ie s  M

Il go 1îgra F i ”
A

Z

F i STP Agljm L . FiSTP pT%,..h
0 .9 1 8 0 .8 8 8 0 .9 0 3 6 9 .1 3_,09 1 .7 2 0 , 6 2 1 ,-0_,..5.44. 0 ,9 0 9

11 if ît 5 1 ,6 2 .3 1 1 .4 2 0 .6 4 0 0 .7 2 7 0 ,1 4 5
ît ît il 4 3 .0 1 .9 2 1 .2 5 . 0,48.7. .0 ,8 7 3 0_,1.75
tt 11 ît 2 7 .4 1 ,2 2 1 .1 2 .0,5.38. 1.,37__. 0 ,2 7 4

0 .9 0 8 0 .8 7 7 0 .8 9 2 1 6 ,6 J?_ ,74 .. 0 .5 9 6 0 .3 2 7 . 2 ,2 6 0 .4 5 2
ît 11 11 9 .4 1 0 ,4 2 0 .3 6 2 0 ,2 3 1 3 ,9 9  . .Q.,7.95
ît il ît 5.21, 0 .2 3 3 0.198, 0 .1 4 2 7 , 2 l.-,5.Q0

TABLE 3 . 27 S e r ie s  h .

i f g i l f g o l|g,m
Z

F i STPj Agira. Mo FiSTP F..M

0 .9 0 6 0 .8 7 4 0 .8 9 0 6 8 .5 3 .0 6 1 .6 4 1 ,5 4 . 0 ,5 4 8 .Q.,,110
ît it II 5 9 .2 2 ,6 5 1 .5 1 1 .2 8 0 ,6 3 5 0 ,1.27
tl ît ît 4 4 .9 2 ,0 0 1 .2 7 1 ,0 0 5 0 ,8 3 5 0,16.8
ît tt 11 3 8 .0 1 ,7 0 1 .1 3 0 .9 7 0 0 .9 8 5 0 ,1 9 7

O a 908 0 .8 7 7 0 .8 9 3 3 4 .7 -1 ..55- . 1 .2 4 0 .9 2 5 1 ,0 8 0 ,2 1 6
ît ît il 2 0 ,2 0 .9 0 4 0 .6 9 1 0 .6 2 9 1 ,8 6 0 .3 7 0
ÎÎ ît il 8 , 6 0 0 .3 8 4 0 ,3 2 2 0 ,3 1 6 4 , 3 6 0 ,8 7 1
tt tf II - 4 , 2 5 0 ,2 1 2 0 ,1 9 6 0 ,1 7 8 1...5-8



TABLE 3 a 28

-  75 -

S e r ie s  B Qomronent A.

G 0 > F ai Fao mu& hChUa

5 7 .2 6o O0U8 Ô 0 . 5 0 5 0 . 2 7 7 0 . 9 2 6 0 ,4 1 1 1 ,0 3
59.0 62 If tt 0 .2 6 9 0,_975 0 . 4 3 4 l . , l . . _
6 1 .0 62 î? 0 .5 0 0 0 , 2 5 6 0 .9 6 1 0 .4 6 1 1 , 2
6 1 ,9 64 ff tl Q..251 0 ,7 9 5 0 ,468 1 .2 2 5
6 7 . 6 69 ît tl 0 , 2 2 5 0 , 9 0 6 0 .5 4 7 - 1,-515
7 1 .1 7 5 0 . 5 2 5 O0U65 0 ,1 8 3 1 .0 7 •0,6.59., _2.x.Q9
7 4 .2 75 tf tl 0 ,1 6 8 1 .1 3 0 .7 5 9 ,2 .4 1 -
8 7 ,8 tl tt 0 .0 8 9 1 . 3 8 1 ,0 9 7
9 1 .0 0 . 5 0 0.U88 0 .0 7 5 1 ,3 6 1 ,1 8 5 6-.0 6 —
5 5 ,9 » tt ît 0 , 2 7 0 0 . 9 1 5 0 .4 0 8 1 .0 4 5
5 9 ,8 — tt tt 0 . 2 5 3 0 .8 7 0.,45.2. 1 ,1 9 5
6 1 ,5 OaUÔ8 0 .5 0 0 0 , 2 5 4 1 .1 2 0 .4 6 6 1 .2 0 5
6 7 .5 il 0 0 U86 0 ,2 1 8 0 , 8 9 1 0 .5 6 1 . 5 2 -
8 6 .0 m îf 0 c hB6 0 ,1 1 1 i l . 39 0 . 9 6 3 4:4.26 .

TABLE 3a 29 S e r ie s  B Com-ponent B

_ _ Æ _

- 1 . + . ^ Y f e o , F - s b
m U y F O h %

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

t l 0 . 2 6 7 II 0 , 23 .2 .. 1 . 1 1 0 . 4 9 2 1 . 3 6 5
î t

Î O . 2 5 2 0 , 4 7 8 0 . 2 2 5 1 , 1 4 5 0 . 5 2 9 1 , 5 1 5

îf 0 . 2 5 0 t l 0 . 2 2 1 1 . 1 5 5 0 . 5 3 9 1 , 5 4

t l
0 . 2 1 6 t l

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

O 0U 7 5 0 . 2 8 1 0 . 5 1 3 0 . 2 4 9 0 , 9 5 2 0 . 4 8 9 1 , 2 8

tt
0 , 2 5 7

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

II 0 , 1 8 6 II 0 . 1 6 5 0 , 9 4 0 0 , 7 4 4 2 . 4 0

0 , 5 0 0 . 0 8 5 0 . 4 8 8 0 . 0 7 5 1 , 3 6 1 . 1 8 5 6 . 0 6
t f 0 , 3 0 6 II 0 . 2 7 0 0 , 9 1 5 0 . 4 0 8 1 . 0 4 5

î t 0 . 2 8 7 i l 0 . 2 5 4 0 , 8 6 8 0 , 4 5 2 1 , 1 9 5

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

î t
0 , 2 1 8 0 . 4 6 3 0 , 1 8 6 1 , 0 0 0 . 6 2 9 1 , 9 3

ît 0 , 0 8 7 i l 0 , 0 7 4 -0 .-9 6 1 . 0 . 6 6 - 2 . _ 5 . 5 0  ,



TABLE 5c 30 series 0 Oom-ponent^A.

0 o ' 1 'KXl F a l % o Kga m U a NOhUa

4 7 .9 54 Oc49 0 .4 7 9 0 .3 0 6 0 ,7 7 1 Q..3_lk 0 .7 4 6
5 0 ,4 56 11 t l 0 , 2 9 6 0 .7 5 6 0 .3 4 1 0 ,8 1 7
5 5 ,7 54 11 II 0 .2 7 4 0 .8 9 1 0 ,3 9 8 0 .8 4 0
6 2 5 9 ,5 0,U88 0 .4 8 1 0 .2 4 8 0 ,9 0 5 0 .4 7 3 1^235-
7 0 ,5 69 t l 0 ,4 7 5 0 .2 0 2 1 , 1 6 '0,599. 1,71_
77 7 2 ,5 ÎI II 0 .1 6 7 1 .2 6 0 .7 1 3 2_26
89 90 0 .5 2 0 ,4 4 5 0 .0 8 0 .1,43 1 ,1 3 5 .5,67-..
5 2 ,3 _56_ ;i II 0 ,2 6 2 0 .9 3 5 0 ,3 8 3 1 ,0 0 —.
5 7 ,6 6o 0 .5 1 9 0 ,4 5 0 0 .2 4 3 Q-,.97.5. 0 ,4 4 4 1 . 2 0 5
66 72 n II 0 .2 0 5 1 .0 5 0 ,5 6 3 1 .6 6
68 70 0 .5 3 0 ,4 4 0 0 .1 9 1 1 .1 7 0 .5 8 8 1 ,8 6 5
74 75 SI î t 0 .1 6 1 1 .3 4 0 .6 9 9 2 .4 2
8 0 ,5 8 1 ,5 • î t î t 0 .1 2 8 1 . 6 2 0 ,8 4 0 -3.^Q_.,.

TABLE 3o 3 1 S e r ie s  0 Ooïïïponent B

— É _
_ l - l - / î - Y b o F b i F b o

h O h U y

0 ,5 1 0 .3 2 6 0 ,4 6 1 0 .2 8 3 0 , 8 6 2 0 . 3 5 1 0 . 8 7 5
II .0 ,315. II 0 . 2 7 4 ._0..833- 0 .3 7 7 0 , 9 6 0
11 0 . 2 8 9 îf 0 . 2 5 0 0 . 9 9 0 .4 3 2 1 .1 7 0

0o512 0 ,2 4 9 0 .4 5 9 0 . 2 1 7 1 .0 7 0 .5 W 1 .5 4 5
ÎÎ _0_,..19.9 0 .4 5 3 0 . 1 7 1 1 ,3 3 5 0 ,6 8 9 1 .7 0 5
ît 0 . 1 5 6 II 0 ,1 3 8 1 .5 1 0 .8 4 0 3 . 0 6 .,.

OpU8 0 . 1 6 4 0 .4 8 3 0 , 1 4 1 1 .0 3 0 .8 2 0 2 ,8 2
tl 0 .3 5 9 II 0 ,3 0 8 0 .7 7 5 0 .3 1 8 0 .7 3

O o k B l 0 .3 4 5 0 ,4 8 7 0 . 2 8 9 0 .8 1 8 0 ,3 7 0 P_,819-
tt 0 , 2 9 4 II 0,25_4- 0 .8 5 5 0-,45-9- 1 ,1 7 0

O c U 7 0 . 3 0 9 0 ,4 9 7 0 , 2 6 7 0 , 8 5 2 0 , 4 3 6 1 .0 7
ît 0 , 2 7 9 II 0 , 2 4 1 0 ,9 4 8 0 , 5 0 4 1 .2 9 5
II 0 , 2 4 5 II 0 ,2 1 1 1 ,1 2 0 ,5 9 0 1 . 6 2



TABLE 3 . 32
-  77 -
Series D Qom-ponent A,

c 0 / OL
1 ^ a i ^ao imUa NChUa

U0,1 42 0„U88 0 .4 8 2 0 .3 4 3 0 .9 2 . 0.. 25_ .0_..56_3.
4 2 .5 0.11-85 0 .4 8 5 0_._345. 0 .9 3 2 0 .2 3 2 0..563_.

i+3 0 .5 0 0 .4 7 0 0 .3 2 3 0 ,9 3 0 0 .2 8 0 0 .6 3 5
4 7 .6 O.A93 0 .4 7 5 0 . 3 1 0 0 ,9 8 6 .0_,319._ a , 756 .
5 3 .2 p. w II 0 .2 8 8 1 . 0 6 .0 ,375 . 0 .925_.
5 5 .5 •« tf II 0 .2 7 8 1 .0 3 0 ,4 0 1 1 .0 0 ....
63 «*■ ïi II 0.245_ 1 .2 9 0 .4 8 7 1..5_
6 8 ,6 iî il 0 .2 1 6 .1 ,58 _Q.,.57.Q.. 1 , 6 2  .
8 3 .5 0 ,4 9 5 0 .4 7 3 0 .1 2 1 1 ,8 4 .0_,.9_2Q... 3„09_.
3 8 .9 w II 0 ,3 4 0 0 .9 0 9 0 .2 4 4 0 -3 5
4 5 .9 it 0 .4 7 0 0 ,3 1 3 0 .9 3 0 ,3 0 3 0,7.15.
5 5 .1 îl II 0 .2 7 6 1 .2 0 0 ,3 9 7 0 .  9.9.2.
6 1 .4 *- SI II 0 .2 4 9 1 . 2 6 0 ,4 7 0 1.241 .
7 7 .9 mm n II ,0 .1 6 2 1 .7 6 :0 W M . .2,460

TÆLE 3 . 33 . S e r i e s  D Conrponent B

fi
.1  + f i ^bo % 1 Kgb WOhüjg

0 , 5 1 2 0 .3 56 0 .4 5 8 0 , 3 1 7 1 ,0 2 0 ,2 7 8 0 , 6 6 7
0 ,5 1 5 0 .3 5 II 0 ,3 1 1 1 .0 8 0 , 2 9 2 0 .7 0 4
0 ,5 0 O. .3 6 3 0 . 4 7 0 0 . 3 2 3 0 ,9 3 0 0 .2 8 0 0 , 6 5 5
0 ,5 0 7 0 . 3 3 2 0 . 4 6 2 0 , 2 9 4 1 .0 4 5 0 .3 3 9 0 .8 3 5

It 0 . 3 0 6 II 0 . 2 7 1 1 ,1 3 0 . 4 0 0 1 ,0 3
ît 0 . 2 9 5 II 0 . 2 6 1 1 .0 9 5 0 , 4 2 7 1 ,1 1 8
It 0 . 2 5 6 tt 0 , 2 2 7 0 .8 4 7 0 , 525 1 .4 7 3
tt 0 . 2 2 3 ît 0 , 1 9 8 1 ,0 5 5 0 . 6 1 6 1 .8 5 5

0 ,5 0 5 0 ,1 1 9 0o464 0 . 1 0 5 2 ,0 1 1 ,0 0 4 ,1 2
H 0 . 3 7 2 0 ,3 2 9 0 .9 5 5 0 , 2 5 6 0 ,5 9 2
Iî 0 .3 4 3 0 .4 6 1 0 .3 0 2 0 ,9 5 0 0 .3 0 9 0 .7 6 2
îî 0 . 3 0 0 ît 0 ,2 6 4 1 , 2 6 5 0 ,4 1 8 1-08
II 0 . 2 6 3 II 0 , 2 3 6 1 ,1 9 0 ,4 9 5 1 ,  37.
tî 0 ,1 6 8 tt 0 .1 4 8 ,1,88 0,795 . 2.,.28„„



TABLE 3o 34,
-  78 -
S e r ie s  E, Gqm ronent A.

0 0 / __Æ ._
1 4'oL % o K ga HRUa HChUa

2 3 ,0 25 0 ,4 8 0 ,4 7 0 ,3 9 6 0 .8 8 3 0 ,1 2 9 0 .2 6 3
3 0 ,1 . 29 II ît 0 .3 7 6 1 .0 4 0 .1 7 2 l0 ^ 6 4
3 3 ,8_^ 35 il ïî 0 ,3 6 5 1 ,1 1 _ 0 .1 9 7 0 ,4 2 3
3 6 .2 42 ■il tt 0 .3 5 6 1 .2 1 0 ,2 1 6 Q.,.473_
4 9 ,6 51 0 ,4 9 0 .4 6 2 0 .3 0 5 1 .6 4 P ,3 5 7 _ 0 ,8 0 4
5 7 .0 60 0 .4 7 5 0 ,4 7 7 0 .2 8 2 1 ,8 1 5 0 ,4 0 1 0^878
6 0 ,0 63 il It 0 ,2 6 9 1 .9 7 0,435.. 1..Œ3
7 1 .6 7 6 .5 ît îi 0 ,2 1 0 2 ,9 9 0 ,6 0 0 1 ,6 2 1
3 1 ,8 33 !f 0 ,4 7 4 P  .3 7 5 1 ,1 0 0 ,1 8 0 0 ,3 3 4
3 3 ,7 34 ft ît 0 ,3 6 9 1 .1 3 0 ,1 9 4 0 .3 6 2
3 7 .1 40 0 ., 50 0 ,4 3 1 0 ,3 3 8 1 ,1 5 0 .2 2 6 0 ,5 1 7
4 1 .5 44 Iî ît 0 . 3 2 2 1 . 3 2 0 ,2 6 7 0 ,6 2 3
4 9 .2 51 ît ît 0 . 2 9 4 1 .5 9 0 .3 3 7 0 .8 2 3
6 2 ,1 63 . . tt ,t ,0 .2 4 0 2 ,2 4 0 .4 8 5 . 1 ,3 0 5 -

TABLE 3o 35 S e r ie s  E, Gomronent B

/>
K g b m U y ÏÏO hU b1 4* f i

P  . 5 2 0 , 4 1 1 0 .4 3 4 0 ,3 5 9 0 .9 8 7 0 , 1 4 4 0 .3 2 6
if 0 ,3 8 5 îl 0 .3 3 7 1 .2 1 5 0 ,2 0 0 0 ,4 7 1
ît 0 .3 7 5 tt 0 . 3 2 5 1 .3 4 5 0 . 2 3 1 0 .5 4 5
îl 0 , 3 6 2 ïî 0 .3 1 9 1 , 3 6 0 , 2 4 5 0 . 6 0 0

0 . 5 1 0 , 3 2 2 0 .4 4 6 0 .2 8 2 1 ,6 8 0 . 3 6 4 0 .9 0 5
0 . 3 2 5 0 , 2 5 1 0o431 0 .2 2 0 2 ,3 4 0 , 5 2 0 1 ,5 0 5

ît 0 . 2 3 4 il 0 , 2 0 5 2 .5 8 0 .5 7 0 1 ,7 1
ît 0 ,1 6 0 iî 0 ,1 4 0 4 .0 7 0 ,8 1 5 2 ,9 9
ît 0 . 3 6 0 0 . 4 3 0 0 . 3 1 4 1 ,5 4 5 0 .2 5 1 0 „ 606
ît 0 , 3 6 2 îî 0 , 3 1 6 1 .4 3 0 , 2 4 5 0 .5 9 0

Oo 50 0 ,3 8 7 0 .4 5 3 0 , 3 3 8 1 , 1 5 0 , 2 2 6 0 ,5 1 7
ît 0 . 3 6 9 ît 0 , 3 2 2 1 , 3 2 0 ,2 6 7 0 . 6 2 3
îl 0 .3 3 7 it 0 . 2 9 4 1 ,5 9 0 .3 3 7 0 . 8 2 3
il

0 ^ 1 5 . ît P . 2 4 0 . 2 . 2 4 0 ,4 8 5 1 ,3 0 5 _



TABLE 3 . 36
-  79 -
Series P Com-ponent A,

0 o ' 1 + (X- '^ao NRUa NOhUa

2 3 .4 2 6 .5 0 .5 1 0 0 c ^.48 0 ,4 0 6 1 ,1 6 0 ,1 2 9 0 .2 6 3
2 7 ,2 29 it it 0 .3 9 9 1 .2 4 0 ,1 ^ 2 0 ,3 2 0
3 4 ,2 37 îf tt 0 ,3 9 4 1 ,0 9 5 0 ,2 0 6 0 .4 3 6
3 8 .1 39 ft 0,3.71.. 1 .5 4 0 ,2 3 4 0....5-Q.6
4 8 ,3 48 tf 0 .4 4 5 0 ,3 4 0 2 ,2 1 0 ,2 9 7 Pj.7&3
5 6 ,7 62 îf tt 0 ,2 8 3 3 ,3 8 0 ,4 1 6 1 P 2 5 - .
7 1 ,6 7 4 ,5 ÎÎ tt 0 ,2 3 4 4 .3 0 ,6 5 7 2 ,0 1
2 2 .5 24 If It 0 ,3 9 8 1 ,2 6 0 .1 3 3 0 „ 297
2 3 .6 2 6 ,5 ît ît 0 .3 9 2 1 ,3 6 0 ,1 0 1 0 ,2 3 9
2 4 .5 2 6 ,5 0 .4 8 8 0 .4 6 2 0 .4 0 1 1 .3 8 0 ,1 2 9 0 ,2 7 3
2 8 .7 31 it ;t 0 .3 6 4 1 .9 9 0 ,1 5 8 Q,,33-5_..
3 3 .2 3 5 .5 it !t 0 ,3 2 4 2 ,8 6 0 ,1 8 8 0 .4 0 9
5 8 ,3  ' 62 tt 11 0 .2 8 0 3 .5  , 0 ,4 1 5 1 ,0 4

TABLE 3 . 37 S e r i e s  F OoHironent B

1 ^ ^bo Pbi Pbo ^-gb WRU-j, HChU'b

0 ,5 2 0 ,4 1 0 .4 2 8 0 ,3 5 7 1 , 2 1 5 0 ,1 4 7 0 .3 3 4
ît 0 ,3 9 5 ft 0 ,3 4 4 1 .4 4 0 ,1 7 8 0 ,4 1 2
tt 0 , 3 6 8 ft 0 , 3 2 0 1 .5 3 0 , 2 3 8 0 .5 7
it 0 . 3 5 1 tt 0 , 3 0 6 1 ,3 7 . 0 , 2 5 6 0 , 6 6 7

0 . 5 0 0 . 3 5 6 0 ,4 5 3 0 , 3 1 4 1 . 9 2 0 ,2 9 7 0 ,7 0 3
tt 0 , 3 0 2 It 0 , 2 6 6 2 .9 5 0 , 4 2 1 1 .0 7 5

0 ,4 8 8 0 , 2 5 2 0 ,4 6 4 0 . 2 2 3 3 ,7 8 0 ,6 4 0 1 , 5 4 ..
tt 0 , 4 5 2 II 0 . 3 9 9 1 ,0 4 5 0 ,1 1 8 0 ,2 4 5

0 . 5 2 0 . 4 0 8 0 . 4 4 0 0 , 3 6 2 1 ^ 3 1 0 ,1 6 1 o ,3 5 3 _
;t 0 . 4 0 5 ft 0 , 3 6 0 1 , 3 1 5 0 ,1 6 4 0 , 3 6 7  _
tt 0 . 3 8 9 tt 0 .3 4 5 1 ,5 4 0 , 2 0 4 0 ,4 6
t? 0 , 3 7 2 tt 0 ,3 3 1 .5 7 5 0 ,2 3 8 0 .5 5 5
it 0 . 2 5 4 it 0 ,2 2 6 3jL&5__ P_, 52 ... 0 .3 7 0  „



T.ABLE 5 c 3 8 ,
« 80 -
Series G, Coïïironent A .

0 c ' —Qk___
1 +oL KRUa NOhUa

1 3 .5 1 7 . 2 0 .5 1 0 .4 4 8 0 . 4 0 6 1 , 1 6 0 ,0 7 9 a,.l6_3_
16  „ 4 25 II n 0 ,3 9 9 1 ,2 4 0,0843 o_.miL
1 8 ,6 2 4 II ÎI 0 ,3 9 4 1 , 0 9 5 0 .KÆ2 0^23.L
2 6 ,4 33 II II 0 ,3 7 1 1 .5 4 0 ,1 7 8 0 . 3 7 2
3 6 , 2 34 II 0 , 4 4 5 0 ,3 4 0 2 ,2 1 0 ,2 2 8 P,529_
5 1 , 6 4 9 ,5 II t? 0 ,2 8 3 3 ,3 8 0 ,3 7 0 0_,942.
63 6 5 . 5 II ÎÎ 0 , 2 5 4 4_,3..._. 0 , 5 0 6 1J±15_
1 6 , 6 1 9 , 0 II It 0 ,3 9 8 1 . 2 6 0 ,0 9 2 Q.^199
1 9 . 2 2 0 .5 II It 0 , 3 9 2 1 , 3 6 0 ,1 0 7 0 .2 3 9
2 1 .7 2 9 , 0 0 .4 8 8 0 0  4 6 2 0 , 4 0 1 1 , 3 8 0 ,1 1 9 0 ,2 4 8
3 3 .8 3 5 .0 II It 0 ,3 6 4 0 ,2 0 1 0 ,4 4 0
4 5 -2 4 8 ,5 II It 0 , 3 2 4 2 ,8 6 0 ,2 9 4 0 . 6 8 0
56„1 60 II It 0 ,2 8 0 3 æ.5_ . 0 ,4 0 2 1 ,0 0 0

TABI.B 3 ,  39 S e r i e s  G. Comroneni B

e>
Î ^bo Pbi

p
“bo m U y NOhUb

0 , 4 9 0 0 ,4 5 8 0 ,4 6 5 0 , 4 1 1 1 ,4 6 5 0 ,1 0 2 0 .2 1 0
It 0 ,4 6 7 it 0 . 4 1 9 1 ,1 0 5 0 ,0 8 4 0 ,1 7 2
It 0 , 4 6 1 It 0 , 4 1 4 1 , 1 6 5 0 ,0 9 5 0 ,1 9 8
II 0 ,4 3 7 II 0 , 3 9 2 1 .5 0 5 0 .1 4 3 0 .3 0 5
It 0 , 3 9 2 0 ,3 5 0 2 ,2 8 0 , 2 3 5 0 ,5 2 4
it 0 ,3 4 4 it 0 ,3 0 1 3 , 0 6 0 .3 3 7 0 , 8 0 2
If 0 , 2 0 9 If 0 , 1 8 7 5 .7 1 0 , 6 7 2 ,0 5
it 0 , 4 6 7 It ^ , 4 1 8 1 ,1 0 5 0 ,0 8 1 0 . 1 6 9
it 0 .4 6 1 It 0 ,4 1 2 1 , 2 2 5 0 , 0 9 6 0 ,1 9 9

0 ,5 1 2 0 , 4 2 4 0 , 4 4 1 0 ,3 7 7 1 . 5 6 0 ,1 3 3 0 ,2 9 3
It 0 ,3 8 1 II 0 ,3 3 9 2 , 2 4 0 , 2 2 5 0 ,5 1 8
it 0 ,3 3 4 II 0 ,2 9 7 3 .2 0 ,3 2 8 0 ,8 1 0
tt 0 , 2821 II 0 , 2 5 0 _ L P 6 _ 0 ,4 5 5 1 .2 2



TABLE 3. 40
8 l  •“

Series H, Coiaronent A

0 G ' oC
1 ^ao K g a NRUa NOhUa

3 9 ,2 4 1 ,0 0 .5 0 9 0 ,4 6 9 0 .3 3 2 1 . 2 0 .2 5 2 0 ,5 6 8
4 0 ,4 4 3 .5 ît it 0 ,3 2 8 1 . 2 .0 .2 6 3 0,.6Qû_
4 4 ,0 44 îl it 0 ,3 1 6 1 ,2 5 0 .2 9 4 0... 6 8 2 .
5 5 .0
6 3 .6

50 îl ît 0 ,2 7 7 1 ,3 1 0 .3 9 1 0 , 9 6 5 ..
6 l it 0 ,4 6 5 0 .2 3 1 1 ,5 4 5 0 .5 1 5 1 .3 8  „

7 1 .8 67 il It 0 ,1 9 1 1 ,8 2 0 ,5 4 3 1 ,9 1
|7 4 . 9 72 îl ît 0 .1 7 4 1 .8 2 0 .7 0 0 2,_33

4 2 ,9 40 0 .5 1 0 . k 6 S 0 ,3 2 1 1 ,2 3 0 ,2 7 9 . 0,685...
4 4 ,9 4 2 ,9 ît It 0 ,3 1 4 1 ,1 1 0 ,2 9 6 ÜA742-
4 9 .7 4 7 .0 tt tt 0 ,2 9 5 1 ,2 2 5 0 .3 4 6 . 0...9.05
5 6 ,0 53 il ît 0 .2 6 9 1 ,3 1  10 .4 1 1 1 .1 3  . ..
6 2 .9 59 ît it 0 .2 3 8 1 .4 4 0 .5 0 0 1,4:55

TABLE 5 .  k l S e r ie s  H, Comronent B

^bl ^ 0 Kgb KRUb NChUjj

0 ,4 9 1 0 .3 9 0 .4 8 6 0 , 3 5 1 1 . 1 2 5 0 . 2 3 7 0 . 570
!l .0 ,385 . It P , 346 1 ,1 3 5 0 , 2 4 9 0 ,5 5 7
tt 0 ,3 7 2 II 0 .3 3 4 1 ,1 8 0 .2 7 7 0 . 6 3 ...
ît 0 . 3 3 0 ît 0 , 2 9 6 1 .2 4 0 ,3 5 8 0 .8 8 9
it 0 ,2 8 5 0 .4 8 3 0 , 2.54 1 ,4 3 0 . 4 7 2 1 ,2 3
ît 0 .2 3 9 II 0 .2 1 3 1 ,5 3 0 .5 8 7 1 ,6 8
t1 0 ,2 2 2 II 0 .1 9 7 1 . 6 6 5 0 . 6 3 5 1 ,8 8

0 ,4 9 0 .3 7 8 0 ,4 9 4 0 ,3 4 3 1 .1 9 0 . 2 6 9 0 , 6 0 3
îl 0 .3 7 1 ft 0 , 3 3 6 1 .0 7 0 ,2 8 6 0 ,6 4 8
it 0,333. It 0 ,3 2 0 1 ,1 4 0 , 3 2 0 0 ,7 4 6
It 0 , 3 2 5 ft 0 .2 9 4 1 .2 4 5 0 .3 9 1 0 .9 4 0

1 " 0:^290 It 0 , 2 6 3 1 ,3 4 0 ^ 6 5



TABLE 5 .  42
*— 8 2 "
S e r ie s  0 Gômronent A

0 G ' OL '
1  -h Oi ^ a i P '

ao
"z:'-------

MRUa WChUa

4 7 .1 0 .4 8 7 0 ,4 9 0 ._316 0._813. 0 ,3 0 7 0 , 62-
5 2 .1 M îl !l 0 .2 8 6 0 ,8 4 5 0 ,3 8 2 0 ,8 9  , ,
6 0 .4 I M it 11 0 ,2 6 0 0 .9 7 5 P.,450. ,.1 ,1 5 -
6 3 ,1

--------------------

0 .4 9 5 0 .4 8 4 0 . 2 4 1 1 ,0 0 4 0 ,4 9 7 1 ,3 3 . . .
6 9 .3 ît It 0 ,2 1 1 1 ,1 4 5 0 .5 8 5 l . M
7 0 , 4 W 0 . 5 0 9 P _ .47 i 0 ,1 9 8 1 , 1 4 0 , 6 2 3 1„88_...
7 8 .0 îT I I 0 . 1 5 0 1 ,1 8 0 .6 6 5 2 ,6 6
7 0 .4 W ît il 0 ,1 9 8 0 , 8 3 P ,.6 2 1 1 .8 8  :
4 7 .9 w . 0 . 5 1 3 0 .4 7 1 0 , 2 9 5 0 . 8 2 5 0 .3 3 7 0 .8 3 3
5 4 .5 îl I I 0 .2 6 9 0 ,8 9 5 0 .4 P 4 1 ,1 0  ,
6 3 . 5 W ît I I 0 ,2 2 9 1 .0 2 Q.,518 1,46.....
7 5 .1 ît I I 0 .1 7 I ..293 0 .7 1 5 2,3 .5  . .
7 1 .4 M îl 0 .47 .3 0 ,1 9 1 1 ,0 3 5 0 ,6 4 5 1 .9 8 __
6 9 . 8 — ît " , 0 .1 9 9 0..95P_ 0 :.617

T/ïBLE 3 . 4 5 . S e r i e s  0 Gomponent B

f i ....
1  + / Î ^bo ^71 %o KRUb

-...—V.. —
NGhU'b

O..5 .I3. 0 . 3 2 6 0 .4 6 8 0 ,2 8 8 0 .9 3 0 0 .3 5 0 . 8 6 5
ît 0 .2 8 7 II 0 ,2 5 3 0 ,9 9 0 0 ,4 4 6 1 ,1 8
it 0 , 2 5 7 ît 0 ,2 2 7 1 , 1 2 5 0 ,5 2 1 ,4 6 5

0 ,5 0 5 0 , 2 5 9 0 .4 7 4 0 , 2 2 9 1 ,0 5 0 0 ,5 1 9 1 .4 5
îf 0 , 2 2 4 it 0 ,1 9 8 1 ,2 0 0 0 . 6 1 5 1 ,8 5

0 . 4 9 1 0 , 2 4 9 0 .4 9 0 0 ,2 2 2 0 .9 3 9 0 .5 1 4 1 . 6 2
ît 0 .2 1 3 It 0 ,1 9 0 1 , 1 6 0 .6 5 5 2 .0
ît 0 . 2 5 2 ît 0 .2 2 6 0 .7 4 0 .5 5 3 1 ,5 4

0 ,4 8 7 .0_,365 0 . 4 9 6 0 , 3 2 5 0 ,7 5 3 0 .3 0 7 0 ,7 0 2
ît 0 .3 3 7 ît 0 .3 0 1 0 ,7 6 5 0 ,3 4 2 0 .8 iL . |
It 0 . 2 9 4 i l 0 .2 6 2 0 .8 9 5 0 .4 5 3 1 .1 6
îf 0 , 2 3 2 11 0 . 2 0 7 1 ,1 1  i 0 . 6 0 8 1 ,7 5 5
it P .  253 0 .4 9 8 0 . 2 2 7 ! 0 .8 9  i 0 .5 5 3 1 ,5 2 5
i f 0 .2 6 2 i t 0 . 2 3 5 1 0 . 8 .1 . 0 . 3 2 7 1 .4 3 5



TiiBLE 3 . 44-
-  83 -
Series Qomponent A

G G,/ (X
1 4" ^ao KRUa NOhUa

2 1 ,2 30 0 ,3 2 6 0 ,6 5 3 0 , 5 4 3 0 ,1 5 7 0 .0 7 7 0»2Z7L
2 3 ,4 32 0 , 3 2 4 0 ,6 5 6 0 , 5 4 0 ,1 5 9 0 ,086 0 ,3 1 9
2 5 ,7 28 0 ,3 2 3 0 . 6 5 7 0 ,5 3 3 0 .1 7 0 0 ,0 9 7 P .. .3 9 K .
3 4 ,5 35 0 ,3 2 0 0 ,6 6 0 P.,.5 1 .. 0 ,2 0 9 0 ,1 3 6 0 .6 8 2
4 2 ,1 44 il tJ 0 ,4 8 4 0 ,2 3 8 0,17.5. 1 ,1 8  ..
4 3 ,9 50 ' II 11 0 ,4 7 6 0 ,2 2 1 0 .1 8 6 , l J t65_

TABLE 3a 45 S e r ie s  I

G
1  + ^ b o ^ b o  - NRUb MCitOb

4 3 ,7 0 , 6 7 4 0 , 2 1 4 0 ,3 1 8 0 .1 8 8 0 ,7 0 5 CL_390. 0 .6 0 0
5 0 .0 0 a 676 0 ,1 9 7 .Q.,.315. 0 .1 7 3 0 .8 3 0 0 ,4 5 0
5 3 ,7 0 .6 7 7 0 ,1 8 1 O'. 314 0 ,1 5 9 0 ,9 1 8 0 .5 2 1 0 ,8 0 0
7 0 .3 0 ,6 8 0 0 .1 2 0 0 ,3 1 1 0.1055 1 ,3 0 0 .8 4 0 1 ,3 3 5
8 9 ,3 11 0 ,0 4 8 II 0 ,0 4 2 2 ,0 7 1 ,5 2 0 2, 38 .
9 3 ,5 11 0..P3.... II 0,0263 2 , 1 9 1 ,8 4 0

T.ABLE 3 . 46 S e r ie s  J, Qomppnent A,

G
/

G
oi

1 ->rd. % .! %o NRUa NGhUa

8 6 .5 88 0 ,6 8 5 0 .3 0 0 ,0 4 9 2 ,9 6 1 ,5 8 2 .1 4
90 94 0 ,6 8 6 0 .2 9 9 0 ,0 3 8 3 ,1 2 1 .5 6 . .2 ,.60._ _.
9 0 ,6 98 0 ,6 6 9 0 ,3 1 5 0 .0 3 8 2 ,9 4 1 . 59 2 ,76 ...
9 7 ,9 100 II (1 0 ,0 0 9 4 ,2 2 ,5 8 ...4.,.67....

100 100 . 0 ,6 7 1 0 ,3 1 3 0



TABLE 5o 47 Series J, Component B

0 1 +ji ^ b o ^ b i K g b m u b N C h U - y

4 2 .5 0 .3 1 5 0 ,5 6 7 0 . 6 5 2 0 ,4 8 5 0^,347 0 , 1 6 2 1 ,0 3  _
4 3 .7 0 ,3 1 4 0 , 5 6 3 0 , 6 5 3 0 .4 8 3 0 , 4 0 6 0 , 1 6 7 _ a . 7 i ^ .

4 6 .3 0 ,3 3 1 0 . 5 2 1 0 . 6 3 7 0 ,4 4 7 0 .3 8 2 0 . 2 0 6 1,8.3__
4 8 .5 if 0 , 5 1 0 îf 0 .4 3 7 0 , 5 6 0 0 .2 2 1 2,3.9_. .
4 9 .0 0 = 329 0 . 5 1 0 0 . 6 3 9 0 ,4 3 7 0 , 3 1 2 0 ,2 2 3 3 ..3 k ,. . .

TABLE 3 .  4 8 S e r i e s  M. Component A.

0 0 / oC
1 ^ 'a i p

ao Ég,a NRUa HOHUa

9 ,8 8 ,5 a .  324 0 , 6 2 0 ,5 8 0 0 ,1 9 5 0.-033 0 .1 0 9
1 3 . 7 14 îf tf 0 ,5 7 1 0 ,2 5 6 0 ,0 4 8 0 ,1 6 3
1 2 ,5 5 1 2 ,5 If tt 0 .5 7 4 0 .2 0 6 0 ,0 4 1 0 .1 4 5
2 1 .8 2 2 ,5 (1 it 0 ,5 5 5 0 ,2 6 6 0 ,0 7 3 0 .1 6 5 -
2 2 .4 24 0 .3 3 9 0«60 0 .5 2 8 0 .3 5 2 0 ,0 8 5 0 ^245-
2 7 .7 34 II 0 , 5 1 4 0 .4 2 5 0 ,1 0 9 0 .3 4 1
3 0 ,8 5 7 ,5 îf II 0 , 5 0 4 0 ,4 6 6 0 ,1 2 4 D .Jll8_

TABLE 3 .  4 9 S e r ie s  M, Component B

0 A r ^bo 3 . 1 NRUb NChUb

2 0 .9 0  = 6 7 6 0 .2 7 5 0 , 2 9 8 0 . 2 4 4 0 .9 2 5 0 .1 5 6 ,0. , 238 .
2 8 .6 tf 0 . 2 3 5 tf 0 ,2 2 7 1 .2 5 0 ,2 2 9 0 .3 5 2
2 6 ,3 If 0 . 2 6 1 tf 0 . 2 3 2 1 , 0 6 0 -2 0 8 0,.319_
4 2 .2 ît 0 .2 1 7 tf 0 -1 9 3 1 ,3 4 0 .3 7 1 0 ,  321_.
4 3 .6 0 .6 6 1 0 . 2 2 4 0 .3 0 8 0 , 1 9 6 1 ,5 9 0 ,3 8 2 ,0.,_451_
5 4 .0 tt 0 .1 9 1 tf 0 . 1 6 7 2 .0 0 ,5 1 2 0 _ 7 6 k .
6 0 . 7 tf 0 ,1 6 8 tt 0 ,1 4 8 2 .3 2 0 .6 1 k Û„.94D



TABLE 3 .  50

-  Ô5 -

S e r ie s  K, Oomponent A.

0 c' cC 
1 -f £?C % o K é a KRUa NOhUa

5k 1 48 0 , 6 8 7 0 ,2 8 4 0 , 1 5 1 3 ,3 4  . 0 ,5 3 5 - 0 ,8 1
5 5 ,4 57 0=707 0 . 2 6 5 0 ,1 4 7 2 . 9 8 P , 503 0 ,7 1 ...
5 6 , 3 60 0 ,7 0 1 0 , 2 7 1 0 ,1 3 7 3 .0 7 0 ,5 8 0 0 .  8 7  ..
6 3 , 9 68 tï il 0 , 1 1 7 3 .5 9 0 .7 1 2 1 .0 8  -
6 6 ,6 7 1 îl 0 = 2 7 2 0 .1 0 9 3 ,2 5 0,77.5. 1.-175 _
7 8 . 1 8 2 ît It 0 .0 7 5 4 . 6 7 1 , 0 6 7 1 ,6 3 5 -

_9_2 95 it il 0 .0 2 9 7 ,0 4 .1 , 7 6 5 2 ,8 2
1 94 96 îl il 0 . 0 2 3 7 .0 2 .1..945- ,3.JL1.

T/J3LE 3o 51 S e r i e s  N, Qomponent B

C /3
1- "t fi ^ bi ï ’bo ^g>b NRUb NOhUb

2 1 .4 0.3-13 0 . 6 3 3 0 , 6 2 2 0 .5 5 3 0 . 4 7 2 0 ,0 7 6 0 .300 -
2 1 .3 0 , 2 9 3 0 ,-6 5 5 0 ,6 4 1 0 , 5 7 2 0 , 4 2 2 0 ,0 7 2 0 ,3 1 2
2 3 , 8 0 , 2 9 9 0 ,6 4 1 0 . 6 3 5 0 . 5 6 0 0 .4 3 3 0 .0 8 2 0 . 3 6 5
2 7 .1 il 0 , 6 3 1 11 0 .5 5 1 0 .4 7 5 0 ,0 9 4 0 .460 -.
2 8 .2 il 0 , 6 2 6 0 , 6 3 6 0 .5 5 0 0 .4 1 6 0 ,0 9 9 0 .4 8 9
3 3 ,3 il 0 . 6 1 0 11 0 .5 3 5 0 .5 3 0 0 ,1 2 1 0 .7 0 0
3 9 .2 i l 0 ,5 8 8 î l 0 ,5 1 6 0 .5 8 7 0 .1 4 7 1 .1 9  _
3 9 ,9 il 0 ,^ .5 . I l  '

........... ....  —0 . 5 1 3 0.,5:50 P .,151 l-,.3_5,-.



-  Ô6 -

TABLE 3= 52 R ea cto r  V= S e r i e s  L
Suspending: Medium -  W ater.

L 0 ^iSTP Y ^ao 0 f ^0 0 /

1 24 5 3 .1 5 0 .1 0 .5 3 3 0 ,4 7 6 1 9 .2 7 6 .5 18 4 6 .6 25
2 24 3 2 , 2 3 0 .4 îl 0 .4 5 9 2 5 .7 it it 28.2-_ 25
3 92 6 ,8 9 6 .5 0 it 0 .4 1 4 3 8 .2 it It 5=68 35
4 24 5 5 .6 5 2 .5 It 0 ,5 0 6 10.3_ it 11 5X«_5 15
5 32 2 5 .8 2 4 .4 Go 512 0 .4 7 2 1 4 .8 it it 25_=7.__„ 20
6 36 1 4 .7 1 3 .5 rt 0 .4 6 2 1 7 .2 75.^4 it 1 3 .7  _ 25
7 24 6 8 .5  I 6 3 ,0 if 0 .5 0 3 _ 3 .5 4 it it

TABLE 5 .  53 R ea cto r  I I S e r i e s  Q-
Suspending Medium -  Water

Q Q ^1 ®'iSTP Yao 0 f ^ 0 C '

1 24 4 1 ,2 3 8 . 7 0 .4 8 5 0 .4 6 4 8 .1 7 6 , 2 .18 3 8 .6 13
2 20 6 3 ,3 5 9 ,5 it 0 ,4 6 6 7 ,5 5 11 it 5 9 .7 11
5 28 2 7 .0 25.,,. 4 .. 11 0 , 4 6 5 7 .7 5 it it 2 5 .5 11
4 80 _.._7_. 55. 7 .1 0 .4 8 9 0 ,4 4 1 1 7 ,6 7 6 , 1 it 6 .7 0 ,,225
5 32 2 2 .3 2 1 .0 II 0 .4 7 0 7 . 4 It it 2 0 .8 13
6 32 3 6 . 4 3 4 . 2 II 0 .4 7 4 7 . 2 it it 3 5 .3 11

.7 24 5 0 .0 4 7 .0 II 0 ,4 8 0 3 .5 4 it It 4 8 .1 8
8 24 6 1 . 2 5 7 .5 II 0 .4 8 8 0 . 4 it it 6 0 . 0  - 3
9 28 4 3 .5 4 1 .1 0 ,4 8 2 0 . 4 7 6 2 .3 8 7 6 , 4 ,PL7 42.-2- 5

10 32 1 9 , 4 5 1 8 .4 II P .4 Z 2 3 . 9 2 It it A8„P_ 5,



TABLE 3= 5 k .
-  87  -

R ea ctor  V= S e r ie s  K,
Suspending Medium -  D eca lin ,

K 0 P i i f ^ 0
1 24 8 0 ,9 0 .5 2 8 0 ,3 9 5 76 17 5 8 .1 -
2 28 4 8 .3 It 0 .3 6 4 Î! tt 3 -5 .4 -
3 36 2 5 .4 n 0 .3 2 3 ît ■ti 1 7 .4
4 80 5 .9 2 0 ,2 7 0 ît it 3 8 ,4
5 20 6 5 .1 0 .5 1 4 0 ,3 7 5 it it 4 9 .8 -
6 32 3 4 .9 It 0 ,3 2 1 it ît .2 k .4  .

T/U3LE 3= 55 = R ea ctor  I I S e r i e s  0
Suspending Medium -  D e o a l in ,

0 @ ^ a .0 f ^ Q .
1 20 7 2 .5 0 .4 8 3 0 .4 3 3 75 18 6 5 .5 -
2 24 5 5 ,9 0 .4 9 3 0 .4 3 1 it It 4 8 .6
3 28 4 6 .9 it 0 .4 3 1 it ;t 4 0 .8
4 32 _25_.9_. 0 = U85 Q-.395. 75^7 it 21 . -4 .

, 5 36 2 2 ,0 it 0 .3 8 5 it it 1 6 .9
6 60 1 1 .6 !t 0 .3 4 9 it it 8 . 3 -
7 92 6 ,2 7 if 0 .3 1 0 it it 4.-55
8 32 3 0 .4  . 0 .5 0 0 .4 1 2 7 4 .7 tt -26..1 -

T/Ü3LE 3 . 56 R ea ctor  I I S e r i e s  P
Suspending Med.ium -  D e c a l in ,

P 0 T°0 ®'iSTP B'o f c 0^

1 32 75 3 0 . 4 2 8 .0 0 . 5 0 0 0 ,4 1 2 2 6 . 1 7 4 . 5 18 2 9 .9 29
2 32 100 3 1 , 4 2 8 ,9 it 0 ,3 9 1 2 5 ,4 It if 3 6 .8 37
3 28 125 3 0 . 4 2 8 .0 tt 0 ,3 7 0 2 3 .8 It it a i . 2 Ud
4 32 50 3 0 . 8 2 8 ,6 Go 489 0 .4 5 0 2 8 ,0 7 5 . 1 19 1,8
5 3 2 25 3 1 . 2 2 8 ,9 it 0 .4 8 3 3 0 .5 it tf 5
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TABLE 3 = 5 7 , a e r ie s  IC=

^iSTP "0 *

Z

®'iSTP
1 .0 7 3 0 :9 7 8 1 . 0 2 6 7 6 . 1 3 .4 1 ,7 4 0 .7 5 5 ..1.-Ü7 0 .2 9 1 _

It Îî ît . k5.,3... 2 .0 3 1 .2 4 .0.,_5.27 2 .4 7 0 .4 8 8
II <t <t 23>9_ i._Q7,._ 0 .7 1 5 0..3_27. 4..7CL 0 .9 2 6 -
il If II 5 . 5 6 0 .2 4 9 0 . 2 2 0 . 0 8 8 2 0 . 2 ,3.98.—
It u tt 6 1 . 4 2 .7 4 1 , 5 0 0 .6 1 5 . 1.8.3_ Qî .36;l
IT :l II , 3 2 .9 1 .4 7 0 ,9 9 0 .  U 22 3 ,4 2 0..675-

TABLE 3 ,  58= S e r i e s  K= Component A,

C c '
oC

% 1 % o Kga NRUa NChUa1 4- t X .

4 1 .6 47 0 = 4 7 2 0 ,5 7 6 0 . 3 8 6 0 , 5 2 4 0 .27 0 0 .5 7 0
48=8 5 3 .5 11 11 0 . 3 5 6 0 . 5 3 8 0 .33 3 0 .7 6 9
57=4 6 3 ,t ît 0 . 3 1 6 0 . 6 1 7  10 . 4 1 9 0 .9 8 8
67=0 70 ît II 0 .2 6 4 0 . 6 3 5  (0 .540 1 .3 9
4 3 ,4 47 0 = 14-86 3 = 550 0 . 3 6 7 0 , 4 9 0  (0 . 2 7 4 0 .6 2 4
5 5 . 5 60 ît ît 0 .3 1 4 0 , 5 6 7  10 ,388 P.,955.,

TAiBLE 3= 59 S e r ie s  Kc Component B

1 + /1 ^ b l % o Kgb m u b ïïGhUb

0 = 528 0 , 3 2 4 0 . 5 0 7 0 .3 1 7 0 . 6 3 6 0 ,3 3 1 0 .8 4 3
tt 0 ,2 8 9 it 0 ,2 8 3 0 . 6 7 0 0 .4 1 5 1 .1 2
11 0 . 2 4 3 tt 0 . 2 3 8 0 .8 0 5 0 , 5 4 1 1 .5 9
ît 0 .1 8 4 ît 0 .1 8 0 0 .8 1 5 0 .4 3 0 2 .4 7

0  = 514 0 .5 4 0 tr 0 , 3 2 3 0 ,5 5 0 0 .2 8 2 0 .7 5 8
ît 0 .2 8 4 It 0 .2 7 8 0 , 6 0 5 Q..311 1 . 1 6 5
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TABLE 3 , 60 Series 0

X s i
( i  Û o i ip t i ^ISTP e / A g j y n . 7 '

Z
%

^18TP
0 = 988 0  = 965 0 ,9 8 2 6711 3 .0 0 1 .6 8 0 .8 7 0 0_._5_58 0 .1 1 2

ÎÎ .1 i t 5 1 .7 2 ,3 1 1 .4 3 0 .755- 0 ,7 2 7 . 0,14.5
i f It tt 4 3 .4 1 .9 4 .I...275 . 0 , 6 3 4 0,8.65. 0.173-,

1 = 008 0 .9 7 5 0 = 9 9 2 2 4 . 2 1 .0 8 0 .8 4 0 .4 8 1 ..1,.55_ 0 ,3 .1 1 .
It i t i t 2 0 .6 0 .9 2 0 , 6 9 5 0 ,4 4 7 1 , 8 2 . . 0 ,364_
ï f î t It 1 0 ,8 0 .4 8 2 0 ,3 9 0,50.3.. 3 .4 7  . 04̂ 6
î t It t t 5 .8 0 0 . 2 5 8 0 . 2 4 4 0 ,1 9 5 6 .4 6 1 .% ......

0 o 9 9 0 \ 0 7  9 5 7 0 = 9 7 4 2 8 .0 .1 .2 5 0., 95 0 .5 5 8 1 ,3 4  - .0,a.268„

TABLE 3 .  6 1 , S e r i e s  0 Oom'Ponent A .

0 0^ 1 + 06 % i K sa NRUa NGhUg

18 = 3 21 0 = 517 0 ,4 8 2 0 ,4 1 8 0 . 5 6 6 0 .1 0 5 0.,_228
22=2 26 0 = 507 0 . 4 9 2 0 ,4 1 6 0 , 6 1 5 0 .1 2 5 0 ,2 7 2
22=2 28 i t II 0 , 4 1 6 0 .5 7 7 0 .1 2 5 0 .2 7 2
30 = 8 34 0 = 515 0 ,4 8 8 0 .3 8 5 0 ,7 1 5 0 .1 8 6 0 .4 2 9
3 3 .6 35 t t It 0 .3 7 5 0 ,8 3 4 0 ,2 0 9 0 ,4 8 8
4 5 .5 46 t t II 0 .3 4 1 1 , 0 6 0 .2 8 6 0 . 6 9 9
52=2 55 t t 11 0 .3 0 2 1 . 2 0 ,3 7 7 0 ,9 8 5

29 0 = 50 0 . 4 9 5 0 ^ .8 5 0 .8 0 0 0 ,1 8 1 0..,4 ll4

TABLE 3 .  62 S e r i e s  0 Gom-ponent B

1 + A 7 o 7 i Pbo NRU-b NGhU-y

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

II 0 .4 4 8 If 0 .4 3 3 0 ,5 3 1 0 .1 1 5 0 .2 4 3
0 ,4 8 5 0 ,4 3 0 0 = 518 0 , 4 1 8 0 ,6 4 9 0 , 1 6 8 0 .3 5 2

tt 0 , 4 2 1 t t 0 ,4 1 1 0 .7 1 9 0 .1 8 0 0 ,3 8 9
î t 0 ,3 8 6 t t 0 . 3 7 6 0 .9 4 5 0 , 2 5 4 0 . 5 6 9
t t 0 . 3 5 0 It 0 .3 4 1 1 .0 4 2 0 ,3 2 8 0 .7 7 5

0 .5 0  10 . 4 1 2 0o495 , 0 ^ . 2 4 - 0 ,7 3 0 ,1 8 1 P. 396 _
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3= 2= G a ta ly s t  C o n cen tr a t io n  and % Conversion^

As the c a t a l y s t  p r o p e r t ie s  wore n o t  under exam ino.tion  

the removal o f  any c a t a l y t i c  in f lu e n c e  on c o n v e r s io n  was 

des i r  ah I 0 =

I t  can h e  p r o d ic te d  from eq u a tio n  1= 2 = A9

J l .  = . 1   +

t h a t  above a c e r t a i n  r a t i o  o f  s o l i d / l i q u i d  su r fa c e  area  

to  gas l i q u i d  su r fa c e  arecp the r e a c t io n  on the c a t a l y s t  

su rf  ace should  cen.se to  have a p p r e c ia b le  in f lu e n c e  on 

r e a c t io n  r a te  « T h is  was t e s t e d  a t  c o n s ta n t  i n l e t  gas  

f lo w  r a te  and c o m p o s it io n  b y  examining* the e f f e c t j  on % 

e th y le n e  conversion .^of changing the c a t a l y s t  c o n c e n tr a t io n ,  

R e s u l t s  -  T ob ies  3o2 and 3 = 1 5 «

F i g ,  3o3o shows the e f f e c t  on c o n v e r s io n  o f  in c r e a s in g  

the l i q u i d  s o l i d / g a s  l i q u i d  su r fa c e  area, r a t io  a t  c o n s ta n t  

i n l e t  gas f lo w  r a te  and co m p o s it io n . The % c o n v e r s io n  

of e th y le n e  in c r e a s e s  u n t i l  "^ ÎsA — 3= I t  th en

a t t a i n s  an ap p rox im ate ly  c o n s ta n t  v a lu e .  I t  i s  th u s

in f e r r e d  from e q u a t io n  1 ,2 ,  L{-9 th a t  under such c o n d i t io n s ,

i s  v i r t u a l l y  a mass t r a n s f e r  c o e f f i c i e n t .  I t  may

b e s a id  th a t  a t  an i n l e t  f lo w  r a t e  o f 30 l i t r e s / h r ,

and a r e a c ta n t  r a t i o  o f  1 :1  the % eth^riene (hydrogen)

c o n v e r s io n  i s  u n a f f e c t e d  by c a t a l y s t  c o n c e n tr a t io n s

le a d in g  to  "^Us/. r a t i o s  )> 3»
g l
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At an I n l e t  f lo w  r a t e  o f  70 l i t r e s / h r ^
Q "?

2p0cm /cm-^ (Appendix 2) and s in c e  the minimum v a lu e  

o f  ""Is/. f o r  c o n s ta n t  r e a c t io n  r a te  i s  3oOp one A.
Q "Z

v a lu e  o f  6„0 cm /cm-^ i s  required^ I t  may h e  shown 

th a t  (Appendix 3) th e  s p e c i f i c  su r fa c e  o f  th e  c a t a l y s t
p

i s  2A7 cm /gm . Thus a c o n c e n tr a t io n  o f  0 «025 g m s /c c ,
P  ~z

i s  r e q u ir e d  to  g iv e  an A^^ v a lu e  of 6 «00 cm‘"/onVo 

By such r e a s o n in g ,  a c a t a l y s t  c o n c e n tr a t io n  o f  

2«5 gms/100 c c .  o f  s lu r r y  was c o n s id e r e d  th e  minimum 

c a t a l y s t  c o n c e n tr a t io n  to  ensure the rem oval o f  th e  in f lu e n c e  
o f  su r fa c e  r e a c t io n  on o v e r a l l  r e a c t io n  r a te  « Inform a-  

: t i o n  on gas h o ld  up i n  the r e a c to r  was n o t  o b ta in a b le  

b eca u se  o f  th e  s lu r r y  r e c i r c u l a t i o n « I t  was 

e s t im a te d  t h a t  the v a lu e  o f  A^  ̂ a t  h ig h  gas f lo w  r a t e s  

v/as Oo9 o f  i t s  v a lu e  when no gas vms f lo w in g *  In  

v iew  o f  t h i s ,  the in f lu e n c e  o f  A^^ in 'd e te r m in in g  

r e a c t io n  r a t e  was o.ssumed to  be n e g l i g i b l e  o v er  the  

ex p er im en ta l  range* Calderbanlc (10) a l s o  s t a t e s  

th a t  e x c e s s  c a t a l y s t  removes any in f lu e n c e  th e  c a t a l y s t  . 

has on r e a c t io n  r a t e  *
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3 . 3 .  The E f f e c t  o f  F low  Rate and R eactor  S iz e  
on R ea ctan t Conversion^ _________ _________

At c o n s ta n t  gas  i n l e t  co m p o s it io n  th e  e f f e c t

o f  v a r y in g  gas i n l e t  f l o w  r a te  on % e t h y le n e

c o n v e r s io n  was n o te d  f o r  r e a c t o r s  V -  0 *

R e s u l t s  -  s e e  t a b l e s  3* 2 8  ̂ 3 0 j, 32 , 3^? 3 6 ,  3 6 ,

The v a r io u s  p l o t s  o f  % e th y le n e  c o n v e r s io n  v^.

gas f l o w  r a te  are shown i n  F i g ,  3- 4 ,  (a s

OgH^; Eg 1 : 1 ,  s im i la r  p l o t s  would h e  o b ta in e d

i f  % liydrogen c o n v e r s io n  were u s e d ) ,

From F ig „  3\ 4 ,  i t  can h e  seen  th a t  c o n v e r s io n

in c r e a s e s  w ith  d e c r e a s in g  i n l e t  f lo w  r a t e   ̂ The %

c o n v e r s io n  a l s o  appears to  d ecr ea se  w ith  d e c r e a s in g

r e a c to r  volume a t  any f lo w  r a t e ,

R e s u l t s  from r e a c t o r  IV A c o n f l i c t  w ith  t h i s j -

ta h le  3o 40 Fig» 3» 5* I f  c o n v e r s io n  v a r i e s  w ith

r e a c to r  volum e, co r resp o n d in g  c o n v e r s io n s  appear low^

Another r e a c t o r  d im en sion  v/hich might govern  c o n v e r s io n

i s  l e n g t h .  C o n v ers io n s  i n  th e  v a r io u s  r e a c t o r s

a t  s e l e c t e d  f lo w  r a t e s  are shown h e lo w .
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1̂8TP = 70 40 10
R eactor Z G 0 C

V 0 .9 9 0 112 58 6 2 ,5 8 2 .5

IV 0 .7 9 0 86 US 57 77

I I I 0 . 5 6 0 6 2 3 9 ,5 49 71

I I 0 ,5 3 5 3 7 .5 3 0 .5 37 61

I 0 . 2 5 0 2 6 .5 2 2 . 5 2 7 . 5 5 6 , 5

0 O .liiü 1 6 .5 14 20 4 7 . 5

IV A 0 . 7 9 0 4 9 .5 40 46 6 6 ,5

In  F i g s .  3 .  7 . an d ;3 . 8 .  p l o t s a f  ^ e

conversion- v g « o j x d  Z r e s p e c t i v e l y  are shown a t  a 

f lo w  r a t e  o f  hO l i t r e s / h r S i m i l a r  p l o t s  may he  

o h ta in e d a t  the o th e r  f lo w  r a t e s .  The p o in t  

corresp on d in g  to  r e a c to r  IV A does n o t  l i e  on the  

c o n v e r s io n  v a ,V  ̂ p l o t  w h ile  i t  appears to  l i e  on 

th e  c o n v e r s io n  v a , Z p l o t .

I t  t h e r e f o r e  appears j u s t i f i a b l e  to  say th a t  

c o n v e r s io n  i s  a f u n c t io n  o f  r e a c to r  l e n g t h  r a th e r  

than volum e. Due to  ex p er im en ta l d i f f i c u l t i e s ,  

t h i s  p o in t  was n o t  i n v e s t i g a t e d  more f u l l y .  I t  i s  

a ls o  o h v io u s  th a t  the. r a te  o f  in c r e a s e  o f  c o n v e r s io n  

w ith  r e a c to r  l e n g t h  d e c r e a s e s  w ith  in c r e a s in g  r e a c to r  

l e n g t h .

R e s u l t s  f o r  r e a c t o r  IV B in  which th e r e  i s  no  

slurr^r r e c i r c u l a t i o n  are g iv e n  i n  t a b le  3 . li.2, A
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p l o t  o f  % e th y le n e  c o n v e r s io n  v 5 \ f lo w  r a t e  i s  shoim  

i n  Figo 3c 6  ̂ T h is  r e a c to r  has i d e n t i c a l  d im en sions  

v/ith  r e a c to r  IV . The % c o n v e r s io n  r e s u l t s  o h ta in ed  

from the two r e a c to r s  are i d e n t i c a l  ex c ep t  a t  very  

low f lo w  r a t e s ,where c o n v e r s io n s  i n  r e a c to r  IV 3 

f a l l .  I t  i s  "believed th a t  th er e  i s  i n s u f f i c i e n t  

tu rb u len ce  c r e a te d  "by b u b b le s  a t  low gas f lo w  r a t e s  

to  keep the c a t a l y s t  in  suspension ,, Thus the v a lu e  

o f  f a l l s  c a u s in g  th e  c o n v e r s io n  to  drop in  th e  

manner d is c u s s e d  in  2* I t  appears th a t  s lu r r y  

r e c i r c u l a t i o n  has no e f f e c t  on co n v e r s io n  e x c e p t  a t  

v ery  low gas f lo w  r a t e s .

3o Uc The E f f e c t  o f  Flovf Hate and R eactor  S iz e  on 
Space Time Y ie ld  ( 8 .T ,Y . ) .___________________

The S«ToYo i s  a measure o f  the p r o d u c t iv i t y  o f  a

r e a c to r  -  h ig h  ScT„Ys. are d e s ir a b le .

From th e  p l o t s  o f  S .T .Y . (N v  F ^  f o rLf i
d i f f e r e n t  r e a c to r  s i z e s  (F ig .  3^ 9 , )  i t  w^ould appear 

th a t  SoToYè* d ec r e a se  w ith  d e c r e a s in g  f lo w  r a t e  

and in c r e a s e  w ith  d e c r e a s in g  r e a c to r  l e n g t h .

R eactor IV A appears to  b e  the o n ly  e x c e p t io n  

to  t h i s g the 8 . T.Y« b e in g  low er  than might b e  

e x p e c te d . Taking le n g th  as th e  c o n t r o l l i n g  

aimension, s ,t .y !s  may Toe compareci at siroilar fk w  r a te s .
The tren d  showing in c r e a s e  o f  8 .T .Y . i s  c l e a r l y  shown
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a t  a l l  f lo w  r a t e s  e x c e p t  i n  the c a s e  o f  r e a c to r  IV A 

where- 8 .1 .  Y a. are c o n s id e r a b ly  low er than might b e  

e x p e c te d .

From the a v a i la b le  in fo r m a t io n , i t  i s  con clu d ed  

t h a t ,  f o r  a g iv e n  d ia m eter  o f  r e a c t o r ,  8 . I .Y .  in c r e a s e s  

vfith  d e c r e a s in g  le n g t h  and in c r e a s in g  f lo w  r a t e .

From r a th e r  sca n ty  in fo r m a t io n , i t  appears th a t  S.T.Y^ 

i s  l e s s  f o r  a sh o r t  f a t  r e a c to r  than a lo n g  t h in  

one o f  th e  same volume a t  any g iv e n  f lo w  r a t e .

Much more ex p e r im e n ta l  work, n o t p o s s i b l e  vfith  

p r e s e n t  equipm ent, i s  r e q u ir e d . The in fo r m a t io n  on 

the sh o r t  f a t  r e a c to r  was o b ta in e d  u s in g  th e  same 

d iam eter  d i s t r i b u t o r  as w ith  the narrow d iam eter  s e t .  

The i n v e s t i g a t i o n  o f  a s e r i e s  o f  f a t  r e a c t o r s  w ith  

s u i t a b l e  gas d i s t r i b u t o r s  i s  n e c e s s a r y  to  e lu c id a t e  

t h i s  p o in t .  A d e t a i l e d  stu d y  would en a b le  o p t im i-  

: s a t  io n  s t u d ie s  on th e  len gth ,&  shape o f  th e  s l u r r i e d  

bed  r e a c to r  to  b e  made. The e f f e c t  o f  i n l e t  gas  

c o m p o s it io n  on S .T .Y . i s  d is c u s s e d  l a t e r .

3c 5 ,  The E f f e c t  on C onversion  o f  V arying G-as 
I n l e t  C om p osition ._________________________

E xperim ents were conducted  i n  r e a c t o r s  V and

I I  w ith  i n l e t  gas  c o m p o s it io n s  o f  CgH^sH^ = 2:1  and

1 : 2 .
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In  exp erim en ts  conducted In  r e a c to r s  V and I I  

w ith  an i n l e t  gas  co m p o sit io n  o f  = 1 :1 ,

c o n v er s io n  f i g u r e s  are s im i la r  whether h a sed  on 

hydrogen or e t h y l e n e , I f  the tr a n sp o r t  p r o c e s s e s  

in  a s lu r r ie d  h ed  r e a c to r  are i d e n t i c a l  f o r  

and i t  might h e  ex p ec ted  th a t  % co n v e r s io n  o f  

e th y le n e  when GgH^: Hg “ I : 2 would eq u al % c o n v er s io n  

of hydrogen when HpS = 1 : 2 ^  A lso  the %

c o n v er s io n  o f  ^2 “ 2 :1 )  would eq u al %

co n v er s io n  o f  (H^: GgH  ̂ » 2 :1 )

The r e s u l t s  are p r e se n te d  in  t a b l e s  5» 24 -  2? 

and 3* 48 -  5I -

From F i g s ,  3 . 10 and 3* 11 i t  i s  seen  th a t  in  

r e a c to r  I I  fo c o n v e r s io n  GpĤ  ̂ (CpH^: Hp 1 :2 )  %

c o n v e r s io n  (H^: GpH  ̂ = 1 :2 )  and % co n v er s io n

Hp (Hp: = 2 :1 )  fo co n v er s io n  ^2^4^^2^4' l )

a t corresp on d in g  gas f lo w  ra tes*  S im ila r  p l o t s  

may he ob ta in ed  w ith  r e a c to r  Va

In  r e a c to r s  V, I I  % co n v e r s io n  in c r e a s e s

w ith  Hp c o n c e n tr a t io n  in  i n l e t  gas stream -  F ig s*

3o 12 and 3 , 13 .

The ScTcY* a t  any f lo w  r a te  in  b o th  r e a c to r s  

" in crea sesw ith  in c r e a s e  i n  i n l e t  

c o n c e n tr a t io n  up to  an i n l e t  gas co m p o sit io n  o f  

: Hp = 1 :1  and remains c o n s ta n t  up to
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OgĤ , : Hg =: 1:2^ For r e a c to r  V t h i s  i s  shovm in  F i£ ^ 3 o lh .

The I n i e ronce o f  t h i s  ex p er im en ta l  ?^ork i s  t h a t  the  

tr a n s p o r t  mechanisms f o r  hydrogen end e t l iy le n e  are n o t  

id e n t i c a lo  The r e s i s t a n c e s  to  hjnlrogen tr a n s p o r t  are  

g r e a te r  and h ig h  c o n c e n t r a t io n s  o f  produce s t e e p e r  

c o n c e n tr a t io n  g r a d ie n t s  which  f a c i l i t a t e  iiydrogen  

tr a n sp o r t  through  th e s e  r e s i s t a n c e s .

TC3 p 6p The O v e r a l l  P roce s s  G o e f f i c i e n t  ' g and Ep, of. 

R ea cto r U n i t s  ̂ KoRoU.

The o v e r a l l  p r o c e s s  c o e f f i c i e n t  K , f o r  h a th  

and Hg has h eon  e v a lu a te d  f o r  each s e t  o f  e x p e r im e n ta l

c o n d i t io n s .  In  P i g .  3 d 5  th e  v a lu e s  o f  % are p l o t t e dga
a g a in s t  P̂ ^̂  f o r  r e a c to r ^ jv ]  to  % when the

i n l e t  gas c o m p o s it io n  i s  “ 1 : 1 .  The v a lu e s

o f  K tend  to  in c r e a s e  w ith  d e c r e a s in g  r e a c to r  ’̂1-sie

and gas f lo w  r a t e s ,  A d ec r e a se  in  a t  v ery  h ig hga
gas f lo w  r a t e s  co u ld  h e  e x p la in e d  hy  a d e c r e a se  in  

c a u s in g  ’̂ g l  to  h e  come s i g n i f i c a n t  i n  e q u a t io n  1 . 2 .4 9 .

. ^ra’̂ l s
Ko such e x p la n a t io n  i s  a v a ii la h le  f o r  th e  ob served

b eh a v io u r  o f  the sy stem . I t  i s  coi.cludeô. t h a t  some

co m p lex ity  in  th e  hydrodynam ics o f  the system^ p o s s i b l y

r e la t e d  to  h ig h  tu r b u le n c e  and in t e r f e r e n c e  in  boundary

la y e r  co n d it io n s^  can e x p la in  the in c r e a s e  in  R ing a
the sm a lle r  r e a c t o r s .
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K̂ . and K _ have a ls o  boon, e v a lu a te d  a t  gas i n l e t  r a t i o sga gD
of OgH  ̂ : Hg -  1 :2  and 2 :1 .  The v a lu e s  d i f f e r  from  

th o se  o b ta in e d  when = 1 :1  b u t  may b e  shown

to  e x h i b i t  th e  same tr e n d s .

Prom eq u a tio n  1 .2 .4 1 ^  K .R .n . i s  a f u n c t io n  o f  gas  

i n l e t  co m p o s it io n  and o f  c o n v e r s io n . Prom eq u a tio n  

1 .2 .3 9

_ L  -   K .K .n ,

S in c e  and may b e  shovm to  vary  w ith  f lo v f ,  aga gum
p l o t  o f  Z v s .  ( r e a c t o r s  ! -  I o l   ̂ G d ,, : Hg = l : l )TtT V MM

would n o t  bo e x p e c te d  to y i e l d  a s t r a i g h t  l i n e , though  

a c o r r e l a t i o n  o f  some s o r t  might be e x p e c te d  and i s  

in d eed  o b ta in e d  P i g ,  3 .1 8 ,
y

In  v iew  o f  t h i s  a l o g - l o g  p l o t  o f  - — - —  v s ,  K.RcU
■̂‘ i  SoT.R "

Y/as mad.e and a near s t r a i g h t  l i n e  c o r r e l a t i o n  o b ta in e d  -  

P i g .  3 ,1 7  ( P S  T P c l o s e l y  r e la t e d  to  P̂ ^̂ )

S im ila r  p l o t s  arc o b ta in a b le  w ith  r e s u l t s  o b ta in e d  

from i n l e t  gas co m p o s it io n s  o f  = 1 :2  and 2:1

Thus a method has b een  e v o lv e d  whereby^ f o r  s p e c i f i c  i n l e t  

c o n d i t io n s  y the perform ance o f  a r e a c to r  may be  

p r e d ic te d  from th e  perform ance o f  one o f  d i f f e r e n t  l e n g t h .  

The r e la t io n s h i p  in d ic a t e d  b y  t h i s  graph cannot be
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e z p l r d n e d  s im p ly  b y  e q u a t i o n  lo2„39« The f u n c t i o n s  

and i n c l u d e d  i n  t h i s  e q u a t i o n  a r e  complex and

th e  ty p e  o f  r e l a t i o n  i n d i c a t e d  e x p e r i m e n t a l l y  b e tw e e n  

^ and KaRoU^ may b e  j u s t i f  i a b l e  t h e o r e t i c a l l y
* î S^ToPo
f ro m  l«2„39a  T h i s  i s  n o t  a t t e m p t e d  h e r e .  F u r t h e r  

work on th e  p r o p e r t i e s  o f  K " and th e  e f f e c t  o f  r e a c t o ro' '
d i a m e t e r  'c o u l d  make t h e  method v a l u a b l e  f o r  t h e  s c a l e  

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

3o 7o R e l a t i o n s h i p  o f  K .  ̂ N, R , U,  ̂and R,Ch,U
  fe- — -1________ ________ _______

I t  can  b e  s e e n  f ro m  e q u a t i o n  1 , 2 , 5 7  -

1 ^  HcR,U 1K — *h . .—I— .—— ———  * —  1—I—■—

F / H . O h . D  V e l m ’Tc»

t h a t  a p l o t  o f  ^R v s .  RqRqU, 1

F . ^  N,Oh,U N.ChoU, A . J1 gluv'gm

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

5
i n t e r c e p t __________, The f u n c t i o n s  and

/g n ? % % s R,Oh.U

RoRoU. 1 were c a l c u l a t e d  f o r  a l l  r u n s  done i n
NoGh.U,

r e a c t o r s  )vj -  [o] and )lVB^ a t  75*^0 and a 1 :1  i n l e t

r e a c t a n t  r a t i o .  I n  F i g s ,  3 ,1 8  « 3 ,2 5 ,  th e  p l o t s  f o r

e th y len e ,  a r e  shovm. S i m i l a r  p l o t s  may b e  o b t a i n e d  f o r

h y d ro g e n .  I n  p r a c t i c e  would n o t  b e  e x p e c t e d  to
K
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remain c o n s ta n t  as the hydrodynam ics o f  the system  (l*’)

chenge^ However th e  data  i n d i c a t e s  v er y  l i t t l e  change^

The mean g r a d ie n t  o f  each  l i n e  g iv e s  a mean v a lu e  o f  
*1

over the rangeo The i n t e r c e p t  r e p r e s e n t in g

V .
 1_______ i s  o b ta in e d  b y  e x t r a p o la t io n  from r e a l
% h s  fern

Mex p er im en ta l  c o n d i t io n s  t o  a p o in t  where e i t h e r  .•=: o o
Vor R = Oo The r e s u l t  i s  c o n s id e r e d  to  7oe v a l i d  however, 

as i t  i s  p o s s ib l e  to  im agine a l iy p o t h e t ic a l  system  where 

even  a t  i n f i n i t e  f l o w  r a t e s ' ' r e m a i n s  c o n s ta n t  o

The p l o t  o b ta in e d  f o r  r e a c to r  ÏTO ( no s lu r r y  r e c y c le )  

shows a d i s t i n c t  curve upwards a t  low  gas f lo w  r a t e s .

T h is  i n d i c a t e s  a g r e a t  d im in u tio n  o f  v a lu e s ,ii a.
C o n s i d e r  e q u a t io n  1 , 2 ,

 ̂  ̂ f   ̂ + ‘̂ '■gl

At low  cn.8 f lo w  rn .tes th e r e  I s  poor cr .tr .ly s t

su sp e n s io n  rnd A. <  A^-, in s t e a d  o f  A-, „ >  A .Thus Kj-s {_>-*- J- e g-L g a
d e c r e a se s  i n  s i z e .

The v a lu e s  o f  and c a lc u la t e d  are shorn in

t a b le

I n ' t a b l e  3^63

M ' -----—   ---------- —
N.Ch.U^^_ N.Oh.U^ \lm "^E ni

i e ,  the f u n c t io n s  u sed  in  f i g s ,  3 «18 -  3 , 2 5 „



TABLE 5. 63 (ethylene)

R . V R IV R I I I R I I

f  2 ^1 f ^ 2 4  .

0 .2 8 9 0 , 2 7 0 0 .3 3 0 0 ,2 5 4 0 .3 3 4 0 . 3 0 5 0 .3 2 6 0 .2 8 8
0 .3 1 7 0 .3 1 0 0 .4 1 6 0 .3 1 6 0 . 3 6 1 0,3.35_. 0 .3 4 6 0.36.Q_
0 .3 3 9 0 .3 2 6 0 . 5 0 4 0 .4 4 7 0 . 3 7 6 0'i346 0_,3_76. 0-430...
O', 437 0 .3 6 5 0 . 4 6 1 0 .4 3 1 0 .3 7 3 0 . 3 6 8 0.37_3 0 . 4 5 ^
0 .4 6 5 0..420 OwS25 0 . 7 2 6 0..377. 0 .3 9 7 0,. 368 Q .6«7_
0 .4 6 0  0 .4 3 4 0 .8 3 1 1 .0 7 2 0 .4 3 5 0 .4 4 6 0 -6 0 5 1,1Q_..
0 .5 7 2 , 0 , 6 5 0 1 .0 5 2 . 2 6 0 .5 3 0 .6 8 5 0,._7M_ 1 . 4 8 _
0 . 7 2 4 . 6 ,0 1 0..272 0 . 2 5 4 0 ,6 6 1 ,0 5 1,59_... 4.76__.
1 .1 5 1 .5 7 0 .3 8 8 0 ,3 7 2 1 ,1 6 2 .1 4 0 .3 4 0 .,3I7_
0 . 2 7 2 0 .2 4 8 0 .3 9 2 0 . 4 1 0 0 .3 3 5 0 . 3 0 4 0 ,3 9 5 0 .4 4 8 ..
0 .3 9 1 0 .3 4 1 0 .4 8 5 0 .5 5 7 0 , 4 0 9 0 . 3 8 1 0 .4 1 1 0,47.0_.
0 , 4 2 0 0 .3 7 2 0 .5 4 5 0 .7 1 3 0 .4 0 2 0 .4 7 3 0 .3 5 8 0-47.3
0 .5 2 1 0 . 4 6 4 0 .6 8 5 1 , 0 8 0 . 5 7 6 0 .7 2 4 0 .4 4 3 0.7Q4__
0 . 7 1 1 0 .9 8 8 1.J.45. 2 ,1 7 ,m.zk5. .l.n.,.6j3

TABLE 3 . S3 C on tin u ed ,

IV BIV A

0«34U 0 ,2 6 30 . 3 2 2 0.39,k0 . 5 0 7
0 .3 2 k 0 .2 8 k0 .3 9 9 0..378
0 ,3 8 8 0 , 3 1 1 0 .k 0 2 0^3.31
0 .k 3 9 0 .6 2 k0 .3 3 3 0 ,9 8 8 0 . k l 20 ^ 7 5 2
0 ,3 9 8
0 . 5 8 5
0 .7 7
0 .2 8 3
0»371
0 .3 7 9
0 .3 7 7
0.U28  
0.781

0 . 7 6 1
1.7U
2 .9 9
0 . 2 8 2
0 .5 1 1
0 , 3 2 5
0.i|lt-9 
0 .5 5 5  
2 ,2 6

0 .  5U6
O.UÜ4-6
0 .5 7 8
0.2U9
0 . 2 7 2

P-.359
0 .3 h 6
-0-,3.36
0 .5 2 5

P.. 76  3
1 .5 1
2 . 5 1  

m m
0 .3 7 2
O.U68
0 . 6 9  

- 0 , 9 5 7  

1.8U

0 .8 9 1
1.U35  
3 - ..7 1 5 .

O.h-70
0 . 6 3 6

0.63U

m.8-Z5.
,L».255-

■1.59..
2 .23

n i 5 -
0 . 5 8 0
0 ,7 0
O .8OU
I .I U
1 . 8 2

O . b .16
O.U86
0 .5 5 6
3 .0 9
m 5 M
0_.37k
0 m 3 5
0 . 4.85 .
1,,1 7._ 
,2 .1.4 ,-

0,..4Z5. 
0 ,5 5 4  
0,6,55
2 . .56.., 
0 .2 8 7  
0 ..335. 
Q. 443, 
0 .625_
1..2.1.,-,
2 m a _
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T rh le  3 .  64.

' V i 1 . 6 4 i 6 . 9 6 j 6 . 1 7  i 1 . 1 3  I
r l T ' 7  2T6 2T~4 .43  ; " i c . 72.__ i
m i  'T I . 8 5  i 7 . 2 2T  » I 1_,17 !
I Î I  1 3 . 5 0 ;  5 . 0 2 ’ I » T o . 81   1
1 i m m S X S m T ,.. . a U m . . .  '
i 0 I 5 , 9 5 I 5 . 26 ■" 7 0 .8 5
r ~IVA ! 1 . 82~! 6 .'4 T "__ i  1 .0 4
: 173 1 1 . 7 ^ 1  6 . 6 5  i "  1 1 . 0 8  !

The manner i n  which eq u a tio n  l« 2 o 5 7  I s  d e r iv e d  from  

lo 2 « 5 1  can he c r i t i c i s e d ^  I f   ̂ th e  v a lu e  o f

the r e s u l t s  m ight h e  q u e s t io n e d . However^ u s in g

la b o r io u s  m athem atica l p r o c e s s e s ,  i t  may he shown th a t  

the v a lu e s  o f  and d e r iv e d  from e q u a t io n  1 , 2 , 5 7

sh ou ld  he i d e n t i c a l  when the i n l e t  r e a c ta n t  r a t i o  = ]_:

ie«  Y/hen The v a lu e  o f  o b ta in e d

r e p r e s e n t s  the s m a lle r  o f  the two. The method employed

in v o lv e s  s u b s t i t u t i o n  o f  num erica l v a lt ie s  o f  K andga
in t o  1 , 2 , 5 1 .  P^ and b e in g  knoTO, may be  

c a l c u l a t e d .  U s in g  s im i la r  assu m p tions to  th o s e  made 

i n  the t h e o r e t i c a l  p r o o f ,  K or K -, i s  then  c a l c u la t e d
g c .  g lJ

and compared v/ith  th e  tr u e  v a l u e . The method i s  n o t

r ig o r o u s  h u t  i t  shows t h a t  th e  e r r o r  in c u r r e d  in  H ,
g

and b y  the assu m p tion s d e c r e a s e s  as one becom es  

g r e a te r  than the o th e r .
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U'sing t h i s  method f o r  e v a lu a t in g  K th er e  i s  no
f..t

way o f t e l l i n g  v/hich K i s  r e p r e se n te d  b y  th e  o a lc u la t e dg
v a lu e .  However, the ex p er im en ta l e v id e n c e  d i s c u s s e d  in  

3 . 5 i n d i c a t e s  th a t  in  the ex p er im en ta l  model K , l e ,go
the o v e r a l l  hydrogen m^ss t r a n s f e r  c o e f f i c i e n t ,  i s  th e  

s m a lle r .  Thus^in f a c t , t h e  v a lu e s  o f  a c t u a l l y

r e p r e s e n t  ,

The method i s  a l s o  l i m i t e d  in  th a t  i t  can o n ly  be  

employed v̂ rhen : Hg = 1 : 1 ,  Ydien t h i s  i s  n o t  so

th e  r e s u l t s  obt^7ined may be sho^mi' to  b e  v ery  ambiguous. 

Thus the r e s u l t s  o b ta in e d  when G^H  ̂ : Ĥ  = 1*2 and 

2 :1  are n e g le c t e d .

The v a lu e s  o f  appear to  in c r e a s e  Avith d e c r e a s in g

r e a c to r  s i z e  -  F i g ,  3 -2 6 ,  T h is  i s  s u r p r i s in g  as th e  

v a lu e  might have b een  e x p e c te d  to  be dependent on f lo w  

r a te  o n ly .  In  Appendix 2 i t  i s  dem onstrated  t h a t  a t  

h ig h  f lo w  r a t e s  b u b b le  c o a le s c e n c e  in  the la .rge r e a c t o r s  

ca u se s  A . to  b e  l e s s  than a t  co rresp o n d in g  f lo w  r a t e sin
in  the sm a lle r  r e a c t o r s .  S in ce  t h i s  e f f e c t  was

n e g le c t e d  to  a v o id  c o m p lic a t io n s  in  c a l c u l a t i n g  N,R.U,^

N,Ch,U, and e t c ,y  i t  may be the e x p la n a t io n  o f  the

d e cr ea se  i n  v a l u e s ,  Calderbank (lO) also' d i s c u s s e s

t h i s  phenomenon. I t  may b e  in fe r r e d  th a t  th e  more

r e le v a n t  v a lu e s  o f are th o se  o b ta in e d  w ith  the

sm a lle r  r e a c t o r s .
From e q u a t io n  1 , SÏ, th e  o v e r a l l  mass t r a n s f e r

c o e f f i c i e n t  i s  g iv e n  b y : -



10^

1
\ c  " ’’1 r 1 1 1 [ 1 Ç T

%:L %3na

•v̂ hen -DccomGS r r o r t c r  thn.n tlio fo u p th  to  pm

becomos i n s i r n i f l e a n t *  A lso  tran sp op t in  the b u lk

l i q u i l  i s  assumer ,̂ to  be vopy po.picl hence i s  very

lap[;e rnrT th e  th ir d  to  pin a l s o  becomes i n s i g n l f  l e a n t . 

Hence 1
K

_ n  +  _ _ e _____

The f o l lo w in g  in fo p m a tlo n  i s  a v a i la b le  on the s o l u b i l i t i e s

o f  e th y le n e  in  x y le n e  (44) and hydrog;en in  x y len e  ( 4 5 )

K thyleno a t  0^0 and 1 atmosphère in  x y le n e

V o l s . / v o l o  x y le n e  cm. m.ole,^/ T̂ G
_______________ ___ _ 0 o Q g tmo sphe r e _____ _

5 . 9 5  2 . 6 5  X 1 0 “^ 0
3 .8 0  1 .7  X 10“ '̂- 20
3 . 0 3  1 .3 5 5  X 10"'-I- 40

Hydrogen a t  0^0 and 1 atmosphere in  x y len e

V o l s . / v o l .  x y le n e  gm. m o le s /
OoC, a. tmo sphere

0 . 0 7 5  3o35 X 10"^ 0
0 . 0 7 5  3 . 3 5  X 10"^ 20

0 . 0 8 5  3 - 8  X 10"^ J40

These b e in g  the o n ly  y a lu c s  f o r  s o l u b i l i t i e s  a v a i la b le  

i t  was n e c e s sa r y  to  e x t r a p o la t e  in  order to  f i n d  s o l u b i l -  

; i t i e s  a t  75'^G -  F i g .  3» 27 -  3^28. At 1 atmosphere and
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FIG, 3 . 2 7  SOLUBILITY OF  ETHŸLËNÈ IN XYLENE.
lOO

8 0

6 0
O I

4 0

2 0

Gm^moles x 10~’̂ / c . c . atm

FIG, 3 .2 8 ,  SOLUBILITY OF HYDROGEN IN XYLENE,
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75^0 tîiG f o l lo v / in e  so lu > 3 il it iG S  yîcvq Gstlm-^-tcd

1 X 10*"  ̂ cniu n o l G s / l i t r o , a t m o s p h e r e

Hp 5 , 5  X 10“"  ̂ n i o ] u s / i i t r G ,a t m o s p h e r e

Henry  ̂s Ir.w i s  here cl o f  i  ne H r.s G -  HP

G = c o n c e n tr a t io n  ( £*m„ m o l e s / l i t r o )
ïï » Henry  ̂s ln\7 cen s  ton  b (gm, m o l e s / l i t r e , r.tm)
P = so In to  p o r t i c i  p r e ssu r e  (otm„)

The G orrespondinc v a lu e s  o f  H are

GgHĵ  H,̂  = 1 X 10"* giTio mole s / l i t r e  atrn,

Hp îlĵ  5 .5  X 10*”  ̂ cm, m o l e s / l i t r e  atm.

I t  i s  g e n e r a l ly  agreed  th a t  the a b so r p t io n  o f  a r e l a t i v e l y  

i n s o lu b le  gas i s  c o n t r o l l e d  h y  mass t r a n s f e r  through a 

l i q u i d  f i l m  (U6)o B oth  th e  above g a s e s  may be  

c o n s id e r e d  to  b e  i n s o l u b l e , hydrogen b e in g  more so .

Thus5 in  the c a se  o f hydrogen i s  c o n s id e r e d  to  be  

la r g e  and

= Hb Kb 2

ioG, the o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  i s  e f f e c t i v e l y  

eq u al to  th e  p rod uct o f  th e  l i q u i d  f i l m  c o e f f i c i e n t  dnd 

the Henry^s law  c o n s ta n t .

C a lc u la t io n  o f  ^

Galderbank (U?) g i v e s  the f o l lo w in g  r e la t io n s h i p  

f o r  mass t r a n s f e r  from a b u b b le  r i s i n g  through  a 

v e r t i c a l  column o f  l i q u i d  -
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^  1  _

The Schmidt No, 9 Sc = ]. ̂&
The d i f f u s i o n  c o e f f ic ie n t^ H g ^ o f  the gas in  th e  l i q u i d  

can b e  c a l c u la t e d  from the r e l a t i o n  g iv e n  b y  W ilke and 

Ohang (U8 )

” e '  7- s^  -©
For hydrogen i n  x y le n e  a t  75^0

M, the •so lvent m o lecu la r  wt. = 106

X , the degree  o f  a s s o c ia t i o n of the s o lv e n t = 1

the s o lv e n t  v i s c o s i t y ,  in c e n t ip o i s e s  = 0 , 4

V, the m o lecu la r  volume o f s o lu te  = Ih . 5 c oCo/gm.mole

T, the a b s o lu te  tem perature = 348^K

Hence = 7 A  X 10“® X 1 0 . U X 348 = 1 ,3 5 7  x lO"^cm^/s0 c ,g 0 , 4  X 4 .9 4

S im i la r ly  f o r  e th y le n e  = 6 ,8 7 5   ̂ lo"^ cn^/seco

The d e n s i t y  o f  x y l e n e , assuming i t  to  be mainly para and 

meta iso m ers , a t  7 5 *^G)may b e  c a lc u la t e d  (U9 )

= 0 , 8 1 5  gms,/CeCc

The d e n s i t i e s  o f  and a t  75^0 are r e s p e c t iv e ly

7 . 0 5  X 10**  ̂ g m s o /c ,o ,  and 9 .9  % 10*"“̂ g m s , / c , c ,  ( 5 0 ) , , 

Hence A ^  = 0 ,8 1 5  and 0 08II4. r e s p e c t i v e l y .  From 

the r e s p e c t iv e  l i q u i d  f i l m  c o e f f i c i e n t s  may b e c a lc u la te d  

at 7 5 ^ 0 :-
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cm « / s e c ,  (H^)

0 ,0 8 2  0 , 1 1 6

From t h e s e ,  the o v e r a l l  mass t r a n s fe r  c o e f f i c i e n t s  may 

he c a l c u la t e d
X

mol e s  x 10"̂% r_: 2 9 . 5
hr, cm̂ ' atm,

X
 ̂ gm, mo.ues x 1 0 ^K -, -  2 .3   2 ----

 ̂ h r , cm atm.

Thus, the ex p er im en ta l  ev id en ce  t.hat K,. >  K , i s
t_j a go

s u b s t a n t ia t e d  hy t h e o r e t i c a l  p r e d ic t io n s  o f  th e s e

q u a n t i t i e s .  I t  i s  o n ly  p o s s ib l e  co o b ta in  v a lu e s  o f

I\ . e x p e r im e n ta l ly ,  K b e in g  ''masked^'. go ga
The v a lu e  o f  o b ta in ed  from r e a c to r  0 i s

c o n s id e r e d
IC = 5 . 9 5  L S L ^ o l e B _ _ _ x  1 0 ^

 ̂ h r ,  cm atm.

T h is  i s  a f a c t o r  o f  ^  3 g r e a te r  t l i -n  the  

p r e d ic te d  v a lu e .  S in c e  t h i s  l a t t e r  v a lu e  i s  o b ta in e d  

from e q u a t io n s  b a sed  on wcrk in  bubble columns f r e e  o f  

suspended s o l i d s ,  i t  migho be exp ected  th a t  mass 

t r a n s f e r  c o e f f i c i e n t s  p r e d ic te d  thus would b e  lower  

than vfhen c a t a l y s t  i s  p resen t by analogy w ith  h ea t  

t r a n s f e r  where Kolb e l  ( 1 9 ) '.20) (21', found  th a t  th e  

p resen ce  o f  s o l i d  p a r t i c l e ?  in  a bubble column consider-  

; ab ly  in c r e a s e d  h e a t  t r a n s fe r  c o e f f i c i e n t s .
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For a hydrogen o v e r p r e ssu r e  o f 1 atm osphere the

ex p er im en ta l v a lu e  o f  in d i c a t e s  a mass t r a n s f e r

ra te  o f  from the gas h u h h le  o f  l 62  x 10*"  ̂ HJIL-JnaLes^
sec^ cm

Macrae g iv e s  a v a lu e  o f  1 4 .3  x 10"*̂  pQp the
s e c ,  cm

in s ta n ta n e o u s  r a t e  o f  pure hydrogen in t o  pure t o l u e n e , (9 )  

Assuming to lu e n e  to resem b le  x y len e  c l o s e l y  t h i s  r e s u l t  

d i f f e r s  from th e  p r e s e n t  ex p er im en ta l v a lu e  b y  a f a c t o r  

o f  r a th e r  more than 10 .

Vailles o f K  ̂ are shown in  ta b le  3 ,6 4 .  There i s  an 

e n t i r e l y  random s c a t t e r  o f  values^  the mean o f  which i s
X

1 0 15  gm, m oles x 10 
cm  ̂ h r , atm^

Assuming the p a r t i a l  p r e s s u r e s  o f  e th y le n e  and hydrogen  

to  b e  ■§■ atm osphere9 e q u a t io n  1 , 2 , 5 0  i n d i c a t e s  a r e a c t io n  

r a te  o f  0 ,0 4 3 5  x  10"^  -2 ,1^  or s in c e  the c a t a l y s tS0Co Ĉ Go

c o n c e n tr a t io n  i s  ,025  g m s . / c . c ,
1 ,7 4  X 10"  ̂ gm. m oles ____

s e c 0 gm, o f c a t a l y s t

While u s in g  a d i f f e r e n t  mechanism a t  75^0 and ^  atm,

p r essu re  o f  vmrk b y  '<;i/ynkoop and Wilhelm ( 5 l )  i n  a

f i x e d  bed  r e a c to r  i n d i c a t e s  a r e a c t io n  r a te  =

1 35 X l O ” ^ HSL? ^s e c ,  c . G ,

A s i m i l a r i t y  w ith  th e  ex p er im en ta l r a te  in d ic a t e d  above 

can b e  dem onstrated  i f  an o v e r a l l  bed  d e n s i t y  o f
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1 g in ,/c« c ,  i s  reason ed  f o r  the vmrk o f  Wynkoop, T h is

g iv e s  the more i n t e r e s t i n g  r a te  value of  
5 rm, m oles1 ,3 5  % 10'

s e c ,  gm, o f  c a t a l y s t
I t  must he em phasised th a t  t h i s  v a lu e  i s  b a se d  on a 

deduced f i g u r e  o f  o v e r a l l  b ed  d e n s i t y ,

P a u ls  e t  alo (40) o b ta in e d  r e a c t io n  r a t e s  f o r  

e th y le n e  h yd ro gen a tion  on Raney n i c k e l  o f  the ord.er

o f  0 .5 5  X 1 0 “ 5 ------------------- molps-------
seco gm, o f  c a t a l y s t

Comparison o f  the above v a lu e s  f o r  r e a c t io n  r a t e s  

of e th y le n e  liyd rogen ation  i s  u n j u s t i f i a b l e  due to  the  

d i f f e r e n c e  in  c a t a l y s t s  and c a t a l y t i c  a c t i v i t é b u t  

the s i m i l a r i t y  o f  ord er o f  magnitude i s  i n t e r e s t i n g .

3 . Water as  a C a ta ly s t  Suspending Medium',

Experim ents were c a r r ie d  out in  r e a c to r s  V and I I  

u s in g  a w ater b a sed  s l u r r y ,

R e s u l t s  “ T ab les  3 .5 2  -  3 .5 3 .

% c o n v e r s io n  v s ,  ga s  f lo w  r a t e  p l o t s  are shovm i n

f i g s ,  29 «“ 30 ,

The c a t a l y s t  appears to  l o s e  i t s  a c t i v i t y  f a i r l y  

r a p id ly .  T h is  r e s u l t s  in  d im in ish in g  c o n v e r s io n s .  

T his  f a c t  accord s w ith  the work o f  B arford  (52) Yïïio 

cla im ed  th a t  w ater vapour p o is o n s  Raney n i c k e l .
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As w ater  was o f  l i t t l e  v a lu e  as a c a t a l y s t  

suspend ing medium f u r t h e r  work vfith  i t  was abandoned.

3* 9 0 D o o a lin  as a Q a ta ly s t  Suspending: Medium.

Experim ents were c a r r ie d  ou t in  r e a c t o r s  V and 

I I  u s in g  a d e c a l in ,b a s e d  s lu r r y ,

The r e s u l t s  o b ta in e d  w ith  d e c a l in  c l o s e l y  

resem ble  th o se  f o r  x y le n e .  T ab les  3- 54 -  6 2 , ,F i g .5 ' 5 i

C orresponding c o n v e r s io n s h o w e v e r ^  are  low er  in  th e  

c a s e  o f  d e c a l in ,

f o rF i g ,  3 .  33 shows th e  p l o t  o f  NRU  ̂ v s

d e c a l i n .  T h is  i s  s im i la r  to  th a t  o b ta in e d  in  th e  

c a se  o f  x y le n e ,  a lth o u g h  fe w er  r e s u l t s  are a v a i l a b l e ,

TABLE 3 . 6 5 .

R V R I I

^2 ^2
0 . 5 1 0 0 ,2 6 6 0.1+91 0 ,2 7 8
0 ,6 3 5 0.31+2 0.551+ .0 .327,
0.91+ 0 ,7 2 5 0 ,6 3 5 0 ,3 6 8
2 ,8 7 1 .7 3 0 .725 . 0 .5 2 0
0 ,5 7 9 0 .2 8 6 0.71+5 0 .6 2 1
0 ,7 0 6 0,1)00 0 .9 9 5 1 ,0 6

1 .3 2 1 .5 8
0.6ij.9 0 . 5 2
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R ig s .  3o3k  -  3 .3 5  show p l o t s  o f

R vs. Nf/R.U, 1 for ethylene
K.Oh.UX N.Oh.U. cm

The v o lu o s  o f  K  ̂ r,nd E. are shovm In  th e  ta b le  h e  low:g X
Tahle 3 <.66

1 ^ i ^ l% s V
! V 1 0 , 1 k 6 .7 6 0 ,9 5 5
1 I I  ! 0 .6 5 2 .8 7  . 6 .7 6 0 .1 2 5 —

The K v a l u e s 9 which arc assumed to  h e  th o se  o fo
h yd rogen y are l e s s  than th e  co rresp o n d in g  x y le n e  v a lu e s  

h u t  show a s im i la r  in c r e a s e  in  the sm a lle r  r e a c t o r .

The v a lu e s  o f  show l e s s  agreement w ith  one an oth er  

than the v a lu e s  d e r iv e d  from worl-c i n  x y le n e  h u t  are o f  

the same order o f  magnitude as  th e  x y le n e  r e s u l t s .

The f a c t  th a t  the c o n v e r s io n s  are low er and mass 

t r a n s f e r  c o e f f i c i e n t s  sm a lle r  in  d e c a l in  than in  x y le n e  

i s  a t t r ib u t e d  to  the d i f f e r e n t  p h y s ic a l  p r o p e r t ie s  o f  

th e  l i q u i d s

e.c. At 25°c  X ylene D e c a l in .

V i s c o s i t y  0 .6 1  c e n t i p o i s e s  1 .9  c e n t i p o i s e s

D e n s ity  0 ,8 6 1  g m s . /c c .  0 .8 6 9  g m s . /c c .
The h ic h e r  v i s c o s i t y  e s p e c i a l l y  o f  d e c a l in  w i l l

a f f e c t  mass t r a n s f e r  c o e f f i c i e n t s  a d v e r s e ly .  The

s o l u b i l i t i e s  o f  th e  g a s e s  in  d e c a l in  may a l s o  h e  low er

a lth o u g h  no in fo r m a t io n  i s  a v a i l a b l e .  lo w er  s o l u b i l i t i e s
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woLilcl a l s o  a f f e c t  mass t r a n s f e r  c o e f f i c i e n t s  a d v e r s e l y „ 

Tho e f f e c t  o f  l i q u i d  p a r t i a l  p r e s s u r e  on c o n v e r s i o n  

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

W ith  x y l e n e  i t  was i m p o s s i b l e  to  a t t a i n  o p e r a t i n g  

t e m p e r a t u r e s  a p p r e c i a b l y  g r e a t e r  t h a n  80^0 due to  

v a p o u r  l o c k s  f o rm in g  i n  t h e  s l u r r y  c i r c u l a t i o n  pump^ 

However3 i t  was p o s s i b l e  to  a c h ie v e  o p e r a t i n g  t e m p e r a -  

: t u r e s  o f  125^0 w i t h  d e c a l i n «

P ig ^  3 o32 shows t h e  v a r i a t i o n  o f  c o n v e r s i o n  w i t h  

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

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

t e m p e ra tu r e o  I n  e q u a t i o n  lo2„U5? th e  r a t e  o f  r e a c t i o n

i s  shown to  b e  a f u n c t i o n  o f  (P -  P -, ) ,  I f  t h eQ n j- s
r e a c t i o n  a t  t h e  c a t a l y s t  s u r f a c e  i s  n o t  r a t e  c o n t r o l l i n g  

t h e  P -, i s  v e r y  sm allo  Hence N CxC P^o As th e
c L o  cl tTl

t e m p e r a tu r e  o f  t h e  sys tem  i n c r e a s e s ^  t h e  v a p o u r  p r e s s u r e  

o f  th e  s o l v e n t  i n c r e a s e s  and hence  i s  r e d u ced ^  Thus 

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

o x p la in e d o

I n  P ig o  3^363 t h e  p a r t i a l  p r e s s u r e s  o f  x y l e n e  and 

d o o a l i n  a t  v a r i o u s  t e m p e r a t u r e s  a r e  shown*

I t  can  bo s a i d  t h a t  t h e  lowoi^ v a p o u r  p r e s s u r e  of  

d e c a l i n  m ust  i n  some m easure  o f f s e t  t h e  e f f e c t  o f  p o o r  

mass t r a n s f e r  on c o n v e r s i o n  i n  t h a t  l i q u i d *
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3 c 10 V Oonc?j-Lisions*

U s in g  th e  h y d r o g e n a t i o n  o f  e t h y l e n o  on a Raney 

n i c k e l  c a t a l y s t  a s  an e x p e r i m e n t a l  model,  t h e  f o i l o w i n g  

c o n c l u s i o n s  were reach ed»

(1) E q u a t io n  1* 2*49 o f  th e  m a th e m a t i c a l  model s u g g e s t s  

t h a t  above a c e r t a i n  c a t a l y s t  c o n c e n t r a t i o n  th e  r e a c t i o n  

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

on t h e  o v e r a l l  r e a c t i o n  r a t e *  E x p e r im e n ts  a t  c o n s t a n t  

i n l e t  r e a c t a n t  f l o w  r a t e  and v a r i o u s  c a t a l y s t  c o n c e n t r a -  

: t i e n s  showed t h i s  p r e d i c t i o n  to  h e  t r u e *

(2) The e x p e r i m e n t a l  r e s u l t s  shoiv t h a t  c o n v e r s i o n  i s  

an i n v e r s e  f u n c t i o n  o f  r e a c t a n t  f lo w  r a t e  and i s  a 

f u n c t i o n  o f  r e a c t o r  l e n g t h  r a t h e r  th a n  r e a c t o r  volume* 

S l u r r y  r e c i r c u l a t i o n  h a s  no b e n e f i c i a l  e f f e c t s  on 

c o n v e r s i o n  e x c e p t  a t  v e r y  low r e a c t a n t  f l o w  r a t e s *

Space t im e  y i e l d s  a r e  a f u n c t i o n  o f  r e a c t a n t  f l o w  r a t e  

and an i n v e r s e  f u n c t i o n  o f  r e a c t o r  l e n g th *

( 3 ) A s tu d y  of  th e  e f f e c t s  of v a r i a t i o n  o f  i n l e t  

gas  c o m p o s i t io n  c o n f i r m e d  th e  g e n e r a l  v iew  (9 ) ( l o )  
t h a t  r e s i s t a n c e s  to  hyd rog en  t r a n s p o r t  a r e  r a t e  

c o n t r o l l i n g *
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(U) The e f f e c t  o f  r e a c to r  le n g th  pjid cllameter  

on c o n v e r s io n  and space tim e y i e l d  has n o t  b een  f u l l y  

e lu c id a te d »  I t  i s  su g g e s te d  th a t  a thorough i n v e s t i -  

: g a t io n  o f  th o se  e f f e c t s  would be a s u i t a b l e  s u b je c t  

f o r  fu tu r e  Y/ork* O p t im is a t io n  Y/ork on s l u r r i e d  b ed  

r e a c to r  shape and s i z e  would th en  be p o s s ib le *

( 5 ) A method o f  p r e d ic t in g  r e a c to r  perform ance has  

b een  e v o lv e d  and i s  e x p r e sse d  i n  terms o f  r e a c to r  

len gth y  r e a c t a n t  i n l e t  f l o w  r a t e  and number o f  r e a c to r  

u n i t s  (iloRoUo)* I t  i s  su b m itted  th a t  t h i s  method

has immediate p o t e n t i a l  f o r  s o lv in g  p r a c t i c a l  problems*

(6) The v a lu e s  f o r  hydrogen mass t r a n s f e r  c o e f f i c i e n t s  

c a lc u la t e d  u s in g  e q u a t io n  1* 2* 57 o f  th e  m ath em atica l  

model are n o t  i n  d isag reem en t wi'ih the v a lu e s  p r e d ic te d  

u s in g  a metho-d su g g e s te d  e lsew h ere  (A?) o

The ra tes .^ fo r  th e  ch em ica l r e a c t io n  o c c u r r in g  a t  

th e  c a t a l y s t  s u r fa c e s ^ e s t im a te d  u s in g  e q u a t io n  1*2*57  

show the same ord er  o f  m agnitude as v a lu e s  o b ta in e d  by  

o th e r  workers ( AO)( 5 1 ) « Eewaver, t h i s  i s  n o t  

n e c e s s a r i l y  s i g n i f i c a n t  as com parison o f  r a t e s  o f  

c a t a l y t i c  r e a c t io n s  c a r r ie d  o u t under d i f f e r e n t  

c o n d i t io n s  i s  g e n e r a l ly  i l l - a d v i s e d *  *
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The v a l i d i t y  o f  tho m a the mat i  o a l  model has n o t  

b een  d isp ro v e d  hy the ex p er im en ta l  r e s u l t s , ,  h u t  th e r e  

are c e r t a in  e f f e c t s  which have n o t  b een  f u l l y  ex p la in e d .  

I t  i s  c la im ed  th a t  the m athem atica l mo)dol p r o v id e s  a 

p o s s ib l e  method f o r  s c a l in g  up s lu r r ie d  b ed  r e a c to r s  

f o r  second ord er  ch em ica l r e a c t io n s  by th e  s u b s t i t u t io n  

of b a s i c  p h y s ic o -c h e m ic a l  d a ta , o b ta in ed  from s t u d ie s  

o f  gas l i q u i d  system s and tho k i n e t i c s  o f  ch em ica l  

r e a c t io n s ,  i n  eqixation  1*2« 57 û

( 7 ) R e s u l t s  in d ic a t e  th a t  th e  c a t a l y s t  suspend in g  

medium i s  o f  g r e a t  im portance in  d eterm in in g  the  

performance o f a s l u r r i e d  b ed  r e a c to r  (eg* D e c a l in  

r e s u l t s  v e r s u s  th o se  o f  xjrlone) * D e t a i le d  in fo r m a t io n  

over  a range o f  tem p eratu res  on gas s o l u b i l i t i e s  and 

l i q u i d  p r o p e r t ie s  i s  r e q u ir e d  f o r  a la r g e  number o f  

ap p aren tly  s u i t a b l e  media* Only then  f o r  a p a r t i c u la r  

system  may the b e s t  l i q u i d  b e  chosen .
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iSYœOLi DESCRIPTION
r I DIlŒlNSIGNSi UNITS

T
a I A c t i v i t y

I G a s - l i q u i d ^ i n t e r f a c i a l  a r e a /  
! u n i t  volume o f r e a c to r

ACl cms
L cms5

~r~
AI s

0

{ L iq u id - s o l id  i n t e r f a c i a l  a r e a /  j 
u n i t  volume o f  r e a c to r

cms
cms3

\fc R eact and c o n v e r s io n  
i (ch em ica l a n a ly s i s )

j e '

1__
R eactan t c o n v e r s io n  

(volume r e d u c t io n )

! 0 Cl C o n cen tra tio n  a t  gas l i q u i d  
i n t e r f a c e 3

gm^moles
l i t r e

01 C o n cen tra tio n  i n  h u lk  
l i q u i d  ( l )

I gm.moles 
j 3  ; l i t r e

G11

n/

G.

C o n cen tra tio n  in  b u lk  
l i q u i d  (2 )

M i gm.moles 
2,3 i l i t r e

C o n cen tr a t io n  a t  l i q u i d  s o l i d  
i n t e r f a c e

M
î t 3 î l i t r e

M olal c o n c e n tr a t io n  o f  occupiedj 
a c t iv e  c e n t r e s  on c a t a l y s t  
s u r fa c e  !

M : gm.moles
cm

T o ta l  c o n c e n tr a t io n  o f  a c t iv e  
c e n t r e s  on c a t a l y s t  su r fa c e

-SSL
M_ i jaL-moles '

G K
V

D

p

M olal c o n c e n tr a t io n  o f  vacan t j 
a c t iv e  c e n t r e s  on c a t a l y s t  | 
s u r fa c e  -  ;

 ̂  ̂   p

D if f u s io n  c o e f f i c i e n t  o f  gas I

M____ j gm»moles
cm

2
T

V olu m etr ic  f lo w  r a t e

cm

T
l i t r e s

iœ...,-.
V o lu m etr ic  f lo w  r a te  a t  S . T .P.

Molar

/  j
L f i l i t r e s  
T i hr*

f lo w  r a te M
T -hlA.

Molar f lo w  r a te  when 
c o n v e r s io n  i s  x

M. I gm^moles 
T ; h r .
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DESCRIPTION

ii
7
i f '

{
i P u g a c i t y

jDIMENvEIONvE I _ UNITS J
; M I

jP u ga c ity  a t  standard  s t a t e  
1
i'Fugacity o f  pure component

I
":,2liH

JL.
LT'

.A.tm

Atm*

Atm.

O a ta ly s t  c o n c e n tr a t io n M
U"'

• 2 

_....gras ..... .
H Henr^r  ̂s lav; c o n s ta n t ? SB.,.niole s 

! J. i t  ae atm„

îLOlioü. .H eight o f  a ch em ica l u n i t L cms*

H.R.U. H eight o f  a r e a c to r  u n i t L cms.

H.T.U. H eigh t o f  a t r a n s f e r  u n i t L cms.

K E q ui1 ih  rium c o n s ta n t — •"

s
1Î 11

“ m"
AtmT^

ÎÎ If -

A
If 1!

K,
r ....... *■' ----  —  ■ .........
PorY/ard r a t e  c o n s ta n t J L .

l ^t

m tl lQ le s
l i t r e  h r .

R B ackv/ard r a te  c o n s ta n t j j i_
L^T l i t r e  h r .

Forward s u r fa c e  r a te  c o n s ta n t 1
T

10^
h r .

^el3 B ackward. su r f  ace r a t e  c o n s ta n t 1
T

_ ip 2
hr*

K jSurface  e q u i l ib r iu m  c o n s ta n t  s I —

'A  1
!

Forward su r fa c e  r a te  c o n s ta n t
L

jGffi.U'flQ.l.ea
2 2 cm hr»atm
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! Backward s u r fa c e  r a te  con sta n t!  TI { VW Jf.
M

aa.,,.moles..

H Forward su r fa c e  r o te  c o n s ta n t
1 f- V —__- -.

3
2 2 ch hr .atm  . __

^ a d b l
^01

l'Iass t r a n s f e r  c o e f f i c i e n t T
L

'5
m uM Pi3  i c r

p
hr* cm" atm. i. - \

^ r . A 2 M it L
“ t "

—Q.Hj. 
h r .

? c 3 ......

tf t! ,t L
T hr*

W b i i t! lt If L
T ” h r.

O v e r a l l  mass t r a n s f e r  
c o e f f i c i e n t

T
L 2 1 . Alb,cm atm »,__1

/ g
O v e r a l l  p r o c e s s  c o e f f i c i e n t

" i r
a

hr.cjm^ a km.,
R e a c t io n  c o e f f i c i e n t _3L

1) 2hr » cm atm*
K'' P r o p o r t io n a l i t y  f a c t o r —

Y  ' In s ta n ta n e o u s  r e a c t io n  r a te
L^T

A'm... mole.s 
l i t r e  hr* ........

N ''n.
tf It If M

-gT" m oles  
.... ,.hr.„

N ^c O v e r a l l  r e a c t io n  r a te  
( space tim e y i e l d )

M m ^ m o l e s  
l i t r e  hr». , .......

NoOh.U. No, o f  Chemical U n it s

N.RcU* No * o f  R ea c to r  U n it s — —

No'T.U* NOo o f T ra n sfer  U n it s —

Po 0as 'bulk p a r t i a l  p re ssu r e -JL.- Atm* 1 
1

^Cl Cas l i q u i d  i n t e r f a c i a l  
p a r t i a l  p ro s  sure

-J'Lp
IT

Atm 0 j
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•DEBGRT.Î?TION DIMENSIONS UNITS
L i q u i d  b a l k  p a r t i a l  j M | Atm*f \ ' ru,»*- ..Jj'Ma !

p r e s s u r e  ( 1 ) ^̂ ,̂2 |

L i q u i d  b u l k  p a r t i a l  
p r e s s u r e  ( 2)

M
LT*̂

Atm*

H b L .1. q u i  d s o l i d  l u t  e r f  a c i  a l  
p a r t i a l  p r e s s u r e s LT^

Atm*

pK E q u i  l i b r i u m  g a s  b u l k  
p a l a t i a l  p r e s s u r e s

M
^ T ' -

Atm,

W F o rw a rd  r e a c t i o n  r a t e M
t l 3

1
h r .  l i t r e  ...

r

Back  r e a c t i o n  r a t e M
TI:^ -J j ib iÀ tze r____

gm^mples. 
h r  « ' l i t r e  ... |
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APPENDIX 1 .

C a lc u lâ t  Ion  o f  the e q u i l ib r iu m  c o n s ta n ts  K and Kp 

f o r  the r e a c t io n  -f ,

The method u sed  was su g g e s te d  e lsew h ere  ( 5 2 ) .

The h e a t  o f  r e a c t io n  i s  g iv e n  by

P R

For t h i s  rea ctio n ^  h e a t s  o f  fo rm a tio n  are ( 5 2 )^ a t  

18^0 and 1 atm.

H H« = 0  c a ls /g m , mole2
ù s  “ 12p496 c a ls /g m , mole

GgHg / \  = 205 236 cals/giTio m ole.

Hence Z \  = 3 2 ,7 3 2  c a ls /g m , m ole,
^ 2 9 1

The r e a c t io n  ta k e s  p la c e  a t  75^0 and 1 atm,
T

Ko w A H j j = A H j  ̂ + ( a  CPâT
T TO To

For t h i s  r e a c t io n ,  the average m ola l h e a t  c a p a c i t i e s  

are (55) 6 ,5  c a ls /g m , mole ^C

1 1 ,2  c a ls /g m , mole °G 

OpHg 1 3 o 2 c a l s / g n ,  mole ^0

Thus Z \ Gp = Uo5 o a ls /g m , mole °G

Hence A  + ( - 4 . 5 )  (5?)
348 ^291

= -  3 2 ,9 8 9  c a ls /g m , m ole .
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For and CgHg? th ir d  lav^ e n tr o p ie s  are (.5 8 )

OgHĵ  3 1 .2  c a ls /g m , mole d egree

5 2 ,5  c a ls /g m , mole degree

55-0  c a ls /g m , mole degree

Thus f o r  th e  r é a c t io n  Z \  ^291  ̂ “  - 2 8 ,7  c a ls /g m , mole d egree

Now
T

dT
T

To
= -  2 8 ,7  + ( - 4 . 5 )  . In  3 M

298
= ~ 2 9 , 1+ c a ls /g m , mole d eg ree .

Now A
A

G348 = AH348 -  t A s348

= -  3 2 ,9 8 9  -  348 X 2 9 .4

= -  22 ,820  ca ls/grn , mole

A lso  A Q = -RT In  K

, In  K = 22 , 8 20
1 ,9 8  X 5i+8

= 33

14T his le a d s  to  a v a lu e  o f  2 x f o r  K * i e ,  K i s

la r g e  and e q u il ib r iu m  c o n v e r s io n  w i l l  h e  h ig h ,

A v a lu e  e f  K ~ 2 x 10^^ i s  re p o r ted  e lsew h ere  ( 5 7 )

Now K = 0̂

I t  has a lrea d y  b een  shovm th a t  Çf = 1 and has u n i t s

o f  atm ospheres

=
i '

- 1
^2%

T

r' n-J
T
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f   ̂ may b e  read  o f f  a f u g a c i t y  r a t io  -  reduced  
Pr..

p ressu r e  ch a r t  ( 5 8 ) ,T

i '

^2% 75°0 1 atm.

= T
To 263 .1

1 .3 2 5

^R

d

P_
PC

__1_
5 0 ,0 7

0 .0 1 9 7

J cs 1.00

^2 75 b .1 a t  la .

T_
To

“ 348
41.1

= 8,4-6

%  . P
Pc

= 1
20 ,8

— 0.04-8

J
1.00

^2% 75 b 1 atm.

^R = T__
Tc

298
2 40 ,73

= 1 .4 5

^R P
Po

= 1__ 0.0218

p — 1 ,0 0

KoC = , . ( 1 . 0 0 ) = 1 .0 0
( 1 . 0 0 ) ( 1 . 0 0 )

Hence K = 2 .0  x 10^^
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APPENDIX 2,

The method employed to  measure th e  su r fa c e  

area  of b u b b le s  in  th e  r e a c to r  was f i r s t  u sed  by  

Oalderbank (5 9 ) -

A p a r a l l e l  beam o f  l i g h t  i s  p a ssed  from a 

l i g h t  source a lon g  a tu b e , through the r e a c to r  

column, and th en ce to  a p h o t o e l e c t r i c  c e l l o  B ubbles  

p a s s i n g ■through the l i g h t  beam appear as b la c k  

p a r t i c l e s  and cause a d im in u tion  in  the i n t e n s i t y  o f  

the l i g h t  in c id e n t  on the p h o t o e l e c t r i c  c e l l *  'The 

c e l l  i s  con n ected  to  an e l e c t r o n i c  m easuring system  

which re co rd s  the amount o f  in c id e n t  l i g h t  over a 

f i x e d  time* T h is  tim e i s  r e g u la te d  by  an e l e c t r i c  

t im in g  sw itch  b etw een  the l i g h t  sou rce  and a c o n s ta n t  

v o l ta g e  supp ly  system . The ex p er im en ta l arrange-  

:ment u sed  i s  shoim  in  F ig ,  A« 2. lo

The f o l lo w in g  e q u a tio n  en a b le s  the bubble  

su r fa ce  area per u n i t  volume to  b e  c a l c u l a t e d : -

9 -2 1 0

where I  = amount o f  l i g h t  p a s s in g  through
' column in  absence o f  b u b b le s .

I  -  amount o f l i g h t  p a s s in g  a t
some gas f lo w  r a t e ,  F .

■̂ gl = bubble  su r fa c e  a r e a /u n i t  volume o f  react or
cm^/cm^ '

L “ l i g h t  p a th  le n g th  through column*, cm.
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Due to  the n atu re  o f  the exp er im en t  ̂ i t  was n e c e s sa r y  

to o p era te  each  r e a c to r  in  the ahsence o f  c a t a l y s t ,  

# 16n p o s s ib l e  y measurements were made a t  h o th  top  

and bottom  o f  the r e a c t o r .  R eactor I I  was the  

s m a l le s t  r e a c to r  in  which measurements co u ld  h e  made, 

0 = s e t t i n g  o f  t im in g  c lo c k  (sec o n d s)

The r e s u l t s  o b ta in e d  are shown in  th e  f o l lo w in g  

t a b l e s  and graphs ; -

RBAOTOR V.

Hg = 1 :1
P ath  l e n g t h  = 5^5 cm,
Hto from column b a se  = 9 5 o5 cm,

Hg = 1 :1

0
=  218
=  100

Path l e n g t h  = 3 ,5  cm.
H t,from column b a s e  = 20 cm.

= 17°C i T  =

F i I V -
8 5 .0 90 1 .1 0 5
7 7 .5 90 1 .1 0 5
6 8 .0 92 1 ,0 5
5 2 .5 99 0 .9 5 5
4 3 .0 102 0 .9 2 0
3 5 .0 105 0 ,8 8 7
2 0 .0 128 0,6U8
1 2 .5 160 0 ,5 7 7

6 .2 5 184 0 ,2 0 9
1 .5 208 0 ,0 6 2

I
0

=

O “ 

1 5 ° 0

253
100

I •^gi
8 5 .0 48 1.J52
7 6 .0 61 1 .6 3
6 7 .5 62 1 .6 1

5 3 ,5 78 1 .3 3  ..
4 2 ,5 . 83... 1 .2 6
3 1 .0 95 1.Û.95 .
2 0 .5 140 0 .6 2
1 3 .5 158 0 .4 7 2

. 6 .5 188 0 .2 6 3
2 .0 210 0 .1 2 9
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REACTOR IV,
=  1:1

P ath  l e n g t h  « 3»3 cm.
Ht «from G oluran b a s e  = JO cm,

Q
o

TR

= 223
=  100 

-o= 1 7 .5 ° 0  "if = 7 4 .5  cm

F i I ^ g l
8 7 .5 72 1 .3 7 5

_77.5 81 ,1...235_
7 2 .5 84 1 .1 9 0
55 90 1 .1 0 0
45 98 1 .0 0
36 105 0 .9 1 5
24 112 0 . 8 3 6

1 8 .5 136 0 . 6 0 0

1 7 .0 145 . 0 . 525 .
1 2 .0 160- 0 .4 0 5

6 .0 190 0 . 1 9 8

1 .5 210 0 .0 7 8

°2 % Hg = 1:1
Path le n g t h  = 3 .3  cm.
H t,from column b a s e  -  2 2 ,5

I o = 236Q = 100
=  7 3 . 9  cm

cm

^R = , 19°C iT  =

F i I

9 0 ,0 35 . 2 .3 20 ..
7 6 ,0 , 46... 1 .5 9 0  ;
6 6 ,0 57. 1.725_.
5 7 ,0 72 1 .5 9  ..
4 6 ,0 92 . I , l k 5 _
4 2 .0 95 1 .1 0 0

^ . 2 ,5 101 1 .0 3 0
3 1 .0 95 1,100_..
2 2 .5 130 0,7.25^
1 3 .5 1 5 3 0 ,5 2 5 ..
5 . 0 198 0 .2 1 2

_  2 .5 205  ,
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REACTOR I I I . ,

^ 2 \ Ep = 1 :1 1:1
P ath  l e n g t h  = 3^3 dm.
Ht of nom column h a s e  = 43

9
o

T

= 230 
=  100

o.

Path  l e n g t h  = 3 ,3  cm,
5 cm. Ht of nom column b a s e  = 18 cm

R = 16^0 -rr - 7 5 o 2 cm.

F i I A.gi

_ 8 7 .5 49 1 ,8 8
7 8 ,5 . 5 1 1 ,8 3 5
7 0 .0 60 1 ,6 3
5 2 ,0 84 1 .2 2
4 0 ,0 98 1 . 0 4
2 6 ,0 108 0 . 9 2 .
3 6 ,0 100 1 .0 1
1 9 ,0 130 0 ,6 9 2
1 3 .0 158 0 ,4 6 4

7 ,5 18 9 0 ,2 4 3
1 ,2 5 2 1 4 _0.,089

0
=  220 

100
TR = 18^0 "ff = 75*2 cm

F i I

8 7 .5 39 . 2 .1 0  _
7 6 , 5_ 47 1 ,8 8  _
7 0 ,0 58 ...1, 6 2  ...

59_.0_ 68 1.43__
.47.5 70 1 .3 9 . . .
3 8 .0 80 1.24_
2 9 .0 96 1 .005 .
1 6 ,0 130 0 ,6 4 2

9 ,0 1 6 2 0 .3 7 2
6 .0 179 0 ,2 5 4
1 ,5 196 .0.^135_
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REACTOR I I REACTOR IV A,

Hg = 1:1 -  1:1

Path l e n g t h  = 5 ,6  cm*
cm„Ht*from column b a s e  = 30 cm

Path le n g th  = 3 «>3 cm*
Htofrom column b a s e  = 19*5

5 cm

l o
9

Fr =

= 218 
= 100
18°G l f  = 75 .6  cm*

I c
9

Fr =

= 215 
= 160

20°0 = 75

F i I F i I •^gl
8 7 .5 43 1 ,9 7 .7 2 , 5 50 1 ,0 4 5
8 1 .0 52 1 .7 4 59 .0 66 0 ,8 4 5 _
7 4 .0 58 1 ,6 1 5 5 2 .5 72 0 .7 8 5
6 6 .0 62 1 ,5 2 5 4 5 .5 85 0 .6 6 5
5 2 .5 69 1 .4 0 4 0 ,0 91 0 .6 1 5
4 4 .0 80 1 .2 1 5 3 4 .0 92 0 .6 0 9
3 6 .0 88 1 .1 0 2 6 .5 112 0 .4 6 5
2 6 ,0 1 0 4 0 .9 0 1 8 .0 135 0.333_.
1 7 ,5 1 3 2 0 .6 0 8 1 6 .5 130 0 .3 5 8
1 1 .0 1 6 1 0 .3 6 8 1 1 ,0 146 0 .2 7 2

7 .0 185 0 .2 0 1 5 .5 175 0 ,1 4 9
2 .0 205 0 .0 7 8 ; 3..P 205 0 .1 0 0
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REACTOR V,

H2  = 2 ' 1 =  1 : 2

P a th  l e n g t h  = 3*3 cnio P ath  l e n g t h  = 3*3  cm*.
Ht<jfi»om column b a s e  = 95*5 em.H t,from column, b a s e  = 9 5 .5  cm,

0
T

= 219 
=  100

o.R = 1 7  0 i T  = 7U«5 cm,

E i I A g i

7 4 .5 . 89 1 .0 9
64 . _ 93. . 1 .0 4
5 4  . . . . 99 0 .9 6 5

41 101 0 .9 4 0

33 109 0 .8 5 0
20 128 0 .6 5 3
11 1 6 6 0 ,3 4 1

3*0 200 0 .1 1 4

9
o

%

= 238 
100

R = 1 7 ^0  "JI = 7 k .  6 cm

P i I ^ «1
1 9 91... , 1 .1 6 5 _
67 i 8S . . 1.195__
56 101. _ 1 .0 2
44 108 0 .9 6
35 1 1 3 . 0 .905...
26 119 0 .8 4 3
17 135 0 .6 9 0 ..

8 189 0 .2 8 2
2 210 . P .1 5 6

° A =  2:1
P a th  l e n g t h  = 3 .3  cm.
Ht of rom column b a s e  s  20 cm

T 9
R s=

= 223 
= 100  
1 5 °0

Hg = 1 :2
P ath  l e n g t h  = 3*3 cm.
Htcr from column b a se  = 20 cm

o = 227 
100

II = lka5 cm, R = 15 0 /I “
F i I

.  ^ g l ........

J75__ .... 1 .7 4
63 64 1 .5 1

..3 1 .̂ 5 . .. 7 7 1 ,2 9
40 85 1 .1 7
31 86 1 .1 5
2 2 .5 1 3 4 0 .6 2
1 1 .5 161 0 ,5 9 5
1 ^ . .... 205 0 .1 0 3  ,

74*5 cm

F i I ^ g l
...78......... 51 . 1 .8 1

68 53. __ 1 .7 6
5 8 .5 „. .69 ... 1 .4 4  _

. _44..,5. ^ ..8 7 1 .1 7  .
.3 1   ̂ . . 94 1.0.7__
_23....... 144 0 .5 5 2

1 0 .5 15 6 0.45.8_
205 Q.al.g8_
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REACTOR
=  2:1

P ath  le n g th  = 3^3 cm,
Hto a f  tube- from

column h a  so. = 19 «5 cm,

0
= 215
=  100

= 18°C 1T  = ■
I ^ g i

7 6 .5 46 1 .8 7
.. 63 5 k 1 .6 8

5 2 .5 70 1 .3 6

ua 77 1 .2 5

_J.3 91 l.OU
18 13U 0 .5 7

9 178 0 ,2 3 2

3 200 0 ,0 9 2

DEOiiLIN,

Kg = 1 :1
P ath  le n g th  = 3 ,3  cm,
Hto o f  tube from

column b a se  = 95*5 cm,
Ic , = 221
0 =  100
= 17°C i f -

I ^ 8 l
77 70 l . R
63 85 1 ,1 9
52 98 0 . 9 8 5
^ 1 .5 103 0 , 9 2 5
3 2 . 5 110 0 . 8 5 0
19 131 0 . 6 3 5

9 .5 1 7 4 0 , 2 9 3
2 .5 208 0 .0 7 8

cm,

II.
H  ̂ = 1 :2

Path  l e n g t h  = 3 ,3  cm,
Hto o f  tube from

column b a s e  = 19*>5 cm
I
0

o = 230 
=  100

T,R = 18^0 (( = 7 5 ,5 cm,

I ^ g l
78 ,49 1 ,8 8

_.70. ___ 56 -1 .-72
_58....... 7 3 -l._39.._ -

4 7 .5 79 1 .3 0  - _ -
32 101 1 .0 0
21 1-32 0 .6 8
12 169 0 ,3 8

7 190 -0..23_4_
2 210 0 ,1 1 4

REACTOR V.
V^ATER,

H  ̂ = 1 :1
Path  l e n g t h  = 3 ,3  cm
Hto o f  tube from  

column b a s e  -  95

0
o =  228 

=  100
TE == 17°0

5 cm,

7Ao6 cm

r  i I ^ S l
7-6 97 1 .  -0.4-
60 97 - 1 .0 4  _
4 9 .5 108 0,90-8-
38 112 0 ,0 6 5

_27 .5 128 0.703^
..15 158 0,-446_

9 178 0.304_
1 .5 208 0 . 117_
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REACTOR
DEGALIN.

H, 1 :1
P ath  le n g t h  =s 3 
lit* o f  tuhe from  

column h a s e  =:
= 231

a = 100
a 16°0TR I I

3 om.

20 cm.

7Ui5 cm.

I

7 6 ,5 49 1 ,8 9
- 6 3 .................._ .. .56 _ 1 .7 2

52— 77 1,3:5. -
4 3 ,5 82 1 ,2 6
3 1 ....... 110 0 ,9 0
22 138 0 ,6 3
12 174 0 ,3 4 9

. 2 ,0 212 0 .1 0 9

DEOALIR. 
OgH^ : H, s= 1:1

P ath  l e n g t h  = 3*3 cm*
Ht* o f  tube from

column h a s e  ~ 19#5  cm

Q
=  220
=  100

TR = 18°0  t f  = 7 5 .5  cm,

I •^gl
7 4 49 . 1 .8 2
62 56 1 .6 6

_5.5 .. 71 1 ,3 7
43 85 1 ,1 5
31 95 1 .0 2
23 135 0 ,5 9 5

9 180 0 ,2 4 8
1 ,5 205 0 ,0 8 9

V,
WATER.

H, 1 : 1

Path len g th  = 3 .3  cm.
Ht, o f tube from.

columni hase = 20 cm.
I  o  = 218
Ô = 100

%  = 16°C 1 T = -

I Ag^

.7.5......... 51 1 ,7 7
62 55 1 ,6 7
51 78 1 .2 5 -
39 85 1 .1 4
27. 113 0 .8 0
1 7 ,5 121 0 ,7 1 5

8 ,0 168 0 ,3 2 2
^_..2,5. 195 0 . ,1 L _

cm

REACTOR I I
WATER

-  1:1
P ath  le n g th  = 3 «3 cm.
Ht* o f  tuhe from

column h a s e  = 19  <̂ 5 cm
I o = 225 
0  =  100

TR = 18°c "TT = 75.5 cm.

I

77 50 .1,8.3-..-
-.6 5 ,5  . . 5-5 . 1 .7 1
.53 . .  7 2 . .. 1 .3 8
42 84 1 . 2  ..

_2P . , 103 .Q.,.9_5... -
1 9 ,5 131 0 ,6 6
10 1 6 5 0 .3 8

2 ,0 203 0 .1 2 9
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F ig*  A 2* 2 shows a p l o t  o f  th e  s p e c i f i c  s u r fa c e ,

vso f lo w  r a te  u s in g  r e s u l t s  o b ta in e d  a t  r e a c to r  

b a ses*  F ig*  A 2* 3 shows corresp o n d in g  r e s u l t s  

o b ta in e d  a t  r e a c to r  tops*

I t  i s  see n , in  th e  ca se  o f the la r g e r  r e a c to r s  

a t  h ig h  f lo w  r a t e s ,  t h a t  the s p e c i f i c  area  a t  the  

r e a c to r  top  i s  l e s s  than  would b e  expected*  T h is  

may be e x p la in e d  b y  r e fe r e n c e  to F i g ,  A 2* U* I t  

can be seen  in  A 2* Ij,* 5 and A 2 , 1}.* 6 th a t  la r g e  

a g g lo m era tio n s  o f  b u b b le s  tend  to  occur* These 

photographs shovf c o n d i t io n s  e x i s t i n g  a t  th e  r e a c to r  

top a t  medium and h ig h  f lo w  r a t e s .  T h is  agg lo m era tin g  

of b u b b le s ,  or s l u g g i n g c a u s e s  the d im in u tio n  o f  

the s p e c i f i c  s u r fa c e .  A gglom eration  o f  b u b b le s  

appears to  occur o n ly  i n  th e  t a l l e r  r e a c t o r s  a t  

h ig h er  f lo w  r a t e s .  I t  was d ec id ed  to  ig n o re  i t s  

e f f e c t s  as no c o r r e c t io n  f a c t o r  f o r  i t  i s  im m ediate ly  

e v i d e n t , Furtherm ore c o n v e r s io n  w i l l  n orm ally  have  

reduced the volume o f  gas  p a s s in g  through th e  r e a c to r  

upper s e c t i o n  and t h i s  sh ou ld  d im in ish  the s lu g g in g  

ten d en cy . I t  was assumed f o r  the p u rp oses  o f  t h i s  

work th a t  the no, o f  b u b b le s /u n i t  volume i s  the same 

at the r e a c to r  top  as the bottom  and any change i n  

i n t e r f a c i a l  a r e a /u n i t  volume i s  e n t i r e l y  due to  

r e d u c t io n  in  volume cau sed  by c o n v e r s io n .  The
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p ig .  A 2.

1 , Bottom 
Low Plow Rate

2 , Bottom 
Medium Flow Rate.

3 . Bottom 
High Plow Rate

Top
Low Plow Rate

5- Top 
Medium Plow Rate

6 , Top 
High Plow Rate
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su r fa ce  a r e a /u n i t  volume d a ta  u sed  was tak en  from  

r e s u l t s  o b ta in e d  a t  r e a c to r  b a seso  I t  i s  f e l t  th a t  

the con seq u en ces  o f  th e se  assum ptions may b e  seen  

in  the v a r i a t i o n s  o f  Kg-̂  in  3= A more com plete  

i n v e s t i g a t i o n  o f  b u b b le  su r fa c e  a rea s  m ight le a d  to* 

on e x p la n a t io n  o f  th e se  v a r ia t io n s ^

P ig .  A 2c 5 shows r e s u l t s  o b ta in e d  w ith  r e a c to r  

IV Ac As m ight b e  ex p e c te d  v a lu e s  o f  are l e s s

than th o se  o b ta in e d  w ith  th e  narrower r e a c t o r s .

Only one m easuring p o s i t i o n  was p o s s ib l e  w ith  t h i s  

r e a c t o r .

P igo A 2 . 6 shows r e s u l t s  o b ta in ed  a t  th e  b a s e

of r e a c t o r s  V and I I  w ith  v a r io u s  i n l e t  g a s  composi^

: t io n s c  The v a lu e s  o f  do n o t  seem a f f e c t e d  b y

gas c o m p o s it io n s  and t h i s  p l o t  ipray b e  shown- to  b e

superim posable on A 2. 2 .

P ig c  A 2. 7 shows r e s u l t s  o b ta in e d  a t  the b a s e

o f r e a c to r s  V and I I  w ith  w ater and d e c a l  i n  in  th e

rea c to rso  Once ag a in  v a lu e s  seem u n o f f e c t e d  by

the change in  c o n d i t io n s .  T h is  i s  s u r p r i s in g  as

one might have e x p ec ted  the d i f f e r e n t  p h y s ic a l

p r o p e r t ie s  o f  th e  l i q u i d s  to  have some e f f e c t .

An e x p r e s s io n  f o r  a mean v a lu e  o f  betw^een

r e a c to r  bottom  and top  i s  d e r iv e d  thus

Gas f lo w  i n  = P^ l i t r e s / h r  ^
Gas f lo w  o u t = P h i l t r e s /h r  .
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For the r e a c t io n  A + B *— >  0? i t  may h e  shown hy a 

s im ple  mass halajace th a t

h  = ( 1 - % - x )

where mole f r a c t i o n  o f  component A a t  in le t

X =: c o n v e r s io n  o f  component A-

Suppose i s  d iv id e d  in t o  n h u h h le s  a t  i n l e t .
T?The volume o f  each  huhhlOy V. =

 ̂ n
A lso  ^ lT 1 0 ^ bubble r a cl'ms a t  inlet (chis)

Hence, area  o f  h uh h le  A. = 4 (I •( iI nr
S im i la r ly  a t  r e a c to r  o u t l e t ,  hjihhle s u r fa c e  area

o I
n f T  /

A . = 1 » - tr  f L A  Y '! "  1 0 ^

S in ce  n o . o f  h u h h le s  E n te r in g  r e a c to r  = n o . o f  h u h h les
l e a v in g

^  _ t o  J  ï o f  _ f  ! o f  ̂
V i " ' Vi I '  ViJ

Hence ( l  - ^ x )

Hence A^^^ may he computed f o r  any v a lu e  o f  Ag^^ when 

i n l e t  co m p o s it io n  and c o n v e r s io n  ore known. I f  the  

mean Agi v a lu e  i s  assumed to  he th e  a r i th m e t ic  mean
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o f and c o r r e c t i o n  f a c t o r s  may h e

c a lc u la  t e  d« M u l t i p l i c a t io n  o f  h y  th e s e  g iv e s

the v a lu e  o f  Agjj  ̂«

A 2 , 8 and A 2a 9 are graphs from which -r— —
^ g i i

and c o r r e c t io n  f a c t o r s  may h e  o b ta in e d  a t  any 

c o n v e r s io n ,  C a lc u la te d  v a lu e s  are a ls o  tab u la ted *  (O =
: Hg = 1 :1

=2%

=  1 : 2 
Hg = 2; 1

(3 g lo

. ^ g l i
C o r r e c t io n

P a c to r

0 1 .0 0 1 .0 0
10 0 ,9 6 5 0 ,9 8 3
20 0 ,9 3 0 0 ,9 6 5
30 0 .8 9 6 0 .9 4 8
40 0 .8 6 0 0 .9 3 0

, 50 0 .8 2 5 0 ,9 1 3
60 0 .7 9 0 0 ,8 9 5

. 70 _0._750_„ . 0,875_
80 0 ,7 1 0 0 ,8 5 5
90 0 ,6 8 0 0 .8 4 0

100 0 .6 3 0 0 .8 1 5

^0.
"̂ ĝlo c o r r e c t io n

F a c to r

0 0 1 .0 0 1 .0 0 _____
10 20 0 ,9 5 5  _ 0,.978__ ..
20 40 0 .9 0 8 0,954,_ _ ..

.,30 ^ 0 0 .8 6 0 0 .9 3 0  _
40 80 0 ,8 1 5 0 .9 0 8 ____
50 100 „_a, 76 2 0 .8 8 1

Aglm ^ ^ 7  h e  e s t im a te d  t h u s ; -

Run B 5 l i t r e s / h r . , 0 = 6 7 .6  %̂ ' ,  x  -  0 ,6 7 6

Prom A 2 . 2 '^Vii “ 1 .0 6  cms^/cms^

From A 2. 8 c o r r e c t io n  f a c t o r  =* 0 * 8 7 5
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APPMDIX 3o

The average c a t a l y s t  p a r t i c l e  s i z e  was o h ta in e d 

hy a se d im e n ta t io n  method ( 6 o ) ,  The apparatus was 

d e v ise d  h y  Deans ( 6 l ) .

The apparatus c o n s i s t s  o f  a lo n g  v e r t i c a l  tuhOy 

2 cm, I ,D .  and 115  cm, lo n g ,  surrounded hy  a w ater  

jacketa  Near the top  o f  the tuhe i s  a g l a s s  s to p -  

: cook equal i n  h o re  to  th e  tu h e . The fu n n e l  a t  

the top o f  the narrow h ore  d e p o s i t io n  tuhe f i t s  

in to  the h a se  o f  the main column- and i s  h e ld  i n  

p o s i t i o n  h y  a ruhher hung. At the bottom  o f  th e  

narrow h o re  tuhe i s  a c a p i l l a r y  s to p cock s  A

c e n t im e tr e  s c a l e  i s  a t ta c h e d  to  the tu h e . The

arrangement i s  shorn in  F ,  A 3 ,  lo

The apparatus i s  o p era ted  t h u s ; -  

The d e p o s i t io n  tuhe i s  f i l l e d  v /ith  mercury to  a zero  

mark and then  f i t t e d  in to  the main column. The 

s e t t l i n g  medium, x y le n e ,  i s  th en  poured in t o  th e  

main tuhe to  a l e v e l  shove the l a r g e  s to p c o c k .

Water i s  th en  p a ssed  through the w ater ja c k e t  and 

the apparatus l e f t  f o r  h a l f  an hour i n  ord er  to  

m inim ise therm al eddy c u r r e n t s .  The la r g e  s to p co ck  

i s  shut and a sample o f  c a t a l y s t  in tro d u c ed  in t o  th e  

top  s e c t i o n .  The cock i s  then  opened and a s to p -  

; c lo c k  s im u lta n e o u s ly  s t a r t e d .  The p a r t i c l e s  

descend  through th e  s ta g n a n t l i q u i d  and h u i l d  up in
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the deposition» tube* As th e  p a r t i c l e s  h u i l d  up th e  

mercury l e v e l  i s  dropped so th a t  the top  o f  th e  

p a r t i c l e  h ed  rem ains more or l e s s  c o n s ta n t  a t  the  

zero mark on th e  sc a le *  T h is  r e s u l t s  i n  a c o n s ta n t  

d e p o s i t io n  len g th *  The in c r e a s e s  i n  p a r t i c l e  hed  

l e n g th  w ith  tim e are noted*

The b a s i s  f o r  p a r t i c l e  s i z e  a n a ly s i s  h y  sediment- 

n a tio n  i s  S to k e* s  Law* For a p a r t i c l e  s e t t l i n g  a t  

c o n s ta n t  v e l o c i t y  i n  a l i q u i d

T o ta l  v i s c o u s  f o r c e  = 3  ^  ^

T o ta l  g r a v i t a t i o n a l  f o r c e  = II ^
At c o n s ta n t  v e l o c i t y

U
Ih'f-1

u v e l o c i t y  cm /sec  
2

In  t h i s  ca se

^  = 981 cm /sec

Of “ p a r t i c l e  d iam eter  cm*,

p, = d e n s i t y  o f  s e t t l i n g  m a te r ia l  gm*/cc

= d e n s i t y  o f  l i q u i d  gm*/cc*

^  = v i s c o s i t y  o f  s e t t l i n g  medium p o i s e s

= . s e t t l i n g  tim e mins*

U -  l e n g t h  o f  d e p o s i t io n  tuhe (c m .)
Q X 6Ô

” Ü 5  c m . /s e c ,
0 x 6 0

Thus 115
0 X

« D 2 .

R X 8 % (01 -pg)
18
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For n i c k e l  Ç ,  = 8 .9  g m s , /c c ,

x y le n e  p g = O.8 6 7  g m s , /c c .  (2 5 °0 )

1  = 0 ,0 0 6 5  p o i s e  ( 25° 0 )

Hence = 5 2 ,5

From t h i s  e q u a t io n  the p a r t i c l e  d iam eter f o r  ev ery  

time rea d in g  i n  the run i s  c a lc u la te d *  A graph o f  

p erc en ta g e  h e ig h t  a g a in s t  p a r t i c l e  d iam eter may then  

h e  drawn. From t h i s  graphs the p e rc en ta g e  o f  

p a r t i c l e s  in  any s i z e  range may h e  found and t h i s  

e n a h le s  a d i s t r i b u t i o n  graph to  h e  dra\m. The area  

under t h i s  l a t t e r  graph i s  then  h i s e c t e d  h y  a v e r t i c a l  

l i n e g the p o in t  a t  which t h i s  l i n e  m eets the x  -  a x i s  

r e p r e s e n ts  the moan p a r t i c l e  d iam eter .

T his procedure was re p e a ted  tw ic e  f o r  each  h a tc h  

of c a t a ly s t *  The r e s u l t s  are shorn in  t a b l e s  

A 3 »  1 -  L, and specim en graphs in  F ig s*  A 3 *  2 and 

A 3* 3o
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OATILYST ''JCJéc

T/ÆLE A 3 . 1 T/ÆLE A 3 ,  2.

Ht.
cms. Q % H tP p

microns
0 .0 0 0 .0 0
0 .0 0 0 .5 0
0 .3 0 1 ,0 0 1 ,0 0 5 .9 .5.2, ,5„.
0 .7 0 1 .5 0 1 .2 2 5 13,. 7 4 2 .8
0 ,8 0 2 ,0 0 1.415 1 5 .7 3 7 .1
1 .8 0 2 .6 7 1 .6 3 3 5 ,3 3 2 .2
3 .7 0 4 ,0 0 2 .0 0 7 2 ,9 2 6 ,3
3 .90 4 ,5 0 2 .1 2 7 6 ,5 2 4 .8
A. 20 6 .0 0 2 .4 5 8 2 ,5 2 1 .4
A. 30 7 .0 0 2 .6 4 8 4 .5 1 9 .9
4 .4 0 8 ,0 0 2 .8 3 8 6 .2 18.55
4 .5 0 9 .0 0 3 .0 0 8 8 ,4 1 7 .5
4-55 1 0 ,0 0 3 ,1 6 8 9 .3 1 6 .6
4 .7 0 1 4 ,0 0 3 .7 4 9 2 .2 1 4 ,0 5
4 .8 0 1 8 .0 0 4 ,1 2 ,9 4 .3 12.75
5 .0 2 6 ,0 0 5 ,1 0 9 8 .0 1 0 .0
5 .1 4 0 . 0 0 , 5,. 47, 100 9 .6 0

Ht.
oms. Q fî Ht

iTdams.
0 ,00 0 .0 0
0^00 . 0 .5 0 _

0 .4 0 1 .0 0 1 ,0 0 _9_.10 5 2 .5
0 .8 0 2 ,00 1.415 18 . 2 37_1L
1 .0 0 2 .3 3 1 .5 3 2 2 .8 34,_3
1 ,3 0 3 .0 0 1 .7 3 2 9 .6 30_iL_
2 ,20 3 .5 0 1 ,8 7 5 0 .0 2 8 .IL.
3 .0 0 4 .3 3 2 ,08 68 ,1 2 5 .2
3 ,5 0 5 .0 0 2 ,2 4 ..79.5_ 2 3 .4 .
3 ,7 0 6 .0 0 2 ,4 5 8 4 . 1_ 21 . 4_.
3 .8 0 7 .0 0 2 . 6 5 ,. ,,86*5.. 19,8__
3 .9 0 8 .0 0 2 ,8 3 8 8 ,6 18,55.
4 .0 0 10 ,00 3 ,1 6 9 1 .0 1 6 .6
4 .2 0 15 .00 3 .8 7 9 5 , 5_ 13.6...
4 .3 0 20.00 4 .4 7 11.75
4 ,3 5 2 5 .0 0 5 .0 0  .. 95....0 I0 ..5_
4 .4 0 3 0 .0 0 ,5.?. 48 , 100



CAT/îLYST B

TABLE A 5o 3 TABLE A 3* A.

[ Ht, 
cms. Q

4 ^
% Ht

micmns

L o o 0 , 0 0
jo, 00 0 .5 0
p . 05 1 , 0 0 1 . 0 0 1 ,3 3 52 .2 5
p . 25 2 .0 0 1.415 6 ,6 8 3 7 .1
0 ,4 0 2 .50 1 .5 8 1 0 ,7 .33:. 2
0 .7 0 3 .0 0 1 .7 3 1 8 ,7 3 0 ,4
1 , 0 0 3,50' 1 .8 7 2 6 .7 2 8 .1
1 ,5 0 4 , 0 0 2 ,0 4 0 ,0 2 6 .2
1 .9 0 4 .5 0 2 ,1 2 5 0 .6 2 4 .8
2 ,6 0 5 . 0 0 2 .2 4 6 9 .4 2 5 .4
2 , 9 0 6 . 0 0 2 ,4 5 7 7 .4 2 1 .4
3 . 0 0 7 . 0 0 2 .6 4 8 0 , 0 1 9 ,9
3 . 1 0 8 , 0 0 2 , 8 2 8 2 , 6 1 8 ,6
3 , 2 0 1 0 , 0 0 3 . 1 6 8 5 .4 1 6 ,6
3 .3 0 1 2 . 0 0 3 ,4 6 8 8 , 0 1 5 . 2
3 .4 0 1 5 . 0 0 3 .8 7 9 0 . 6 1 3 .5 3
3 ,5 5 2 0 ,0 0 4 .4 7 9 4 ,8 1 1 .7 5
3 .7 0 3 0 , 0 0 5 .4 8 9 8 .8 9 .5 7
3 .7 5 4 0 , 0 0 6 .3 2 100 3 . ^ 1 . . ,

Ht,
cms. Q

V ®

% Ht. 3
iMcrons,

0 . 0 0 0 . 0 0

0..00 0 , 5 0
0 . 2 0 1 , 0 0 1 . 0 0 4 . 2 5 2 . 2 5 .
o , 4 o 2 .5 0 1 , 5 8 . .8 A2 . 3 3 . 2 ....
0 . 5 0 3 . 0 0 1 . 7 3 1 0 - 5 30,4_ _,.
1 , 0 0 4 , 0 0 2 , 0 0 2 1 -0 26-2 .
1 , 3 0 4 . 5 0 2 . 1 2 2 7 . 4 2 4 - 8 .....
1 . 7 0 5 . 0 0 2 . 2 4 .3.5,8 2 3 . 4  .
2 . 9 0 6 , 0 0 2 . 4 5 6 1 . 1 2 1 - 4  _
3 , 8 0 7 . 0 0 2 . 6 5 8 0 - 0 1 9 - 8
4 . 0 0 8 . 0 0 2 . 8 3 8 4 , 2 I 8 . 55J
4 , 2 0 9 . 0 0 3 . 0 0 8 8 .5 1 7 - 5 ,
5 , 3 0 1 0 . 0 0 3 , 1 6 9 0 . 6 , 1 6 . 6. ...
4 , 4 0 1 5 - 0 0 3 . 8 7 9 2 , 6 1 3 . 5 5
4 . 5 0 2 0 ,0 0 4 .4 7 94 .9 . , 1 1 - 7 5

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

4 . 7 5 3.3*00.. 5 . 9 1 ,1QQ .8.,.83-.

For c a t a l y s t  A in  run A 5* 1 D

'' ’* A 3 .  2 D.

EencG = 2 7 *A /M

For c a t a l y s t  B i n  run A 3* 3 D.

'* A 3 . k  D.

Hence D.pM 2L.9 yt/t

P

P

P

= 27*6

= 2 7 * 2  yCj

=  25*1  /A
= 24*7 yW
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I f  GRch c a t a l y s t  p a r t i c l e  i s  consictered  to  "be a 

spheres the volume o f  th e  average sphere i s  g iv e n  h y

I  i r  o„3
 ̂ ''2 X 10^'

i n  the case o f  c a t a l y s t  A.

The d e n s ity  o f  n i c k e l  i s  8»9 gmso/cco

H ence-the no » o f  sphere s/gm* i s  g iv en  h y
1

8 .9  X 4 X iT  % ( 27 = 4
^ ^2 X 10^)

average sphere = U ( 27 M  ) ^ cm^
( 9 V 1

Surface  area o f  th e
2  X 1 0 '

Surface  area/gm , o f  c a t a l y s t  »

4 1 T  ( 2 7 . 4  X ^  __________
(2 X 1 0 ^ )  8V9 X ^  X 2 % ^

3 (m- _2 X 1 0 ^ '

= 2li-7 cm^/gm

For c a t a l y s t  B , su r fa c e  area/gm . o f c a t a l y s t  = 271  cm^/gm.

When the c a t a l y s t  c o n c e n tr a t io n  i s  2 .5  g m s . / lo o  c c .  o f  r e a c t o r  

t h i s  r e s u l t s  in  a l i q u i d  s o l i d  i n t e r f a c i a l  area/cm^^

Aj^, o f  6 .1 7  cm^/cc f o r  A
p

and 6 .7 6  cm / c c  f o r  B

I t  must ho p o in te d  o u t  here  th a t  t h i s  su r fa c e  area  i s  

pr oh ah l y  c o n s id e r a b ly  l e s s  th an  th e  a c tu a l  on e . Each 

p a r t i c l e  i s  assumed to  ho a sphere whereas i t  i s ,  from  

m icr o sco p ic  cxamiination^ a spongy i r r e g u la r  lump.
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Such p a r t i c l e s  have much h ig h e r  su r fa c e  a r e a s .  The 

s o l i d - l i q u i d  i n t c r f a o i a l  area i s ,  a t  t h i s  c a t a l y s t  

c o n o o n tr a t io n , a lw ays in  e x c e s s  o f  the gas l i q u i d  

i n t e r f  ac i  a l  are a .
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