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INTRODUCTION 

The Energy Research L a b o r a t o r i e s  of t h e  Canada Cent re  f o r  Mineral  and 
Energy Technology (CANMET) are engaged i n  a cont inuing  upgrading p r o j e c t  involv ing  
t h e  hydrocracking of  Canadian o i l  sand bitumen and heavy o i l .  Such upgrading i s  
necessary t o  remove sulphur  and t o  reduce  t h e  v i s c o s i t y  of t h e  bitumen t o  f a c i l i -  
ta te  t r a n s p o r t  by p i p e l i n e  t o  t h e  r e f i n e r y .  Curren t ly  upgrading is  accomplished on 
a commercial s c a l e  by Great Canadian O i l  Sands Limited using a coking process  which 
conver t s  up t o  20% of t h e  bitumen t o  char .  One aim of t h e  CANMET work i s  t o  de- 
velop a n  economical process  which would conver t  a l l  of t h e  bitumen t o  usable  
products ,  and t h u s  reduce t h e  waste of a v a l u a b l e  resource .  For t h i s  purpose a 
one-barrel-per-day p i l o t  p l a n t  was b u i l t  and has  been opera ted  s u c c e s s f u l l y  w i t h  a 
v a r i e t y  of feeds tocks .  This  work has  concent ra ted  on  both  p l a n t  o p e r a b i l i t y ,  i n  
p a r t i c u l a r  t h e  prevent ion  of r e a c t o r  coking ( l ) ,  and on t h e  e f f e c t  of o p e r a t i n g  
condi t ions  on y i e l d s  and product  q u a l i t i e s  ( 2 ) .  

E f f i c i e n t  and economical scale-up of t h i s  process  t o  a commercial-size 
p lan t  r e q u i r e s  q u a n t i t a t i v e  knowledge of  bo th  t h e  degree of v a p o r i z a t i o n  of feed  
and product  and t h e  f r a c t i o n  of t h e  reactor occupied by gas  under r e a c t o r  condi t ions .  
The l a t t e r ,  u s u a l l y  r e f e r r e d  t o  as voidage,  has  a l r e a d y  been i n v e s t i g a t e d  i n  de- 
t a i l  ( 3 ) .  Such knowledge is needed to  c a l c u l a t e  hydrogen p a r t i a l  p r e s s u r e s  and 
t r u e  l i q u i d  and vapour r e s i d e n c e  t imes.  These i n  t u r n  a r e  necessary t o  a c c u r a t e l y  
estimate t h e  s i z e  of v a r i o u s  p l a n t  components as w e l l  as t o  formula te  a k i n e t i c  
model f o r  t h e  thermal  hydrocracking r e a c t i o n .  

Because i t  is not  f e a s i b l e  t o  measure l i q u i d  and vapour composi t ions i n  
t h e  r e a c t o r  d i r e c t l y ,  r e c o u r s e  must be made t o  computat ional  methods. These in- 
volve es t imat ing  t h e  equi l ibr ium v a p o r i z a t i o n  c o n s t a n t ,  K, f o r  v a r i o u s  components of 
the  system using known o r  es t imated  v a l u e s  of  t h e i r  thermodynamic p r o p e r t i e s .  

Computations f o r  t h e  present  s tudy  were c a r r i e d  o u t  using t h e  Grayson- 
Streed m o d i f i c a t i o n  of t h e  Chao-Seader c o r r e l a t i o n  employing t h e  p r i n c i p l e  of cor-  
responding s t a t e s  ( 4 , 5 ) .  A package program was employed. 

Vapour-liquid equi l ibr ium d a t a  were obta ined  from measurements i n  a hot  
separa tor  downstream of t h e  p i l o t  p l a n t  r e a c t o r .  This  well-mixed s e p a r a t o r ,  which 
was temperature  c o n t r o l l e d ,  w a s  assumed to  behave a s  a s i n g l e  s t a g e  c o n t a c t o r ,  and 
measurements of l i q u i d  and vapour f lows and c o n c e n t r a t i o n s  w e r e  t a k e n  a t  s teady  
S t a t e  c o n d i t i o n s .  
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EXPERIMENTAL 

The p i l o t  p l a n t  is shown schemat ica l ly  i n  F i g .  1. Bitumen and hydrogen 
are fed  a t  t h e  bottom of a long  unpacked heated t u b u l a r  column (3.81 c m  diam. x 
3.95 m long) .  The hydrocracked products  are l e d  from t h e  top of t h e  r e a c t o r  t o  a 
h o t  separa tor  kept a t  a tempera ture  below t h a t  of t h e  r e a c t o r .  The heavy o i l  
product  is withdrawn and t h e  vapour passed i n t o  a cold r e c e i v e r  and condensed. The 
l i g h t  o i l  product is a g a i n  withdrawn and c o l l e c t e d .  
mixed as the r e a c t o r  products  en tered  below t h e  l i q u i d  l e v e l ,  and t h e r e  w a s  a high 
r a t i o  of gas t o  l i q u i d .  It fo l lows  t h a t  t h e  f r a c t i o n  of l i q u i d  vapor ized ,  f ,  w a s  
t h e  weight of l i g h t  o i l  product  d iv ided  by t h e  t o t a l  l i q u i d  product .  The hot  sep- 
a r a t o r  was temperature  c o n t r o l l e d  so t h a t  t h e  above r a t i o  could be  obta ined  as a 
f u n c t i o n  of temperature .  The g a s  f low was metered us ing  t h e  o r i f i c e ,  and t h e  g a s  
composition a t  t h e  r e a c t o r  i n l e t  c o n t r o l l e d  by scrubbing.  Accordingly t h e  a c t u a l  
gas  composition and flow i n  t h e  hot  s e p a r a t o r  could be  computed by us ing  t h e s e  d a t a  
a long  w i t h  d isso lved  gas  f lows  and composi t ions,  r e a c t i o n  hydrogen requi rements  and 
hydrocarbon g a s  make. 

The h o t  s e p a r a t o r  was w e l l  

Athabasca bitumen conta in ing  51% p i t c h  ( m a t e r i a l  b o i l i n g  above 524OC 
equiva len t  a tmospheric  b o i l i n g  temperature)  w a s  fed  i n  a l l  c a s e s .  Products  are 
i d e n t i f i e d  by t h e  amount of  p i t c h  conversion based on feed .  
g iven  i n  Reference 6.  

F u r t h e r  d e t a i l s  a r e  

T h e  computer s i m u l a t i o n  w a s  c a r r i e d  o u t  f o r  CANMET by S a t u r n  Engineering, 
Calgary,  Alber ta ,  using t h e  DISTILL program l i c e n s e d  by t h e  Chem Share Corporat ion,  
Houston, Texas. S imula t ions  were c a r r i e d  o u t  f o r  Athabasca bitumen and f o u r  typ i -  
cal hydrocracked products  cover ing  t h e  range 49 t o  93% p i t c h  convers ion .  Input  t o  
t h e  program c o n s i s t e d  of  l i q u i d  and gas  r a t e s ,  composi t ions and p r o p e r t i e s .  The 
composi t ion and p r o p e r t i e s  of l i q u i d  feed  and product  were approximated by t e n  
f r a c t i o n s  wi th  mean average  b o i l i n g  p o i n t s  ranging  from 65.5OC (‘150OF) t o  648.9OC 
(1200OF). 
each  c u t ,  using s tandard  c o r r e l a t i o n  procedures  f o r  petroleum f r a c t i o n s .  

These f r a c t i o n s  were der ived  from Hempel d i s t i l l a t i o n s  and g r a v i t i e s  of 

For each s p e c i f i e d  temperature  and p r e s s u r e  combination t h e  program c a l -  
c u l a t e d  f ,  t h e  weight f r a c t i o n  of l i q u i d  t h a t  v a p o r i z e s  under t h e  s p e c i f i e d  condi-  
t i o n s ,  as a f u n c t i o n  of s p e c i f i e d  v a l u e s  of G/L,  t h e  r a t i o  of g a s  rate a t  STP ( i n  
g mol/h) to  l i q u i d  r a t e  a t  STP ( i n  kg/h) .  G a s  composi t ion was a l s o  en tered  and 
t r e a t e d  a s  a parameter .  

RESULTS AND DISCUSSION 

Calcula ted  v a l u e s  of t h e  degree of v a p o r i z a t i o n  w e r e  p l o t t e d  a s  f u n c t i o n s  
of  G/L and temperature  ( F i g s .  2 t o  5 ) .  From t h e s e  graphs i n t e r p o l a t i o n s  c a n  be 
made t o  o b t a i n  f v a l u e s  a t  c o n d i t i o n s  o t h e r  than  those  s p e c i f i e d .  F i g u r e s  2 and 3 
i l l u s t r a t e  t h e  e f f e c t  of G/L on f f o r  d i f f e r e n t  p r e s s u r e s  and tempera tures  f o r  b i t u -  
men and f o r  a hydrocracked product  wi th  93% p i t c h  convers ion .  The t rend  i s  a n  i n i -  
t i a l  rap id  i n c r e a s e  i n  f fol lowed by a genera l  f l a t t e n i n g  o u t  of t h e  curve ,  a t rend  
which becomes more pronounced a t  higher  temperatures  and p r e s s u r e s .  This  r e f l e c t s  
t h e  presence of a very  h i g h  b o i l i n g  f r a c t i o n  ( p i t c h )  which is vapor ized  t o  only  a 
s m a l l  ex ten t .  A similar t rend  is seen when f i s  p l o t t e d  a g a i n s t  temperature  as 
shown i n  Figs .  4 and 5 f o r  bitumen and 3 hydrocracked products  (49, 76 and 93% p i t c h  
conversion)  a t  10.44 MPa and v a r i o u s  G/L v a l u e s .  
h igh  conversion c a s e  reached very  h igh  va lues .  

The degree  of v a p o r i z a t i o n  i n  t h e  

The e f f e c t  of p r e s s u r e  on f i s  a l s o  i l l u s t r a t e d  i n  F i g s .  2 and 3 .  For 
t y p i c a l  c o n d i t i o n s  of 45OoC and G/L = 40 g mollkg, i n c r e a s i n g  p r e s s u r e  from 10.44 t o  
17.34 MPa decreases  f by 50% from 0.37 t o  0.185 f o r  Athabasca bitumen, and by 20%, 
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from 0.86 t o  0.69 f o r  product hydrocracked t o  93% conversion;  whi le  f o r  G/L = 10,  
f i s  decreased by 54% and 44% r e s p e c t i v e l y .  

Another f a c t o r  which i n f l u e n c e s  t h e  degree  of v a p o r i z a t i o n  i s  t h e  g a s  
composi t ion;  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of hydrogen causes  a d e c r e a s e  i n  f .  This  
is i l l u s t r a t e d  i n  F i g .  6 f o r  35OoC and 13.89 MPa f o r  a product  hydrocracked t o  83% 
conversion.  In t h e  range 50 t o  90 mol % H2, f i s  l i n e a r l y  p r o p o r t i o n a l  t o  hydrogen 
concent ra t ion .  For a l l  hydrocracked products ,  f w a s  c a l c u l a t e d  f o r  bo th  60  and 80 
mol %; f o r  most c a s e s  s tud ied  a n  i n c r e a s e  of 33% from 60 t o  80 mol % H 2  caused a n  
approximate 10% d e c r e a s e  i n  f .  

Average l i q u i d  r e s i d e n c e  t i m e s  ( t )  can  be c a l c u l a t e d  from t h e s e  vapor iza-  
t i o n  f i g u r e s  by tak ing  average v a l u e s  f o r  bitumen and hydrocracked product ,  a f t e r  
making allowance f o r  t h e  f r a c t i o n  of r e a c t o r  volume occupied by gas  (voidage) ,  as 
fol lows : 

t = [ ( reac tor  vol)x(l-voidage)]/[ (vol  of l i q u i d  fed  per  h ) x ( l - a v e . f r a c t i o n  vaporized)  

Such c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  a s e r i e s  of p i l o t  p l a n t  r u n s  a s  
shown i n  F ig .  7 ,  where t h e  product  of average  r e s i d e n c e  time and l i q u i d  hour ly  spac 
v e l o c i t y  (LHSV) were p l o t t e d  a g a i n s t  t h e  temperature  a t  which each  hydrocracked 
product w a s  ob ta ined .  The average f r a c t i o n  vaporized was taken a s  t h e  average  of  
f f o r  bitumen and f o r  product .  A s  each product  represented  a d i f f e r e n t  p i t c h  con- 
vers ion ,  and a s  t h e  computer s imula t ion  gave v a p o r i z a t i o n  v a l u e s  o n l y  f o r  a l i m i t e d  
number of products  a t  f ixed  conversions,  a l i n e a r  i n t e r p o l a t i o n  was used t o  ca lcu-  
l a t e  v a l u e s  f o r  t h e s e  in te rmedia te  convers ions .  A s i m i l a r  i n t e r p o l a t i o n  w a s  a l s o  
used t o  c o r r e c t  f o r  d i f f e r e n t  hydrogen c o n c e n t r a t i o n s .  F igure  7 shows t h a t  t h e  
c a l c u l a t e d  res idence  t i m e s  a r e  very  s e n s i t i v e  t o  r e a c t i o n  temperature ,  and become 
i n c r e a s i n g l y  h igher  than  t h e  nominal space t ime as temperature  and space  v e l o c i t y  
increase .  

Although experimental  v a p o r i z a t i o n  d a t a  f o r  t h e  r e a c t o r  were not  a v a i l -  
a b l e ,  i t  w a s  p o s s i b l e  t o  tes t  t h e  computer s i m u l a t i o n  by comparing t h e  c a l c u l a t e d  
v a l u e s  of f w i t h  experimental  d a t a  obta ined  a t  lower temperatures  f o r  t h e  hot  
separa tor  where vapour / l iqu id  r a t i o s  are r o u t i n e l y  measured. 
ca lcu la ted  by computer were i n t e r p o l a t e d  to  c o r r e c t  f o r  p i t c h  convers ion  and hydro- 
gen concent ra t ion  f o r  each r u n  considered.  To tes t  t h e  d a t a  f o r  bitumen i t s e l f  a 
s e r i e s  of  runs  were c a r r i e d  out  wi th  both r e a c t o r  and hot separa tor  a t  35OoC and 
37OoC a t  which temperatures  h drocracking  r e a c t i o n s  occur  to  only  a l i m i t e d  e x t e n t  
(2 3% p i t c h  conversion a t  370 C).  Calcu la ted  v a l u e s  were p l o t t e d  a g a i n s t  experi-  
mental d a t a  (F ig .  8 ) .  The b e s t  l i n e  f i t t e d  t h e  equat ion:  

Again t h e  f v a l u e s  

8 

FE = (3 .3  f 0.9) + (0.85 ? 0.07)FC 

where FE and F are experimental  and c a l c u l a t e d  va lues  of t h e  p e r  c e n t  of 
l i q u i d  vaporized.  The agreement is reasonable  cons ider ing  a l l  t h e  p o s s i b l e  sources  
of experimental  e r r o r ,  and i n  f a c t  FE and FC a r e  i n  c l o s e  agreement above about  15%. 

C 

The r e s u l t s  f o r  hydrocracked products  are shown i n  F ig .  9 ,  i n  which 75 
d a t a  from p i l o t  p l a n t  runs  c a r r i e d  o u t  under a v a r i e t y  of condi t ions  a r e  compared 
wi th  c a l c u l a t e d  v a l u e s .  P r e s s u r e  ranged from 10.44 t o  17.34 MPa, and temperature  
from 300 t o  43OoC. 
l i n e  l ies c l o s e  t o  t h e  d iagonal  and is g iven  by t h e  equat ion:  

Although t h e r e  is cons iderable  spread i n  t h e  d a t a ,  t h e  b e s t  

C FE = (1 .8 f 1 . 2 )  + (0.95 f 0.04)F 

It i s  be l ieved  t h a t  much of t h e  spread is caused by experimental  e r r o r ,  
p a r t i c u l a r l y  i n  measurements of gas  r a t e  and composi t ion where e r r o r s  of ? 5% o r  
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G / L  = 20 g m ~ i / k g  
4OO0C 1 6, %a 450°C 6 ,  Xa A, Zb 

Bitumen 0.1175 8 . 5  0 .241  8 . 3  105.1 
193% Prod. 0.505 1 4 . 6  0.712 3.2 29.1 

a Percentage  i n c r e a s e  i n  f f o r  a 12.5% i n c r e a s e  i n  G/L .  
Percentage  i n c r e a s e  i n  f f o r  a 12.5% i n c r e a s e  i n  T. 

G / L  = 40 g mollkg 
4OOOC 6, %a 45OoC 6, %" A, %b 

0.205 10.0 0.378 4.2 84.4 
0.672 4.2 0.860 1.7 28.0 

It is  seen  t h a t  f o r  a 12 .5% i n c r e a s e ,  temperature  has  a g r e a t e r  e f f e c t  than  G/L. 
However, a s  t h e  accuracy of  temperature  measurements i s  much g r e a t e r  than  t h o s e  of 
G / L  de te rmina t ions ,  t h e  e r r o r s  a r e  probably of s i m i l a r  magnitude. 

Er rors  can a l s o  be introduced by t h e  approximations used i n  t h e  inter- 
p o l a t i o n s  f o r  p i t c h  conversion and hydrogen concent ra t ions ,  a s  w e l l  from discrep-  
a n c i e s  between s imula ted  and a c t u a l  l i q u i d  and gas  p r o p e r t i e s .  

CONCLUSIONS 

Comparison of c a l c u l a t e d  v a l u e s  of l i q u i d  vapor iza t ion  using a computer 
s i m u l a t i o n  wi th  exper imenta l  d a t a  i n d i c a t e d  t h a t  such computat ional  methods w i l l  
g i v e  reasonably a c c u r a t e  v a l u e s  f o r  t h e  degree  of vapor iza t ion ,  cons ider ing  t h e  
approximation and exper imenta l  e r r o r s  involved,  f o r  a very  heavy o i l  such as tar 
sand bitumen and its hydrocracked products .  
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