
INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.

2. When an image on the fîlm is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you wQI find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the hrst row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases we 
have hlmed the best available copy.

Universî
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ŒAPTER I 

INTRODUCTION

A f te r  p rim ary  p ro d u c tio n  o f  c ru d e  o i l  from  a  r e s e r 

v o i r ,  a  c o n s id e ra b le  amount o f  o i l  i s  l e f t  b e h in d  and t h i s  

n e c e s s i t a t e s  th e  a p p l ic a t io n  o f  seco n d a ry  re c o v e ry  t e c h 

n iq u e s . The c h o ic e  o f ,  and tim e  to  i n i t i a t e  such  seco n d ary  

mechanism w i l l  be  d e te rm in ed  by a h o s t  o f  v a r i a b l e s .  These 

in c lu d e :  q u a n t i ty  o f  r e s id u a l  o i l ,  t h e  fo rm a tio n  c h a r a c te r 

i s t i c s ,  p h y s ic a l  and chem ical p r o p e r t i e s  o f th e  c ru d e , and 

p ro d u c tio n  h i s to r y  o f  th e  f i e l d ,  e t c .  For m ost r e s e r v o i r s ,  

th e  p e rc e n ta g e  o f  c ru d e  o i l  re m a in in g  a f t e r  p r im a ry  and 

seco n d ary  re c o v e ry  m ethods p r e s e n ts  an a t t r a c t i v e  p o t e n t i a l  

f o r  enhanced o i l  r e c o v e ry .^  The te rm  enhanced o r  im proved 

o r  t e r t i a r y  o i l  re c o v e ry  i s  u sed  to  d e s c r ib e  o i l  p ro d u c tio n  

a f t e r  w a te r f lo o d in g  o r  th a t  i n i t i a l  flo w  o f gas o r  o i l  from 

r e s e r v o i r s  as  y e t  u n p ro d u c ib le  in  th e  l i g h t  o f  p r e s e n t  eco

nomic c o n d i t io n s  a n d /o r  e x i s t i n g  te c h n o lo g y . The l a t e s t

e s t im a te s  o f  A m erican P e tro le u m  I n s t i t u t e  in d i c a t e  t h e r e
2

a re  299 b i l l i o n  b a r r e l s  o f  known re s o u rc e s  t h a t  w i l l  n ev er 

be p roduced  u n d er e x i s t i n g  econom ic c o n d i t io n s  and known 

te c h n o lo g y , and t h i s  v a lu e  i s  a p p ro x im a te ly  68 p e rc e n ta g e ^



o f  0 . 0 . I . p .  The d i f f i c u l t y  o f  f in d in g  new r e s e r v e s  t o  r e 

p la c e  produced o i l  co u ld  be  m in im ized  by em ploying b e t t e r  

and  more e f f i c i e n t  re c o v e ry  te c h n iq u e s  s in c e  more th a n  50% 

o f . t h e  o i l  in  th e  r e s e r v o i r  i s  u s u a l ly  l e f t  b e h in d . The 

c h a lle n g in g  t a s k  h as  r e s u l t e d  i n  th e  developm ent o f  newer 

re c o v e ry  te c h n iq u e s  s e v e r a l  o f  w hich show p ro m ise  o f  com

m e rc ia l  a p p l ic a t io n s  in  th e  o i l  f i e l d .  Some o f  th e s e  te c h 

n iq u e s  a re  o u t o f  th e  l a b o r a t o r i e s  and in to  th e  f i e l d  fo r  

p i l o t  t e s t i n g  w ith  p o s s ib le  l a r g e  s c a le  f i e l d  o p e r a t io n s .

The p rom inen t ones a r e  m is c ib le  f lo o d in g ,^ »  ® m ic e l la r -  

polym er f lo o d in g , carbon  d io x id e  f lo o d in g ^  and i n - s i t u  com

b u s t io n .  The m ajo r draw backs t o  e x i s t i n g  enhanced  re co v e ry  

m ethods ran g e  from h ig h  c o s t  and l im i te d  a v a i l a b i l i t y  of 

m a te r ia l  to  po o r sweep e f f i c i e n c y .

I n - s i t u  com bustion  i s  one o f  th e  th e rm a l re c o v e ry  t e c h 

n iq u e s  employed in  r e c o v e r in g  medium to  low g r a v i ty  v isc o u s  

c ru d e  o i l  (12° API to  35® A P I). T h is  mechanism c o n s is t s  o f 

i g n i t i n g  th e  c ru d e  o i l  in  th e  p o ro u s  ro ck  by means o f an 

i g n i t e r  and th e  com bustion  f r o n t  i s  p ro p a g a te d  th ro u g h  

th e  r e s e r v o i r  ro ck  by c o n t in u o u s ly  i n j e c t i n g  a i r  a n d /o r  com

b u s t io n  g a se s . The h e a t  g e n e ra te d  low ers th e  o i l  v i s c o s i ty  

th e re b y  r e s u l t i n g  in  a more f a v o ra b le  m o b il i ty  r a t i o  t h a t  

p e rm its  more e f f i c i e n t  d isp la c e m e n t t o  p ro d u c in g  w e l l s .

In  fo rw ard  co m b u stio n , th e  com bustion  f r o n t  moves 

from  th e  in je c t io n  w e ll  to w ard s  th e  p ro d u c in g  w e ll  in  th e  

same d i r e c t io n  as  th e  i n j e c t e d  a i r .  The f u e l  f o r  t h i s



p ro c e ss  i s  a  r e s id u a l  m a te r ia l  known a s  coke and i t s  concen

t r a t i o n  and r a t e  o f  com bustion  a t  th e  f r o n t  a r e  im p o rta n t 

f a c to r s  g o v ern in g  th e  a i r  re q u irem e n t f o r  th e  fo rw ard  com

b u s tio n  p ro c e s s .  As much a s  300 b a r r e l s  p e r  a c re ® -fo o t o f  

hydrocarbon may be consumed by th e  b u rn in g  f r o n t  and th e  

h e a t t r a n s p o r t  a s s o c ia te d  w ith  th e  ex o th e rm ic  r e a c t io n  i s  a 

key and u n iq u e  f e a tu r e  o f  t h i s  p ro c e s s .  F u e l a v a i l a b i l i t y  

has been r e p o r te d  a s  one o f  th e  m ost c r i t i c a l  p a ra m e te rs  

go v ern in g  i n - s i t u  com bustion  perform ance®  b ecau se  t h i s  

h ig h ly  r e a c t iv e  h y d ro carb o n  re s id iu m  produced  in  th e  evapo

r a t io n  and c ra c k in g  r e g io n  must be c o m p le te ly  b u rn ed  b e fo re  

th e  com bustion f r o n t  can  p ro p ag a te  to  th e  p ro d u c in g  w e l l .  

Thus, th e  a b i l i t y  t o  m a in ta in  s e l f  s u s ta in e d  co m b u stio n , 

advance r a t e  o f  th e  com bustion  f r o n t ,  and t o t a l  a i r  r e q u i r e 

ment f o r  th e  i n - s i t u  p ro c e s s  a re  a l l  r e l a t e d  to  th e  f u e l  

n a tu re  and i t s  c o n c e n t r a t io n .  The coke fo rm a tio n  and i t s  

su b seq u en t com bustion add a new dim ension  to  th e  c o m p lex ity  

o f t h i s  p ro c e s s  s in c e  we now have, t o  c o n s id e r  s im u lta n e o u s  

hydrodynam ics o f  th r e e  p h ase  flow  co u p led  w ith  h e a t ,  mass 

and chem ical r e a c t io n  k i n e t i c s .  Thus, an a d eq u a te  m athe

m a tic a l d e s c r ip t io n  o f  th e  forw ard  com bustion  p ro c e s s  w i l l  

r e q u ire  ad eq u a te  d e s c r ip t io n  o f th e  coke com bustion  p ro c e s s .

As n o ted  by some au thors,^® » la c k  o f  co m p le te  oxygen 

consum ption h as  been  m ost tro u b le so m e . The v e n te d  oxygen 

from p ro d u c in g  w e lls  r e p r e s e n t  a  w as te  and th e re b y  m aking 

th e  p ro ce ss  i n e f f e c t i v e  and in  most c a s e s ,  u n eco n o m ica l.



Such p o o r oxygen u t i l i z a t i o n  w hich i s  m ost c r i t i c a l  a t  low 

com bustion  te m p e ra tu re s  co u ld  be  s p é c u lâ t iv e ly  a t t r i b u t e d  

t o  i n s u f f i c i e n t  f u e l  d e p o s i t io n  o r  e x p la in e d  in  te rm s o f 

th e  r e a c t io n  k i n e t i c  p ro c e s s .

The m ain p u rp o se  o f  t h i s  s tu d y  was two f o ld :

1 . To i n v e s t i g a t e  th e  adequacy o f  th e  m odel d e s c r ib in g  

oxygen ca rb o n  r e a c t io n  o f  v a r io u s  ty p e s  o f  coke form ed under 

c o n d i t io n s  t h a t  s im u la te  f i e l d  c o n d i t io n s  d u r in g  i n - s i t u  

com b u stio n  and a l s o ,  t o  d e te rm in e  th e  c o n t r o l l i n g  mechanism 

o f  th e  coke com bustion .

2 . To conduct ex p e r im e n ts  to  e x p la in  th e  low oxygen 

u t i l i t y  t h a t  i s  o b se rv ed  d u r in g  low te m p e ra tu re  com bustion .



CHAPTER I I

LITERATURE REVIEW

When com busting  therm al en e rg y  i s  in tro d u c e d  in to  un

d e rg ro u n d  fo rm a tio n s  to  re c o v e r  o i l ,  th e  p ro c e s s  i s  known as 

i n - s i t u  co m b u stio n . The com bustion p ro c e s s  i s  most u s e fu l  

in  r e c o v e r in g  low to  medium g r a v i ty  c ru d e  o i l s  because  o f  

th e  s i g n i f i c a n t  e f f e c t  o f  te m p e ra tu re  on c ra c k in g  and vapo

r i z i n g  th e  o i l ;  lo w erin g  th e  c ru d e  v i s c o s i t y  and c au s in g  

f l u i d  e x p a n s io n . The therm al en e rg y  i s  in tro d u c e d  in to  th e  

fo rm a tio n  by i g n i t i n g  th e  underg round  c ru d e  and th e  g e n e ra te d  

com bustion  f r o n t  i s  p ro p ag a ted  by c o n tin u o u s  a i r  i n j e c t i o n .

In  fo rw a rd  com bustion which i s  r e f e r r e d  t o  in  t h i s  work, 

th e  f u e l  f o r  th e  com bustion  p ro c e s s  i s  a  r e s i d u a l  m a te r ia l  

known a s  coke w hich i s  d e p o s ite d  on th e  san d  g ra in s  d u r in g  

d i s t i l l a t i o n  and c ra c k in g  o f th e  o i l  ah ead  o f  th e  com bustion 

f r o n t .

The e f f e c t iv e n e s s  o f t h i s  p ro c e s s  depends on th e  r a t e  

o f  h e a t  g e n e ra t io n  by com bustion p ro c e s s  and e f f i c i e n c y  o f 

th e  h e a t  u t i l i z a t i o n .  The r a t e  o f  h e a t  g e n e r a t io n  depends 

on th e  r e a c t io n  r a t e  which depends on coke ( f u e l )  c o n c e n tra 

t i o n ,  oxygen p a r t i a l  p re s s u re  and a i r  i n j e c t i o n  r a t e .  The f u e l

5



c o n c e n tra t io n  in  tu rn  depends on th e  fo rm a tio n  and c ru d e  

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

o th e r  hand depends on r e s e r v o i r  f l u i d  s a tu r a t i o n  d i s t r i b u 

t i o n ,  th e rm a l p r o p e r t i e s  o f  th e  r e s e r v o i r  ro c k  m a tr ix  and 

i t s  su rro u n d in g  ro c k . One can a t  t h i s  s ta g e ,  b eg in  to  

u n d e rs ta n d  th e  i n t r i c a t e  in te rd e p e n d e n c e  betw een th e  v a r io u s  

p ro c e ss  v a r ia b le s  and i t  i s  no s u r p r i s e  th e n  t h a t  th e  h i s 

to ry  o f m a th em atica l d e s c r ip t i o n  and perfo rm ance  p r e d ic t io n  

o f  i n - s i t u  re c o v e ry  te c h n iq u e  h as  been c e n te re d  on em phasiz

in g  s in g le  f a c to r s  such  a s  th e rm a l o r  hydrodynam ic o r  k i n e t i c  

a s p e c t s . ^3,  14 L ik e w ise , la b o r a to ry  r e s e a r c h  works have 

o n ly  c o n c e n tra te d  on s im p le  m odels in  w hich a l l  th e  p ro c e ss  

v a r ia b le s  a re  h e ld  c o n s ta n t  e x c e p t th e  one u n d er in v e s t ig a 

t io n .^ »  ^^» A lthough  th e s e  e x p e r im e n ta l w orks do n o t 

r e f l e c t  r e a l  w orld  s i t u a t i o n s  w here most o f  th e  v a r ia b le s  

v a ry  b o th  w ith  tim e  and d i s t a n c e ,  th e y  do however p ro v id e  

com prehensive d e s c r ip t io n  o f  th e s e  s u b p ro c e s se s  w hich a id  

in  ad eq u a te  fo rm u la tio n  o f  a  com prehensive m ath em a tica l 

m o d el.

The m a th em a tica l m odels p ro p o sed  by B a ily  and L a rk in , 

Thomas^® and Chu^^ em phasized  th e  h e a t t r a n s f e r  by  co n v ec tio n  

and c o n d u c tio n  and v e r t i c a l  h e a t  lo s s e s  a s p e c ts .  The f o l 

low ing assu m p tio n s  w ere made : ^

1. The e f f e c t  o f  h e a t  t r a n s f e r  due to  f lo w  o f  o i l  

and g as .



2 . The e f f e c t  o f  co n d e n sa tio n  o f  v a p o rs  ahead  o f  th e  

com bustion  f r o n t  and

3 . F orm ation  o f  v ap o r a t  th e  com bustion  f r o n t  

w ere a l l  n e g le c te d .  In  o th e r  w ords, th e  hydrodynam ic and 

k i n e t i c  e f f e c t s  w ere a l l  n e g le c te d .

W ilson e t  a l . l ^  c o n c e n tra te d  on th e  hydrodynam ic a s 

p e c t  and th e y  d ev e lo p ed  a model f o r  p r e d i c t in g  th e  f l u i d  

flo w  r a t e s  and t h e i r  s a tu r a t i o n s  in  th e  d i f f e r e n t  r e g io n s  

ahead  o f  an adv an c in g  com bustion f r o n t .  A s te a d y  s t a t e  a s 

sum ption  betw een th e  f l u i d s  was made and th e  co n cep t o f  

t h r e e  p h ase  r e l a t i v e  p e rm e a b i l i ty  was u se d . They ig n o re d  

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

The f i r s t  s e r io u s  a tte m p t t o  c o n s id e r  k i n e t i c  e f f e c t s  
17was by Tadem a, who p re s e n te d  a d i f f e r e n t i a l  th e rm a l a n a l 

y s i s  s tu d y . The a p p a ra tu s  u sed  was a d a p te d  f o r  m easu rin g  

th e  te m p e ra tu re  d i f f e r e n c e  betw een an o i l  sand  sam ple in  an 

a i r  s tre a m  and a b la n k  sand  sam ple w here b o th  sam ples w ere 

b e in g  h e a te d  under th e  same c o n d i t io n s .  Two d i f f e r e n t  com

b u s t io n  r e a c t io n s  w ere  o b se rv ed  t o  o c c u r  a t  ab o u t 270°C and 

400°C and a n a ly s is  o f  th e  ex h au st gas in d ic a te d  t h a t  a t  

270OC, most o f  th e  oxygen was ta k e n  up from  th e  fe e d  gas 

le a v in g  b eh in d  a c o k e - l ik e  r e s id u e .  Most o f  th e  oxygen 

r e a c te d  to  form  w a te r  w ith  sm a ll p e rc e n ta g e  t r a c e d  a s  CO2  

and CO. At th e  h ig h  te m p e ra tu re  peak  o f  400°C, m ain ly  CO2  

and some CO w ere form ed w ith  l i t t l e  w a te r  p ro d u c tio n  and no 

r e s id u e  l e f t  b e h in d . Thus, Tadem a's k i n e t i c  a n a ly s is  was
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m o stly  q u a l i t a t i v e  and  a ls o ,  devoid  o f  o th e r  p ro c e s s  v a r i 

a b le s  which w ere c o n s id e re d  s e p a r a te ly .

The f i r s t  com prehensive model t o  in c o r p o r a te  th e  e f 

f e c t s  o f  c o n d u c tiv e -c o n v e c tiv e  h ea t t r a n s f e r  w ith  convec

t i v e  e x te r n a l  h e a t  l o s s ,  phase  change in  w a te r  com ponent, 

th re e  phase  f l u i d s  f lo w  and chem ical r e a c t io n  was by G o tt-
1 Q

f r i e d .  The ch em ica l a sp e c t o f  h i s  model was m ost la c k in g  

s in c e  i t  n e g le c te d  hydrocarbon  phase  change and v a r i a t i o n  

in  f u e l  c o n c e n t r a t io n .  The model assum ed a n o n - v o la t i l e  

l i q u id  o i l  in  w hich th e  r e a c t io n  r a t e  i s  p r o p o r t io n a l  to  th e  

amount o f  o i l  p r e s e n t  and an A rrh en iu s  ty p e  r a t e  e x p re s s io n  

was a r b i t r a r i l y  assumed b u t i n t e r e s t i n g l y  enough, he  r i g h t l y  

in d ic a te d  t h a t  th e  c o r r e c t  p ro ced u re  w ould b e  to  w r i te  an 

a d d i t io n a l  p a r t i a l  d i f f e r e n t i a l  e q u a tio n  r e p r e s e n t in g  a mass 

b a la n c e  on th e  f u e l  ( c o k e ) . Such an e x p re s s io n  w ould acco u n t 

f o r  b o th  th e  r a t e  o f  coke fo rm atio n  and th e  r a t e  a t  w hich i t  

i s  s u b se q u e n tly  b u rn e d . However, q u a n t i t a t i v e  in fo rm a tio n  

d e s c r ib in g  th e  above r a t e s  a r e  s c a rc e  and  som etim es c o n tr a 

d ic to r y .  B o u said  e t  a l.^®  p o in te d  o u t th e  s c a n ty  e x is te n c e  

o f q u a n t i t a t i v e  work on r e a c t io n  k i n e t i c s  in  fo rw a rd  combus

t io n  b u t  n o te d  th e  e x te n s iv e  work on com bustion  o f  ca rb o n , 

o i l s  and ca rb o n aceo u s  r e s id u e  from c ra c k in g  c a t a l y s t  p e l l e t s .  

D art e t  a l.^ ®  d em o n stra te d  t h a t  th e  com bustion  r a t e  f o r  o x i

d a t io n  o f  ca rb o n aceo u s  r e s id u e  on c la y  c a t a l y s t  p e l l e t s  was 

f i r s t  o rd e r  w ith  r e s p e c t  to  carbon and  oxygen p a r t i a l  p r e s 

su re  f o r  ca rb o n  c o n c e n tra t io n  g r e a te r  th a n  2% by w e ig h t o f



c a t a l y s t  b u t second  o rd e r  w ith  r e s p e c t  to  ca rb o n  c o n c e n tra 

t i o n  f o r  v a lu e s  l e s s  th a n  2%, The v a r i a t i o n  in  o rd e r  o f  

ca rb o n  dependence on th e  r a t e  s tu d i e s  w ere a t t r i b u t e d  to  

th e  a g in g  e f f e c t^ ^  o f  th e  f u e l  d u r in g  co m b u stio n . Lewis 

e t  a l . 22 s tu d ie d  o x id a t io n  o f  c h a rc o a l  coke in  f lu id iz e d  

b ed  and in d ic a te d  a r a t e  e x p re s s io n  t h a t  showed f i r s t  o rd e r  

dependence on b o th  ca rb o n  c o n c e n tr a t io n  and oxygen p a r t i a l  

p r e s s u r e .  B oth  D art e t  a l .  and Lew is e t  a l .  con c lu d ed  t h a t  

th e  o x id a t io n  r e a c t io n  o f  ca rb o n  in  p o ro u s  b ed s  was chem i

c a l l y  r a t e  c o n t r o l l e d  and t h a t  th e  r a t e  c o n s ta n t  co u ld  be 

c o r r e l a t e d  by A rrh e n iu s  e q u a t io n .  D e te rm in a tio n  o f  th e  con

t r o l l i n g  mechanism by th e s e  a u th o rs  was b a se d  on r e a c t io n  

r a t e s  d e r iv e d  from  power law  ty p e  model d e s c r ib in g  co k e- 

oxygen r e a c t io n .

On th e  o th e r  hand, S t r i jb o s ^ S  u sed  c y l i n d r i c a l  p i l l s  

made o f  i n e r t  ceram ic  m a te r ia l  ( p y r o l i t h )  t h a t  w ere im preg- 

naded w ith  R hop lex , d r ie d  and  h e a te d  to  600°C in  a  n i t ro g e n  

a tm o sp h ere  to  form  ca rb o n aceo u s  r e s id u e .  He showed t h a t  

above 660°C, th e  com bustion  p ro c e s s  was c o n t r o l l e d  by d i f 

f u s io n .  W eisz and Goodwin^^ co n d u c ted  some com bustion  

s tu d i e s  on a p o ro u s  c a t a l y s t  and a t  h ig h  te m p e ra tu re  (625<^C), 

found  th e  p ro c e s s  to  be c o n t r o l l e d  by d i f f u s io n .  These 

au tho rs22>  24 ^ se d  u n re a c te d ^ ^  co re  a n a ly s is  model in  t h e i r  

s o lu t io n  approach  to  th e  p ro b lem . The above s tu d ie s  and 

r e s u l t s  w ere v e ry  r e v e a l in g  and im p o rta n t b u t  t h e i r  a p p l i 

c a b i l i t y  was no doubt in te n d e d  f o r  th e  r e l e v a n t  s u b je c ts
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s tu d ie d  and t h e i r  a p p l i c a b i l i t y  in  th e  i n - s i t u  re c o v e ry  p ro 

c e s s  i s  q u e s t io n a b le .

More r e le v a n t  d a ta  w ere p ro v id e d  by Ramey^^ e t  a l .  

who s tu d ie d  o i l  o x id a t io n  on two c ru d e  ty p e s  a t  low tem pera

t u r e  in  a  ro c k in g  bomb a p p a ra tu s  and found th e  r a t e  t o  be 

f i r s t  o rd e r  w ith  r e s p e c t  to  oxygen p a r t i a l  p r e s s u r e .  They 

a ls o  r e p o r te d  th a t  on th e  coke com bustion  s tu d ie s ,  f o r  th e  

same two ty p e s  o f  c ru d e  in v e s t ig a te d ,  a  com bustion r a t e  t h a t  

in d ic a te d  a f i r s t  o r d e r  dependency w ith  r e s p e c t  to  b o th  c a r 

bon c o n c e n tr a t io n  and oxygen p a r t i a l  p r e s s u re  was o b se rv ed . 

They a ls o  showed t h a t  th e  a c t i v a t i o n  energy  depended on f o r 

m ation  ty p e  and th e  p re se n c e  o f  c la y  red u ced  i t s  v a lu e  from 

26 ,600  t o  20,800 B tu /lb -m o le . H ere a g a in , th e s e  a u th o rs  a s 

sumed a power law ty p e  r a t e  e x p re s s io n  model and con c lu d ed  

t h a t  th e  coke com bustion  p ro c e s s  i s  c o n t r o l l e d  by chem ical 

r e a c t io n .  Some o f  th e  l i m i t a t i o n s  o f  th e  work p re s e n te d  by 

B ousaid  e t  a l .  c o u ld  be sum m arized a s :

1. The c o n d i t io n  u n d e r w hich th e  work was done do 

n o t s im u la te  th e  seq u en ce  o f  hydrodynam ic and th e rm a l e f 

f e c t s  o c c u r in g  in  th e  r e s e r v o i r  f l u i d s  d u r in g  i n - s i t u  com

b u s t io n .

2 . The cokes w ere made by m ix ing  c ru d e  o i l  and sand 

and th e n  h e a te d  in  th e  p re se n c e  o f  n i tro g e n  o n ly . T h is  i s

a r e p r e s e n ta t io n  o f coke form ed by p y r o ly s is  and th e y  do no t 

r e p re s e n t  coke form ed from  low te m p e ra tu re  o x id a t io n  (L .T .O .) 

o f  th e  c ru d e  o i l .
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The most r e c e n t  work by Dabbous and Fulton^®  h as 

s t r o n g ly  in d ic a te d  th e  need  f o r  more r e s e a r c h  e f f o r t s  on 

r e s o lv in g  th e  c o n t r o l l in g  m echanism  d u rin g  coke com bustion . 

T h e ir  p rim ary  i n t e r e s t  was on e v a lu a t in g  th e  coke fo rm a tio n  

r e a c t io n  r a t e  w ith  p e r ip h e r a l  i n t e r e s t  on i t s  com bustion  

p r o c e s s .  They a ls o  r e p o r te d  t h a t  th e  coke com bustion  p ro 

c e s s  was c o n t r o l le d  by ch em ica l r e a c t io n  b u t  th e y  a ls o  s u s 

p e c te d  some d i f f u s io n  e f f e c t s  a t  h ig h  carb o n  c o n c e n tra t io n  

above 0 .5  gmC/100 gm san d .

The la c k  o f  agreem ent in  th e  p u b lis h e d  l i t e r a t u r e  as  

t o  th e  c o n t r o l l in g  mechanism o f  th e  coke com bustion  r e a c t io n  

a s  d em o n s tra te d  by th e s e  a u th o r s  i s  a

f u r t h e r  in d ic a t io n  t h a t  more e x te n s iv e  work i s  r e q u i r e d  in  

t h i s  a r e a .
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STATEMENT OF THE PROBLEM

At low te m p e ra tu re s  th e  r e a c t io n  betw een c ru d e  o i l  

and oxygen in  a po rous medium, le a v e s  a r e s id u a l  m a te r ia l  

known a s  coke. The r e a c t io n  k i n e t i c s  o f  t h i s  coke combus

t io n  i s  th e  l e a s t  in v e s t i g a t e d  su b p ro c e ss  o f  i n - s i t u  o i l  

re c o v e ry  p ro c e ss  and ad e q u a te  d e s c r ip t io n  o f  th e  p ro c e s s  i s  

e s s e n t i a l  f o r  com plete  m a th e m a tica l m odeling  o f  t h i s  re c o v e ry  

mechanism. Depending on th e  l i n e  o f  a t t a c k ,  c o n f l i c t i n g  r e 

s u l t s  co u ld  be o b ta in e d  in  t r y i n g  to  d e te rm in e  th e  c o n t r o l 

l in g  mechanism o f  t h i s  su b p ro c e ss  a s  in d ic a te d  in  th e  l i t e r a 

t u r e  rev iew  s e c t io n  o f  t h i s  w ork.

T h is  work a d d re s s e s  i t s e l f  to  th e  ta s k  o f  d e te rm in in g  

th e  c o n t r o l l in g  mechanism by c o n s id e r in g  two d i f f e r e n t  m ath

e m a tic a l  app roaches to  th e  p ro b lem .

F u rth e rm o re , t h i s  work a l s o  a d d re s s e s  i t s e l f  t o  th e  

problem  of h ig h  p e rc e n ta g e  o f  oxygen a p p e a r in g  u n re a c te d  

e s p e c ia l ly  a t  low te m p e ra tu re s  d u r in g  coke com bustion .



CHAPTER I I I

MATHEMATICAL MODELS 

3*1 Chemical R a te  C o n tro l A n a ly s is

The r e a c t io n  betw een  th e  coke and oxygen in  a po rous 

bed i s  a h e te ro g en eo u s  f lo w  r e a c t io n .  There a r e  a  number o f  

t r a n s p o r t  p ro c e s s e s  o c c u r r in g  w ith in  th e  r e a c t io n  zone and 

th e  s lo w e s t s te p  has th e  h ig h e s t  r e s i s t a n c e  to  r e a c t io n .  

T h e re fo re , such s lo w est p ro c e s s  i s  th e  c o n t r o l l in g  p ro c e s s  

in  d e te rm in in g  th e  o v e r a l l  o b se rv e d  r e a c t io n  r a t e .  These 

su b p ro c esse s  can be d e s c r ib e d  a s :

1 . T ra n sp o rt o f  oxygen from  th e  b u lk  g as s tream  

th ro u g h  a t h i n  bo u n d ary  l a y e r  to  th e  coke i n t e r 

f a c e  by  a p ro c e s s  o f  d i f f u s io n .

2 . A b so rb tio n  i n t o  a c t i v e  s i t e s .

3 . R e a c tio n  w ith  coke a t  th e  a c t iv e  s i t e s .

4 . D eso rb tio n  o f  com bustion  p r o d u c ts " in to  p o re s  o f 

th e  coke m a tr ix .

5 . T ra n sp o rt o f  com bustion  p ro d u c ts  back  in to  th e  

b u lk  g as s tre a m .

13
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Porous
P a rtic le

ILLUSTRATION OF PHYSICAL AND CHEMICAL STEPS

IN HETEROGENEOUS REACTION

S tep  1 (1 )  T ra n s p o r t  o f  oxygen th ro u g h  t h i n  boundary  

la y e r s  su rro u n d in g  th e  p a r t i c l e .

S tep  1 ( i i )  D if fu s io n  th ro u g h  b la n k e t  o f  a sh  to  s u r f a c e  

o f  u n re a c te d  c o re .

S tep  2 A d so rp tio n  a t  a c t i v e  s i t e .

S tep  3 R e a c tio n  o f  oxygen w ith  coke a t  r e a c t io n

s u r f a c e .

S tep  4 ( i )  D if fu s io n  o f  g aseo u s  p ro d u c t th ro u g h  a sh  

back  t o  e x t e r i o r  s u r f a c e  o f s o l i d .

S tep  4 ( i i )  D if fu s io n  o f  g a se o u s  p ro d u c t th ro u g h  g as  

f i lm  b ack  in to  g as  s tre a m .

A ccord ing  t o  L e v e n s p ie l ,^ ^  when no g aseo u s  p ro d u c ts  a r e  form ed 

o r  i f  th e  r e a c t i o n  i s  i r r e v e r s i b l e .  S te p s  4 ( i )  and 4 ( i i )  w i l l  n o t 

c o n t r ib u te  t o  th e  r e s i s t a n c e  to  r e a c t io n .  A com prehensive 

o v e r a l l  r e a c t io n  r a t e  can  be fo rm u la te d  in  w hich th e  above 

s te p s  a r e  a l l  c o n s id e re d  b u t such  fo rm u la tio n  w i l l  b e  q u i te
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complex and w i l l  c o n ta in  so  many v a r i a b le s ,  r e s u l t i n g  in  

q u e s t io n a b le  u t i l i t y  f o r  such  fo rm u la tio n .

P re v io u s  a u th o r s ^ ^ ’ s tu d y in g  th e  com bustion

o f coke in  a  p o ro u s  bed  had  s t a r t e d  w ith  a  model d e s c r ib in g  

carbon  b u rn in g  r a t e  to  be d i r e c t l y  p r o p o r t io n a l  to  carb o n  

c o n c e n tr a t io n  and  oxygen p a r t i a l  p r e s s u re .  M a th e m a tic a lly , 

t h i s  c o u ld  b e  e x p re s s e d  a s

- r  = - | |  = Kc°p“ -----------------------------------------------------( 3 .1 )

Some o f  th e s e  au th o rs^ ^ >  concluded  t h a t  such  combus

t io n  p ro c e s s  was c h e m ic a lly  r a t e - c o n t r o l l e d  and t h a t  th e  

r a t e  c o n s ta n t  c o u ld  be c o r r e l a t e d  by th e  A rrh e n iu s  e q u a t io n .  

Thus e q u a t io n  (3 .1 )  now becomes

r  = A e-^ /^T  c O p n ------------------------------------------------------- ( 3 .2 )

A lth o u g h  n o t i m p l i c i t l y  in d ic a te d  in  any o f  th e  p r e 

v io u s  r e s e a r c h  w o rk s, c o n d i t io n s  t h a t  enhanced  d i f f u s io n

p ro c e ss  sh o u ld  have been employed and by u s in g  th e  model d e 

p ic te d  by e q u a t io n  ( 3 .2 ) ,  ob serv ed  e x p e r im e n ta l d a ta  sh o u ld  

n o t m atch t h i s  p ro p o sed  m odel i f  in d eed  th e  o v e r a l l  r e a c t i o n  

r a t e  was c o n t r o l l e d  by d i f f u s io n .  On th e  o th e r  hand, i f  we 

do n o t have a  d i f f u s io n  l im i t in g  p ro c e s s ,  p r o v is io n  f o r  en 

h an c in g  d i f f u s io n  c o n d i t io n s  w i l l  b e  im m a te ria l and i n e f f e c 

t i v e  and o b s e rv e d  o v e r a l l  r e a c t io n  r a t e  d a ta  w i l l  c lo s e ly  

c o r r e l a t e  t h e  p ro p o sed  ch e m ic a lly  r a t e  c o n t r o l l e d  th e o ry .

In  t h i s  c a s e ,  t h e  fo llo w in g  r e s u l t  sh o u ld  be  e x p e c te d .
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K =

lo g  K = lo g  A -  E/RT

logK
S lo p e  = -E /r

T

The above m ath em atics  a r e  r a t h e r  t r i v i a l  b u t th e  com

p l e x i t y  o f  a n a ly s is  i s  in  t r y in g  to  d e te rm in e  th e  v a lu e  o f  

K ( s p e c i f i c  r a t e  c o e f f i c i e n t ) .  In  th e  fo llo w in g  s e c t io n s ,  

d e t a i l e d  a n a ly s is  on th e  d e te rm in a tio n  o f  th e  v a r ia b le s  r ,  

c , p , K i s  d is c u s s e d .

The b u rn in g  o f  a  l a y e r  o f  coked sand in  a com bustion 

c e l l  sh o u ld  s t r i c t l y  sp e ak in g  be c o n s id e re d  a s  an i n t e g r a l  

r e a c t o r  and th e  k i n e t i c  d a ta  o b ta in e d ,  t r e a t e d  as i n t e g r a l  

d a ta .  L e v in sp ie l^ ^  in d ic a te d  t h a t  when v a r i a t i o n  in  r e a c t io n  

w ith in  a r e a c to r  i s  v e ry  l a r g e  th e n  we a cco u n t f o r  such  va

r i a t i o n  in  th e  m ethod o f  a n a l y s i s .  T h is i s  th e  b a s i s  o f  an 

i n t e g r a l  r e a c to r .  S in c e  r e a c t i o n  r a t e s  a r e  c o n c e n tra t io n  

d e p en d en t, such  l a r g e  v a r i a t io n s  in  r a t e  may b e  ex p ec ted  to  

o c cu r  when th e  r e a c ta n t  co m p o sitio n  changes s i g n i f i c a n t l y  

in  p a s s in g  th ro u g h  th e  r e a c t o r .  F o r th e  i n t e g r a l  a n a ly s is ,  

th e  r a t e  e x p re ss io n  t o  be t e s t e d  i s  in t e g r a te d  and th e  r e 

s u l t i n g  c o n c e n tr a t io n  tim e  cu rv e  i s  compared w ith  experim en

t a l  c o n c e n tra t io n  d a ta .  I f  th e  f i t  i s  u n s a t i s f a c to r y ,
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a n o th e r  r a t e  e x p re s s io n  i s  p ro p o sed  and t e s t e d .  To i l l u s 

t r a t e  t h i s ,  suppose r  = -Aâ = f ( k , c )
d t

Then - dc = d t
f ( k ,c )

f ( k ,c )  "

A ccept r a t e  e x p re s s io n  
t h a t  g iv e s  t h i s

R e je c t  r a t e  e x p re s s io n  th a t  
r e s u l t s  in  t h i s

t

I f  th e  p h y s ic a l  s i t u a t i o n  in v o lv e d  in  b u rn in g  a l a y e r  

o f  coked sand i s  such  t h a t  th e  r e a c t io n  r a t e  can be con

s id e r e d  to  be c o n s ta n t  a t  a l l  p o in t s  w ith in  th e  r e a c to r ,  

th en  d i f f e r e n t i a l  m ethod o f a n a ly s is  w i l l  be j u s t i f i a b l e .

Such a p h y s ic a l  s i t u a t i o n  i s  r e p r e s e n ta t iv e  o f  th e  c o n d i t io n s  

in v o lv e d  in  a b u rn in g  t h i n  la y e r  o f  coked san d  in  a sh a llo w  

sm a ll r e a c to r .  T h is  i s  th e  b a s i s  on which th e  d i f f e r e n t i a l  

m ethod o f  a n a ly s is  was ch o sen .

3 .1 .1  D i f f e r e n t i a l  Method o f  A n a ly s is

In  t h i s  method o f  a n a ly s i s ,  we d e a l d i r e c t l y  w ith  th e  

d i f f e r e n t i a l  r a t e  e q u a tio n  to  be  t e s t e d .  The e n t i r e  p ro 

ced u re  can be sum m arized below .
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1 . H y p o th es iz e  a mechanism and o b ta in  a  r a t e  e x p re s 

s io n  from  i t .

2 .  O b ta in  raw d a ta  in  th e  form  o f  c o n c e n tr a t io n  v s . 

tim e  f o r  a l l  t h e  v a r ia b le s  in  th e  r a t e  e x p re s s io n .

3 . Draw a  smooth cu rv e  th ro u g h  th e  c o n c e n tr a t io n - t im e  

d a ta  and d e te rm in e  th e  s lo p e  a t  s e l e c t e d  concen

t r a t i o n  i n t e r v a l s .  T h is  r e p r e s e n ts  th e  r e a c t io n  

r a t e .

4 .  P lo t  th e  v a lu e  o f  t h i s  r e a c t io n  r a t e  ( s lo p e  o f 

cu rv e )  a g a in s t  e v a lu a te d  v a lu e s  o f  th e  e x p re s s io n  

d e s c r ib in g  th e  r e a c t io n  r a t e .

As an i l l u s t r a t i o n ,  suppose r  = -AÇ = f ( k , c )  th en  from
d t

raw C v s  t  d a ta ,  o b ta in  ^  by d i f f e r e n t i a t i n g  C v s .  t  c u rv e .
d t

The s lo p e  o b ta in e d  from th e  above i s  p l o t t e d  a g a in s t  

f ( k ,c )

The e x p re s s io n  f ( k , c )  which y ie ld s  a  s t r a i g h t  l i n e  i s  

a c c e p te d  a s  th e  c o r r e c t  e x p re s s io n  d e s c r ib in g  th e  r e a c t io n  

r a t e  under i n v e s t i g a t io n .

The fo llo w in g  p ro c e d u ra l  s te p s  a re  in v o lv e d  in  a p p ly in g  

th e  above co n cep t to  coke-oxygen r e a c t io n .
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1. The h y p o th e s iz e d  r a t e  e q u a tio n  under in v e s t ig a t io n

i s  r  = -  ÉÇ = KC 
d t

2 . The raw d a ta  d e s c r ib in g  volume % CO, CO2  and Og 

w ith  tim e a r e  i l l u s t r a t e d  by F ig u re  3 .1 . Convert 

th e  volume % m easurem ent t o  ca rb o n  c o n c e n tra t io n  

C a s  in d ic a te d  below .

D e te c te d  o x id e s  o f  ca rb o n  p roduced  d u r in g  carbon  com

b u s t io n  a re  CO and COg. T h e re fo re ,  a t  any i n s t a n t ,  volume 

o f  ca rb o n  p ro d u c ts  p roduced  =

[ C 0 ( t )  + C 0 2 ( t) ]  F ( t )

T o ta l  mass o f  carbon  b u rn t  a f t e r  t  m in u te s  = C B (t)

3)CB(t) = jjc.F. (C0(t) + COg(t))F(t)j d t --------(3.
w here CB i s  gmC/100 gm san d .

C .F . = C onversion  f a c to r  (from  volume to  m ass)

= 12 gmC/mol. 100 gm s a n d _________
G.M.V. wt o f  c le a n  san d  (gm)

G.M.V. = Gram m o le c u la r  volume o f  g a se s  a t  room 

te m p e ra tu re  = 22 ,900 cc /m o l a t  72°F 

By u s in g  C.S.M.P.28 i n t e g r a to r  (C o n tin u o u s  sy stem  m o d e llin g  

p ro g ra m )/e q u a tio n  3 was in t e g r a te d  f o r  th e  d u r a t io n  o f  th e  

run  and t h i s  y ie ld e d  th e  i n i t i a l  ca rb o n  c o n c e n tr a t io n  C l.

The in s ta n ta n e o u s  ca rb o n  c o n c e n tr a t io n  a t  any tim e  C ( t)  i s  

th u s  CI-CB.

C (t)

.^end

= ^ . F  (C O (t) + C 0 2 ( t ) ) F ( t ) ]  d t  -

° f c .F .  (C O (t) + C 0 2 ( t ) ) F ( t )  d t
Jq

te n d  = tim e to  end o f  run
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F ig u re  5 .1  

C arbon O xides in  E x i t  Gas 

Vs

C om bustion Time

M
ou

ou

o
>

8 166 141242 1 00

C om bustion T im e, M in u te s
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The oxygen p a r t i a l  p r e s s u r e  P was e v a lu a te d  a s  fo llo w s :

P “  P in  Pe  w here P^^^ and Pg r e p r e s e n t  th e  i n l e t

and e x i t  oxygen p a r t i a l  p r e s s u r e s  r e s p e c t iv e ly .

P in  = V ol. % o f  i n l e t  Op. * ir w here ir = r e a c to r  p r e s s u re  
1 0 0 % in  a tm osphere

Pe = V ol. % o f  u n re a c te d  oxygen * tt 
100%

By u s in g  C .S .M .P . d e r iv a t iv e  program , th e  s lo p e  

o f  th e  c o n c e n tr a t io n  tim e cu rve  was e v a lu a te d  a t  

each  tim e  l e v e l  t o  y ie ld  r e a c t io n  r a t e  r .

P lo t  ^  v e rs u s  f (C ,P )  where f (C ,P )  i s  c^pM and 

i f  a  s t r a i g h t  l i n e  th ro u g h  th e  o r ig i n  i s  o b ta in e d , 

th e n  th e  r a t e  e q u a tio n  i s  c o n s is te n t  w ith  th e  d a ta .

r  =-dÇ 
d t S lo p e  = K

c^pM

The ta s k  a t  t h i s  s ta g e  i s  to  e v a lu a te  th e  fu n c tio n  

f (C ,P )  t h a t  w i l l  y i e l d  a s t r a i g h t  l i n e  as  in d ic a te d  above.

A non l i n e a r  o p tim iz a t io n  te c h n iq u e  was d ev e lo p ed  to  g iv e  

optimum v a lu e s  o f  n , m and K. The r e a s o n s  f o r  u s in g  non 

l i n e a r  o p tim iz a t io n  te c h n iq u e  a re  d is c u s s e d  l a t e r .  With 

v a r io u s  K v a lu e s  f o r  d i f f e r e n t  is o th e rm a l com bustion  tem p

e r a t u r e s ,  th e  A rrh e n iu s  p lo t  can th e n  b e  t e s t e d  to  d e te rm in e
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i f  r e a c t io n  c o n tro ls  th e  com bustion  p ro c e s s .

For a r e a c t io n  c o n t r o l  p ro c e s s ,  K = A e"^ /^^  th u s  lo g  K 

v s . Y w i l l  y ie ld  a  s t r a i g h t  l i n e .

As can be  seen  from  th e  above d is c u s s io n ,  d e te rm in in g  

th e  c o n t r o l l in g  mechanism from  t h i s  ty p e  o f  a n a ly s is  i s  

q u i te  com plex. S in c e :

1 . The c o r re c t  r a t e  e x p re s s io n  i s  assumed to  be  accu 

r a t e l y  known.

2 . I t  i s  assumed t h a t  th e  g lo b a l r a t e  w hich we ob

se rv e  and  com pute i s  th e  same as  th e  i n t r i n s i c  

r a t e  which we s e e k  to  d e te rm in e . F o r a  h e te r o 

geneous sy s te m , one would be i l l  a d v ise d  to  make 

such  assum ption  a p r i o r i .

As p re v io u s ly  n o te d , th e  co m p lex ity  o f  t h i s  a n a ly s is  

l i e s  in  d e te rm in in g  th e  v a lu e  o f  K from th e  h y p o th e s iz e d  

r e a c t io n  r a t e  in v o lv e d  in  oxygen coke r e a c t io n :  

r  = " I I  = k CDpm 

The fo llo w in g  s e c t io n  d e s c r ib e s  m ethods t h a t  c o u ld  be  u sed  

to  d e te rm in e  th e  c o n s ta n ts  K, n , m.

In  1956, L e v e n sp ie l, W e in s te in  e t  a l . 29 p u b lis h e d  a 

s o lu t io n  tech n iq u e  which in v o lv e s  l i n e a r i z in g  th e  above 

e q u a tio n  such  th a t th e  d ependen t v a r ia b le  i s  a  l i n e a r  

fu n c t io n  o f  th e  th re e  in d ep en d en t v a r i a b le s :  K, n , m. By 

lo g a r ith m ic  t ra n s fo rm a tio n ,  th e  above e q u a tio n  becomes 

lo g r i  = logK + n logC^ + m logPj^
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L et Yi = l o g r i ,  = logK, X i i  = logC i,X 2 i  = lo g P i

Yi = bo + n X ii + mX2 i ------------------------------------ (a )

Summing e q u a tio n  ( a )  from  i  = 1 to  N ( t o t a l  number o f  d a ta

p o in t s  on each  ru n )
N N N
l Y i  = Nbo + nIXii + mIX2i ----------------(1)

i= l  1  1

M u ltip ly  (A) by X ^  and sum
N N . ^  N
^ i X i  = b o ^ i i  + nliXi±y + m & 2 iX l i  (2 )
1 r  I 1

M u ltip ly  (A) by X2 i  and sum
N N ^  ^

= ‘>oiX2 i  + " S l A i  + mX%2 l )  (3)

E q u a tio n s  1, 2 and 3 can  now b e  so lv e d  s im u lta n e o u s ly  and 

th e  v a lu e s  o f  K, n , m d e te rm in e d . T h is  was done by u s in g  

LEQTIF^® s u b ro u t in e  and th e  fo llo w in g  m a tr ic e s  w ere p ro v id e d ;

A -

N

N
Z x i i

N

N
I X l i
1

N
K ^ i i ) '
1

N

N
IX 2 i
1

N
% i % i i

N
I (X liX 2 i )  I(% 2 i ) '

B = 0

0

0

u

1

0

0

0

1

0

N

|(Y iX 2 i )
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B =
w here = logK 

K = 10^°

The o u tp u t s o lu t io n  was m o d ified  v e c to r  B

— -  -  bo

— — — n

— — — m

0 0 0 1

The above s t a t i s t i c a l  s o lu t io n  te c h n iq u e  i s  a s ta n d a rd  

p ro c e d u re  f o r  a n a ly z in g  d a ta  b u t  u n f o r tu n a te ly ,  t h i s  te c h 

n iq u e  f a i l e d  to  y ie ld  r e a s o n a b le  and a c c e p ta b le  r e s u l t s .

(S ee  T ab le  1) The sh o rtco m in g s  o f  t h i s  te c h n iq u e  c o u ld  be 

a t t r i b u t e d  t o  th e  f a c t  t h a t  th e  m ethod m in im izes  th e  ro o t  

mean sq u a re  d e v ia t io n  o f  th e  lo g a r ith m  o f  th e  v a r ia b le s  r a 

t h e r  th a n  th e  v a r i a b l e s  th e m se lv e s .

P re v io u s  authors^® » ta c k le d  t h i s  p ro b lem  o f  e v a lu 

a t i n g  K, n , m from  a v e ry  s i m p l i s t i c  a p p ro a c h . They r e 

a r ra n g e d  th e  l i n e a r i z e d  form o f  th e  r a t e  e q u a tio n  to  o b ta in  

6^ )
lo g    = logK + nlogCpm

By assum ing m = 1, ( -d C /d t)  was p l o t t e d  a g a in s t  C on lo g - lo g
P

p a p e r  and th e  v a lu e s  o f  n and K e v a lu a te d .  The i n i t i a l  a s 

sum ption  t h a t  m = 1  i s  v e r i f i e d  by now p l o t t i n g  lo g  ( - d c / d t )
cn

a g a in s t  logP  from w hich th e  s lo p e  o f  th e  r e s u l t a n t  l i n e  sho u ld  

e q u a l 1 . The s u c c e s s  o f  t h i s  g r a p h ic a l  te c h n iq u e  depends on 

e x p e r ie n c e  and i s  s u b je c t  to  u n a v o id a b le  b i a s .  I f  th e  i n i t i a l  

a ssu m p tio n  m = 1  co u ld  n o t be  v e r i f i e d  by  th e  second p l o t t e d  

g ra p h , f u r t h e r  t r i a l  and e r r o r  a t te m p ts  w i l l  be  made t o  ze ro
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TABLE 1
COMPARISON OF NON-LINEAR SOLUTION TECHNIQUE 

WITH STATISTICAL METHOD

Run # of Data 
#  Points

OPTIMUM VALUES OF K. N. M 
NŒ-LINEAR METHOD STATISTICAL METHOD

K n m Z ( E i) ^  e rro r K n m
i= l

1 tnin~l (min“ l ) 2 (min ^)
2 (7) 1 . 1 .94 .79 .3790E-04 (3.32)10"" - 1 . 2 -5 .1
3 (8 ) 1 . 2 .6 . 8 .9358E-04 27.1 .87 2 . 2
4 (19) .4 .6 1.3 .1072E-04 .000952 .31 —2 . 0
5 (7) 1.5 1 . 1 .5 .2493E-04 2.91 1 . 2 .75
7 (1 2 ) 1 .7 1 . 0 1.3 .1683E-04 .128 . 8 .1
8 (7) 1.84 .9 1 . 2 .213E-04 2411.6 1 . 2 5.2

10 (10) 1 . 2 .95 .74 .2689E-03 .0000888 —.2 -3 .1
15 (11) .97 .74 1 . 1 .3152E-04 6298 1 .2 5.7
16 (7) 1.9 .9 1 . 0 .161QE-04 .605 .8 6 .4
17 (8 ) 2 . 0 1.3 .9 .2705E-04 20.77 1.5 2 . 1
19 (8 ) 1 . 1 .8 .6 .4894E-04 .145 .65 .26
20 (10) 1 . 1 1 . 1 .74 .6194E-04 4.586 1.26 1.43
2 1 (12) .4 .4 1.3 .5004E-05 .00546 .32 - 1 . 2
2 2 (1 1 ) .96 .77 1 . 1 .7002E-05 .561 .73 ' .80
23 (13) 1.23 .9 . 8 .3467E-04 .106 .7 - .4

TEST DATA*

K=
N

n= m= T(Ei) = K= n= m=

(8 ) .01285
. 1

.892 .4168 .4946E-06 .0135 .933 .4588

♦Data from Hydrogen-Bromide reaction  H2  + Bi^ = 2HBr 
Page 79 Chanical Reaction Eng. 2nd Edition by L even^ie l.
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on th e  c o r r e c t  v a lu e  o f  m and t h i s  would e n t a i l  c o n s id e ra b le  

amount o f  work e s p e c i a l l y  a s  th e r e  i s  no s c i e n t i f i c  ap p ro ach  

to w ard s  f in d in g  b e s t  m v a lu e .

3 .1 .2  N on-L inear O p tim iz a tio n

A new s o lu t io n  te c h n iq u e  had to  be d ev e lo p ed  to  e v a l 

u a te  th e  v a r i a b l e s  o f  i n t e r e s t .  In  d e v e lo p in g  t h i s  new te c h 

n iq u e  th a t  h as  n e v e r  been  u sed  fo r  e x p e rim e n ta l d a ta ,  some 

t h e o r ie s  w ere h y p o th e s iz e d :

1 . The v a lu e s  o f  K, n , m a re  n o t t r u e  c o n s ta n ts .  T h is  

im p lie s  t h a t  K, n , m v ary  w ith  tim e d u r in g  th e  c o u rse  

o f  a ru n , and s in c e  r ,  c , P a ls o  v a ry  w ith  t im e , 

th e n  th e  h y p o th e s iz e d  r a t e  e x p re s s io n  d e s c r ib in g  

oxygen coke r e a c t io n  i s  h ig h ly  n o n - l in e a r .

2 . K, n , m a re  a l s o  f u n c t io n s  o f_ te m p e ra tu re  and  to  

s im p l i f y  our a n a l y s i s ,  each e x p e r im e n ta l run  w i l l  

b e  co n d u c ted  u n d er is o th e rm a l c o n d i t io n s .

3 . An o b j e c t iv e - f u n c t io n - to  b e -d e f in e d  l a t e r  can  be 

v i s u a l i z e d  t o  be  a  re sp o n se  s u r fa c e  in  w hich th e  

p a ra m e te rs  a r e  th e  v a r i a b le s  (K, n , m).

4 . The o b je c t iv e  fu n c t io n  i s  unim odal and  th e  s e a rc h  

te c h n iq u e  p ro c e e d s  t o  a  neighborhood  o f  th e  g lo b a l  

minimum.

The non l i n e a r  o p t im iz a t io n  te c h n iq u e  u sed  in  d e t e r 

m in ing  optimum v a lu e  o f  th e  v a r i a b le s  K, n , m was a  " s t e e p e s t  

g r a d ie n t"  m ethod^^ a d a p te d  from  Fletcher-Reeves^? s u b ro u t in e  

p a c k a g e .
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Gi-ven

E r r o r  fu n c tio n  f o r  th e  d a ta  p o in t  =

^ i  = r i  -  K C i V i

Thus -  KC]̂ °p-|̂ °̂

Ê2  = T2  -  KC2 “p2 ®

£ 3  = r 0 -  KCg^Pg"^

%  = r i  -  KCi^p-m

Summing up a l l  t h e  e r r o r s  f o r  N ( t o t a l  d a ta  p o in t s  in  a  

g iv en  ru n )

N N N
I £ i  - Z K C i V

i = l  i= l  i= l
An o b je c t iv e  fu n c tio n  to  be m inim ized  was th e n  d e f in e d  as

N 2  
F = ( Z & i) ^

1

N ^ N N »
F = ( p ) 2  = (2  r^  -   (3 .4 )

P ro c e d u ra l  s t e p :

1 , A s t a r t i n g  p o in t  i s  s e le c te d  Xo

2 . The d i r e c t io n  o f  s te e p e s t  d e sc e n t i s  d e te rm in ed  

by d e te rm in in g  th e  n o rm a lized  d i r e c t i o n  v e c to r  

components a t  th e  i n i t i a l  s t a r t i n g  p o in t

th e n  move to  a  new p o in t  lo c a t io n  

Xi a t  a  d is ta n c e  d from Xo in  th e  d i r e c t io n
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5. = W W  w here ^ F /^ x i
y  f b ? /

i = l ^ i  s^re th e  g r a d ie n t

v e c to r  com ponents,

Thus = Xq +
d\?F(Xp)

P^F(Xo)|

and in  g e n e r a l ,  X^+i = X  ̂ + A
|N f ( x  )|1

V= Nq o f  i t e r a t i o n s  a lo n g  d i r e c t i o n  o f  s te e p e s t  

d e sc e n t u n t i l  a minimum i s  o b ta in e d .

I f  d i s  s u f f i c i e n t l y  s m a ll ,  s e le c t io n  o f  th e s e  g ra d ie n t  d i 

r e c t i o n s  w i l l  a s s u re  F(X^_^^)Z_F(q). At an y tim e  F (X \j+ i)>  

F(y ) ,  th e  s te p  s i z e  d i s  a u to m a tic a l ly  re d u c ed  and a new 

d i r e c t io n  v e c to r  com puted t o  s a t i s f y  F (u + l)Z .F (u ) .  When a 

minimum i s  o b ta in e d , i t s  p r e c i s e  lo c a t io n  i s  d e te rm in e d  by 

com puting  a  c o n ju g a te  d i r e c t io n  s e a rc h  d i r e c t io n  a t  th e  new 

p o in t .  When convergence i s  a c h ie v e d , a s  d e te rm in e d  from  

s p e c i f i c a t i o n  o f  th e  e x p e c te d  a b s o lu te  e r r o r  in  movement, 

th e  p ro c e d u re  te rm in a te s .

Xo
S t a r t

Xq = T o ta l  no,
o f  v a r i a b le s
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A pply ing  th e  above co n cep t to  e q u a tio n  3 .4  • 

G ra d ie n t o f  fu n c t io n  = V F

^n  Bm

N
\ W i ,  m '  M  (K q O p i”  -  r i )  C in p i”  

i —1

k,m "?Z (K C i“p .'“ -  r^) KPi-'Ci- lo g  Ci
N

*^F\ N
^  = 2l_ (EC i=Pi=  -  r j )  E P i-C i"  lo g  P i

'k , n  i= i

I n i t i a l  d i r e c t i o n  v e c to r  g u ess  Xo = (Uq , mg, k o ) .

New computed im proved d i r e c t i o n  v e c to r  X^ = (n ^ , m  ̂ k^)

w here (k ^ , n^ , m^) = (k ^ , nQ, mQ) + d ^FC kp, n p , mp)
H^F(kp, np, mp)j|

An a lg e b r a ic  i l l u s t r a t i o n  o f  t h i s  te c h n iq u e  i s  g iv e n  

in  th e  A ppendix.

T h is  s o lu t io n  te c h n iq u e  i s  s t r a ig h t f o r w a r d ,  o b je c t iv e  

and  i s  g u a ra n te e d  to  a lw ays co n v erg e  t o  a g lo b a l  minimum i f  

t h e  fu n c tio n  d oes in d e e d  p o s s e s s  a  minimum. A lthough  t h i s  

m ethod co n v erg es  f o r  n e a r ly  any s e t  o f  i n i t i a l  e s t im a te s ,  

i t s  ccSnvergence can be  a g o n iz in g ly  slow  f o r  m u ltip a ra m e te r  

p ro b le m s. T h is  te c h n iq u e  l i k e  any o th e r  ty p e ,  does n o t 

overcom e th e  d is a d v a n ta g e s  o f  h a p h a z a rd  s e l e c t i o n  o f e x p e r i 

m e n ta l d a ta  and a s  su c h , th e  p o in t  sh o u ld  be  s t r e s s e d  t h a t
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an ad eq u a te  u n d e rs ta n d in g  o f  th e  p h y s ic a l  p ro c e s s  w ith  j u s 

t i f i a b l e  d is c r im in a t io n  o f  c e r t a i n  d a ta  p o in t s  m ust be 

u n d e rs to o d .

3 .2  D if fu s io n  C o n tro l  A n a ly s is

The p ro p o sed  m ethodology f o r  i n v e s t i g a t i n g  th e  d i f f u 

s io n  l i m i t a t i o n  p ro c e s s  i s  th e  u n re a c te d  co re^S  model ana ly 

s i s .  In  t h i s  m odel, we v i s u a l i z e  th e  r e a c t io n  a s  o cc u rrin g
/

f i r s t  a t  th e  o u te r  s u r f a c e  o f  th e  f u e l  (co k e ) and th e  reac 

t io n  zone th e n  p ro g re s s e s  i n to  th e  s o l i d ,  le a v in g  behind 

co m p le te ly  c o n v e r te d  m a te r i a l  and  i n e r t  s o l i d  ( c le a n  sand). 

The zone o f  r e a c t io n  i n  such  a  c a s e  i s  n a rro w ly  con fined  to  

th e  i n t e r f a c e  betw een th e  u n re a c te d  s o l i d  and th e  p ro d u c t. 

Thus, a t  any tim e , t h e r e  e x i s t s  an u n re a c te d  c o re  o f  m ater

i a l  w hich g r a d u a l ly  s h r in k s  w ith  tim e .

An a l t e r n a t i v e  i s  th e  p ro g re s s iv e ^ ^  c o n v e rs io n  model 

in  w hich we v i s u a l i z e  th e  s o l i d  r e a c t a n t  b e in g  converted  

c o n tin u o u s ly  th ro u g h o u t th e  e n t i r e  p a r t i c l e  and  m ost l i k e ly ,  

a t  d i f f e r e n t  r a t e s  a t  d i f f e r e n t  lo c a t io n s  w i th in  th e  par

t i c l e .  Wen and I s h id a ^ ^  e t  a l .  s tu d ie d  v a r io u s  g a s - s o l id  

system s and concluded  t h a t  th e  u n re a c te d  c o re  model i s  th e  

b e s t  s im p le  r e p r e s e n ta t io n  f o r  a  m a jo r i ty  o f  r e a c t in g  g as- 

s o l id  system s p ro v id e d  th e  fo llo w in g  c r i t e r i a  a r e  m et:

1 . P o r o s i ty  o f  u n r e a c te d  s o l i d  i s  v e ry  sm a ll and

a s  su ch , th e  r e a c t io n  o c c u rs  a t  th e  s o l i d - r e a c t a n t  

i n t e r f a c e .  I n  t h i s  c a s e ,  e f f e c t i v e  gas d i f f u s i v i t y
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2 .

in  u n re a c te d  s o l i d  (D e ')  i s  f a r  l e s s  th an  t h a t  o f  

r e s id u e - f r e e  m a te r ia l  (De) t h a t  i s  De'Z. De. 

Chem ical r e a c t io n  r a t e  i s  v e ry  r a p id  and th e  d i f 

fu s io n  o f  r e a c t a n t  gas i s  s low .

UNREACTED CORE MODEL

Concentration o f 
Solid  Reactant

/
/  ASH LAYER

/

PROGRESSIVE CONVERSI0N"MODEL R

Low Conversion E i^ i Conversion

pO T IA L  CONCEMRATION’ 
~ Q F  REACTANT ' ~

Concentration of 
Solid  Reattant
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MATHEMATICAL ANALYSIS

\ ■ core ■

''OX

rn Ro

C ox

As oxygen d i f f u s e s  i n to  th e  'c o k e , ' i t  i s  t o t a l l y  consumed 

upon i n i t i a l  c o n ta c t .  At any f i n i t e  tim e  when th e  s u r f a c e  

o f  th e  u n re a c te d  c o re  i s  a t  r ^ ,  th e  oxygen w i l l  d i f f u s e  

th ro u g h  th e  sp ace  Rq -  and a mass b a la n c e  on oxygen 

c o n c e n tra t io n  Cq^  w i l l  s a t i s f y  th e  d i f f u s io n  e q u a t io n  

D ^C ox  = 0 . F o r s p h e r ic a l  p a r t i c l e s ,  t h i s  becom es:

i s  ^  (r2 + ^^.^3 i  (Sine ^  .  0
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Both oxygen c o n c e n tra t io n  and boundary  o f  th e  u n re a c te d  c o re  

move to w ard s  th e  c e n te r  o f  th e  p a r t i c l e  b u t s in c e  oxygen 

flow  r a t e  i s  f a r  g r e a te r  th a n  s h r in k in g  o f  th e  u n re a c te d  

c o re , we can re a so n a b ly  assume in  c o n s id e r in g  th e  oxygen 

c o n c e n tra t io n  g r a d ie n t  a t  any tim e  t h a t  th e  u n re a c te d  c o re  

i s  s t a t i o n a r y .  C o n s id e rin g  oxygen f lu x  in  r  d i r e c t io n  o n ly  

we have:

i  ( r 2  % )  = 0

R ate o f  r e a c t io n  o f  O2  a t  any i n s t a n t  =

- d | 2 x = 4TrR2Qo^Eo= 4 n r c ^ o x , r c  = 4%r2 ? = C o n s t.

Qox = F lu x  o f  oxygen

S u b s c r ip t  Rq , r ^ ,  r  = L o c a tio n  o f  f lu x  f r o n t

Qox -  D From P ic k 's  Law.

-dNox = 4ii ^Cox = C o n s t . 
d t d r

' i f  r #  "  A D

"  I ^ )  = 4-nD C o x '------------------------------------------- (3.5)

C o n sid e r now th e  case  in  w hich th e  u n re a c te d  co re  

s h r in k s  r e s u l t i n g  in  th ic k e r  a sh  la y e r  w hich lo w ers  d i f f u 

s io n  r a t e  o f  oxygen.

Hence i n t e g r a t i n g  e q u a tio n  3 .5  w ith  r e s p e c t  to  tim e  

and o th e r  v a r i a b le s  sh o u ld  y i e l d  r e q u ire d  r e l a t i o n s h i p .

S in ce  above e q u a tio n  c o n ta in s  th r e e  v a r i a b le s  r c ,  t , Nqx ,
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one o f  them h as to  be w r i t t e n  in  te rm s  o f  th e  o th e r s  o r  

e l im in a te d .

R e p re se n tin g  th e  coke com bustion  a s

C + bÛ2  " -p ro d u c t

w here b i s  th e  s to ic h io m e t r i c  r a t i o  o f  ca rb o n  burned  p e r  

mole o f  oxygen consumed, we can th e n  say  dN^ = b dN^x based  

on th e  s to ic h io m e tr ic  r e l a t i o n  o f  th e  r e a c t io n

s o l i d )  = 9c |* i i r c 3

dNc = 4â (^ rc ^ d rg

dNox = y ü  P c rc ^ d rc

S u b s t i tu t in g  above in to  e q u a tio n  3 .5

Î(̂  t

%  ■ i g )  r e n d re  = b D ( d t

F or com plete  c o n v e rs io n  Tg = 0 and tim e  r e q u i r e d  i s  

T = 9çBo2 
6 dBCix

E x te n t o f  c o n v e rs io n  = y .
—-  3 r

1 _ y = volume o f  u n re a c te d  coke _ 3"^c  _ /_£x3
i n i t i a l  volum e o f coke 4_ 3  ^Rq-'

r  4  1  r  ° ^ / 3
t  = I |_1 -  3 ( l - y )  + 2 ( l - y ) J  =1.1 1 -  3 ( 1 -  g )  + 2 ( l - g )
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I s o th e rm a l c o n d it io n s

A n t ic ip a te d  
r e s u l t  :

>>IrH
(N
+

CO

>>
IiH

CO
IH

The above a n a ly s is  shows t h a t  to  d e te rm in e  w hether o r  

no t d i f f u s io n  i s  th e  c o n t r o l l i n g  mechanism  r e q u i r e s  le s s  

com plex com pu ta tion  and a n a ly s is  th a n  th e  o th e r  m ethods.



CHAPTER IV

EXPERIMENTAL APPARATUS AND MTERIALS

Two s e t s  o f  e x p e r im e n ta l a p p a ra tu s  w ere u sed  in  t h i s  

s tu d y . Most o f  th e  c o n s t i t u e n t  com ponents w ere i d e n t i c a l  

f o r  b o th  e x p e r im e n ta l s e t - u p s  : S im u la tio n  and Com bustion 

p h a s e s .

4 ,1  A p p ara tu s f o r  P ro c e ss  S im u la tio n

The main com ponents a re  a s  shown in  T a b le  4 .1  and a 

sc h e m a tic  d iagram  o f  th e  p ro c e s s  i s  shown in  F ig .  4 .1 .

TABLE 4 .1

MAIN COMPONENTS IN PROCESS SIMULATION APPARATUS

1 . F i r e  F lood  P o t P r e s s u re  J a c k e t .

2 . F i r e  F lood  P o t L in e a r

3 . T em peratu re  C o n t r o l le r s  and T em peratu re  I n d ic a to r .

4 . Gas i n j e c t i o n  and D ry ing  S ystem s.

5 . F lu id  S e p a ra tio n  System .

36



Compresse  
A ir

C o n s t .  P r e s .  0 - 100 p s i
R é g u l a

^ --------

Pressure
Regulator

J X
E r i e r i  t

1. Pressure Gauge
2 . S a t u r a t e d  P o ro u s  M edia
3. Fire Flood Pot Liner
4. Brook Rotameter
5. Wet T e s t  M e te r  
$

Temperature
Controllers

Switch Temp.
I n d i c a t e ]

Separator
c

- lool  Cold H 2O

C o n d e n s e r

T

To

Chromel/Alumel Thermocouple (Controlling heaters on 
fire flood pot liner)
C h ro m e l/A lu m e l T h e rm o c o u p le  (F o r  T e m p e ra tu re  
Indication)

Knock-Out
T ank

C o n s t .  D i f f e r e n t i a l  
Flow Controller

1 e r  j t

N e e d le
Valve

V en t

FIGURE 4 .1

SCHEMATIC DIAGRAM OF PROCESS SIMULATION 

EXPERIMENTAL APPARATUS

CO
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4 .1 .1  F ir e  F lood  P o t P re s s u re  J a c k e t

F ig u re  4 .2  shows th e  in n e r  d e t a i l  c o n s tr u c t io n  and th e  

o u te r  j a c k e t .  As i l l u s t r a t e d  in  F ig u re  4 .2 ,  th e  u n i t  i s  

eq u ip p ed  w ith  th r e e  bands o f  r i n g  h e a te r s  on th e  w a l l ,  each  

r a t e d  a t  500 w a t t s .  An a d d i t i o n a l  300 w a t ts  h e a te r  i s  a t 

ta c h e d  to  th e  top  o f  th e  p r e s s u r e  j a c k e t .  Each o f  th e s e  

h e a te r s  h as  a Chrom el/A lum el th e rm o co u p le  w ire  co n n ec ted  to  

a  te m p e ra tu re  c o n t r o l l e r  so  a s  to  c o n t r o l  th e  h e a t o u tp u t 

from  th e s e  h e a te r s .  T h ree  a d d i t io n a l  Chrom el/A lum el therm o

c o u p le s  a r e  a t ta c h e d  to  th e  sp a c e  betw een  th e  s id e  h e a te r s  

f o r  m o n ito rin g  th e  w a l l  te m p e ra tu re  o f  th e  ja c k e t .  The b o t 

tom o f  th e  ja c k e t  i s  w elded  t o  a f la n g e  and  th e  m ating  

f la n g e  has two i" 8 .8 .  and one 1 /8 "  8 .8 .  w elded n ip p le s .

The i "  8 .8 .  n ip p le s  a r e  lo c a te d  a t  th e  c e n te r  and 1&" r a d iu s  

from  th e  c e n te r .  The 1 /8 "  8 .8 .  n ip p le  i s  lo c a te d  a t  1 -3 /4 "  

r a d iu s  from th e  c e n t e r .  The i" 8 .8 .  n ip p le  lo c a te d  a t  1&" 

r a d iu s  has a 1" h ig h  p e r f o r a t e d  i" 8 .8 .  p ip e  fo r  a llo w in g  

a i r  in to  th e  j a c k e t .  The h e a t in g  j a c k e t  i s  e n c lo se d  in  an 

o u te r  ja c k e t  and a l l  sp a c e s  betw een  th e  two ja c k e ts  in s u la te d  

w ith  V e rm ic u lite .  A s p e c ia l  3 /1 6 "  com pressed  a s b e s to s  was 

u se d  a s  a  g a sk e t betw een  th e  two m ating  f la n g e s .  8ee 

F ig u re  4 .3 .

4 .1 .2 , F i r e  F lood  P ot L in e r

D e ta i l  c o n s t r u c t io n  i s  shown in  F ig u re  4 .4 .  For each  

s im u la t io n  ru n , th e  l i n e r  was p acked  w ith  o i l /w a te r  s a tu r a te d
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FIGURE PIRE FLOOD-P O T PRESSURE 
JACKET SHOWING CONSTRUCTION
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FIGURE 4 .3  

ASSEMBLED PRESSURE HEATING JACKET, 

MATING FLANGE, ASSEMBLED REACTOR
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sa n d  and th en  c e n t r a l l y  m ounted in s id e  th e  p r e s s u re  h e a tin g  

j a c k e t .  The p o ro u s s t a i n l e s s  s t e e l  p l a t e  s u p p o r ts  th e  porous 

medium and a l s o ,  p ro m o tes  d ra in a g e  o f  th e  p ro d u ced  f lu id s  

and g ases  to  th e  p ro d u c in g  8 . 8 . tu b e  and on to  th e  p ro d 

u c t  s e p a ra t io n  sy stem .

4 .1 .3 .  T em pera tu re  C o n tro l System

Iso th e rm a l te m p e ra tu re  o v er th e  f i r e  f lo o d  p o t l i n e r  

(S im u la tio n  p ro c e s s )  o r  o v e r  th e  com bustion  r e a c to r .(c o m 

b u s t io n  p r o c e s s ) ,  was a c h ie v e d  w ith in  0.5% a c c u ra c y  a t  th e  

d e s i r e d  te m p e ra tu re  by u s in g  Love Model 49 p ro p o r t io n in g  

c o n t r o l l e r s .  T h is  ty p e  o f  c o n t r o l l e r  c y c le s  th e  h e a t  on 

and o f f  a u to m a tic a l ly  a t  th e  d e s ir e d  s e t  te m p e ra tu re .  Each 

o f  th e  c o n tr o l  th e rm o c o u p le s  was co n n ec ted  to  a  Love tem pera

t u r e  c o n t r o l l e r  and a l l  t h e  c o n t r o l l e r s  co n n ec ted  in  s e r i e s .  

The te m p e ra tu re  c o n t r o l l e r  w ir in g  i s  i l l u s t r a t e d  in  F ig 

u re  4 .5 .  The o th e r  th e rm o c o u p le s  from th e  h e a t in g  ja c k e t  

and  com bustion c e l l  (co m b u stio n  ru n s)  o r  h e a t in g  ja c k e t  

( s im u la t io n - r u n s )  w ere c o n n e c te d  to  Love Model 101 8 en so r 

8 w itc h .  The s w itc h  h as  p r o v is io n  f o r  12 th e rm o co u p le s , f iv e  

o f  which w ere u sed  in  t h i s  s tu d y . By c o n n e c tin g  th e  sw itch  

t o  Lovel Model 100 te m p e ra tu re  in d ic a to r  and w ith  p ro p e r  

w ir in g  o f  th e  sy stem , i t  was p o s s ib le  t o  m o n ito r  any tem

p e r a tu r e  from  any o f  th e  th erm o co u p le  w ire s  a t  any tim e .

A sch em atic  r e p r e s e n ta t i o n  o f  th e  e l e c t r i c a l  w ir in g  system  

i s  i l l u s t r a t e d  in  F ig u re  4 .6 .
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E l e c t r i c a l  W ir in g  o f  T e m p e r a tu r e  C o n t r o l  S y s te m

CTCl

CTC2F i r e  F lo o d  P o t  
P r e s s u r e  J a c k e t TC

CTC3
TC

CTC4
1 £I

TC 100  
I n d i c a t o r .
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Sensor 
Sw itch

H o u s in g  F o r  F o u r  
L ove M odel 49 

T e m p e ra tu r e  
C o n t r o l l e r s
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EXPLANATION OF TERMS FOR FIGURE 4 .6

CTCl C o n tro l  Therm ocouple f o r  Top End H e a te r .
CTC2 C o n tro l  Therm ocouple f o r  Top S id e  H e a te r .
CTC3 C o n tro l  Therm ocouple f o r  M iddle  S id e  H ea te r.
CTC4 C o n tro l  Therm ocouple f o r  Bottom  S id e  H ea te r.
TC Therm ocouples f o r  T em p e ra tu re  R eco rd in g .

A ll  T herm ocouples a r e  Chrom e1-Alumel Type.
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4 .1 .4 .  Gas Flow System

The g a se s  u sed  w ere (1 )  com pressed n i t ro g e n  gas ta n k  

eq u ipped  w ith  two s ta g e  p r e s s u re  r e g u la to r s ;  ( 2 ) compressed a ir  

l i n e  c o n n ec te d  t o  a  c o n s ta n t  p r e s s u re  r e g u la to r  v a lv e ;

(3 ) L o c a lly  made a i r - n i t r o g e n  gas m ix tu re . T h is  was made 

by  i n j e c t i n g  a i r  i n to  a  c y l in d e r  up to  a g iv en  p re s s u re  and 

th e n  fo llo w e d  by f u r t h e r  in j e c t i o n  o f  p u re  n i t r o g e n .  From 

th e  e q u a tio n  b e low , a  ro u g h  e s t im a te  o f  th e  m ix tu re  com posi

t i o n  was made b u t  th e  a c c u r a te  co m p o sitio n  was d e te rm in ed  

from  ch ro m ato g rap h ic  a n a l y s i s .

^ 0 2  _ ° 0 2  w t. % 0 2  m.w. o f  N2

% 2  ^N2  "  w t. % N2 ^m.w. o f  02^
w here

Po2  PN2  “  (sy s te m  p r e s s u r e ) .

When any o f  t h i s  g a s  was i n  u s e ,  i t  was made to  p a s s

th ro u g h  a  g la s s -w o o l and d r i e r i t e  system  t o  ab so rb  any m ois

t u r e  p r e s e n t  and t h e r e a f t e r ,  a d m itte d  in to  th e  com bustion  

r e a c to r  (co m b u stio n  ru n s )  o r  f i r e  f lo o d  p o t l i n e r  (s im u la 

t i o n  p r o c e s s ) .  A c o n s ta n t  e x i t  f lo w  r a t e  was m a in ta in e d  by 

u s in g  B rooks d i f f e r e n t i a l  flow  r e g u la to r .  T h is  ro ta m e te r  

i s  c a p a b le  o f  m a in ta in in g  a  c o n s ta n t  gas flow  r a t e  a t  a  

c o n s ta n t  p r e s s u r e  r e g a r d l e s s  o f  any p re s s u re  b u ild u p , a t  th e  

o u t l e t  s id e  o f  th e  r e a c t o r .
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4 .1 .5 .  A u x i l ia ry  System s

O th e r  equipm ent u se d  i s  shown in  th e  sc h e m a tic  d iag ram  

o f  th e  e x p e r im e n ta l a p p a r a tu s .  F or a c c u ra te  w eig h in g  o f  th e  

p o t l i n e r  w ith  s a tu r a t e d  p o ro u s  medium, 0  Haus heavy d u ty  

s c a le  was u se d . The 1 5 i"  lo n g , i "  8 . 8 . tu b e  e x te n s io n  on 

th e  p o t l i n e r  n e c e s s i t a t e d  th e  c o n s tru c t io n  o f a  s p e c ia l  g ig  

to  e n a b le  a c c u r a te  w e ig h t m easurement o f th e  p o t l i n e r  and 

i t s  c o n te n ts .  See F ig .  4 .7 .  T r ip le  beam b a la n c e  was u se d  

f o r  a l l  w e ig h t m easurem ents in  com bustion s tu d ie s  where 

h ig h e r  d e g re e  o f  a c c u ra c y  was e s s e n t i a l .

4 .2 .  A p p ara tu s  f o r  Com bustion S tu d ie s

The equipm ent f o r  com bustion  s tu d ie s  was e s s e n t i a l l y  

th e  same a s  in  s im u la t io n  p h ase  excep t f o r  th e  ab sen ce  o f  

p ro d u c t s e p a r a t io n  sy s tem , rep lacem en t o f  f i r e  f lo o d  p o t 

l i n e r  w ith  a r e a c t o r  and  a d d i t io n  o f  g as  sam pling  and a n a l 

y s is  sy stem .

4 .2 .1 .  R ea c to r

The ex o th e rm ic  n a tu r e  o f  th e  r e a c t io n  betw een coke and 

oxygen p o s e s  a p rob lem  when t r y i n g  to m a in ta in  is o th e rm a l  

c o n d i t io n s .  P ro p e r  d e s ig n  o f  th e  r e a c to r  co u ld  m in im ize  

t h i s  p rob lem , and t h i s  was a c h ie v e d  by u s in g  th i c k  w a lle d  

r e a c to r  and sm a ll t h in  l a y e r  o f  coke. Most o f  th e  h e a t  

l i b e r a t e d  d u r in g  th e  r e a c t io n  was absorbed  by th e  mass o f
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I

FIGURE 4 .7

WEIGHT MEASUREMENTS OF POT LINER USING

HEAVY DUTY OHAUS SCALE
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S te e l  and by  u s in g  t h i n  l a y e r  o f  coke, a n e a r  is o th e rm a l 

c o n d it io n  was p o s s i b l e .  The th ic k  w a lle d  r e a c t o r  u se d  was 

a  m o d if ic a t io n  o f  a  s ta n d a rd  Ruska f l u i d  c o n te n t  s t i l l .  A 

f la n g e  w i th  s i x  d r i l l e d  and th re a d e d  h o le s  was s o ld e r e d  to  

th e  to p  o f th e  r e a c t o r .  A m a tin g  f la n g e  was c o n s tr u c te d  

w ith  m atch in g  h o le s  on th e  c irc u m fe re n c e . 1 / 8 " s t a i n l e s s  

s t e e l  n ip p le  was w elded  in  th e  c e n te r  o f  th e  to p  f la n g e  f o r  

i n l e t  gas t o  f lo w  i n t o  th e  r e a c t o r .  An a d d i t i o n a l  1 /16"

8 . 8 . n ip p le  was w eld ed  o f f  c e n te r  on th e  to p  f la n g e  f o r  a  

Chrome1/Alumel th erm o co u p le  w ire  which in d ic a te d  th e  tem p

e r a tu r e  j u s t  above th e  t h in  coke la y e r .  A g as  t i g h t  s e a l  

in s id e  th e  r e a c t o r  was made p o s s ib le  by u s in g  3 /16" h ig h  

te m p e ra tu re  com pressed  a s b e s to s  g a sk e t betw een  th e  f la n g e s ,  

i "  8 . 8 . sw agelok  f i t t i n g  f o r  i "  8 . 8 . tu b in g  was s i l v e r  s o l 

d e red  to  th e  b o tto m  o f  th e  r e a c to r  f o r  p ro d u c t g a s e s  to  flo w  

th ro u g h . A p i c t o r i a l  p r e s e n ta t io n  i s  shown in  F ig . 4 .3  w h ile  

a  sc h e m a tic  r e p r e s e n ta t io n  i s  on F ig . 4 .8 .

4 .2 .2 .  Gas Sam pling and A n a ly s is

A Gow Mac g as  chrom atograph  s e r i e s  550 was u sed  to  an 

a ly z e  th e  f o l lo w in g  g a s e s :  CO, CO2 , CH4 , O2  and N2 . The c a r 

r i e r  gas u se d  i s  H elium . A 4cc gas t i g h t  s y r in g e  was u sed  

to  c o l l e c t  th e  p ro d u c t g a se s  f o r  a n a ly s is  and th e  o u tp u t 

from  th e  th e rm a l c o n d u c t iv i ty  d e te c to r  m o n ito re d  on an L&N 

s t r i p  c h a r t  r e c o r d e r .  The colum ns used  on th e  Gas ch ro m ato 

g rap h  were 8 . 8 . 5 ' x i "  13X M o lecu la r 8 ie v e  and 8 . 8 . 6 ' x J"
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P o rap ak  Q. S in c e  t h i s  G.C. h ad  no s e r ie s /b y p a s s  column 

s w itc h in g  v a lv e ,  v a r io u s  column le n g th s  and c o n f ig u ra t io n s  

were t e s t e d  t o  e v a lu a te  optimum s e t  up arrangem en t. The 

b e s t  a rran g em en t i s  shown in  F ig u re  4 .9 .  In  t h i s  a r ra n g e 

m ent, th e  P orapak  Q was p la c e d  in  Column A o f  th e  G.C. The 

M o lecu la r S ie v e  was c o n n e c te d  to  th e  two o u t l e t  p o r t s  a t  t h e  

back o f  th e  G.C. as i n d ic a te d  in  F ig .  4 .9 .  A p o r ta b le  oven 

was p la c e d  u n d e rn e a th  th e  M o lec u la r  S iev e  column and t h i s  was 

used  to  c o n t r o l  th e  colum n te m p e ra tu re .  W ith p ro p e r  a d j u s t 

ment o f  th e  oven te m p e ra tu re  on th e  m o lecu la r  s ie v e  colum n,

CO e l u t i o n  tim e  was re d u c e d  from  10-12 m inu tes t o  abou t 4 

m in u te s . T h is  was a cc o m p lish e d  a t  th e  expense o f  n o t h a v in g  

p ro p e r  b ase  l i n e  s e p a r a t io n  betw een  Og and Ng. The amount 

o f  e lu d e d  component i s  p r o p o r t io n a l  t o  th e  a re a  sw ept o u t on 

th e  S t r i p  c h a r t .  I f  th e  c a r r i e r  g as  flow  r a t e ,  d e te c to r  and  

oven te m p e ra tu re s ,  b r id g e  c u r r e n t  a r e  a l l  h e ld  c o n s ta n t ,  th e n  

th e  amount o f  e lu d e d  com ponents w i l l  a lso  be p ro p o r t io n a l  t o  

th e  sw ept o u t peak  h e ig h t .  T hus, i f  volume p e rc e n ta g e  o f 

th e  p ro d u ced  g a se s  i s  b a se d  on p eak  h e ig h t ,  then  in a d e q u a te  

b a s e - l i n e  s e p a ra t io n  betw een  O2  and Ng w i l l  be o f  no con se

quence p ro v id e d  th e  G.C. i s  o p e ra te d  a t  th e  same c o n s ta n t 

c o n d i t io n s  a s  th e  c a l i b r a t i o n  g a s . The gas chrom atograph 

was o p e ra te d  under th e  fo llo w in g  c o n d i t io n s :

Helium  flo w  r a t e  40cc/m in

D e te c to r  te m p e ra tu re  120°C
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FIGURE 4 .9 Ça) g FIGURE 4 .9 (b )

MODEL 550 GOW MAC CAS CHROMATOGRAPH

CAS CHtOMATOCtArM

i

FIGURE 4 .9 (a )

FRONT VIEW OF GAS CHROMATOGRAPH
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m .

\
FIGURE 4 .9 [b )

MODIFICATION OF BACK VIEW OF 

GAS CHROMATOGRAPH. SHOWING MOLECULAR SIEVE COLUMN 

AND PORTABLE OVEN
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Column te m p e ra tu re  (P orapak ) 75°C 

B rid g e  c u r r e n t  150mA

Sample s i z e  2cc

R ecorder ImV

4 .3  M a te r ia ls

The p o ro u s  medium was c le a n  Oklahoma san d  number 1 

w ith  100 mesh s i z e .  Two c ru d e  o i l s  u sed  w ere  1 5 .4 ° API and 

22.70A PI.



CHAPTER V 

EXPERIMENTAL PROCEDURE

5 .1  P ro c e s s  S im u la tio n

To u n d e r ta k e  k i n e t i c  s tu d ie s  o f  coke com bustion  p r o 

c e s s ,  th e  coke has to  be form ed u n d er d isp la c e m e n t s i t u a 

t io n s  w hich e s s e n t i a l l y  w i l l  s im u la te  th e  v a r io u s  h e a t  and 

mass t r a n s p o r t  phenomena o c c u r r in g  ahead  o f  a com bustion  

f r o n t .  T h is  w i l l  be acco m p lish ed  by s u b je c t in g  th e  r e s e r 

v o ir  to  a  programmed e n v iro n m e n ta l seq u en c e , s im i l a r  t o  t h a t  

e x p e r ie n c e d  by a  volume o f  ro c k  d u r in g  th e  ap p ro ach  and p a s 

sage o f  a com bustion f r o n t  in  a r e s e r v o i r  u n d e rg o in g  i n - s i t u  

com bustion . The te m p e ra tu re  p r o f i l e  o f  a r e s e r v o i r  u n d e r

go ing  i n - s i t u  com bustion  i s  w e ll  docum ented in  th e  l i t e r a 

tu r e , I ? *  and th e  v a r io u s  d i s c r e t e  r e g io n s  a r e  o f  p a r 

t i c u l a r  i n t e r e s t  and an a tte m p t was made t o  s im u la te  them . 

T h is  r e p r e s e n t s  th e  s im u la t io n  p h ase  o f  th e  r e s e a r c h .  A 

sc h e m a tic  r e p r e s e n ta t io n  o f  th e  s im u la t io n  e x p e r im e n ta l  ap 

p a r a tu s  i s  p r e s e n te d  in  F ig u re  4 .1  w ith  a p i c t o r i a l  r e p r e s e n 

t a t i o n  in  F ig .  5 .1 .  F ig u re  5 .2  shows th e  v a r io u s  d i s c r e t e  

re g io n s  to  be s im u la te d .
55
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FIGURE 5 .1  

APPARATUS FOR COMBUSTION TESTS

FRONT VIEW
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FIGURE 5 .1 (a )  ^ FIGURE 5 .1 (b )

COMBUSTION EXPERIMENTAL APPARATUS

FIGURE 5 . 1 ( a )

LEFT SIDE VIEW OF COMBUSTION APPARATUS
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FIGURE 5 .1 (b )

FRONT VIEW OF COMBUSTION APPARATUS
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Fig, 5 .2

^  500  H

'-C

I DISTANCE FROM INJECTION WELL-

A. BURNED ZONE
B .  COMBUSTION ZONE
C. CRACKING REGJON
D.-EVAPORATION AND 

VISBREAKING REGION

E.STEAM PLATEAU
F. WATER BANK
G. OIL BANK
H. -lNl-TIAL ZONE

. Process To Be Simulated In Model

*Wu, C .H .,  and FuUon, P .P .,  “Experimental Simulation of Zones Preceding 
the Combustion Front of an  In-Si tu Combustion Process," SPEJ (M arch, 1971),
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P ro c ed u re

5 .1 .1  W eight M easurem ents

A known w e ig h t o f  c le a n  Oklahoma san d  was fe d  i n t o  th e  

f i r e  f lo o d  p o t l i n e r  and w ith  p ro p e r  tam p e rin g  and  p a c k in g , 

th e  sand  l e v e l  was alw ays m a in ta in e d  c o n s ta n t  a t  ab o u t 

1 .65" from  th e  to p  o f  th e  p o t l i n e r .  To o b ta in  a c c u ra te  

w eigh t o f  th e  san d  in  th e  p o t l i n e r ,  a heavy d u ty  0 Haus 

s c a le  was u se d . See F ig u re  4 .7 .  T h is  s c a le  i s  d e s ig n e d  to  

w eigh o b je c t s  l e s s  th a n  1 , 1 0 0  gram s and s in c e  th e  p o t l i n e r ,  

san d  and j i g  would w eigh more th a n  1 , 1 0 0  gm, th e  s c a l e  had 

to  be z e ro e d  w ith  th e  p o t l i n e r  and j i g  on i t .  T h is  was 

acco m p lish ed  by s l i d i n g  th e  w e ig h t on th e  c e n te r  beam to  

su ch  p o s i t i o n  t h a t  r e s u l t e d  in  b a la n c in g  th e  s c a l e ,  w h ile  

a t  th e  same tim e , m a in ta in in g  th e  s l i d i n g  s c a le  w e ig h ts  a t  

z e ro  m ark in g s  on th e  s c a l e .  The s l i d i n g  s c a le s  w ere now 

moved t o  r e a d  907 gm and c le a n  Oklahoma sand  added  to  th e  

p o t l i n e r  u n t i l  a  b a la n c e  on th e  s c a le  was a c h ie v e d . Thus, 

th e  p o t l i n e r  now c o n ta in s  907 gms o f  sa n d . The s c a le  re a d in g  

was once more z e ro e d  w ith  th e  p o t  l i n e r ,  san d  and j i g  on i t .

5 .1 .2  S a tu r a t in g  Porous Medium w ith  W ater

A th i c k  ru b b e r  s to p p e r  w ith  a  f l a s k  f u l l  o f  w a te r  was 

p la c e d  o v e r th e  p o t l i n e r  and th e  i "  8 . 8 . tu b in g  from  th e  

l i n e r  was co n n ec te d  t o  a vacuum pump. A vacuum was th e n  

p u l le d  in  th e  p o ro u s  medium f o r  ab o u t 30 m in u te s , a f t e r
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w hich th e  vacuum l in e  was p in c h e d  o f f  and th e  vacuum pump 

tu rn e d  o f f .  The v a lv e  on th e  f l a s k  was th e n  opened u n t i l  

w a te r  s a tu r a t e d  th e  sand and a l s o  co m p le te ly  f i l l e d  th e  p o t 

l i n e r .  The ru b b e r  tu b in g  c o n n e c tin g  th e  p o t  l i n e r  and th e  

vacuum pump was th en  d is c o n n e c te d  and a  s m a ll ru b b e r  p lu g  

in s e r t e d  a t  th e  end o f th e  p o t l i n e r  tu b in g  to  p re v e n t d r a in 

age o f  w a te r  from  th e  p o ro u s  medium. The ru b b e r  s to p p e r  w ith  

th e  f l a s k  w ere  now removed and b e f o re  p la c in g  th e  p o t l i n e r  

on th e  j i g ,  t h e  sm a ll ru b b e r  p lu g  was rem oved. The s l i d in g  

s c a l e s  w ere now moved to  new lo c a t io n s  w here th e  s c a le  was 

b a la n c e d . The re a d in g s  on th e  s l i d i n g  s c a le s  re p re s e n te d  

th e  w e ig h t o f  w a te r  in  san d  (p o re  volum e) p lu s  w eigh t o f  ex 

c e s s  w a te r  above th e  sand  l e v e l  an d  in  th e  p o t  l i n e r  tu b in g .

5 .1 .3  W ater D isp lacem ent in  th e  Porous Medium

The p o t  l i n e r  was now s u p p o r te d  by a  s ta n d  and th e  

d ra in e d  o u t w a te r  c o l le c te d  in  a g ra d u a te d  c y l in d e r .  J u s t  

b e fo re  th e  w a te r  le v e l  d ra in e d  t o  th e  san d  l e v e l ,  a known 

volume o f  c ru d e  o i l  was po u red  i n t o  th e  p o t  l i n e r .  The o i l  

th e n  d i s p la c e d  th e  w a te r  to  i t s  i r r e d u c i a b l e  v a lu e  and th e r e 

a f t e r ,  d r a in e d  under g r a v i ty  to  a  com putab le  s a tu r a t io n  

v a lu e .  On a  38®API t e s t  c ru d e , t h e  d isp la c e m e n t d u ra tio n  

was ab o u t 6  h r s .  w h ile  on 22.7®API c ru d e , i t  to o k  about 

2 days to  co m p le te  th e  d isp la c e m e n t e x p e r im e n t. On 15 .4 °

API c ru d e , i t  was n o t p r a c t i c a l  t o  have g r a v i ty  d ra in a g e  

and a i r  i n j e c t i o n  a t  low r a t e  was u sed  to  d i s p la c e  bo th
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w a te r  and crude o i l  to  r e q u ire d  o i l  and g as s a tu r a t io n  v a l 

u e s .  The o i l ,  w a te r  and gas s a t u r a t i o n  v a lu es  w ere d e t e r 

m ined from m easurem ents o f  o i l  and w a te r  c o l le c te d .  An i l 

l u s t r a t i o n  o f  th e  com p u ta tio n  in v o lv e d  i s  shown in  T able

5 .1 .  The above p ro c e d u re  s im u la te d  i n i t i a l  o i l ,  w a te r ,  and 

g as s a tu r a t i o n s  a t  r e s e r v o i r  (room  te m p e ra tu re ) .

5 .4 .1  S im u la tio n  o f  V ario u s  D is c r e te  Regions 

R egions E -  F -  G

The p o t l i n e r  w ith  s a tu r a t e d  san d  was now c e n t r a l l y  

m ounted in s id e  th e  p r e s s u re  h e a t in g  j a c k e t  and th e  com pressed 

a i r  tu rn e d  on to  adm it a i r  i n to  th e  p r e s s u r e  j a c k e t .  The 

a i r  p r e s s u re  in  th e  p o t l i n e r  was m a in ta in e d  c o n s ta n t a t  

2 0  p s ig  and a c o n s ta n t a i r  i n j e c t i o n  r a t e  o f  12 s c f / h r .  f t ^  

was a ls o  m a in ta in e d . The com bustion  c e l l  te m p e ra tu re  was 

now in c re a s e d  from room te m p e ra tu re  to  100°F and in  a  s te p 

w ise  fa sh io n  a t  a  sch ed u led  r a t e  o f  1 0 0 ®F/hr u n t i l  th e  steam  

d i s t i l l a t i o n  p la te a u  was re a c h e d . F or th e s e  ru n s  con d u c ted  

a t  20 p s ig ,  th e  r e q u ire d  d i s t i l l a t i o n  te m p e ra tu re  was 260°F 

and t h i s  te m p e ra tu re  was m a in ta in e d  f o r  4 hours to  v a p o riz e  

any w a te r  p re s e n t  in  th e  p o ro u s  medium. S im u la tio n  o f  th e  

s team  zone in  t h i s  f a s h io n  i s  n o t q u i t e  r ig o ro u s  s in c e  more 

s team  can p a s s  th ro u g h  a  u n i t  ro ck  volum e than  t h a t  g e n e ra te d . 

F u r th e rm o re , a t  th e  w a te r  bank zone w here o i l ,  w a te r  and gas 

a r e  f lo w in g , a d d i t io n a l  w a te r sh o u ld  b e  in j e c te d  in to  th e  

c e l l  to  acco u n t f o r  th e  v a p o r iz e d  w a te r  from  th e  steam  p l a t -
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TABLE 5 .1  

COMPUTATION OF INITIAL OIL, WATER 

AND GAS SATURATION IN POROUS MEDIA

Crude Type 2 2 .7°API

W eight o f  w a te r in  s a tu r a t e d
sand  and ex c e ss  w a te r  = 4 0 9 .5  gm

Volume o f  w a te r  d is p la c e d  = 395. Ogc

Volume o f  o i l  u sed  = 1 6 1 .7cc

E xcess w a te r  (o v e r san d  le v e l
and in  p o t l i n e r  tu b e )  = 241cc

P ore  Volume (P .V ) = 4 0 9 .5 -2 4 1  = 1 6 8 .5cc

A c tu a l w a te r  d is p la c e d  from  P.V .
= 396 -  241 = 155cc

Connate w a te r  s a tu r a t i o n  Swn = 168 .5  -  155 = 8 %
168.5

T o ta l  volume o f  o i l  d is p la c e d  = 3 7 .3 cc

O il s a tu r a t i o n  So = 1 6 1 .7  -  37 .3  = 73.8%
16 8 .5

Gas s a tu r a t i o n  Sg= 100 -  7 3 .8  -  8  = 18.2%
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eau which co n d en ses  on h i t t i n g  t h i s  c o ld e r  z o n e .

Zone C -  D

D epending on th e  ty p e  o f coke r e q u i r e d ,  th e s e  r e g io n s  

may n o t be  s im u la te d .  As th e  c e l l  te m p e ra tu re  ex ceed s  abou t 

6 50°?, th e  r e s i d u a l  o i l  in  th e  p o t l i n e r  c ra c k s  t o  a v o la 

t i l e  f r a c t i o n  an d  non v o l a t i l e  heavy r e s id u e  c o n s i s t i n g  o f 

coke, t a r  and p i t c h .  The coke formed was o b se rv e d  to  b e  

v ery  h a rd  b la c k  s h in y  m a te r ia l  a t  700°? w h ile  a t  SGQO?, i t  

became v e ry  b r i t t l e  and v e ry  d a rk . However, in  a l l  c a s e s ,  

th e  coke cem ented  i t s e l f  in  th e  p o t l i n e r  and  i t  r e q u i r e d  

ab o u t 15 m in u te s  t o  c h is e l  i t  o u t o f  th e  p o t  l i n e r .  The 

T ab le  5 .2  below  i s  a  summary o f  th e  te m p e ra tu re  h i s t o r y  ex

p e r ie n c e d  by th e  p o ro u s  m edia in  th e  p o t  l i n e r .

TABLE 5 .2  

TEMPERATURE HISTORY EXPERIENCED 

BY POROUS MEDIA

Gas In jection  Rate 12 sc f/h r  ft2
Coking

Systen Toiperature °F 100 200 260 400 500 600 . . . T a p .

Tenperature Residence 
Time b rs. 1 1 4  1 1 1  2&

M artin  e t  a l . us ed  200°? h e a t in g  s c h e d u le  t h a t  p ro 

duced te m p e ra tu re  h i s t o r y  s im i la r  t o  t h a t  o b s e rv e d  in  lo n g  

com bustion  tu b e  ru n s  where com bustion f r o n t  r a t e  o f  advance 

o f  a p p ro x im a te ly  3 '/D  w ere n o te d . P a r r i s h  e t  a l . 10 o b se rv e d
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a  f i e l d  com bustion f r o n t  r a t e  o f  advance o f  .36  f t /D  and 

S h o w alte r^S  a ls o  r e p o r te d  a  I ' / D  r a t e .  Such r a t e s  would 

s u g g e s t  a  much low er h e a t in g  sc h e d u le  r a t e  and a  1 0 0 ° F /h r  

was c o n s id e re d  a p p r o p r ia te ,  b u t  n o t n e c e s s a r i l y  th e  b e s t  

s in c e  any v a lu e  w ith in  r e a s o n a b le  l i m i t s  can  be  j u s t i f i e d .

The en d  o f  th e  h e a t in g  s c h e d u le  c o r re sp o n d s  t o  th e  co k in g  

te m p e ra tu re  and a t  th e  end o f  a  2 i  h r  h e a t in g  r e s id e n c e  

t im e , th e  p ro c e ss  was te rm in a te d .

5 .2  F uel C o n ce n tra tio n

The i n i t i a l  f u e l  c o n c e n tr a t io n  was d e te rm in e d  from  a 

w e ig h t d i f f e r e n c e  betw een known w eig h t o f  a  g iv e n  coke sam ple 

and th e  w eig h t o f  c le a n  san d  l e f t  b e h in d  a f t e r  s u b je c t in g  

th e  coke sam ple t o  a 1 ,500°F  te m p e ra tu re  in  an  oven .

5 .3  Com bustion P ro cess

5 .3 .1  P re p a ra t io n  o f  Sample

Each com bustion  ru n  was s t a r t e d  w ith  f r e s h  coke sam ple 

t h a t  was p re v io u s ly  s to r e d  in  a  d e s s i c a t o r .  The coke was 

c a r e f u l l y  c ru sh ed  and 1 0 - 2 0  grams o f  th e  sam ple c a r e f u l l y  

w eighed  u s in g  t r i p l e  beam b a la n c e  and th e n  ch arg ed  in to  th e  

com bustion  c e l l .  The b o ttom  o f  th e  com bustion  c e l l  was 

c o v e re d  w ith  g la s s  wool and w ith  p ro p e r  ta m p e rin g  and p a c k in g , 

t h e  b ed  th ic k n e s s  rem ained  t h i n  and below  1 .3  cm.

C ru sh in g  th e  coke sam ple co u ld  r e s u l t  in  d i s t o r t i n g  th e  

o r i g i n a l  g ra in  s iz e  w hich c o u ld  in  t u r n ,  mask th e  d i f f u s io n
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e f f e c t  o f  th e  coke com bustion  p r o c e s s .  As a  r e s u l t  o f  such  

p o s s ib l e  e f f e c t ,  p a r t i a l l y  coked sam ple  (Zones C-D n o t sim u

l a t e d  in  th e  s im u la t io n  p h a se , and sam ple  c h a r a c te r iz e d  by 

b e in g  w et, w ith  h ig h  o i l  s a tu r a t i o n )  was charged  in to  th e  

r e a c t o r  and h e a te d  t o  th e  d e s i r e d  com bustion  tem p e ra tu re  in  

an i n e r t  a tm o sp h ere . Thus, b e fo re  th e  com bustion p ro c e s s  

was i n i t i a t e d ,  a  h a rd  c o n s o lid a te d  coke had formed in  th e  

r e a c t o r .

The two Chrome1/Alumel th e rm o c o u p le s  w ere u sed  to  

d e t e c t  and m easure any te m p e ra tu re  v a r i a t i o n s  betw een th e  

to p  and bottom  o f  th e  t h in  coke l a y e r .

5 .3 .2  I n i t i a t i o n  o f  R e a c tio n

The r e a c to r  w ith  known w e ig h t o f  coke was p la c e d  i n 

s id e  a  h e a t in g  j a c k e t  and n i t r o g e n  was p a sse d  th rough  th e  

b ed  a t  a  r a t e  t h a t  was c o n t r o l l e d  by th e  n e e d le  v a lv e  s e t 

t i n g  in  Brooks r o t a m e te r . . When th e  c e l l  and flow  l i n e s  

w ere c o m p le te ly  p u rg ed  o f  a i r  a s  d e te rm in e d  from a n a ly s is  

o f  e f f l u e n t  g a s e s ,  th e  h e a te r s  on th e  h e a t in g  ja c k e t  w ere 

tu rn e d  on . The c o n t r o l l e r s  on th e  h e a t e r s  m a in ta in ed  i s o 

th e rm a l c o n d itio n  in  th e  r e a c t o r  and when th e  to p  and bottom  

te m p e ra tu re s  o f  th e  t h in  coke l a y e r  i n s id e  w ere th e  same as 

th e  d e s i r e d  run  te m p e ra tu re ,  n i t r o g e n  was tu rn e d  o f f  and 

house  a i r  or o x y g e n /n itro g e n  g as  m ix tu re  tu rn e d  o n . The 

i n l e t  gas ro ta m e te r  was u sed  t o  m easu re  th e  c o n s ta n t gas 

f lo w  r a t e  in to  th e  r e a c t o r .  At t h i s  s t a g e ,  com bustion was
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i n i t i a t e d .

5 .3 .3  Sample C o l l e c t i o n

As th e  coke and oxygen r e a c t e d ,  combustion p ro d u c t  gases  

were produced . These g a s e s  flowed th rough  t h e  p o t  l i n e r  

tu b in g ,  th ro u g h  a m o d if ie d  Im p e r ia l  T j o i n t  h av in g  a ru b b e r  

septum t h a t  i s  lo c a t e d  on t h e  flow l i n e  (See F ig u re  5 . 3 ) ,  

th rough  a d r i e r i t e  sy s te m . Brooks c o n s ta n t  d i f f e r e n t i a l  

flow  ro ta m e te r ,  wet t e s t  m e te r  and th en  v e n te d  th ro u g h  a 

hood to  th e  a tm osphere .  To s im p l i f y  c o m p u ta t io n a l  a n a l y s i s ,  

th e  e x i t  gases  flow r a t e  was m on ito red  and m a in ta in e d  con

s t a n t .  2 cc o f  p roduced  g a s e s  was ta k e n  a t  f r e q u e n t  i n t e r 

v a l s  from th e  m o d if ie d  I m p e r ia l  T j o i n t  ru b b e r  septum by 

u s in g  a 4cc s i z e  gas t i g h t  s y r in g e  and then  a n a ly se d  f o r  

CO, CO2 , CH4 , O2  and Ng in  a Gow-Mac s e r i e s  550 gas chrom ato

graph . A sch e m a tic  r e p r e s e n t a t i o n  o f  th e  p r o c e s s  a p p a ra tu s  

i s  i n d i c a t e d  i n  F ig u re  5 .3 .

5 .3 .4  Sample A n a ly s is

When 2cc o f  com bustion  p ro d u c t  gases  i s  in t ro d u c e d  i n t o  

th e  gas chrom atograph, v a r io u s  peaks a r e  s e p a r a t e d  and th e  

f i r s t  t a s k  i s  t o  i d e n t i f y  t h e  p eak s .  The p e a k s  co u ld  be 

i d e n t i f i e d  by com paring th e  e l u t i o n  tim e  w ith  p u b l i s h e d  

v a lu e s  f o r  v a r io u s  g a s e s  in  t h e  l i t e r a t u r e ,  b u t  th e  problem  

h e re  i s  t h a t  t h e  column l e n g t h s ,  s i z e  o f  column p a c k in g ,  oven 

and d e t e c t o r  te m p e r a tu re s ,  g as  flow  r a t e  and p r e s s u r e  and
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o t h e r  v a r i a b l e s  must be m a in ta in e d  c o n s ta n t  a t  t h e  v a lu e s  

in d i c a t e d  in  th e  l i t e r a t u r e .  Most l i k e l y ,  a l l  t h e s e  v a r i 

a b le s  cannot be m a in ta in e d  a t  th e  above r e q u i r e d  c o n d i t i o n s ,  

and some o t h e r  t e c h n iq u e  has t o  be u se d  t o  i d e n t i f y  t h e  v a r 

io u s  s e p a r a te d  p e a k s .  The te c h n iq u e  u s e d  was t o  c o l l e c t  Icc  

o f  com bustion p ro d u c t  g a s e s  p lu s  Ic c  o f  p u re  N i t ro g e n  and th e  

m ix tu re  i n j e c t e d  i n t o  th e .G .C .  In  t h i s  c a s e ,  t h e  n i t r o g e n  

peak  becomes g r e a t l y  m a g n if ie d  as  compared t o  th e  r e s u l t  

from 2cc o f  com bustion  p ro d u c t  gases  o n ly .  By r e p e a t i n g  th e  

above p ro c e d u re  w i th  CO, CO2 , O2  e t c . ,  t h e s e  p eak s  were a l s o  

i d e n t i f i e d .

C h ap te r  4 c o n ta in s  a l l  t h e  d e t a i l s  o f  th e  column ty p e  

u sed ,  th e  a rran g em en t o f  th e  columns, and  th e  o p e r a t i n g  con

d i t i o n s  o f  t h e  Gow Mac g as  ch rom etograph . The volume p e r 

cen tag e  o f  t h e  r e s o l v e d  CO, CO2 , O2  and N2  had t o  be computed 

and t h i s  r e q u i r e s  c a l i b r a t i o n  o f  th e  g as  ch rom atograph .

5 .3 .5  C a l i b r a t i o n  o f  Gas Chromatograph

To c a l i b r a t e  t h e  g a s  ch rom atograph , a  S c o t t  a n a ly se d  

gas w ith  th e  f o l lo w in g  volume p e rc e n ta g e  co m p o sit io n  was 

used :

CO = 6 .55%

CO2  = 14.8%

O2  = 9.98%

N2  = 63.73%

CH4  = 4.94%
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2cc o f  t h i s  S c o t t  a n a ly s e d  gas  was in t ro d u c e d  i n t o  th e  

G.C. and th e  o u tp u t  m o n ito red  on an L&N r e c o r d e r .  The peak  

h e ig h t s  w ere th e n  c o n s id e re d  t o  be p r o p o r t i o n a l  t o  t h e  above 

g iv e n  volume p e rc e n ta g e s .  The volume p e r c e n ta g e  o f  t h e  un

knowns in  a g iv e n  2 cc sample o f  p roduced  gas  i s  th en  g iven

where h i  = Peak h e ig h t  o f  i t h  component in  S c o t t  gas

h ' i  = Peak h e ig h t  o f  i t h  component in  E f f lu e n t  gas

Vi = Volume % o f  i t h  component i n  S c o t t  g a s .

The above a n a l y s i s  i s  t r u e  o n ly  i f  t h e  gas chrom ato

g ra p h  i s  o p e r a te d  under i d e n t i c a l  c o n d i t i o n s  d u r in g  t h e  a n a l 

y s i s  o f  b o th  th e  S c o t t  a n a ly s e d  gas  and th e  e f f l u e n t  sam ple 

g a s e s .

5 .3 .6  T erm ination  o f  Combustion

At th e  end o f  each com bustion  ru n ,  g as  i n j e c t i o n  was 

sw i tc h e d  back  t o  N itro g e n  to  p r e v e n t  f u r t h e r  o x id a t io n  o f  

r e s i d u a l  coke . T h is  was o n ly  n e c e s s a r y  d u r in g  com bustion 

a t  low te m p e ra tu re s  when com bustion  t im e  exceeded  25 m in u te s .  

F o r  th e s e  r u n s ,  th e  u n re a c te d  coke was c a r e f u l l y  t r a n s f e r r e d  

i n t o  a c r u c i b l e  and i t s  w e ig h t  d e te rm in e d  by u s in g  a t r i p l e  

beam b a la n c e .  The c r u c i b l e  and i t s  c o n te n t s  were th e n  h e a te d  

i n  an oven a t  ISOQOF f o r  20 m in u te s .  The c le a n  sand r e s i d u e  

was a g a in  w eighed and th e  w e ig h t d i f f e r e n c e  b e f o r e  and a f t e r  

s u b j e c t i n g  t h e  coke t o  1500°F oven te m p e ra tu re  r e p r e s e n t e d  

t h e  amount o f  u n re a c te d  coke.



CHAPTER VI

PRESENTATION AND DISCUSSION 

OF RESULTS

A t o t a l  o f  12 ru n s  w ere  made to  o b se rv e  and e x p la in  

t h e  poor oxygen u t i l i t y  e f f i c i e n c y  a t  low coke com bustion 

te m p e ra tu re .  Oxygen u t i l i t y  i s  q u a l i t a t i v e l y  d e s c r ib e d  a s  

a m easure o f  th e  amount o f  oxygen u n r e a c te d  d u r in g  coke com

b u s t io n  p r o c e s s .  Low e f f i c i e n c y  i s  synonymous w ith  h ig h  

volume p e r c e n t  o f  u n r e a c te d  oxygen.

The f i r s t  s e r i e s  o f  r u n s  r e p r e s e n t e d  on F ig u re  6 .1  as  

X and X' r e p r e s e n t  sam ples  o f  coke formed a t  700°F and coke 

com bustion  te m p e ra tu re  o f  950°F . T h is  coke was formed from 

22.7°API c rude  and th e  g as  f lo w  r a t e  th ro u g h  th e  r e a c t o r  

was 110 cc /m in . A l l  p h y s i c a l  and r e a c t i o n  c o n d i t io n s  were 

i d e n t i c a l  f o r  b o th  ru n s  e x c e p t  t h e  d i f f e r e n c e  in  deg ree  o f  

tam p er in g  and p a c k in g .  In  t h e  c a s e  o f  ru n  X, t h e  coked sand  

was v e ry  w e l l  packed  and tam p ered  w hereas  in  c a se  o f  run  X ' , 

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

i s  t h a t  run  X had t h i n n e r  b e d  t h i c k n e s s  w i th  l e s s  vo idage  

sp ace  f o r  a i r  c h a n n e l in g  th a n  ru n  X’ . R e s u l t s  from m o n ito r in g

71
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F ig u r e  6 .1

E f f e c t  o f  C h a n n e l l i n g  on Oxygen U t i l i t y
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t h e  volume p e r c e n ta g e  o f  u n re a c te d  oxygen f o r  b o th  ru n s  d id  

show h ig h e r  v a lu e s  o f  u n re a c te d  oxygen in  c a se  X' th a n  t h a t  

f o r  c a se  X. T h is  i s  i n t e r e s t i n g  and n o t  t o t a l l y  unexpec ted  

b ecause  i f  we assume oxygen consum ption r a t e  a s  b e in g  a fu n c

t i o n  o f  t e m p e r a tu re ,  gas  f lu x ,  system  p r e s s u r e  and carbon 

c o n c e n t r a t i o n ,  th e n  th e  r e a c t i o n  r a t e  v a lu e s  sh o u ld  be th e  

same f o r  b o th  ru n s  s i n c e  a l l  t h e  above named v a r i a b l e s  a re .  

th e  same. A s im p le  oxygen b a la n c e  a s  i l l u s t r a t e d  in  th e  

f i g u r e  below does  d e m o n s tra te  t h a t .

Oxygen in U nreac ted  oxygen

U.R.

Oxygen r e a c te d

Or

Mass o f  u n r e a c te d  oxygen Oy e q u a ls  Oi -  Og. Using th e  

s u f f i x  X and X' t o  r e p r e s e n t  th e  ru n  under  c o n s id e r a t io n ,  

th en

Ou.R. ,X  = Oi X -  OR X

O u . R . , x '  = 0^ %, -  0% %,

S in ce  th e  oxygen mass f lo w in g  i n t o  t h e  system  i s  t h e  same 

f o r  b o th  X and X' and from th e  above d i s c u s s io n s .  Or  x &nd 

Or , x » a r e  su p p o se d ly  th e  same, th e n  volume of u n re a c te d  

oxygen s h o u ld  be t h e  same f o r  b o th  X and X’ . However, s in c e

i t  was o b se rv e d  t h a t  Or r x Oy r x ’ a r e  n o t  th e  same,

t h i s  would th e n  im ply  t h a t  th e  r e a c t e d  oxygen i s  n o t  t h e  same
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f o r  X and  X ' . The o n ly  r e a so n  why t h i s  w ou ld  be t r u e  i s  

due t o  t h e  v a ry in g  deg ree  o f  c h a n n e l in g  i n  t h e  r e a c t i n g  bed. 

In  c a s e  o f  X, th e  gas has t o  flow  th ro u g h  a  more t o r tu o u s  

p a th  and  th e  oxygen m o lecu le s  w i l l  have  a  lo n g e r  r e s id e n c e  

t im e  i n  t h e  r e a c t o r ,  th e re b y  p e r m i t t i n g  a  more e f f i c i e n t  

coke c o n v e r s io n  t o  CO and CO2 .

For  t h e  e a r ly  t im e  p e r io d  in  t h e  above e x p e r im en ts ,  

t h e  e f f e c t  o f  n o n - iso th e rm a l  com bustion o f  t h e  system  f u r t h e r  

m a g n i f i e s  th e  d i f f e r e n c e  between th e  g r a p h s .  To u n d e rs ta n d  

t h i s  l a t e r  c o m p lic a t io n ,  one has t o  r e a l i z e  t h a t  f o r  a system  

f o r  exam ple a t  95QOF, th e  i n t r o d u c t i o n  o f  c o o l  a i r  i n t o  th e  

r e a c t o r  c e l l  w i l l  i n i t i a l l y  cause  a  t e m p e r a tu re  d ro p ,  to  be 

fo l lo w e d  by a  te m p e ra tu re  r i s e  above r e q u i r e d  950°F due to  

t h e  e x o th e rm ic  n a tu re  o f  t h e  coke com bustion  r e a c t i o n .  The 

d e g re e  o f  d e p a r tu re  from t h e  i s o th e rm a l  t e m p e ra tu re  w i l l  de

pend  on t h e  t o t a l  mass o f  coke p r e s e n t  and t h e  oxygen r e s i 

d en ce  t im e .
X' Coke sam ple

X Coke sam ple

Temp.

■Required I so th e rm a l  
C om bustion Tem perature

Time

Thus, one o f  th e  r e a s o n s  f o r  p o o r  oxygen u t i l i t y  d u r in g  

i n - s i t u  com bustion i s  th e  p re se n c e  o f  a i r  c h a n n e l  p a th s  in  

t h e  fo rm a t io n  as  a r e s u l t  o f  f r a c t u r e s  in  t h e  fo rm a tio n  o r  

h ig h  d e g re e  o f  r e s e r v o i r  h e t e r o g e n e i ty .
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The n e x t  s e r i e s  o f  r u n s  i s  r e p r e s e n t e d  on F ig u re  6 .2  

as  A, B, C and in  Appendix B T a b le  2 ,  The fo l lo w in g  i s  a 

summary o f  th e  p r o p e r t i e s  a s  i n d i c a t e d  i n  Appendix B:

A:. Coke formed from 15.4°API c ru d e  a t  600°F cok ing  tem pera

t u r e .  F u e l c o n c e n t r a t i o n  -  2 . 7  gmC/100 gm sand .

B: Coke formed from 2 2 .7°API c ru d e  a t  800°F cok ing  tem pera

t u r e .  F u e l c o n c e n t r a t i o n  -  1 .7 4  gmC/100 gm san d .

C; Coke formed from 2 2 .7°API c ru d e  a t  70QOF cok ing  tem pera

t u r e .  F u e l  c o n c e n t r a t i o n  -  2 .4 5  gmC/100 gm san d .

For th e  above r u n s ,  t h e  coke com bustion  te m p e ra tu re ,  

g as  f l u x  and amount o f  coke f e e d  i n t o  t h e  r e a c t o r  were h e ld  

c o n s ta n t  a t  950°F, 110 cc /m in  and 1 6 .3 8  gm r e s p e c t i v e l y .

The main o b j e c t i v e  h e re  was t o  p r o v id e  coke sam ples o f  d i f 

f e r e n t  c o n c e n t r a t io n s  and t o  m a in ta in  t h e  o t h e r  v a r i a b l e s  

c o n s ta n t  in  t h e  e q u a t io n .

r  = f (T ,  \r , P, c ’ ) ......................................................................(1)

The o b se rv ed  r e s u l t s  i n d i c a t i n g  p o o r e r  oxygen u t i l i t y  e f f i 

c ie n c y  w ith  d e c r e a s in g  carbon  c o n c e n t r a t i o n  was n o t  s u r p r i s 

in g .  T h is  co u ld  b e  e x p la in e d  by exam in ing  e q u a t io n  (1 )  t h a t  

now becomes r  = f ( c )  s in c e  a l l  o t h e r  v a r i a b l e s  a re  h e ld  con

s t a n t .  From th e  h y p o th e s iz e d  r a t e  e x p r e s s io n  d e s c r ib in g  

oxygen coke r e a c t i o n ,  f ( c )  = h e n c e  h ig h e r  r a t e  o f  oxygen 

consum ption i s  a s s o c i a t e d  w i th  h i g h e r  coke c o n c e n t r a t i o n .  

T h e re fo re ,  from t h e  oxygen mass b a la n c e  equation Oy ^  w i l l  

be h ig h e r  fo r  low er ca rb o n  c o n c e n t r a t i o n .
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Figure  6 ,2

Effect of Coke Concentration (Different Coke) and Temperature
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A lthough  h ig h e r  coke c o n c e n t r a t i o n  w i l l  improve th e  

poor oxygen u t i l i t y ,  one must a l s o  r e a l i s e  t h a t  t h e  h ig h e r  

coke c o n c e n t r a t i o n  does r e p r e s e n t  h ig h e r  f r a c t i o n  o f  th e  

in te n d e d  r e c o v e r a b le  c rude  b e in g  c o n v e r te d  t o  u n re c o v e ra b le  

o i l  i n  t h e  form o f  coke .

The g r e a t e s t  d i f f e r e n c e  in  oxygen u t i l i t y  was observed 

by com paring  run: E and C. A ll  th e  v a r i a b l e s  i n  E qua tion  1 

were i d e n t i c a l  f o r  b o th  runs  ex cep t  f o r  v a r i a t i o n s  in  com

b u s t io n  t e m p e r a tu r e s .  The t a s k  h e re  i s  t o  p ro v e  t h a t  h ig h e r  

te m p e r a tu re s  r e s u l t  i n  h ig h e r  oxygen consum ption  r a t e  and 

hence , lo w er  v a lu e s  o f  0 ^ -  0 %.

The r e a c t i o n  k i n e t i c s  o f  coke com bustion  p ro c e ss  will 

[aii.d:;iit.exp'T.aiin.inn t h i s  ob 'senyation . S in ce  b o th  coke con

c e n t r a t i o n  and r e a c t o r  p r e s s u r e  a r e  i d e n t i c a l  th e n  the v a r i a 

t i o n  i n  oxygen consum ption r a t e  c o u ld  o n ly  be due t o  d i f 

f e r e n c e  i n  s p e c i f i c  r a t e  c o n s ta n t  c o e f f i c i e n t  K. Bousard 

and Ramey o b s e rv e d  a  c h em ica lly  r a t e  c o n t r o l l e d  coke combus

t i o n  p r o c e s s  and were a b le  t o  c o r r e l a t e  K t o  A rrh en iu s  equa

t i o n .  Thus K = Ae”^/®"^. T h is  would i n d i c a t e  t h a t  as tem

p e r a t u r e  i n c r e a s e s ,  K would i n c r e a s e  r e s u l t i n g  in  h ig h e r  

oxygen consum ption  r a t e  and t h e r e f o r e  a more e f f i c i e n t  oxy

gen u t i l i t y .  However, t h i s  r e s e a r c h  on th e  ty p e  o f  coke 

s tu d i e d ,  c o u ld  n o t  s u b s t a n t i a t e  B ousard  and Ram ey's f in d in g s .  

In  t h i s  r e s e a r c h ,  K v a lu e s  d id  e x h i b i t  t e m p e ra tu re  depen

dence w hich  q u a l i t a t i v e l y  h as  th e  same r e s u l t s  a s  th e  above 

a u t h o r s .
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The r e s u l t s  on k i n e t i c  s t u d i e s  o f  coke com bustion,

F ig .  6 . 4 ,  i n d i c a t e s  t h a t  i n c r e a s i n g  g as  f l u x  r e s u l t s  in  

h i g h e r  K v a lu e s .  This  would s u g g e s t  t h a t  oxygen u t i l i t y  

e f f i c i e n c y  sh o u ld  improve w i th  i n c r e a s i n g  oxygen f lu x .  How

e v e r ,  t h e  r e s u l t s  d e p ic te d  by g ra p h s  2 , 3, 4 ( F ig .  6 .3  and 

Appendix B T a b le  3) where th e  o n ly  d i f f e r e n c e  in  v a r i a b l e s  

i s  g as  f l u x  , i s  c o n t ra ry  t o  e x p e c te d  r e s u l t .  I t  i s  t r u e  t h a t  

oxygen consum ption r a t e  i n c r e a s e s  w i th  i n c r e a s i n g  gas f lu x  

o v e r  t h e  te m p era tu re  ran g e  u n d e r  i n v e s t i g a t i o n  b u t  such 

h i g h e r  f l u x  r a t e  causes  lower oxygen r e s i d e n c e  tim e  in  th e  

r e a c t o r  and hence , prom otes h ig h e r  d e g re e  o f  c h a n n e l in g .

The c h a n n e l in g  e f f e c t s  o v e r r id e  t h e  i n c r e a s e  i n  oxygen con

sum ption  r a t e  w ith  th e  n e t  e f f e c t  o f  lo w e r in g  oxygen u t i l i t y  

e f f i c i e n c y .  From a p r a c t i c a l  s t a n d p o i n t ,  such  h ig h  a i r  f lu x  

r a t e s  a r e  u n r e a l i s t i c  i f  one h a s  t o  e n g in e e r  a  f e a s i b l e  r e 

co v e ry  p r o c e s s ,  b u t t h e s e  r e s u l t s  r e f l e c t  th e  p o s s i b l e  s i t u a 

t i o n  a ro u n d  th e  i n j e c t i o n  w e l l  b o r e  where h ig h  f lu x e s  w i l l  

be  e x p e r ie n c e d .

These s tu d i e s  have d e m o n s tra te d  t h a t  oxygen u t i l i t y  

e f f i c i e n c y  i s  most d r a s t i c a l l y  a f f e c t e d  by te m p e ra tu re  

v a r i a t i o n s  and t h i s  c o u ld  be e x p la in e d  in  te rm s  o f  tem pera

t u r e  s e n s i t i v i t y  to  coke com bustion  k i n e t i c s  a t  low tem pera

t u r e s  .
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B es t  V alue  o f  K Vs Gas Flow R a te
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A n a ly s is  o f  Coke Combustion K i n e t i c s

A t o t a l  o f  tw en ty  ru n s  were made t o  d e te rm in e  th e  con

t r o l l i n g  mechanism o f  v a r io u s  ty p e s  o f  coke . The r e s u l t s  

a r e  a l l  t a b u l a t e d  in  th e  A ppendix . The f i r s t  s e r i e s  o f  

r u n s  was made a t  r e a c t o r  c e l l  p r e s s u r e  o f  20 p s i g .  These 

r u n s  have n o t  been r e p o r t e d  b e c a u se  i t  was f e l t  t h a t  th e  

r e s u l t s  would have e x c e s s iv e  e r r o r s .  To a c h ie v e  20 p s ig  

c e l l  p r e s s u r e ,  a i r  a t  h ig h  p r e s s u r e  would have t o  b e  i n t r o 

duced i n t o  t h e  r e a c t o r  w i th in  a  v e ry  s h o r t  p e r i o d  o f  t im e .  

T h is  means e x c e s s iv e  r e a c t a n t  w i th in  t h e  r e a c t o r  and any 

m o lecu le  o f  gas  p ro d u ced  a s  a  r e s u l t  o f  t h e  com bustion  p ro 

c e s s  would b e  e x c e s s iv e ly  d i l u t e d  by th e  l a r g e  mass o f  r e a c 

t a n t  p r e s e n t .  Thus, t h e  e f f l u e n t  gas  a n a l y s i s  would no t 

r e p r e s e n t  t h e  i n s t a n ta n e o u s  c o m p o s it io n  o f  th e  e f f l u e n t  

g a s e s  un d er  i n v e s t i g a t i o n .  To av o id  t h i s  p i t f a l l ,  th e  c e l l  

p r e s s u r e  was m a in ta in e d  a t  n e a r  a tm o sp h e r ic  p r e s s u r e .

R e s u l t s  o f  C hem ica lly  R a te  C o n tro l  A n a ly s is

As must be s t r e s s e d ,  no s o l u t i o n  te c h n iq u e  t o  e v a lu a te  

t h e  v a r i a b l e s  k, n ,  m in  any h y p o th e s iz e d  mechanism d e s c r ib 

in g  oxygen coke r e a c t i o n  can overcome t h e  d is a d v a n ta g e s  o f  

h ap h a z a rd  s e l e c t i o n  o f  e x p e r im e n ta l  d a t a .  In  l i n e  w i th  

t h i s  t h i n k i n g ,  a l o g - l o g  p l o t  o f  r e a c t i o n  r a t e  a g a i n s t  carbon 

c o n c e n t r a t i o n  was made, t o  r e c o g n iz e  any t r e n d s  i n  th e  d a ta .  

An i n t e r e s t i n g  o b s e rv a t io n  was t h a t  f o r  t h e  f i r s t  4 t o  5
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m in u te s ,  t h e  r e a c t i o n  r a t e s  do n o t  f o l lo w  th e  t r e n d  e x h ib i t e d  

by o t h e r  d a t a .  The convex sh ap e  o f  th e  d a t a  p o i n t s  in  t h i s  

r e g io n  ( s e e  F ig .  6 .5 )  were th o u g h t  t o  b e  due to  e r r o r s  i n 

vo lved  in  e f f l u e n t  gas  a n a l y s i s  and te m p e ra tu re  f l u c t u a t i o n s  

r e s u l t i n g  in  n o n - is o th e rm a l  c o n d i t i o n s  i n  t h e  r e a c to r  d u r in g  

t h i s  t im e p e r i o d .  The n o n - is o th e r m a l  c o n d i t i o n  in  the r e a c 

t o r  c o u ld  n o t  p o s s ib ly  e x p la in  th e  above c o n s i s t e n t l y  o b s e r 

ved phenomena because  n o n - is o th e r m a l  c o n d i t i o n s  cause tempo

r a r i l y  h ig h e r  te m p e ra tu re s  and a s  such , t h e  d a ta  p o in ts  

s h o u ld  d e f l e c t  upwards as  shown below .

E x p e c ted  o b s e rv a t io n  a s  a r e s u l t  
o f  n o n - is o th e rm a l  c o n d i t io n s  

i n  th e  r e a c t o r

logR

F u r th e rm o re ,  th e  o b se rv e d  phenomena c o u ld  n o t  be due 

t o  e r r o r s  i n  m easurem ents s in c e  th e  volume p e rc e n t  of e f 

f l u e n t  g a s e s  o f  i n t e r e s t  i s  h ig h  and as s u c h ,  th e  p e rc e n ta g e  

e r r o r  w i l l  be l e a s t  i n  t h i s  r e g i o n .  By co n d u c t in g  the r e 

s e a r c h  a t  n e a r  a tm o sp h e r ic  p r e s s u r e  and by e n s u r in g  th e  i n 

l e t  gas  f low  r a t e  t o  b e  a p p ro x im a te ly  t h e  same as  e x i t  f low  

r a t e ,  t h e r e  w i l l  b e  no p r e s s u r e  b u i ld - u p  i n  th e  c e l l ,  n e i t h e r  

w i l l  t h e r e  be e x c e s s iv e  i n t r o d u c t i o n  o f  r e a c t a n t  g as .  T h is  

e n s u re s  an a c c u r a te  m o n i to r in g  o f  t h e  in s t a n t a n e o u s  concen

t r a t i o n  o f  e f f l u e n t  g a s e s .
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The fo l lo w in g  th e o ry  does e x p la in  th e  above o b se rv a 

t i o n s .  The coke u n d er  i n v e s t i g a t i o n  i s  a  h ig h ly  r e a c t i v e  

hydrocarbon  r e s id u e  t h a t  c o n ta in s  o n ly  carbon and hydrogen

w ith  an a to m ic  H /C * ra t io  o f  x : -  CE^. In  a d ry  fo rw ard  com-
97b a s t i o n ,  x l i e s  betw een 1 and 1 .8 .  On sam ples o f  coke 

formed by p y r o l y s i s ,  Ramey o b se rv ed  t h a t  t h e  hydrogen r e a c t s  

f a s t e r  th a n  th e  carbon and t h i s  i s  in  q u a l i t a t i v e  agreem ent 

w i th  c o n c lu s io n s  re a c h e d  by D ar t  e t  a l .  c o n c e rn in g  re g e n e 

r a t i o n  o f  c la y  c a t a l y s t  p e l l e t s .  By p l o t t i n g  a tom ic  hydro

gen carbon r a t i o  a g a in s t  t im e  f o r  each  run  as  shown in  F ig .  

6 . 6 , one o b se rv e s  t h a t  th e  H/C r a t i o  d e c r e a s e s ,  r e a c h in g  

z e ro  betw een 4-6  m in u tes  and t h i s  i s  t h e  tim e  p e r io d  c o r r e s 

ponding  t o  t h e  o b se rv ed  convex shape o f  th e  r e a c t i o n  r a t e  

p l o t .  Thus, d u r in g  th e  e a r l y  t im e  p e r io d  when th e  H/C r a t i o  

ve ry  h ig h ,  t h e  hydrogen r e a c t i o n  r a t e  i s  maximum and ap

p ro ach es  z e ro  between 4 -6  m in u te s .  From 6  m in u te s  onward, 

th e  hydrogen c o n c e n t r a t io n  i s  z e ro  and th e  r e s id u e  u n d e rg o in g  

com bustion a t  t h i s  t im e  i s  e s s e n t i a l l y  p u re  ca rb o n .  S in ce  

th e  r e a c t i o n  r a t e  e x p r e s s io n  d e s c r ib in g  coke , oxygen r e a c 

t i o n  assumes th e  coke i s  p u re  ca rb o n ,  th e  r e q u i r e d  d a ta  p o i n t s

,.ta.Jaa. j g .  tke..Ajdaq:Uacy--ua£r th e  model s h o u ld  be

v a lu e s  o b ta in e d  when H /c  r a t i o  i s  z e r o .  From th e  above 

d i s c u s s io n s ,  one can s e e  t h a t  th e  measured r e a c t i o n  r a t e s  a t  

th e  e a r ly  t im e  p e r io d s  r e p r e s e n t  a  com bina tion  o f  carbon  and 

hydrogen r e a c t i o n  r a t e s  and a s  such , th e y  a r e  n o t  r e p r e s e n -

*See Appendix C.
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t a t i v e  o f  r a t e s  f o r  p u re  carbon com b u stio n .
",

The t a b u l a t e d  b e s t  v a lu e s  o f  n and  m r e p o r t e d  in  t h i s  

r e s e a r c h  (T ab le  3 .1 )  have v a lu e s  r a n g in g  from . 6  t o  1 .3 .

F o r  i s o th e r m a l  com bustion  c o n d i t i o n s  un d er  which t h e s e  s tu d i e s  

w ere  made, th e  v a lu e s  o f  n and m s h o u ld  be c o n s i s t e n t  and 

w i th  t h e  ty p e  o f  f l u c t u a t i o n s  o b se rv e d  one has  t o  conclude 

t h a t  t h e  power law r e a c t i o n  r a t e  e x p r e s s io n  d e s c r i b i n g  coke, 

oxygen r e a c t i o n  i s  n o t  q u i t e  s a t i s f a c t o r y ,  and i t ' s  o n ly  an 

a p p ro x im a tio n  o f  th e  k i n e t i c  p r o c e s s .

T h is  would imply t h a t  r e s u l t s  be i n t e r p r e t e d  q u a l i t a 

t i v e l y .  Because  o f  th e  n a tu re  o f  f l u c t u a t i o n  i n  n and m 

v a l u e s ,  t h e  r e p o r t e d  v a lu e s  o f  K c o u ld  n o t  be g iv e n  any 

q u a n t i t a t i v e  i n t e r p r e t a t i o n  b u t  t h e  r e s u l t s  i n  F ig .  6 .4  and 

6 . 7  do i n d i c a t e  th e  s e n s i t i v i t y  o f  K v a lu e s  on g as  f lu x  

r a t e  and  t e m p e r a tu re .  Below 900®F, th e  dependence o f  K on 

te m p e r a tu re  seems to  be  very  p ronounced  b u t  above 950°F , th e  

t e m p e r a tu re  e f f e c t s  appear  to  be  l e s s  p ro n o u n ced .  A Lang- 

muir^G ty p e  mechanism i s  p roposed  t o  d e s c r ib e  t h e  coke 

oxygen r e a c t i o n .  T h is  mechanism i s  p ro p o sed  b e c a u s e  th e  

r e s u l t s  from th e  o th e r  t e s t e d  r a t e  e x p r e s s io n  s u g g e s t s  th e  

p r e s e n c e  o f  two k i n e t i c  reg im es: t h e  e a r l y  p e r i o d  when hy

d rogen  i s  p r e s e n t  and th e  l a t e r  p e r io d  c h a r a c t e r i z e d  by pure  

ca rb o n  com bustion . The p roposed  Langmuir mechanism i s

p _ -kKG 
^  "  Ï+KC

T h is  mechanism w i l l  be a b le  to  acco u n t f o r  t h e  two o bserved
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k i n e t i c  re g im e s .  For exam ple, a t  t h e  e a r l y  t im e  p e r io d  when
k

ca rb o n  c o n c e n t r a t io n  i s  h ig h ,  K C ^ l  and r  then equals X. At la te r  

s t a g e ,  when C becomes v e ry  s m a l l ,  KC ^  1 and r  becomes kKC 

w hich w i l l  r e p r e s e n t  t h e  second  r e a c t i o n  regime c h a r a c t e r 

i z e d  by p u re  carbon  com b u stio n .

R e s u l t s  o f  D i f f u s io n  C o n tro l  A n a ly s is

From u n r e a c te d  c o re  a n a l y s i s ,  t h e  v a r i a b l e  in  t h e  d i f 

f u s io n  e q u a t io n  V I D E  : - | l  -  3 ( ^ )  2 ( ^ ) J  when p l o t t e d

a g a i n s t  t im e  y i e ld e d  a  s t r a i g h t  l i n e  f o r  te m p e ra tu re s  above 

950°F . F ig .  6 . 6 b .  At t e m p e r a tu re s  be low  900°F, th e  p l o t  o f  

V I D E  a g a i n s t  tim e was a  c u r v e .  See  F ig u re s  6 <6 S and 6 . 8 . 

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

mechanism a t  t e m p e r a tu re s  above 950°F w h i le  chem ica l r e a c t i o n  

dom inated  th e  p ro c e s s  a t  t e m p e r a tu re s  below  900°F. For d i f -  

f u s i o n a l l y  c o n t r o l l e d  p r o c e s s ,  t h e  V I D E  p l o t  sh o u ld  p ass  

th ro u g h  th e  o r i g i n  b u t  t h e  r e p o r t e d  g ra p h  in  F ig u re  6 . 6 b 

does  n o t  p a s s  th ro u g h  t h e  o r i g i n .  T h is  i s  no t s u r p r i s i n g  

b e c a u se  in  d e r iv in g  t h e  e q u a t io n

t  = l | l  -  3 ( l - g )  \  2 ( i . g ) J  , h e r e  I =

The fo l lo w in g  assu m p tio n  was made: t h a t  t h e  s t o i c h i o 

m e t r i c  r a t i o  o f  carbon  b u rned  p e r  mole o f  oxygen consumed 

i s  c o n s ta n t  and eq u a l  t o  b .  By exam in ing  th e  e q u a t io n  p r e -
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s e a te d  by B urger^?  w hich  d e s c r i b e s  th e  s to i c h i o m e t r i c  r e l a 

t i o n  between coke and  oxygen a s ;

+ (2 (Ï+B ) + Î )  Og — ^  Î &  COg + Ï &  CO + §  HgO

X = Atomic E/C r a t i o  o f  f u e l  

B = Volume r a t i o  o f  CO/COg 

I t  becomes e v id e n t  t h a t  t h e  v a lu e  o f  b in  V I D E e q u a t io n

i s  no t a  t r u e  c o n s t a n t  u n t i l  such  p e r io d  when H/C = 0. I f

t h e  o r i g i n  o f  t h e  t im e  a x i s  i s  s h i f t e d  t o  such p o s i t i o n  when 

H/C = 0, th e n  th e  V I D E  p l o t  would p a s s  th ro u g h  th e  o r i 

g in  which i s  th e  e x p e c te d  r e s u l t  f o r  a  d i f f u s i o n  c o n t r o l  

p r o c e s s .



CHAPTER V II

CONCLUSIONS

C o n c lu s io n s  and leco n m en d a tio n s

For F u r th e r  Work

W ithout d o u b t ,  i n - s i t u  o i l  r e c o v e ry  i s  a  v e ry  complex 

p r o c e s s  and e x p e r im e n ta l  d a ta  from  th e  coke com bustion  k i n e t 

i c s  have a l s o  p roven  to  be complex. Any h y p o th e s iz e d  r a t e  

e x p r e s s io n  d e s c r ib in g  th e  n a tu r e  o f  t h e  coke oxygen r e a c t io n  

r e q u i r e s  n o n - l i n e a r  programming t e c h n iq u e s  t o  e v a l u a t e  th e  

v a r i a b l e s  in  th e  r e a c t i o n  r a t e  e x p r e s s io n .  A newly d e v e l 

oped te c h n iq u e  f o r  a n a ly s in g  d a t a  u s in g  s t e e p e s t  d e s c e n t  op

t i m i z a t i o n  th e o ry  i s  p r e s e n te d .

The power law ty p e  r a t e  e x p r e s s io n  does n o t  a d e q u a te ly  

d e s c r ib e  th e  coke com bustion k i n e t i c s  b u t  t h e  r e s u l t s  from 

t h i s  model co u ld  a d e q u a te ly  be i n t e r p r e t e d  q u a l i t a t i v e l y .

A Langmuir ty p e  mechanism i s  s u g g e s te d  f o r  f u r t h e r  i n v e s t i 

g a t i o n .

At t e m p e ra tu re s  above 950°F, th e  coke com bustion  p ro 

c e s s  i s  c o n t r o l l e d  by mass t r a n s f e r  w h i le  a t  t e m p e r a tu re s  

below 900°F, th e  p ro c e s s  i s  c o n t r o l l e d  by c h e m ic a l  k i n e t i c s .

91
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R e g a rd le s s  o f  th e  te m p e ra tu re  regime u n d e r  c o n s i d e r a t i o n s ,  

b o th  mass t r a n s f e r  and r e a c t i o n  r a t e  c o n t r o l  mechanism: do 

e x i s t  b u t  th e  predom inant mechanism i s  a s  i n d i c a t e d  above.

The d i f f u s i o n a l  a n a l y s i s  does n o t  r e q u i r e  p r e c i s e  de

f i n i t i o n  o f  t h e  coke-oxygen r e a c t i o n  r a t e  b e f o r e  d e f in in g  

th e  c o n t r o l l i n g  mechanism and a s  such , t h e  c o n c lu s io n s  from 

t h i s  a n a l y s i s  a r e  more r e l i a b l e  th an  c h e m ic a l ly  r a t e  c o n tro l  

a n a l y s i s .  F u r th e rm o re , in  k i n e t i c  b e h a v io r  a n a l y s i s ,  th e  

p o s s i b i l i t y  o f  i n t e r n a l  t e m p e ra tu re  g r a d i e n t  due t o  t h e  exo

th e rm ic  n a t u r e  o f  th e  coke/oxygen  r e a c t i o n  does  p o se  co n s id 

e r a b le  q u e s t i o n s  on a c cu racy  and d eg ree  o f  r e l i a b i l i t y  o f  

r e s u l t s .  Such problems a s  i n d i c a t e d  above a r e ,  however, of 

no con seq u en ce  in  d i f f u s i o n a l  a n a l y s i s .

The d i f f e r e n t  cokes do n o t  e x h i b i t  any p a r t i c u l a r  

t r e n d  i n  ch em ica l p r o p e r t i e s  a s  cou ld  be d e te rm in e d  in  terms 

o f  th e  c o n t r o l l i n g  mechanism. However, th e y  do e x h i b i t  d i f 

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

The a to m ic  H/C r a t i o  d e c re a s e s  w i th  t im e  and a t  th e  

e a r l y  t im e  p e r io d ,  th e  hydrogen b u rn in g  r a t e  p re d o m in a te s  

o v e r  ca rb o n  b u rn in g  r a t e .  As th e  H/C r a t i o  t e n d s  t o  z e ro ,  

we have p u re  carbon  com bustion .

The oxygen u t i l i t y  e f f i c i e n c y  i s  d e p e n d e n t  on tem pera

t u r e  w i th  h ig h  e f f i c i e n c y  a s s o c i a t e d  w i th  h ig h  com bustion  

te m p e ra tu re  and low e f f i c i e n c y  a t  low t e m p e r a tu r e s  ( l e s s  than 

9 0 0 °F ) . At h ig h  s p e c i f i c  r a t e  c o e f f i c i e n t  a s s o c i a t e d  w ith  

h ig h  te m p e r a tu re s ,  t h e  coke oxygen r e a c t i o n  i s  v e ry  f a s t
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r e s u l t i n g  in  low l e v e l  amount o f  u n re a c te d  oxygen.

At h ig h  a i r  f lu x  r a t e ,  th e  oxygen u t i l i t y  e f f i c i e n c y  

i s  low and t h i s  i s  due to  low r e s id e n c e  tim e o f  th e  oxygen 

in  th e  r e a c to r  w hich r e s u l t s  in  h ig h  d eg ree  o f  c h a n n e lin g .

The oxygen u t i l i t y  e f f i c i e n c y  does depend on coke con

c e n t r a t i o n  inasm uch a s  th e  coke c o n c e n tra t io n  a f f e c t s  th e  

r e a c t io n  k i n e t i c s .

F u r th e r  work i s  recommended in  t h i s  a re a  t o  show t h a t  

p oo r oxygen u t i l i t y  e f f i c i e n c y  a s s o c ia te d  w ith  f r a c tu r e d  

r e s e r v o i r  fo rm a tio n  i s  due t o  c h a n n e ll in g  and r e d u c t io n  in  

te m p e ra tu re  a t  th e  f a r  end o f  th e  f r a c tu r e d  fo rm a tio n  f a c e .
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NOMENCLATURE

R = R e a c tio n  r a t e ,  gm C a rb o n /(100 gm san d )(m in )
^  = Carbon b u rn in g  r a t e ,  gm c a rb o n /(100 gm sa n d )(m in )

K = S p e c i f ic  r a t e  c o n s ta n t ,  (m in -a tm )” ^

C = Carbon c o n c e n t r a t io n ,  gm C arb o n /(100 gm san d )

P = Oxygen p a r t i a l  p r e s s u r e ,  a tm ospheres

n = R e a c tio n  o rd e r  w ith  r e s p e c t  to  Carbon

m = R e a c tio n  o rd e r  w ith  r e s p e c t  to  oxygen p a r t i a l
p r e s s u r e

A = A rrh e n iu s  c o n s ta n t ,  (m in -a tm s)"^

E = A c t iv a t io n  e n e rg y , B tu / lb  mole

T = Com bustion te m p e ra tu re ,  OF

t  = Com bustion tim e ; m in u te s

CB(t) = Mass o f  carbon  b u r n t  a t  tim e t ,  gm C arb o n /100 gm
san d

F = Gas flow  r a t e ,  c c /m in .

C.F. = C on v ers io n  f a c t o r  from  volume to  mass gm C /cc  C-
1 0 0  gm san d )

Cl = I n i t i a l  Carbon c o n c e n t r a t io n ,  gm C arb o n /100 gm san d

N = T o ta l  number o f  d a ta  p o in t s  f o r  a  run

Cox "  Oxygen c o n c e n tr a t io n

TÎ = System  p r e s s u r e ,  a tm osphere

V .I.D .E .=  D ependent v a r i a b l e  in  d i f f u s io n  e q u a tio n
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d = S te p  s i z e ;  d is ta n c e  moved a lo n g  d i r e c t i o n  o f
s te e p e s td e s c e n t  s u b s c r ip ts

i  = i t h  species , i^h  d a ta  p o in t

in  = i n l e t

E = E x i t
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ALGEBRAIC ILLUSTRATION OF STEEPEST DESCENT 

NON LINEAR OPTIMIZATION TECHNIQUE

The fo llo w in g  a lg e b r a ic  e x p re s s io n  i l l u s t r a t e s  th e  u se  

o f  th e  above o p t im iz a t io n  te c h n iq u e . A lthough th e  exam ple 

p re s e n te d  i s  a  m ax im iza tio n  p ro b lem , th e  s e a rc h  p ro c e d u re  i s  

a lm o st th e  same f o r  a m in im iz a tio n  p rob lem . The te c h n iq u e  

f in d s  th e  u n c o n s tra in e d  maximum o f  a  m u l t iv a r ia b le ,  non l i n 

e a r  f u n c t io n :

Maximize f ( x ,y )

f ( x ,y )  = -2 x ^  + 44x3 -  282x2 + 440x -  y4 + 28y3 

-277y2 + 1140y -  1900.

Assume s t a r t i n g  p o in t  o f  xq( 2 ,8 )  and d = 1 

f(Xo) = -196.

M  = -8x3 + 132x2 -  564x + 440.
Ix

^  = -4y3 + 84y2 -  554y + 1140.

7 f ( 2 , 8 )  = 8  = ( -2 2 4 ,3 6 )

f ( 2 ,8 )  =*196

| |^ f ( 2 , 8 ) | |  = 2242 + 302 = 226 .87

New v e c to r  p o s i t io n  %i

XI = xo + d ^ ( x o , y o )
|| '^ f (x o ,y o ) |J  

= ( 2 , 8 )  + ( - 2 2 4 , 3 6 )
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X I  =  ( 1 . 0 2 , 8 . 1 6 )

fCxj) = -68

S in c e  f ( x i ) ^ f ( x o )  .’.T h e re  i s  improvement in  v a lu e  o f  fu n c tio n s /  

tow ards a c h ie v in g  maximum v a lu e s  o f  x  and y .

Next d e te rm in e  x£ and f (x 2 )  

f (1 .0 2 ,8 .1 6 )  = ( - 6 .5 ,3 9 .1 )  

j l ^ f ( x i ) | |  = 4 - 6 . 5 2  + 3 9 . 1 2  = . 3 9 . 6 3

^ 2  ^  3 9 ^  ( -® ’5 .3 9 .1 )

= ( 1 .0 2 ,8 .1 6 )  + 3 9 ^  ( - 6 .5 ,3 9 .1 )  = ( .8 6 ,9 .1 5 )

f ( x 2 ) = -2 3 .1 4

S in c e  f ( x 2 ) ^ f ( x i ) ,  d i r e c t io n  o f  approach  i s  s t i l l  okay.

' 9 f (  .8 6 ,9 .1 5 )  = ( 4 5 .4 ,3 9 .4 )

X3  = ( .8 6 ,9 .1 5 )  ( 4 5 .4 ,3 9 .4 )

X3 = ( 1 .6 ,9 .8 )

S in c e  f ( x s ) ^ f ( x 2 ) ,  t h e r e  i s  d e p a r tu re  from  p a th  o f  i n t e r e s t  

and s te p  s iz e  i s  d e c re a se d . A nother a tte m p t a t  moving from  

X2  i s  th e n  made, 

d = i

X3 ' = ( .8 6 ,9 .1 5 )  + 6Ô & Ï (4 5 .4 ,3 9 .4 )

X3 ' = ( 1 .3 ,9 .5 )

f ( x 3 ' )  = -1 4 .6  and  a g a in  f ( x s ' ) ^ f ( x 2 ) 

r e s u l t i n g  in  some im provem ent o v er X2 .

^ f ( 1 . 3 , 9 . 5 )  = ( -9 4 ,3 4 )  + ^  ( -9 4 ,3 4 )

S in c e  d = 1 was to o  lo n g  f o r  th e  p re v io u s  i t e r a t i o n ,  we t r y  

d = 1 /3
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^ 4 ' ~ ( 1 .3 ,9 .5 )  + ( -9 4 ,3 4 )100

X4 ' = ( .9 9 ,9 .6 )

A gain f ( x 4 ' ) ^ f ( x 3 *) and  e v e n tu a l ly ,  th e  p ro c e s s  h a l t s  a t  

optimum v a lu e  o f  x = 1 , y = 1 0 .



APPENDIX B

EXPERIMENTAL RESULTS AND DATA

104



105

T ab le  1

E f f e c t  o f  C hanneling  on Oxygen U t i l i t y

Coke Sample S iz e :  15.21gm s.

X (W ell Packed) X' [ lo o s e ly  packed) 
Crude G ra v ity  (API°) 22.7 22.7

Gas Flow R ate  (cc /m in ) 110 110

Com bustion T em peratu re  (°F) 950 950

T ime (min) % Oxygen by Volume (U nreac ted )

1 1 . 2 .3

2 3 .5 4 .2

3 5 .4 6 . 0

4 6.7 7 .5

5 7 .8 8 .4

8 12 .3 1 2 . 8

1 0 14 .1  • 14.8

1 2 16 .5 16.8

16 1 9 .8 2 0 . 0

2 0 2 0 . 8 2 0 . 8

24 2 1 . 0 2 1 . 0



1 0 6

TABLE 2

EUECT OF OOKE OMJŒMEATIŒJ AND OOMBIBTION 

TEMPERATURE ON OXYGEN UTILITY

Ooke Sanple Size: 16.38 gm.

RUN: A B C D E

Crude Gravity (°API) 15.4 22.7 22.7 22.7 22.7

Coke Concentration
(gm c /1 0 0  gm sand) 2 .7 1.74 2.45 2.45 2.45

Gas Flow Rate (cc/min) 110 110 1 1 0 160 110

Codoustion Tenp-
erature (9F) 950 950 950 112 0 1120

Time (min) % Qjgrgen by Volume (Ihreacted)

1 2 .6 4.3 3.4 1 .0 .7
2 4.2 7.6 5 .7 2.4 1.4
3 1 0 .1 6 . 8 4 .0 1.4
4 7.6 1 1 .2 8 . 2 6 . 8 1.5
5 1 2 .6 1 0 . 9 .6 2 . 1
6 1 0 . 8 4.2
7 15. 19.6 6 . 0
8 13.6 14.2 9.5
9 16.7 20.7 13.6

10 16.4
11 18.7 19.
12 18.7 19.0 20.9
14 2 0 . 2 20.9 20.4
16 20.5 20.5 20.9
22 20.9 20.9 20.9 20.9 20.9
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TABLE 3

EFFECT OF OOMBISTKF TEMPERATURE AND CHANNELING 

ON OXYGEN üniITY

Coke Sanple Size: 12 gjn.

Run: 1 2 3 4

Crude Gravity 9API 15.4 15.4 15.4 15.4

Gas Flow Rate (cc/min) 87 87 425 225

Cont)usticn Toiperature (9P) 830 1130 1130 1130

Tinfi (min) % Oxygen by Volume (Uhreacted)

1 2.3 . 6 1 1 . 0 3.0
2 7.4 1 . 2 13.8 6 . 6
3 13.0 1 . 6 16.0 9.0
4 15.0 17.8 14.6
5 2.3 2 0 . 0
6 3.2
7 16.0 2 0 . 8 2 0 . 2
8 7.3
9 14.0 20.9 20.7

11 17.4 19.0 20.9 20.9
15 18.3 20.3
19 19.0 2 0 . 8
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COMPUTATION OF HYDROGEN CARBON RATIO 

FROM LAB BURNING TEST

C o n sid er a  com bustion tu b e  f i l l e d  w ith coked m a te r ia l  

a t  te m p e ra tu re  T. W ith a i r  f lo w in g  in  a t  one end and th e  

p ro d u c t  g ases  c o l l e c t e d  a t  th e  o th e r  end , th e  fo llo w u p  an

a l y s i s  can be co n d u c ted .
O il  
W ater 
G ases 

PRODUCTS go’AIR _ COMBUSTION TUBE
COp
0 2
N2
e t c ,

L e t Vg = T o ta l volume o f  g as  p ro d u ced .

Va = T o ta l volume o f  g as i n j e c t e d .

N2  = F ra c t io n  o f  N2 in  p ro d u ced  g a s .

N2 i  = F ra c t io n  o f  N2  in  i n j e c t e d  g a s .

®2i “ F ra c t io n  o f  oxygen in  i n j e c t e d  gas.

O2  = F ra c t io n  o f  oxygen in  p ro d u ced  gas.

CO = F ra c t io n  o f  ca rb o n  monoxide in  p roduced  gas.

CO2  = F ra c t io n  o f  carbon  d io x id e  in  p roduced g a s .

N itro g e n  mass b a la n c e  

VaN2i = VgN2 .',Va =
V2 N2

N2 i

0 2 ,
Oxygen i n j e c t e d  = Va0 2 i  = VgN2 ( ^ ^ )

Carbon d io x id e  p ro d u ced  = VgC0 2  

Carbon monoxide p roduced  = VgCO
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Oxygen p roduced  = VgOg

T o ta l  volume o f  ca rb o n  o x id e s  form ed = VgCOg + VgCO

T o ta l  mass o f  ca rb o n  b u r n t  = (VgCOo + VgCO) ( )
® "  o  u .  M.  V .

( 1 2  l b )
lb  mol 

= W« l b s .
To fom  002

OXYGEN MASS BALANCE = VgO)2 To foim 00

  (  ■ f - ’ \ ^

%
Oo J

N2 1
%

To f  oim H2P 

0 2 1 ,
Volume o f  O2  fo rm ing  w a te r  = |^(VgN2 ^ ^ )  -  Vg02 -  VgC0 2  -  ^ ^ 0

W eight o f  w a te r  form ed = Ŵ  
r  r>o_-

Wn, =w = -  Vg0 2  -  TgCOs -

r ib  mol 02 2 lb  mol H 
GMV lb  mol O2

W eight o f  H2  by  com bustion  = Wg

lb  mol 0 2  2  lb  mol H2 O 18 lb s  H2 O
^  lb  mol H2 O

H/C R a tio  = %  _

H ence,

VgCO
) -  V g02 -  V gC 02 - 4

V gC 02 + V g C O ^  1 2

H/C R a tio  = ] ^  = 
Wc

(N2| ^ ^ )  -  O2 -  CO2
- f ]

3(C02 + CO)
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DATA AND RESULTS

RUN H  1

C o m b u s t i o n  T e m p e r a t u r e  = 

W e i g h t  o f  Coke  = 

W e i g h t  o f  S a n d  = 

Gas  F l o w  R a t e  =

9 5 0 ° F  C r u d e  G r a v i t y  

1 6 . 3 1 g i n  C o k i n g  T e m p e r a t u r e  

1 6 . 0 1 g m  R e a c t o r  P r e s s u r e  

110 c c / m i n  C o n v e r s i o n  F a c t o r

(gmC/CC-lOOgm S a n d )

F

8

2 2 . 7 °  API 

8 0 0 ° F

A t m o s p h e r i c
P re ssu re

3 . 2 7  E - 0 3

T i m e  

M i n .

V o l u m e  P e r c e n t a g e  o f  

CO; . 0 ;  CO N;

C
I b / l O O l b

Mean
P

a t m .

r
- 1mi n

X I O ' :

A p p a r e n t
H/C

R a t i o

0 1 0 0 . 505 . 106 ( .  5 min)*>-l . 5

1 4 . 2 3 . 3  4 . 8 8 7 . 8 . 4 8 8 . 1 2 2 3.  24 . 5

2 6 . 8 5 . 5  7 . 6 8 0 . 0 . 4 4 6 . 1 3 3 5 . 1 8 . 1

3 8 . 1 6 . 6  8 . 6 76 . 7 . 39 . 1 3 9 6 . 0 1 . 0 3

4 8 . 2 8 . 1  8 . 8 7 5 . 0 . 33 . 146 6 . 1 2 0 . 0

5 8 . 0 9 . 5  8 . 5 74 . 0 . 27 . 1 5 3 5 .94

6 0 . 214 . 161 5 . 1 5

7 . 166 . 169 4 . 36
MM



DATA AND RESULTS 
RUN #1 

C o n t i n u e d

Time
Mi n .

Volume P e r c e n t a g e  Of  
COj Ô2 CÙ Ng

C
l b / 1 0 0  l b  .

Mean
P

a t m .
min  ‘ 

XIO" 3

A p p a r e n t
H/C

R a t i o

8 5 . 5 14 . 3 4 . 4  7 5 . 8 . 127 . 177 3 . 5 6

9 . 094 . 183 2 . 9 2

1 0 . 068 . 190 2 . 2 7

10 .  5 . 058 . 193 1 . 9 5

1 2 1 . 8 1 9 . 4 . 9  7 7 . 9

16 . 5 2 0 . 7 7 8 . 8

2 1 . 3 2 1 . 0 7 8 . 7

CO



DATA AND RESULTS

RUN # 2

C o m b u s t i o n  T e m p e r a t u r e  

W e i g h t  o f  Coke 

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e

8S

1 1 3 0 °F  C r u d e  G r a v i t y  

1 4 . 7 0 g m  C o k i n g  T e m p e r a t u r e  

1 3 . 4 3 g m  R e a c t o r  P r e s s u r e  

87 c c / m i n .  C o n v e r s i o n  F a c t o r

(gmC/CC-lOOgm S a n d )

p 1 5 . 4 °  API 

6 00 °F

A t m o s p h e r i c  
P r e s s u r e  
4 . 0  E - 0 3

T i me Vo lu me  P e r c e n t a g e o f C Mean r Apparent
M i n . CO, O2 CO Nz I b / l O O l b P - 1

mi n H/C
a t m . - 2 R a t i o

XIO

0 1 0 0 . . 575 ( . 5min)-»-3 .1

1 4 .0 . 6 . 8 9 4 . 6 . 567 . 1 0 5 1 . 6 7 1 . 3

2 8 . 0 1 . 2 2 . 9 8 7 . 9 . 539 . 108 3 . 7 9 . 4

3 1 1 . 0 1 . 6 4 . 7 8 2 . 8 . 4 9 3 . 1 1 0 5 . 4 6 . 1

4 . 4 3 5 . 1 1 2 6 . 0 7 .08

5 1 3 . 3 2.  3 5 . 9 7 8 . 5 . 372 .1 1 4 6 . 6 8 . 07

5 .5 . 338 . 116 6 . 6 5 . 0

6 1 3 . 6 3 . 2 5 . 4 7 7 . 9 . 305 . 118 6 . 61
k-



DATA AND RESULTS
RUN #2

C o n t i n u e d

T im e 
M i n .

Vol ume  P e r c e n t a g e  Of  
COj 0.  ̂ CO N%

C
l b / 1 0 0  l b

Mean
P

a t m .
m i n " ‘ 
XIO" 2

A p p a r e n t
H/C

R a t i o

6 . 5 . 273 . 1 1 2 6 . 2 6

7 . 243 . 128 • 5 . 9 2

7 . 5 . 214 . 133 5 . 5 7

8 1 1 . 4 7 .  3 3 . 6  7 7 . 7 . 187 . 139 5 . 2 2 •

8 . 5 . 1 6 3 . 1 4 8 4 . 5

9 . 142 . 158 3 . 7 7

1 1 1 . 7 19 .  1 . 8  7 8 . 5

15 . 8 1 9 . 9 . 4  7 8 . 9

Ü I



DATA AND RESULTS

RUN # 3

C o m b u s t i o n  T e m p e r a t u r e  = 

W e i g h t  o f  Coke = 

W e i g h t  o f  S a n d  = 

Gas  F l o w  R a t e  =

1 1 2 0 °F  C r u d e  G r a v i t y  

1 4 . 6 3 g m  C o k i n g  T e m p e r a t u r e  

1 4 . 2 8 g m  R e a c t o r  P r e s s u r e  

150 c c / m i n .  C o n v e r s i o n  F a c t o r

CgmC/CC-lOOgm S a n d )

F» 2 2 . 7 °  API

= 700 °F

= A t m o s p h e r i c  
P ressu re  

= 3 . 6 7  E - 0 3

Time Volume Percentag e of C Mean r A p p a r e n t
M i n . C ©2 0 , CO Nz I b / l O O l b  P - 1m i n H/C

a t m . R a t i o
XI O" :

0 1 0 0 . ( . 5 m i n ) + . 6

1 8 . 2 1 . 0 1 1 . 6 7 9 . 1 . 5 8 8  .1 1 0 1 1 . 6 . 1

2 1 0 . 2 2 . 8 1 2 . 4 74 .  6 . 4 6 3  .1 1 9 1 3 . 3 . 0 1

2 . 5 . 3 9 8  . 1 2 3 1 2 . 8 . 0

3 1 0 . 2 4 . 4 1 0 . 9 7 4 .  6 . 3 3 5  . 1 2 7 12 . 4 . 0

3 . 5 . 2 7 6  . 1 2 4 1 1 . 5

A 9 .  5 7 . 1 8 . 4 7 5 . 1 . 2 2 1  . 1 4 1 ' 1 0 . 5

4 . 5 . 1 7 1  . 1 4 8 9 . 4 2

5 8 . 1 9 . 9 6 . 1 7 5 . 9 . 1 2 6  . 1 5 5 8 . 34 oi



DATA AND RESULTS
RUN #3

C o n t i n u e d

Ti me  
M i n .

V o l u me  P e r c e n t a g e  Of  
CO; 0 ;  CO N;

C
l b / 1 0 0  l b

Mean
P

a t m .

r  , 
. min"* 

- 2
XI 0

A p p a r e n t
H/C

R a t i o

5 . 5 . 09 . 167 6 . 4 2

7 1 . 0  1 9 . 8  . 1  7 9 . 3 . 0 3 7 . 2 0 4 . 65

9 . 3  2 0 . 8  7 8 . 9



DATA AND RESULTS

RUN f f  4 .

C o m b u s t i o n T e m p e r a t u r e = 8 3 0 ° F C r u d e  G r a v i t y P 1 5 . 4 °  API

W e i g h t o f Coke 8 C o k i n g T e m p e r a t u r e 8 6 00 °F

W e i g h t  o f  Sa nd  

Gas  F l o w  R a t e

1 2 . 1 4 g m  R e a c t o r  P r e s s u r e  

1 1 0  c c / m i n .  C o n v e r s i o n  F a c t o r

a A t m o s p h e r i c  
P re ssu re  
4 .3  E- 03

(gmC/CC -lOOgm S a n d )

T i m e Vol ume  Pe  c e n t a g e  o f C M ean r A p p a r e n t
M i n . CO, O2 CO I b / l O O l b P

a t m .
m i n "   ̂

X10" =

H/C 
Ra t  i o

0 1 0 0 ( .  Smin)-»-3. 0

1 3 .7 2 .3 0 .4 9 3 . 6 . 521 . 1 0 7 1 . 9 4 1 . 3

2 4 . 9 7 . 4 1 . 4 8 6 . 4 . 4 9 7 . 132 3 . 0 . 41

3 3 . 9 12 . 9 1 . 0 8 2 . 2 . 4 7 0 . 1 6 0 2 . 3 2 . 2

4 3 . 9 14 . 6 1 . 2 8 0 . 3 . 4 4 0 . 168 2 . 4 1 . 0 5

5 3 . 4 14 . 7 1 . 1 8 0 . 8 . 4 2 4 . 169 2 . 13 . 04

7 3.!5 1 5 . 7 1.  3 79 . 7 . 4 0 2 . 1 7 4 2 . 18 . 0

8 . 381 . 175 ,2 . 1 1

00



DATA AND RESULTS
RUN #4

C o n t i n u e d

Ti me  
M i n .

Vo lu me  P e r c e n t a g e  Of  
CO 2 Og CO Ng

C
l b / 1 0 0  l b

Mean
P

a t m .
mi n  * 
XIO"*

A p p a r e n t
H/C

R a t i o

1 0 . 319 . 179 2 . 0

1 2 2 . 8 1 7 . 4 1 . 2  7 8 . 6 . 280 . 182 1 . 8 4

14 . 245 . 184 i .  70

16 2 . 1 18 . 3 1 . 2  7 8 . 3 . 2 1 2 . 1 8 7 1 . 5 6

18 . 182 . 1 8 7 1 . 4 8

2 0 • . 1 5 3 . 1 8 8 1 . 3 9

2 2 . 126 . 1 8 9 1.  31

25 1 . 6 1 9 . 0 . 9  7 8 . 5 . 0 9 5 . 1 9 0 1 . 1 8

30 1 . 4 19 . 0 . 5  7 9 . 1

CO



DATA AND RESULTS

RUN # 5

C o m b u s t i o n T e m p e r a t u r e 1 0 7 0 ° F C r u d e  G r a v i t y r» 1 5 . 4 °  API

W e i g h t o f Coke C o k i n g T e m p e r a t u r e 60 0° F

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e

l l . Z g m  R e a c t o r  P r e s s u r e  

225 c c / m i n .  C o n v e r s i o n  F a c t o r

a A t m o s p h e r i c  
P r e s s u r e  
4 . 6 8  E- 03

(gmC/CC -lOOgm S a n d )

T i m e Volume  P e r c e n t a g e  o f C Mean r A p p a r e n t
M i n . CO, 0 . CO Na I b / l O O l b P

a t m .
. - 1man

XI 0 - :

H/C 
Ra t  i o

0 1 0 0 . . 589 ( .  5min)-»- l . 2

1 6 . 4 7 . 3 3 . 4 8 3 . 0 . 537 . 143 1 0 . 3 . 3

2 8 . 9 6 . 5 5 . 3 7 9 . 3 . 4 1 1 . 1 4 5 1 5 . 0 .08

2 . 5 . 3 3 8 . 1 4 7 1 4 . 3 .04

3 8 . 6 8 . 9 4 . 4 7 8 . 1 . 268 . 151 1 3 . 7 . 005

3 . 5
\

. 206 . 1 6 5 1 1 . 1 . 0

4 5 . 4 1 4 . 3 2 . 6 77 .  7 . 157 . 178 8 . 4 . 0

4 . 5 . 125 . 192 6 . 3 7
O



DATA AND RESULTS
RUN # 5

C o n t i n u e d

Ti me  
M i n .

Vo lu me  P e r c e n t a g e  O f  
C Qj O2 CO Ng

C
l b / 1 0 0  l b

Mean 
P • 

a t m .
. r _ ,  ■m i n  *

- 2
XIO

A p p a r e n t
H/C

R a t i o

5 1.  5 1 9 . 7 . 7  7 8 . 0 . 1 0 4 . 2 0 5 5.  5

7 . 5 21 .  3 7 8 . 2

1 0 . 3 2 1 . 3 7 8 . 4

14 . 3 2 1 . 3 7 8 . 4

bo



DATA AND RESULTS

RUN # 7

C o m b u s t i o n T e m p e r a t u r e = 9 3 0 ° F C r u d e  G r a v i t y f= 2 2 . 7 °  API

W e i g h t o f Coke = 1 6 . 38gm C o k i n g T e m p e r a t u r e 8 0 0 ° F

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e

1 6 . 1 g m  R e a c t o r  P r e s s u r e  

195 c c / m i n .  C o n v e r s i o n  F a c t o r

B A t m o s p h e r i c  
P r e s s u r e  
3 . 2 6  E- 03

(gmC/CC -lOOgm S a n d )

T i me Vo lu me  P e r c e n t a g e  o f C Mean r A p p a r e n t
Min . CO, Oa CO Na I b / l O O l b P

a t m .

• - 1mi n

Yi n “ 2

H/C
R a t i o

0 1 0 0 . 4 9 8 . 1 0 9 ( . 5 m i n ) ^ l . 7 5

1 4 . 4 8 . 7 2 . 6 8 4 . 4 . 4 7 6 . 1 5 2 4 . 4 5 . 9

2 6 . 0 1 1 . 6 3 . 9 7 8 . 5 . 4 2 2 . 167 6 . 2 9 . 08

3 6 . 0 1 2  . 6 4 . 2 7 7 . 2 . 358 . 1 7 2 6 . 4 8 . 0 2

4 5.  5 14 . 1 3 . 8 7 6 . 6 . 296 . 179 4 . 91 . 0

5 4 . 7 15 . 7 3 . 1 7 6 . 5 . 242 . 187 4 . 96

6 4 .1 17 . 1 2 . 3 74 . 5 . 19 7 . 194 4 . 0 7

7 . 1 5 9 . 197 3 . 4 3
t o
to



DATA AND RESULTS
RUN f t  7

C o n t i n u e d

Time  
M i n .

Vol ume  P e r c e n t a g e  Of  
COj Ôj CO Nj

C
l b / 1 0 0  l b

Mean
P

a t m .
mi n  * 
x i o - 2

A p p a r e n t
H/C

R a t i o

8 3 . 1 1 8 . 4 1 . 3  7 7 . 0 . 1 2 8 . 2 0 1 2 . 8 0

9 . 1 0 2 . 203 2 . 4 0

1 0 . 08 . 2 0 6 2 . 0

1 1 2 . 0 1 9 . 9 1 . 0  7 7 . 6 . 0 6 2 . 2 08 1.  59

1 2 . 0477 . 2 1 0 1.  32

13 1 . 4 2 0 . 8 7 7 . 8 . 036 . 2 1 3 1 . 0 5

14 . 027 . 214 . 81

15 0 . 9 2 1 . 2 77 . 9

18 . 3 2 1 . 6 7 8 . 1

1N3w



DATA AND R E S U L T S

RUN H  8

C o m b u s t i o n T e m p e r a t u r e 9 1 0 ° F Cr ude .  G r a v i t y P 2 2 . 7 °  API

W e i g h t o f Coke 1 6 . 37gm C o k i n g T e m p e r a t u r e 8 0 0 ° P

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e

1 6 . 0 8 g m  R e a c t o r  P r e s s u r e  

270 c c / m i n .  C o n v e r s i o n  F a c t o r

S

S

A t m o s p h e r i c  
P r e s s u r e  
3 . 2 6  E - 0 3

(gmC/CC -lOOgm S a n d )

T i me Vol ume  P e r c e n t a g e  o f C Mean r A p p a r e n t
M i n . CO, O 2 CO Nz I b / l O O l b P

a t m .
min

XIO"*
H/C 

Ra t  i.o

0 1 0 0 . 626 . 1 0 4 ( .  5 m i n ) - ^ l . 9

1 3 . 4 9 . 2 2 . 7 8 4 . 6 . 60 . 1 5 0 5 . 3 7 . 5

2 5 . 2 1 2 . 7 4 . 5 7 7 . 6 . 53 . 167 8 . 5 4 . 004

3 6 . 8 1 3 . 9 4 . 6 74 . 7 . 4 3 7 . 173 1 0 . 0 . 0

4 5 . 7 . 344 . 1 7 9 8 . 63 . 0

5 4 . 7 1 6 . 1 3 . 6 7 5 . 6 . 264 . 1 8 4 7 . 3 1

6 . 1 9 8 . 186 . 5 . 8 1

7 2 . 8 17.0 2 . 1 78.2 . 148 . 189 4.31



DATA AND RESULTS
RUN W8

C o n t  i n u e d

Ti m e
M i n .

Vo l u m e  P e r c e n t a g e  
COj Og CO

Of
N,

C
l b / 1 0 0  l b

Mean 
P ■ 

a t m .
m i n   ̂

- 2
• XIO

A p p a r e n t
H/C

R a t i o

8 . 109 . 192 3 . 3 9

9 1 . 7 1 8 . 4  1 . 1 7 8 . 8 . 08 . 1 9 6 2 . 4 7

1 0  1 . 06 . 199 1 . 7 2

1 1 . 8 1 9 . 5  . 3 7 9 . 4

13 . 5 1 9 . 5 8 0 . 0

17 . 3 2 0 . 3 7 9 . 4

2 1 . 2 2 0 . 6 7 9 . 2

M
Ü1



DATA AND RESULTS

RUN # 10

C o m b u s t i o n  T e m p e r a t u r e = 1 2 5 0 ° F C r u d e  G r a v i t y f= 2 2 . 7 °  API

W e i g h t  o f  Coke 1 5 . 68gm C o k i n g  T e m p e r a t u r e S 70 0 °F

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e

l S . 2 7 g m  R e a c t o r  P r e s s u r e  

125 c c / m i n .  C o n v e r s i o n  F a c t o r

8

8

A t m o s p h e r i c
P r e s s u r e
3 . 4 3  E - 0 3

(gmC/CC-lOOgm S a n d )

T im e Vo lu me  P e r c e n t a g e o f C Mean r A p p a r e n t
M i n . CO

2 O2
CO Nz I b / l O O l b  P 

a t m .

- 1mi n

XlO-2

H/C
R a t i o

0 1 0 0 . 764 ( . 5min)-»- l . 1

1 9 . 1 . 7 2 . 3 8 7 . 9 . 7 4 0  . 1 0 4 4 . 89 .4

2 1 2 . 9 1 . 4 4 . 8 8 1 . . 6 7 7  . 1 0 7 7 . 5 9 . 08

3 14 . 5 1 .  4 6 . 4 7 7 . 7 . 5 9 4  . 1 0 7 8 . 9  6 . 0 1

4 1 5 . 1 1 . 4 6 . 9 7 6 . 7 . 5 0 3  . 1 0 7 9 . 4 3

5 1 5 . 2 2 . 1 6 . 1 76 . 6 . 4 1 0  . 1 1 1 9 . 1 3

6 14 . 6 4 . 2 4 . 4 7 6 . 8 . 3 2 3  . 1 2 1 8 . 1 5

6 , 5 . 2 8 3  . 1 2 4 7 . 8
MOÏ



DATA AND RESULTS
RUN #10

C o n t i n u e d

T i me
M i n .

V ol ume  P e r c e n t a g e  
COj 0% CO

Of
N,

C
l b / 1 0 0  l b

Mean
P

a t m .

r  , 
min"*
X10"2

A p p a r e n t
H/C

R a t i o

7 1 4 . 0 5 . 2 3 . 5 7 7 . 3 . 245 . 1 2 6 7 . 5

7 . 5 . 2 1 0 . 1 3 5 6 . 6

8 1 1 . 2 8 . 7 2 . 3 7 7 . 8 . 179 . 144 5.  79

8 . 5 . 1 5 2 . 1 5 4 4 . 9

9 8 . 3 1 2  . 8 1 . 1 7 7 . 7 . 130 . 164 4 . 0

1 0 . 9 5 . 178 2 . 9

1 1 3 . 5 1 8 . 3 .4 7 7 . 8

14 2 . 6 1 9 . 4 78 . 0

17 2 . 1 2 0 . 0 7 7 . 9



DATA AND RESULTS

RUN H  15

C o m b u s t i o n  T e m p e r a t u r e 9 5 0 ° F C r u d e  G r a v i t y 1 5 . 4 °  API

W e i g h t o f Coke = 1 1 . 2 2 gm C o k i n g  T e m p e r a t u r e 6 0 0 ° F

W e i g h t o f S a n d 1 0 . 2 gm R e a c t o r  P r e s s u r e A t m o s p h e r i c
P r e s s u r e

Gas F l o w R a t e = 110 c c / m i n .  C o n v e r s i o n  F a c t o r 5 . 1 4  E - 0 3

(gmC/CC-lOOgm S a n d )

T im e V ol u m e  P e r c e n t a g e o f C Mean r A p p a r e n t
M i n . CO^ O2 CO Na I b / l O O l b  P 

a t m .
m i n ”  ̂

XIO” 2

H/C
R a t i o

0 1 0 0 . 501 ( . 5min)-»-2 . 2

1 3 . 7 4 . 4 2 . 7 89 . 2 . 4 8 3  . 1 2 9 3 . 6 2 . 8

2 4 . 6 8 . 0 3 . 6 8 3 . 9 . 4 4 2  . 1 4 7 4 . 64 . 3

3 5 . 6 1 0 . 8 4 . 4 7 9 . 2 . 3 9 0  . 1 6 1 5 , 6 5 . 1

4 6 . 3 11 .  5 4 . 4 7 7 . 8 . 3 3 2  . 1 6 4 6 . 0 5 . 0 3

S 5 . 8 13 . 1 3 . 9 7 7 . 2 . 2 7 4  . 1 7 2 5 . 4 8 . 0 2

6 . 2 2 1  . 1 7 8 5 . 0 3 . 0

7 4 . 8 1 5 . 6 3 . 3 76 .  3 . 1 7 3  . 1 8 5 4 . 58 . 0

to
00



DATA AND RESULTS
RUN #15

C o n t i n u e d

T i me  
M i n .

V ol ume  P e r c e n t a g e  Of  
CO2 O2 CO N̂

C
l b / 1 0 0  l b

Mean
P

a t m .

r  , 
min"* 

- 2
XI 0

A p p a r e n t
H/C

R a t i o

8 . 1 3 1 . 1 8 8 3 . 8 2

9 3 . 5 1 7 . 0 1 . 9  7 7 . 6 . 097 . 1 9 2 3 . 0 5

1 0 . 0 7 . 1 9 8 2 . 3 5

1 1 2 . 0 1 9 . 5 . 9  7 7 . 6 . 0 5 . 2 0 1 2 . 0

1 2

14 . 7 2 1 . 2 7 8 . 1

2 0 . 2 2 1 . 2 7 8 . 6

t o
to



DATA AND RESULTS

RUN # 16

C o m b u s t i o n  T e m p e r a t u r e 9 7 5 ° F C o k i n g T e m p e r a t u r e B 8 0 0 ° F

W e i g h t  o f  S a n d 1 0 . 2  6 gm R e a c t o r P r e s s u r e S 1 . 9  p s i g

Gas F l o w  R a t e 120 c c / m i n .  C o n v e r s i o n  F a c t o r 5 . 1 1  E - 0 3

C r u d e G r a v i t y 2 2 . 7 °  API (gmC/CC -lOOgm S a n d )

T i m e V o l u m e  P e r c e n t a g e  o f C Mean r A p p a r e n t
M i n . CO

2 O2
CO Nz I b / l O O l b P

a t m .

- 1m i n

XI O'*

H/C
R a t i o

0 1 0 0 . 4 7 3  . . 115 ( ,  5min)->-l . 3

1 8 . 0 1 . 2 2 . 3 8 8 . 5 . 441 1 2 1 6 . 32 , 4

2 1 2 . 6 3 . 4 3 . 8 8 0 . 2 . 360 134 1 0 . 1 . 0

3 1 1 . 0 7.  S 3.  5 7 8 . 0 . 265 157 8 . 9 . 0

4 8 . 8 1 0 . 2 3 . 2 7 7 . 8 . 184 172 7 . 3 6

S 6 . 5 1 2 . 8 2 . 0 7 8 . 7 . 1 2 1 187 5 . 2 1

6 4 . 6 1 5 . 2 1 . 1 79.  1 . 077 2 0 3 . 4 9

7 3 . 2 1 7 . 0 0 . 6 7 9 . 2 . 0 4 8 2 1 1 2 . 3 3

COo



DATA AND RESULTS
RUN I t  16

C o n t i n u e d

Time  
M i n .

Vol ume P e r c e n t a g e  Of  
COg Oj CU Nj

C
l b / 1 0 0  l b

Mean
P

a t m .
mi n  * 
X1 0 " 2

A p p a r e n t
H/C

R a t i o

8 2 . 2 18.  2 0 . 3 79 .  3 . 03 . 217 1.  53

9 1. 5 19.  2 . 1 7 9 . 2 . 0 2 . 223 1 . 0

1 0 . 8 2 0  . 0 7 9 .  2

1 1 . 5 2 0 . 3 79 . 2

CO



DATA AND RESULTS

RUN H  1 7

C o m b u s t i o n  T e m p e r a t u r e  

W e i g h t  o f  S a n d  

Gas  F l o w  R a t e  

C r u d e  G r a v i t y

9 0 0 ° P  

1 0 . 35gm 

170 c c / m i n .  

1 5 . 4 °  API

C o k i n g  T e m p e r a t u r e  

R e a c t o r  P r e s s u r e  

C o n v e r s i o n  F a c t o r  

(gmC/CC-lOOgm S a n d )

a 600°F

3 . 1  p s i g  

5 . 0 6 3  E - 0 3

T i m e V o l u m e  P e r c e n t a g e o f C Mean r A p p a r e n t
M i n . CO 2 Oz CO Ng I b / l O O l b P

a t m .
. - 1mi n

X1 0 - :

H/C 
Ra t  i.o

0 1 0 0 . 4 5 6 • 124 ( .  5min)->-l . 1

1 8 . 6 2 . 5 3 . 0 8 5 . 9 . 4 0 6 • 139 1 0 . 0 . 3

2 8 . 7 9 . 0 2 . 8 79 .  5 . 307 . 179 9 . 9 . 04

3 6 . 7 1 2 .  5 2 . 0 78 . 8 . 2 2 0 . 2 0 7 . 4 8 . 0 1

4 5 . 0 1 5 .  1 1 . 4 78 .  5 . 1 5 5 • 216 5.  50 . 0

S 3 . 5 1 6 . 6 . 8 7 9 . 1 . 109 • 22 5 3 . 7 0

6 2 . 4 17 . 7 . 4 79 . S . 078 • 231 2 . 4 1

7 1 . 7 1 8 . 7 . 1 7 9 .  5 . 0 5 9 • 237 1 . 5 5

COM



DATA AND RESULTS
RUN « 1 7

C o n t i n u e d

Ti me
M in .

V o lu me  P e r c e n t a g e  Of 
CO2  O2  CO Ng

C
l b / 1 0 0  l b

Mean 
P ■ 

a t m .
m i n " ‘ 

XI n" ^

A p p a r e n t
H/C

R a t i o

8 1 . 0 1 9 . 4 . . 1  7 9 . 5 . 0 4 6 . 2 4 2 . 95

9 . 8 2 0 . 2 79 .  0 . 0 3 7 . 2 4 4 . 82

1 0 . 6 2 0 . 3 7 9 . 1 . 0 3 0 . 2 4 6 . 6 9

14 . 5 2 0 . 4 7 9 . 1

16 .4 2 0 .  5 7 9 . 1

CO
CO



DATA AND RESULTS

RUN # 18

C o m b u s t i o n T e m p e r a t u r e 9 5 0 ° F C o k i n g T e m p e r a t u r e B 8 0 0 ° F

W e i g h t o f S a n d - 1 0 . 46gm R e a c t o r  P r e s s u r e = 2 . 9  p s i g

Gas  F l o w  R a t e & 140 c c / m i n . C o n v e r s i o n  F a c t o r a 5 . 0 1  E - 0 3

C r u d e  G r a v i t y 2 2 . 7 °  API (gmC/CC-lOOgm S a n d )

T i m e V o l u m e  P e r c e n t a g e o f  C Mean r A p p a r e n t
M i n . CO^ 0 , CO Ng I b / l O O l b P

a t m .
. - 1m i n

Jfi n-2
H/C 

Ra t  i.o

0 100 . 3 2 . 1 0 2 ( . 5min)-*-l . 3

1 5 . 4 8 . 6 2 . 9 8 3 . 1  . 2 9 1 . 145 5 . 8 2 . 2

2 4 . 7 1 4 . 0 2 . 0 7 9 . 3  . 2 3 8 . 172 4 . 7 . 09

3 3 . 8 14.  8 1 . 9 7 9 . 5  . 1 9 5 . 1 7 6 4 . 0 . 04

4 3.  3 1 5 . 4 1 . 6 7 9 . 7  . 1 5 8 . 179 3 . 4 4 . 03

S 2 . 9 1 7 . 1 1 . 2 7 8 . 8  . 1 2 6 . 1 8 7 2 . 8 8 . 0

6 2 . 4 1 7 . 7 1 . 2 7 8 . 7  . 0 9 9 . 19 2.  52

7 21. 18.3 . 8 78.8 .076 . 193 2.03
CO



DATA AND RESULTS
RUN # 18

C o n t i n u e d

Time 
M i n .

Volume P e r c e n t a g e  Of  
CO2 O2 CO Ng

C
l b / 1 0 0  l b

Mean
P

a t m .

r  , 
min"* 

— 2
XIO

A p p a r e n t
H/C

R a t i o

8 1 . 8 1 8 . 7 . 6  7 8 . 9 . 058 . 1 9 5 1 . 6 8

9 . 042 . 1 9 6 1 . 4 0

1 0 1. 3 1 9 . 2 . 3  7 9 . 2 . 030 . 198 1 . 1 2

1 1 . 0 2 0 . 199 . . 91

1 2 . 9 19.  8 . 1  7 9 . 2

13 •

14 . 1 2 0 . 3 7 9 . 6

C a 3Ol



DATA AMD RESULTS

RUN H  19

C o m b u s t i o n  T e m p e r a t u r e = 1 2S 0 °F C o k i n g T e m p e r a t u r e S 8 0 0 ° F

W e i g h t  o f  S a n d = 1 0 . 4 5 g m R e a c t o r  P r e s s u r e es 1 . 2  p s i g

Gas  F l o w  R a t e = 70 c c / m i n . C o n v e r s i o n  F a c t o r B 5 . 0 5  E - 0 3

C r u d e  G r a v i t y = 2 2 . 7 °  API (gmC/CC-lOOgm S a n d )

T i m e V o l u m e  P e r c e n t a g e  o f C Mean r A p p a r e n t
M i n . CO, Oa CO Ng I b / l O O l b P

a t m .
- 1m in  

X10" =

H/C 
Ra t  i.o

0 1 0 0 . 4 1 1 • ( . S m i n ) ^  1 . 4

1 7 . 5 . 6 . 6 9 1 . 3 . 397 . 1 0 1 2 . 8 6 . 5

2 14.  6 1 . 4 1 . 4 8 2 . 6 . 3 5 4 . 104 5.  6 6 . 36

3 1 6 . 4 1 . 7 2 . 2 7 9 . 7 . 293 . 107 6 . 58 . 0

4 1 7 . 0 2 . 1 3 . 4 77 .  5 . 224 . 109 7 . 2 1

5 1 6 . 7 2 . 9 3.  2 7 7 . 2 . 153 . 1 1 3 7 . 0 3

5.  5 . 1 2 0 . 113 6 . 2 6

6 1 3 . 4 3 . 7 2 . 1 8 0 . 7 . 09 . 117 5 . 4 8
M
COOÏ



DATA AND RESULTS 

RUN » 19 
C o n t i n u e d

Ti me
M in .

Vol ume  P e r c e n t a g e  
CO 2 Oj CO

Of
N:

C
l b / 1 0 0  l b

Mean
P

a t m .
min"*
XIO" 2

A p p a r e n t
H/C

R a t i o

6 . 5 . 065 . 132 4 . 4 4

7 8 . 6 9.  0 1 . 0 8 1 . 4 . 046 . 146 3 . 3 9

7.  5 . 031 . 1 5 9 2.  56

8 4 . 5 1 3 . 7 0 . 4 8 1 . 4 . 0 2 0 . 1 7 1 1 . 7 3

8 . 5 . 013 . 1 7 5 1. 31

9 2.  4 1 5 . 0 0 . 1 8 2 . 5

1 0 1 . 3 18 .  0 8 0 . 7

CO



DATA AND RESULTS

RUN B 20

C o m b u s t i o n  T e m p e r a t u r e = 925®F C o k i n g  T e m p e r a t u r e a 7 0 0 ° F

W e i g h t o f  S a n d = 1 0 , 3 3 gm R e a c t o r  P r e s s u r e a 3 p s i g

Gas Flow Rate = 130 cc /min. Conversion Factor 5 , 0 7  E^03

C r u d e  G r a v i t y = 1 5 , 4 ° API (gmC/CC-lOOgm S a n d ) •

T i m e V o l u m e  P e r c e n t a g e  o f C Mean r A p p a r e n t

M i n . CO; Û2 CO Nj I b / l O O l b  P 
a t m .

. - 1m i n

Xl O - 2

H/C
R a t i o

0 1 0 0 . 5 6 4  , 1 2 2 C, Smin)-»-, 9

1 1 0 . 2 1 . 2 2 . 7  8 5 , 9 . 5 2 2  , 1 2 9 8 , 5 , 2 4

2 1 1 . 8 4 . 5 3 . 2  8 0 . 3 . 4 2 9  , 1 4 9 1 0 . 0 , 06

3 1 0 . 1 7 . 6 2 . 9  2 9 . 4 . 3 3 6  , 1 6 8 8 , 5 7 , 03

4 8 . 4 1 0 . 1 2 . 5  7 9 . 0 . 2 5 7  , 1 8 3 7 . 1 9 , 0 2

5 6 . 8 1 2  . 6 2 . 1  7 8 . 5 , 1 9 2  . 1 9 8 5 , 8 7 , 0

6 5 . 2 14 . S 1 . 6  7 8 . 7 . 1 4 0  . 2 1 0 4 . 4 8

7 3 . 6 1 6 . 6 1 . 1  7 8 . 7 . 1 0 2  . 2 2 2 3 . 1 0

to
00



DATA AND RESULTS
RUN # 20

C o n t i n u e d

Ti me  
M i n .

Vo lu me  P e r c e n t a g e  Of  
CO 2 Dg CO Ng

C
l b / 1 0 0  l b  .

Mean
P

a t m .

r  , 
m i n " '

X1 0 " 2

A p p a r e n t
H/C

R a t i o

8 2 . 4 1 7 . 8 . 7  7 9 . 1 . 0766 . 229 2 . 0 4

9 . 0587 . 2 3 4 1 . 5 5

1 0 1 . 3 1 9 . 4 . 3  7 9 . 0 . 0457 . 2 3 9 1 . 0 5

1 1 . 0 3 5 9 . 2 4 0 . 89

1 2 . 9 1 9 . 8 . 2  7 9 . 1 . 0279 . 241 . 72

14 . 7 2 0 : 0 7 9 . 3

16 . 5 2 0 . 2 7 9 . 3

18 . 5 2 0 . 3 7 9 . 3

CO
CO



DATA AND RESULTS

RUN H  2 1

C o m b u s t i o n  T e m p e r a t u r e  = 

W e i g h t  o f  S a n d  = 

Gas  F l ow R a t e  = 

C r u d e  G r a v i t y  =

8 3 0 °

1 0 . 4

1 1 0

2 2 . 1

F C o k i n g  T e m p e r a t u r e  

gm R e a c t o r  P r e s s u r e  

c c / m i n .  C o n v e r s i o n  F a c t o r  

°  API CgmC/CC-lOOgm S a n d )

8 0 0 ° F  

1 . 9  p s i g  

5 . 0 4  E - 0 3

T i m e  
M i n .

V o l u m e  P e r c e n t a g  
COg Oj CO

e o f  
N,

C Mean
I b / l O O l b  P 

a t m .

r
. - 1min

XI 0-2

A p p a r e n t
H/C

R a t i o

0 1 0 0 . 3 9  . 1 0 7 ( .5 m wn ) +  1 . 3

1 5 . 8 1 . 9 3 . 4 8 8 . 9 . 3 6 5  . 1 1 8 5 . 1

2 4 . 8 10 .  3 2 . 8 8 2 . 1 . 3 1 8  . 1 6 5 4 . 2 1 .14

3 3 . 7 1 3 . 3 1 . 9 8 1 . 1 . 2 8 1  . 1 8 2 3 . 1 0 . 09

4 3 . 3 1 5 . 0 1.  S 8 0 . 2 . 2 5 3  . 1 9 2 2 . 6 6 . 0 2

5 . 2 2 7  . 1 9 6 2 . 4 9 . 0

6 2 . 8 1 6 . 4 1 . 4 7 9 . 4 . 2 0 3  . 2 0 0 2 . 33

7
—  . . 11

. 1 8 0  . 2 0 1 2 . 2 2

o



DATA AND RESULTS
RUN # 2 1

C o n t i n u e d

Ti me Vo lu me  P e r c e n t a g e O f C Mean r A p p a r e n t
H/C

R a t i o
M i n . CO 2 0 , CO N, l b / 1 0 0  l b P

a t m .
m i n “^
Xl O - 2

8 2 . 7 1 6 . 8 1 . 1 7 9 . 4 . 158 . 2 0 2 2 . 1 1

9 . 138 . 2 0 3 2 . 0 2

1 0 2 . 5 1 7 . 2 1 . 0 7 9 . 3 . 118 . 2 0 4 1 . 9 4

1 1 2 . 4 17.  3 . 9 7 9 . 4 . 099 . 205 1 . 8 3

1 2 2.  3 1 7 . 6 . 8 7 9 . 3 . 081 . 207 1 . 7 2

13 • . 065 . 2 0 8 1.  55

14 1 . 9 1 7 . 9 . 6 7 9 . 6 . 05 . 208 1.  39

16 1.  7 1 8 . 4 . 5 7 9 . 4

18 1 . 6 1 9 . 0 . 3 7 9 . 1 •



DATA AND RESULTS

RUN # 2 2

C o m b u s t i o n  T e m p e r a t u r e 9 5 0 ° F C r u d e  G r a v i t y r» 1 5 . 4 °  API

W e i g h t Of Coke 1 5 . 5 6 gm C o k i n g T e m p e r a t u r e = 7 00 ° F

W e i g h t o f S a n d 1 5 . 2 1 gm R e a c t o r P r e s s u r e A t m o s p h e r i c

Gas  F l o w R a t e 105 c c / m i n .  C o n v e r s i o n  F a c t o r 3 . 4 5  E - 0 3

(gmC/CC-lOOgm S a n d )

Time V o lu me  P e r c e n t a g e o f C Mean r A p p a r e n t
M i n . CO, O2 CO N, I b / l O O l b P

a t m .

-  1min

x i o - 2

H/C
R a t i o

0 1 0 0 . 6 0 3 . 106 ( . 5min)-»- l . 8

1 4 . 4 1 . 0 3 . 9 9 0 . 7 . 588 . I l l 3 . 0 1 1 . 1

2 6 . 7 3 . 5 5 . 9 8 3 . 9 . 550 . 1 2 4 4 . 5 7 . 2 5

3 8 . 0 5 . 4 7 . 1 7 9 . 4 . 50 . 1 3 3 5 . 4 7 . 1

4 8 . 3 6 . 7 7 . 5 7 7 . 6 . 4 4 4 . 140 5 . 7 3 . 0 5

5 8 . 3 7 . 8 7 . 4 7 6 . 5 . 387 . 14 5 5 . 6 9 . 0 2

6 8 . 1 9 . 0 7 . 1 7 5 . 8 . 331 . 1 5 1 5.  51 . 0

7 . 2 7 9 . 1 5 9 4 . 9 8



DATA AND RESULTS
RUN i t  2 2

C o n t i n u e d

T im e
M in .

Vo lu me  P e r c e n t a g e  
CO2 O2 CO

Of
N2

C
l b / 1 0 0  l b

Mean 
P • 

a t m .

r  , 
min"*
Xl O - 2

A p p a r e n t
H/C

R a t i o

8 6 . 8 12 . 3 5 . 5 7 5 . 5 . 2 3 1 . 1 6 8 4 . 4 6

9 . 189 . 1 7 2 4 . 06

1 0 5 . 6 14 . 1 4 . 5 75 . 8 . 1 5 0 . 1 7 7 3 . 6 6

1 1 . 1 1 7 . 1 8 3 3 . 0 4

1 2 3 . 9 1 6 .  5 2 . 8 7 6 . 8 . 0894 . 189 2 . 4 3

13 . 067 . 193 2 . 0 5

14 2 . 7 1 8 . 4 1 . 9 7 7 . . 0 4 8 4 . 198 1 . 6 7

15 . 0336 . 2 0 2 1 . 3 0

16 1 . 6 1 9 . 8 1 . 0 7 7 . 7

18

2 0 . 5 2 1 . 2 7 8 . 3

CO



DATA AND RESULTS

RUN H  23

C o m b u s t i o n T e m p e r a t u r e = 9 5 0 ° F C r u d e  G r a v i t y R 1 5 . 4 °  API

W e i g h t o f Coke 1 7 . 9 5 gm C o k i n g T e m p e r a t u r e = 7 0 0 ° F

W e i g h t o f S a n d 1 7 . 5 2 gm R e a c t o r P r e s s u r e = A t m o s p h e r i c  
P r e s s u r e

Gas  F l o w  R a t e 220 c c / m i n .  C o n v e r s i o n  F a c t o r = 3 . 0  E - 03

(gmC/CC -lOOgm S a n d )

T i me Vol ume  P e r c e n t a g e  o f C Mean r A p p a r e n t
M i n . CO, O2 GO Nz I b / l O O l b P

a t m .
. - 1mi n

XIO ' 2

H/C
R a t i o

0 1 0 0 . 576 . 10 5 C. 2 5 m i n ) + 2 . 0

1 7 . 6 5 . 8 5 . 3 8 1 . 3 . 533 . 1 3 4 8 . 5 2 . 14

2 8 . 5 7 . 5 6 . 6 7 7 . 4 . 4 4 1 . 142 9 . 9 7 . 027

3 8 . 5 9 . 0 7 . 0 7 5 . 4 . 3 4 0 . 1 5 0 1 0 . 2 . 0

3 . 5 . 291 . 155 9 . 3 7 . 0

4 7 . 4 1 1 . 2 5 . 5 7 5 . 8 . 246 . 1 6 1 8 . 51

4 . 5 . 2 0 7 . 168 7  . 4 2



DATA AND RESULTS
RUN #23

Continued

Time
M in .

Volume P e r c e n t a g e  
CO 2 ^2  CO

Of
N,

C
l b / 1 0 0  l b

Mean
P

a t m .
mi n ' *

X I O ' 2

A p p a r e n t
H/C

R a t i o

5 5 . 6 14 . 2 4 . 0 7 6 . 1 . 1 7 2 . 1 7 6 6 . 3

5 . 5 . 143 . 181 5 . 4 4

6 4 . 2 16.  5 2 . 7 7 6 . 6 . 118 . 187 4 . 55

6 . 5 . 0964 . 1 9 0 4 . 0

7 3 . 2 1 7 . 8 1 . 9 7 7 . 1 . 0 7 8 . 194 3 . 3 7

7. 5 . 0 6 3 . 1 9 6 2 . 8 7

8 2 . 3 1 8 . 9 1 . 3 7 7 . 5 . 049 . 199 2 . 3 8

8 . 5 . 038 . 2 0 1 2 . 0 5

9 1 . 6 19.  8 1 . 0 7 7 . 7 . 0 2 9 .204 1 . 7 2

1 0 1 . 1 2 0 . 4 7 8 . 3

1 1 . 7 2 0 . 9 7 8 . 4

14 . 3 2 1 . 5 7 8 . 8

Ü1


