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ABSTRACT

L a b o ra to ry  s tu d ie s  w ere u n d e rta k e n  to  i n v e s t ig a t e  th e  p o t e n t i a l  o f  

im proving t e r t i a r y  o i l  re c o v e ry  o f  heavy to  in te rm e d ia te  o i l  by a lk a l in e  

steam  f lo o d in g .  Four k in d s  o f  a l k a l i :  sodium h y d ro x id e , sodium s i l i c a t e ,

sodium c a rb o n a te  and p o tass iu m  h y d ro x id e  were combined w ith  steam , e ach  on 

s e p a ra te  c a s e ,  a s  chem ica l a d d i t iv e  to  enhance o i l  re c o v e ry  from  w ate r 

flo o d ed  sandpacks and c o re s .

These s tu d ie s  examined th e  f e a s i b i l i t y  o f  a c h ie v in g  th e  fo llo w in g  g o a ls :  

(1 ) co m b in a tio n  o f  th e  in d iv id u a l  o i l  re c o v e ry  m echanism s o f  steam  f lo o d  

and a l k a l in e  f lo o d  t o  Improve th e  n e t  re c o v e ry  perfo rm ance  over e i t h e r  s in g le  

p ro c e s s ,  (2 ) Improvement o f  sweep and d isp la c em e n t e f f i c i e n c i e s  by hav ing  

a lk a l in e  c o n d e n sa te  sweep th e  low er p o r t io n  o f  th e  fo rm a tio n  u s u a l ly  o v e r­

r id d e n  by steam , (3 ) low i n t e r f a c i a l  te n s io n  d isp la c e m e n t induced by in  s i t u  

s o lv e n t d r iv e ,  (4 ) f a v o ra b le  w e t t a b i l i t y  a l t e r a t i o n ,  (5 ) r ig id  f i lm  b re a k ­

in g , (6 ) v i s c o s i t y  r e d u c t io n ,  (7 ) te m p e ra tu re  r e d u c t io n ,  below t h a t  f o r  

c o n v e n tio n a l steam  f lo o d in g , in  a lk a l in e  steam  f lo o d in g  w ith o u t l o s s  in  o i l  

re c o v e ry  p e rfo rm an ce , (8 ) d e te rm in a tio n  o f  th e  o p tim a l te m p e ra tu re  ran g e  

f o r  a lk a l in e  steam  f lo o d in g  in  t e r t i a r y  o i l  re c o v e ry  p ro c e s s e s  and (9 ) 

e v a lu a t io n  o f  th e  re c o v e ry  perfo rm ance  o f  a l k a l in e  steam  f lo o d in g  compared 

t o  c o n v e n tio n a l steam  f lo o d in g  a t  low r e s id u a l  o i l  s a tu r a t i o n s .

S ix  a s p e c t s  o f  c a u s t i c  steam  f lo o d in g  w ere in v e s t ig a te d  w ith  w a te r  

f lo o d e d  g l a s s  beadpacks to  d e te rm in e  th e  o p tim a l p ro c e s s  o r  p ro c e s s e s  f o r
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a lk a l in e  steam  f lo o d in g . These cases  a re  a s  fo llo w s : (1) co o l c a u s t ic

f lo o d in g  fo llow ed  by steam  f lo o d in g , (2) c a u s t ic  steam  f lo o d in g  immedi­

a te ly  a f t e r  w a te r f lo o d in g , (3) co o l c a u s t ic  f lo o d in g  follow ed by c a u s t ic  

steam  f lo o d in g , (4) steam  flo o d in g  a l t e r n a te d  w ith  coo l c a u s t ic  f lo o d in g , 

(5) two a s p e c ts  o f  h o t c a u s t i c  f lo o d in g  t h a t  w ere combined w ith  c a se s  2 

and 3 to  de te rm in e  th e  o p tim a l tem p era tu re  range  fo r  a lk a l in e  h o t w a te r 

and steam  f lo o d in g  and (6) c o n v e n tio n a l steam  f lo o d in g  which se rv ed  as 

th e  b a s is  fo r  com parison and c o n tr a s t in g  o f v a r io u s  c a u s t ic  d isp lacem en t 

c a s e s .

Based on th e  reco v e ry  perform ance o f  th e s e  c a s e s , c a u s t ic  steam  

f lo o d in g  fo llo w in g  w a te r f lo o d in g  was used f o r  e v a lu a tin g  th e  improved 

o i l  re c o v e ry  perform ance f o r  th e  fo u r a lk a l i  on sandpacks and b e re a  c o re s .

Two ca se s  o f c a u s t ic  steam  f lo o d in g  in  g la s s  beadpacks reco v e red  

about 14 p e rc e n t more o f  i n i t i a l  o i l  in  p la c e  th a n  c o n v e n tio n a l steam  

f lo o d in g . C a u s tic  steam  f lo o d in g , po tassium  hyd ro x id e  and sodium s i l i ­

c a te  s team  f lo o d in g  in  sandpacks reco v ered  9 p e rc e n t more o f  i n i t i a l  o i l  

i n  p la c e  th an  co n v e n tio n a l steam  f lo o d in g . W ith b e re a  co re  as d is p la c e ­

ment m ed ia , c a u s t ic  steam  f lo o d in g  and sodium s i l i c a t e  steam  f lo o d in g  

rec o v e red  10 and 6 .5  p e rc e n t ,  r e s p e c t iv e ly ,  more o f i n i t i a l  o i l  i n  p la c e  

th an  r e g u la r  steam  f lo o d in g . C a u s tic  p o ta sh -s te a m  f lo o d in g  was n o t con­

duc ted  i n  b e re a  co re  because  o f  th e  nonunique perform ance on sandpack 

and th e  c o s t ,  bo th  o f which ren d e red  i t  uneconom ical f o r  p r a c t i c a l  a p p l i ­

c a t io n s .  Sodium ca rb o n a te -s te a m  f lo o d in g  f a i l e d  in  b o th  sandpack and co re  

t e s t s  b ecau se  i t  recovered  f a r  l e s s  o i l  th an  c o n v e n tio n a l steam  flo o d in g  

in  b o th  s i t u a t i o n s .
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AN EXPERIMENTAL INVESTIGATION OF TERTIARY RECOVERY OF 

OIL BY ALKALINE STEAM FLOODING

CHAPTER I  

INTRODUCTION

Steam flo o d in g  h as  been dem onstrated  in  th e  f i e l d  to  have con­

s id e r a b le  p o te n t ia l  f o r  im proving o i l  re c o v e ry  from f i e l d s  c o n ta in in g  

heavy to  in te rm e d ia te  (6® to  25“) A P I  g r a v i ty  o i l s .  D uring steam  d i s ­

p lacem en t, however, steam  has a  tendency  to  o v e rr id e  th e  bottom  h a l f  o f 

th e  fo rm a tio n  which becomes e s s e n t i a l ly  flo o d ed  by ho t to  warm co n d en sa te . 

I t  h a s  been observed in  m ost steam  f lo o d s  t h a t  th e  to p  h a l f  o f  th e  forma­

t io n  swept by steam  has i t s  r e s id u a l  o i l  a lm o st reduced  to  n e a r  z e ro , 

w h ile  s u b s ta n t ia l  r e s id u a l  o i l  s a tu r a t io n  i s  observed  in  th e  condensa te  

swept p o r t io n  o f  th e  r e s e r v o i r .

Some in v e s t ig a to r s ^  have suggested  t h a t  o i l  steam  r a t i o  cou ld  be 

s ig n i f i c a n t l y  reduced  i f  s u i t a b le  a d d i t iv e s  were found w hich would reduce

o i l  s a tu r a t io n s  In  th e  low er p o r tio n  o f  th e  fo rm a tio n  o f te n  o v e rr id d en
2

by steam  and e s s e n t i a l l y  swept by ho t o r  warm c o n d e n sa te . N u ttin g  in  

e x p e rim e n ta l w ater f lo o d s  o f  Torpedo sa n d sto n e  u s in g  sodium hydrox ide 

s o lu t io n  a s  an a d d i t iv e  r e p o r te d  in c re a s e d  o i l  rec o v e ry  o f  20 p e rc e n t,  

compared to  o rd in a ry  w a te r f lo o d . He a t t r i b u t e d  th e  in c r e a s e  in  o i l  

re c o v e ry  to  th e  re d u c t io n  in  i n t e r f a c i a l  te n s io n  betw een o i l  and w ater

1



brough t abou t by e i t h e r  chem ical r e a c t io n  o r  a b so rp tio n  o f th e  a lk a l in e  

s o lu t io n  w ith  s i l i c a  a t  th e  I n te r f a c e .  Dunning^ e t  a l  perform ed a  s im ila r  

experim ent and cla im ed t h a t  improved o i l  reco v e ry  was due to  th e  s u r f a c ta n t  

produced by th e  r e a c t io n  o f  c rude  o i l  w ith  sodium hydroxide and th a t  th e  

produced s u r f a c ta n t  d is p la c e d  th e  I n t e r f a c l a l l y  a c t iv e  a s p h a l t i c  ag g re g a te  

r e s p o n s ib le  f o r  th e  r i g i d i t y  o f  th e  in te r f a c e  th a t  i n h ib i t s  e f f e c t i v e  o i l  

d isp la c e m e n t.

More re c e n t  i n v e s t ig a to r s  have determ ined  t h a t  a lk a l in e  f lo o d ­

ing  enhances o i l  rec o v e ry  by one o r  more o f  th e  fo llo w in g  mechanism s: 

i n t e r f a c l a l  te n s io n  re d u c t io n , spon taneous é m u ls if ic a t io n , and w e t ta b i l i ty  

a l t e r a t i o n .  These mechanisms a re  r e l a te d  to  th e  In  s i t u  fo rm a tio n  o f  s u r ­

f a c t a n t s  from th e  n e u t r a l i z a t i o n  o f pe tro leu m  a c id s .  S ince  th e  c o n te n t o f 

such  n a tu r a l  pe tro leum  a c id s  i s  norm ally  h ig h e r  in  low A P I  g r a v i ty  crude 

o i l s ,  t h i s  p ro ce ss  seems to  be a p p lic a b le  p r im a r i ly ,  o r  e x c lu s iv e ly ,  to  

th e  rec o v e ry  o f m o d era te ly  v is c o u s , low to  In te rm e d ia te  A P I  g r a v i ty ,  

n a p h a te n lc  ty p e  c ru d e s . A lthough é m u ls if ic a t io n  d u rin g  a lk a l in e  f lo o d in g  

p ro c e s s  p ro v id e s  m o b il i ty  c o n t r o l ,  to  a  c e r t a i n  d e g re e , é m u ls if ic a t io n  

a lo n e  may n o t be s u f f i c i e n t  in  sweeping h ig h ly  v isc o u s  c ru d e s ;  o th e r  chemi­

c a l s  may be re q u ire d  to  red u ce  m o b il i ty  c o n t r a s t .  T h is  l im i t a t i o n  would, 

however, be reduced to  a  minimum when a lk a l in e  steam  d r iv e  i s  employed as  

improved o i l  rec o v e ry  p ro c e s s .

S ta tem en t o f th e  Problem

The purpose  o f  t h i s  s tu d y  was to  in v e s t ig a te  th e  a p p l i c a b i l i t y  of 

a lk a l in e  s o lu t io n s  a s  chem ica l a d d i t iv e s  In  steam  flo o d s  where t h e i r  

a b i l i t y  a s  improved o i l  rec o v e ry  agen t would se rv e  to  red u c e  th e  r e s id u a l  

o i l  s a tu r a t io n  in  th e  low er p o r tio n  o f  th e  fo rm a tio n  u s u a l ly  o v e rr id d en  by 

steam  and g e n e ra lly  b e lie v e d  to  be swept by h o t to  warm c o n d e n sa te . The



combined p r o p e r t ie s  o f steam  and a lk a l in e  s o lu t io n  would complement each  

o th e r  and cou ld  r e s u l t  In  g r e a te r  Improved o i l  rec o v e ry  over e i t h e r  s in g le  

p ro c e s s . T h is  would be ach ieved  when a lk a l in e  a d d i t iv e  h as  a l t e r e d  th e  phys­

i c a l  and chem ical p r o p e r t ie s  o f th e  co n d en sa te  th u s  inducing  spontaneous 

é m u ls if ic a t io n  which p ro v id e s  a m is c ib le  o r  sem lm lsc ib le  f r o n ta l  zone th a t  

w i l l  re c o v e r  more r e s id u a l  o i l  in  th e  bottom  h a lf  o f t h e  fo rm a tio n  th a n  

co n densa te  from  c o n v e n tio n a l steam  d r iv e .  A lso , s in c e  a lk a l in e  s o lu t io n  

would be in  steam  phase a t  th e  upper p a r t  o f  th e  fo rm a tio n , i t  i s  b e lie v e d  

t h a t  th e  com bination  o f  in d iv id u a l  o i l  d isp lacem en t p r o p e r t ie s  o f steam  and 

a lk a l in e  would g iv e  th e  same o r b e t t e r  sweep and d isp lacem en t e f f i c i e n c i e s  

a t  low er steam  tem p e ra tu re  and steam  o i l  r a t i o .  The n e t  b e n e f i t  o f  a lk a ­

l i n e  steam  d r iv e  would be h ig h e r  o i l  rec o v e ry  a t  low er steam  o i l  r a t i o  and 

p erhaps a t  low er tem p e ra tu re  th an  o rd in a ry  steam  d r iv e .

The m ost e v id en t e f f e c t s  of u s in g  a lk a l in e  s o lu t io n  a s  a chem ical 

a d d i t iv e  in  steam  f lo o d in g  a r e :  fo rm atio n  o f em ulsion  induced by a c id ic

o i l - a l k a l i n e  s o lu t io n  r e a c t io n  and sharp  r e d u c t io n  In  I n t e r f a c l a l  te n s io n  

a t  th e  o i l  w ater in te r f a c e .  O ther b e n e f i t s  t h a t  cou ld  be d e riv ed  from 

a lk a l in e  steam  f lo o d in g  a r e  a s  fo llo w s :

1 . Wider a p p l ic a t io n  o f  t h i s  combined p ro c e s s  th an  e i t h e r  o f  th e  

s in g le  p ro c e s s e s , i . e . ,  steam  f lo o d in g  o r  a lk a l in e  w a te r f lo o d in g . S in ce  

a lk a l in e  w ater f lo o d in g  has been m odera te ly  s u c c e s s fu l  in  r e s e r v o i r s  w ith  

medium ra n g e  (20* to  30°) A P I  g r a v i ty  o i l s ,  w h ile  steam  f lo o d in g  has 

been q u i te  s u c c e s s fu l  in  re c o v e r in g  low (6* to  20°) A P I  g r a v i ty  o i l s ,  

th e  combined tec h n iq u e  cou ld  span a  ran g e  o f 6° to  30* A P I  g r a v i ty  o i l s .  

Form ation  d e p th  would, o f  c o u rs e , l im i t  th e  ran g e  o f a lk a l in e  steam  a p p l i ­

c a b i l i t y ,  b u t even in  such a s i t u a t io n ,  a lk a l in e  h o t w a te r f lo o d in g  cou ld  

be employed r a t h e r  th an  ho t w a te r f lo o d in g  o r  a lk a l in e  w ater f lo o d in g .



2 . In c re a s e  in  so lv e n t d e n s ity  due to  a lk a l in e  c o n te n t would 

im prove sweep e f f ic ie n c y  w h ile  a lk a l in e  d i s t i l l a t e  ahead o f th e  steam  

f r o n t  would d is p la c e  c ru d e  o i l  a t  reduced  m o b il i ty ,  th u s  im proving th e  

d isp lacem en t e f f i c i e n c y .

3 . Assumed in  t h i s  p ro c e ss  i s  th a t  o i l  expansion  and s o lv e n t 

e x t r a c t io n  a t t r i b u t e d  to  steam  in te r a c t io n  w ith  c rude  o i l  would be 

enhanced w ith  a lk a l in e  steam , th u s  im proving th e  sweep and d isp lacem en t 

e f f i c i e n c i e s .

4 . S ince  v a p o r iz a t io n  o f  o i l  due to  steam  in je c t io n  induces  a 

m is c ib le  f r o n t  ahead o f  th e  steam  f r o n t ,  a lk a l in e  steam , owing to  i t s  

i n t e r f a c i a l  te n s io n  r e d u c t io n  p ro p e r ty , would induce  a  l a r g e r  and more 

s t a b l e  m is c ib le  f r o n t  th a n  o rd in a ry  steam  w ith  th e  r e s u l t a n t  improvement 

in  d isp lacem en t e f f i c i e n c y .

5 . The p r in c ip a l  problem s w ith  c o n v e n tio n a l steam  f lo o d in g  p ro ce ss  

a r e  g r a v i ty  o v e r r id e  o f  th e  low h a lf  o f  th e  fo rm a tio n  and se v e re  é m u ls if i ­

c a t io n  o f produced f l u i d s .  W hile g ra v i ty  o v e r r id e  red u ces  th e  a re a  con­

ta c te d  by steam , se v e re  em ulsion problem  in c re a s e s  th e  c o s t  o f  tre a tm e n t

o f  produced f l u i d s .  The a lk a l in e  steam  p ro c e s s  would a l l e v i a t e  th e  problem  

o f g r a v i ty  o v e rr id e  because  o f  h ig h e r  d e n s i ty  o f a lk a l in e  steam  compared 

to  o rd in a ry  steam , w h ile  th e  h o t a lk a l in e  co n d e n sa te , because  o f  th e  émul­

s i f i c a t i o n  and i n t e r f a c i a l  te n s io n  re d u c tio n  p r o p e r t ie s ,  would be more 

e f f e c t i v e  in  sweeping th e  low er p a r t  o f  th e  fo rm a tio n  th an  o rd in a ry  h o t 

c o n d e n sa te . The em ulsion  problem  i s  cheaper and e a s ie r  to  t r e a t  fo r  

a lk a l in e  steam  f lo o d  p ro c e s s  (w ith  cheap a c id  and common s a l t  a s  opposed 

to  h e a t  tre a tm e n t)  th an  fo r  co n v e n tio n a l steam  flo o d  p ro c e s s .

I t  i s  hoped t h a t  t h i s  tech n iq u e  o f  enhanced o i l  re c o v e ry  would be 

a p p l ic a b le  to  many r e s e r v o i r s  th a t  have been w ater flooded  and a r e  n o t



am enable to  o th e r  p ro c e s se s  o f  enhanced o i l  re c o v e ry . A lso , f i e l d s  w ith  

a c id ic  to  m ild ly  a c id  ( a t  l e a s t  0 .5  a c id  number) th a t  a r e  c u r r e n t ly  being  

a lk a l in e  w ater f looded  o r  steam  flooded  would be p o te n t ia l  c a n d id a te s  fo r  

t h i s  p ro c e s s .  Where fo rm a tio n  d e p th  r u le s  o u t a lk a l in e  steam  f lo o d in g , 

a lk a l in e  ho t w ater f lo o d in g  be ing  more e f f e c t i v e  th an  a lk a l in e  w a te r 

f lo o d in g  shou ld  be adop ted  i f  i t  i s  econom ica lly  f e a s ib le .  The ran g e  o f 

o i l s  am enable to  e i t h e r  a lk a l in e  h o t w ater f lo o d  o r  a lk a l in e  steam  flo o d  

should  span heavy to  In te rm e d ia te  (6° to  30° A P I ) .  Most o i l  below 20° 

A P I  a r e  a c id ic  to  some e x te n t  w h ile  some o i l s  in  th e  range  o f  21° to  

30° A P I  a r e  a c id ic .

The com position  o f  th e  o i l  and fo rm a tio n  w i l l  to  a  la rg e  d eg ree  

d i c t a t e  th e  a p p l i c a b i l i t y  o f  a lk a l in e  steam  d isp la c em e n t p ro c e s s . The 

a v a i l a b i l i t y  o f  a c id ic  o i l  i s  a  p r e r e q u is i te  f o r  a p p ly in g  t h i s  te c h n iq u e , 

w h ile  l a r g e  c la y  and c a rb o n a te  c o n te n ts ,  which e x a c e rb a te  th e  d e te r io r a ­

t i o n  and lo s s  o f  a lk a l in e  due to  a d s o rp t io n  and p r e c ip i t a t i o n  o f  in s o lu b le  

c a rb o n a te s , cou ld  p re c lu d e  i t s  a p p l ic a t io n .  A lk a lin e  steam  f lo o d in g  w i l l ,  

t h e r e f o r e ,  be l im ite d  to  f a i r l y  c le a n  sand r e s e r v o i r s  w ith  a c id ic  to  

m ild ly  a c id  o i l s .

Among th e  a l k a l i ,  i . e . ,  sodium h y d ro x id e , sodium s i l i c a t e ,  sodium 

c a rb o n a te  and po tassium  h y d ro x id e , examined, o n ly  sodium hydrox ide  and 

sodium s i l i c a t e  seemed l i k e l y  to  be e f f e c t iv e  a s  w e ll a s  econom ical a s  

chem ical a d d i t iv e  in  steam  and h o t w a te r f lo o d in g . W hile po tassium  

hyd rox ide  was a lm ost a s  e f f e c t i v e  in  enhancing o i l  reco v e ry  a s  sodium 

h y d ro x id e , th e  c o s t  cou ld  make i t s  u se  econom ica lly  u n f e a s ib le .  Sodium 

c a rb o n a te  was in e f f e c t iv e  a s  a  chem ical a d d i t iv e  in  steam  d isp la c e m e n t. 

I n s te a d  o f  im proving o i l  re c o v e ry , soidum c a rb o n a te  steam  d r iv e  h in d ered  

re c o v e ry  w e ll below th e  re c o v e ry  fo r  c o n v e n tio n a l steam  d r iv e .



T his  e x p e rim e n ta l study  being  r e p o r te d  h e re , i s  p a r t l y  based on 

p re v io u s  la b o ra to ry  in v e s t ig a t io n  c a r r ie d  o u t by t h i s  a u th o r  and re p o r te d  

w ith  T ia b , D ., and Osman, M. From t h a t  la b o ra to ry  s tu d y , i t  was con­

cluded  t h a t  c a u s t ic  steam  d isp lacem en t im m ediately  a f t e r  w a te r f lo o d in g  

was th e  most e f f e c t i v e  o i l  reco v e ry  p ro c e ss  f o r  t h i s  a sp e c t o f enhanced 

o i l  re c o v e ry . Thus, t h i s  p ro cess  was adop ted  in  e v a lu a tin g  a l l  th e  

a l k a l i  in v e s t ig a te d  a s  chem ical a d d i t iv e s  in  steam  d r iv e .



CHAPTER I I  

LITERATURE REVIEW 

The e a r l i e s t  known p a te n t  on c a u s t ic  f lo o d in g  f o r  improved o i l
7

rec o v e ry  was r e p o r te d ly  is su e d  to  Flyeman in  Canada in  1920 f o r  develop ­

ing  a p ro c e ss  u s in g  sodium c a rb o n a te  to  s e p a ra te  bitum en from t a r  san d s.

In  1927, th e  f i r s t  p a te n t  in  th e  U nited  S ta te s  was issu e d  to  A tk in son^ . 

S ince  th e n , however, s e v e ra l  o th e r  p a te n ts  on v a r io u s  mechanisms o f 

c a u s t i c  f lo o d in g  were o b ta in e d  by s e v e ra l  in v e s t ig a to r s .  There have a ls o
Q

been e x te n s iv e  re c o rd s  and p u b lic a t io n  o f  r e s e a rc h  work and f i e l d  t e s t in g  .

9 10A ccording to  Johnson e t  aL  and deZabala e t  a L  , th e re  a r e  c u r r e n t ly

e ig h t  p o s tu la te d  reco v e ry  mechanisms o f  c a u s t i c  f lo o d in g . These in c lu d e :

(1) é m u ls if ic a t io n  w ith  en tra in m en t (2) é m u ls if ic a t io n  w ith  e n tr a p -  

13m ent, . (3) é m u ls if ic a t io n  w ith  c o a le sce n c e  ( i . e . ,  spontaneous o r  sh ear

7 8induced) , (4) w e t t a b i l i ty  r e v e r s a l  ( i . e . ,  o i l - w e t  to  w a te r-w e t)  , (5)
Q

w e t t a b i l i t y  r e v e r s a l  (w ater-w et to  o i l - w e t)  , (6) w e t ta b i l i ty  g r a d ie n ts ,

o i l - p h a s e  sw e llin g  ( i . e . ,  from  w ater in  o i l  e m u l s i o n s ) (7) re d u c tio n  o f

12i n t e r f a c l a l  te n s io n  (from  s a p o n if ic a t io n  o r  r e a c t io n  w ith  o i l )  and (8)
9

d is r u p t io n  o f  r i d i g  f i lm s .

T here  a r e  c o n tr a d ic t io n s  among th e s e  m echanism s, caused p r im a r i ly  

by th e  chem ical s e n s i t i v i t y  o f  c e r t a in  c ru d e  o i l s  and r e s e r v o i r  ro ck  ty p e s  

to  r e a c t io n  w ith  a l k a l i .  Under v a ry in g  c o n d it io n s  such a s :  c o n c e n tra t io n , 

te m p e ra tu re , s a l i n i t y  and pH, d i f f e r e n t  c ru d e  o i l s  in  d i f f e r e n t  r e s e r v o i r

7



8

ro c k  ty p e s  may le a d  to  w ide ly  d i s p a r a te  b eh av io r upon r e a c t io n  w ith  a l k a l i .  

C onsequen tly , th e  a lk a l in e  f lo o d in g  p ro c e ss  has s t i l l  rem ained co m p lica ted  

and n o t w e ll  u n d e rs to o d .

Mechanisms

The p r e r e q u is i te  fo r  any o f  th e  proposed  mechanisms to  be o p e ra ­

t i o n a l ,  how ever, i s  t h a t  th e  c ru d e  o i l  m ust c o n ta in  c e r t a i n  a c id ic  compo­

n e n ts  (based  on a c id ic  number o r  th e  c h a in  le n g th  o f  th e  a c id ic  g ro u p , 

l in k e d  to  CH^) th a t  w i l l  r e a c t  w ith  th e  a l k a l i  to  produce s a l t s .  Some of

th e s e  s a l t s  a r e  s u rfa c e  a c t iv e  and hence w i l l  in d u ce  s a p o n if ic a t io n  w h ile

21o th e r s  can b re a k  r ig id  s u rfa c e  f i lm s  which r e p o r te d ly  can enhance émul­

s i f i c a t i o n  and a l t e r  w e t t a b i l i t y  when adsorbed  on p o la r  m a te r ia ls  on rock  

s u r f a c e s .  The proposed mechanisms fo r  a lk a l in e  o i l  reco v e ry  p ro c e s se s  

enum erated above w i l l  be d is c u s s e d . T h is  rev iew  w i l l  em brace: (a )  th e

c o n d it io n s  n e c e s sa ry  fo r  s u c c e s s fu l  a p p l ic a t io n  (b) recommended la b o r a to r y  

sc re e n in g  m ethods and (c ) th e  p u b lish e d  r e s u l t s  o f  la b o ra to ry  and f i e l d  

t e s t i n g .
g

W hile A tkinson was th e  f i r s t  to  p a te n t  a lk a l in e  f lo o d in g  on o i l

22b e a r in g  sands in  th e  U nited  S ta te s  in  1927, S q u ire s  , way back in  1917, 

was w e ll aw are o f  th e  b e n e f i t s  o f  a lk a l in e  f lo o d in g  on o i l  b e a rin g  sa n d s .

He concluded  t h a t  th e  d isp lacem en t o f  o i l  cou ld  be more e f f e c t iv e  by i n t r o ­

d ucing  an a l k a l i  in to  f lo o d in g  w a te r . The mechanism by w hich a lk a l in e
g

f lo o d in g  enhances o i l  was n o t t h a t  c le a r  to  e a r ly  in v e s t ig a to r s .  A tk in son  

a s s e r te d  t h a t  a l k a l i  a c te d  to  im prove w ater f lo o d  o i l  rec o v e ry  by o v e r­

coming c a p i l l a r y ,  a d h esio n  and v isc o u s  fo rc e s  to  r e l e a s e  o i l  he ld  w ith in  

sp a ce s  betw een sand g r a in s .  He was a p p a re n tly  r e f e r r in g  to  th e  combined

mechanisms o f  w e t t a b i l i ty  change (o i l -w e t  to  w a te r-w e t)  and i n t e r f a c i a l

22te n s io n  r e d u c t io n . S q u ire s  n o ted  th a t  a lk a l in e  w a te rf lo o d  improved o i l
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re c o v e ry  bu t d id  n o t e x p la in  how. N u ttin g  e x p la in e d  th e  mechanism o f 

a lk a l in e  w a te r f lo o d in g  in  term s o f  a l k a l i  r e a c t in g  w ith  th e  o i l  o r  th e  

s u r f a c e  to  r e le a s e  r e s id u a l  o i l  from adh eren ce  to  sand s u r f a c e s ,  e s se n ­

t i a l l y  w e t t a b i l i ty  a l t e r a t i o n  (from  o i l- w e t  to  w a te r-w e t) . He a ls o  

observed  t h a t  a lk a l in e  s o lu t io n s  h in d ered  th e  fo rm a tio n  o f  s e m iso lid  o i l -  

w a te r  i n t e r f a c i a l  f i lm s  b u t d ism issed  th e  b e n e f i t  o f  t h i s  p ro p e r ty  in

enhancing  o i l  re c o v e ry .

12Subkow's e x p la n a tio n  o f  th e  mechanism o f  a lk a l in e  w a te r f lo o d  o i l  

re c o v e ry  p ro c e s s  was t h a t  th e  e s s e n t i a l  f i r s t  s te p  e n ta i le d  fo rm a tio n  o f  

o l l - in - w a te r  em ulsion in  s i t u  w ith in  th e  p o re  sp ace  o f  th e  ro c k . The 

second s te p  he contended  was e n tra in m en t o f th e  e m u ls if ie d  o i l  in  th e  

f lo w in g  a lk a l in e  s o lu t io n ,  w ith  b o th  being  produced c o n c u r re n tly . Subkow 

d e s c r ib e d  c l e a r l y  th e  r e a c t io n  o f  sodium hydrox ide  s o lu t io n s  and th e  

o rg a n ic  a c id s  n a tu r a l ly  p re s e n t  in  some crude  o i l s ,  le a d in g  to  g e n e ra tio n  

o f  e m u ls ify in g  so a p s. He d id  em phasize th e  im portance  o f  c a u s t ic  concen­

t r a t i o n  and warned t h a t ,  w h ile  i t  must be s u f f i c i e n t l y  h ig h  to  be e f f e c t i v e ,  

e x c e s s iv e  c o n c e n tra t io n  cou ld  produce in v e r te d  em ulsions ( w a t e r - i n - o i l ) , 

o r  no em ulsion a t  a l l .  Because some o f  th e  e ig h t  mechanisms l i s t e d  a r e  

p a r t  and p a rc e l  o f  th e  o th e r ,  a  d e ta i le d  d e s c r ip t io n  o f th e  mechanisms 

w i l l  be g iven  under fo u r  b ro ad e r  c l a s s i f i c a t i o n s  a s  fo llo w s : (1) é m u ls if i ­

c a t io n  and e n tra in m e n t, (2) é m u ls if ic a t io n  and en trapm en t, (3) w e t t a b i l i ty  

r e v e r s a l  (o il -w e t  to  w a te r -w e t) , and (4) w e t t a b i l i ty  r e v e r s a l  (w a te r-w e t 

t o  o i l - w e t ) .

E m u ls if ic a t io n  and e n tra in m en t
1 9

Subkow was one o f  th e  e a r l i e s t  in v e s t ig a to r s  to  p ro p o se  t h i s

mechanism f o r  a lk a l in e  f lo o d in g . He contended  t h a t  i t  was th e  m ost p la u s -

20I b le  and v ia b le  mechanism. R e isb erg  and D oscher worked w ith  a V entura
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c ru d e  o i l  and co n s id e red  th e  a b i l i t y  o f a lk a l in e  f lo o d in g  to  r e v e r s e  o i l -  

w e ttin g  o f  th e  fo rm ation  t o  w a te r-w e ttin g , a s  w e ll  a s  su p p re ss in g  th e  f o r ­

m ation  o f  se m iso lid  f ilm  a t  th e  o i l - w a te r  i n te r f a c e ,  a s  th e  c o n tr ib u t in g  

m echanism s b e s id e s  é m u ls if ic a t io n  and e n tra ln m en t w hich a c co rd in g  to  them 

r e s u l t s  in  re d u c tio n  o f i n t e r f a c i a l  te n s io n .  The p r in c ip a l  mechanism 

th e y  con tended  was r e d u c t io n  o f  i n t e r f a c i a l  te n s io n  owing to  s a p o n if ic a ­

t io n  w hich p roceeds th e  fo rm a tio n  o f  o i l  in  w a te r em u lsion .

R asherg and D oscher were p e s s im is t ic  about th e  p r a c t i c a l  a p p lic a ­

t io n  o f  a lk a l in e  f lo o d in g  a s  a p ro c e ss  o f enhanced o i l  re c o v e ry . They 

b e lie v e d  th a t  s in c e  th e  o i l  would be produced a s  an em ulsion  in  produced 

c a u s t i c  s o lu t io n ,  a d s o rp t io n , r e a c t io n  w ith  ro c k , and d isp la c em e n t o f 

co n n a te  w ater would c au se  th e  a lk a l in e  to  f a l l  behind th e  o i l - w a te r  d i s ­

p lacem ent f ro n t  and c o n seq u e n tly  d e la y  uneconom ically  any in c re a s e  in  o i l  

re c o v e ry  b e fo re  w ater b rea k th ro u g h . In c re a se d  o i l  co u ld  o n ly  be produced , 

th e y  f e l t ,  a f t e r  s e v e ra l  p o re  volum es o f  a lk a l in e  had been in je c te d ,  an

u n fa v o ra b le  economic s i t u a t i o n .  Doscher and R eisberg  d id ,  however, o b ta in  
23

a  Canadian p a te n t  on c a u s t i c  f lo o d in g  o f  t a r  sands a s  an improved o i l
24

re c o v e ry  p ro c e s s . In  a  p i l o t  p r o je c t ,  Doscher e t  a l . ,  r e p o r te d  s u b s ta n t ia l

in c re a s e  in  o i l  reco v e ry  when a lk a l in e  aqueous s o lu t io n  and steam  were

in je c te d  in to  A thabasca o i l  san d s, compared to  r e g u la r  steam  d r iv e .

E m u ls if ic a t io n  and en trapm ent

A nother mechanism whereby a lk a l in e  i n je c t io n  can  improve o i l

13 25re c o v e ry  was proposed by Je n n in g s  e t  a l  * From t h e i r  la b o r a to r y  e x p e r i­

m ents th e y  showed t h a t  i f  i n t e r f a c i a l  te n s io n  was low enough, r e s id u a l  

o i l  i n  a  p r e f e r e n t i a l ly  w a te r-w e t c o re  cou ld  be e m u ls if ie d  in  s i t u ,  moved 

downstream  w ith  th e  f lo w in g  a lk a l in e  and cou ld  be en trap p ed  a g a in  by p o re  

t h r o a t s  too  sm all fo r  th e  o i l  em ulsion d r o p le ts  to  p e n e t r a te .  They
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b e lie v e d  t h a t  th e  mechanism o f  é m u ls i f ic a t io n  and entrapm ent r e s u l t s  in  

a  r e d u c t io n  o f  m o b ility  which Improves b o th  a r e a l  and v e r t i c a l  sweep 

e f f i c i e n c y .  T h is p ro p e r ty  i s  p a r t i c u l a r l y  d e s i r a b le  fo r  w ater f lo o d in g  

v isc o u s  o i l s  d u rin g  which a r e a l  and v o lu m e tr ic  sweep e f f i c i e n c i e s  a re  

u s u a l ly  v e ry  p o o r. T h is  p ro c e s s , th ey  con tended , does n o t s ig n i f ic a n t ly  

red u ce  th e  c a p i l l a r y  r e ta in e d  r e s id u a l  o i l  s a tu r a t io n  because th e  em u lsi­

f ie d  o i l  i s  q u ic k ly  en trap p ed  and i s  n o t e v e n tu a lly  rec o v e red . A ccording 

to  t h i s  mechanism th e  e m u ls if ie d  o i l  i s  n o t  e n tra in e d  and produced a s  an 

em ulsion because  th e  i n t e r f a c i a l  te n s io n  i s  n o t low enough to  a llo w  emul­

s io n  d r o p le ts  to  p e n e tr a te  a l l  th e  sm a lle r  p o re - th ro a t  c o n s t r ic t io n s  

betw een sand g ra in s  in  n a tu r a l  r e s e r v o i r  ro c k s . A lso , th ey  sp e cu la te d  

t h a t  in  r a d i a l  geom etry, th e  d im in ished  p re s s u re  drops beyond th e  in je c ­

t io n  w e ll may n o t be s u f f i c i e n t  to  f o rc e  em ulsion p a r t i c l e s  th rough  a l l  

th e  p o re  t h r o a t s .

26 27M cA uliffe * p rep ared  d i l u t e  em ulsions e x te r n a l ly  and th en  

in je c te d  them in to  c o re s  in  th e  la b o r a to r y .  T h e ir  work showed o i l  reco v ery  

by in je c t in g  e x te r n a l ly  p rep a red  c a u s t i c - o i l  em ulsion to  be com parable to  

th e  reco v e ry  by in  s i t u  é m u ls if ic a t io n  d u r in g  c a u s t ic  f lo o d in g . R eport­

ing  on la b o ra to ry  c a u s t ic  f lo o d in g  o f  a  v isc o u s  L lo y d m in is te r  c rude  o i l .

28Dranckuk e t  a l .  observed  t h a t  s ta b le  o i l - in - w a te r  em ulsions were p ro ­

duced in  s i t u  and th a t  th e r e  was ev id en ce  f o r  re d u c tio n  in  w ater m o b il ity  

d u r in g  d isp la c em e n t.

S ince  t h i s  mechanism may n o t s ig n i f i c a n t l y  reduce  th e  u l t im a te  

r e s id u a l  o i l  s a tu r a t io n ,  th e s e  in v e s t ig a to r s  recommended i t  f o r  v isc o u s  

o i l s  o r  o i l s  in  he te rogeneous r e s e r v o i r s  where sweep e f f ic ie n c y  i s  poo r. 

T h is  mechanism, th e r e fo r e ,  by im proving th e  m o b il ity  r a t i o  cou ld  be more
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econom ical th a n  th e  mechanism t h a t  re c o v e rs  r e s id u a l  o i l  from a sm a lle r

volume o f  t h e  r e s e r v o i r  swept a t  poor m o b ility  r a t i o .

W e tta b i l i ty  r e v e r s a l  (o il -w e t  to  w a ter-w et)

29Wagner and Leach dem o n stra ted  t h a t  ro ck  w e t t a b i l i ty  co u ld  be 

re v e rs e d  from  o i l-w e t  to  w a te r-w e t by adding ch em ica ls  ( a c id s ,  b a se s  and 

s a l t s )  t h a t  changed in je c t io n -w a te r  pH. They p re s e n te d  la b o ra to ry  t e s t  

r e s u l t s  w hich showed in c re a se d  o i l  reco v ery  over c o n v e n tio n a l w a te rf lo o d  

by in je c t i n g  s o lu t io n s  th a t  re v e rs e d  rock  w e t t a b i l i ty  from o i l - w e t  to  

w a te r-w e t. Wagner and Leach f e l t  t h a t  s in c e  th e  in je c te d  chem ical was 

alw ays p receded  by d isp la c e d  c o n n a te  w ater th e  c h e m ica lly  t r e a te d  f lo o d  

w ater would o n ly  encoun ter r e s id u a l  o i l  l e f t  beh ind  th e  banked conna te  

w a te r f r o n t .  Because th e  r e s id u a l  o i l  in  a w a te r-w e t r e s e r v o i r  i s  d i s ­

co n tin u o u s  and immobile a s  compared to  th e  co n tin u o u s  r e s id u a l  o i l  phase 

in  an o i l - w e t  r e s e r v o i r ,  Wagner and Leach a s s e r te d  t h a t  w ater-w et ro ck s 

w ere n o t am enable to  w e t t a b i l i t y  r e v e r s a l ,  i . e . ,  w ater-w et to  o i l - w e t .
OQ

T hese in v e s t ig a to r s  rea so n ed  th a t  improvement in  o i l  reco v e ry  

would r e s u l t  l a r g e ly  from th e  fa v o ra b le  changes in  r e l a t i v e  o i l  and w ater 

p e rm e a b il i ty  th a t  would be induced  by a  r e v e r s a l  o f  w e t t a b i l i t y  from o i l -  

wet to  w a te r-w e t in  th e  re g io n  where o i l  i s  s t i l l  f lo w in g . The change in  

p e r m e a b i l i t ie s  would p ro v id e  a  more fa v o ra b le  m o b il i ty  r a t i o  th a t  would 

p e r s i s t  even i f  th e  c h e m ica lly  t r e a t e d  w ater i s  d isp la c e d  by an u n tre a te d  

w a te r.

W hile Wagner and Leach ach iev ed  w e t t a b i l i t y  change (o il-w e t  to  

w a te r-w e t)  w ith  e i t h e r  a c id s  o r  a l k a l i ,  th e  u se  o f  a c id s  have n o t  found 

p r a c t i c a l i t y  because th ey  te n d  to  be too  r e a c t iv e  w ith  most r e s e r v o i r  ro c k s . 

Mungan^^ o b ta in e d  r e s u l t s  s im i la r  to  Wagner and Leach u s in g  sodium hydrox­

id e  s o lu t io n  f o r  re v e r s in g  w e t t a b i l i t y  in  o i l - w e t  porous media to  w a te r-w e t.
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L ik e  p re v io u s  i n v e s t ig a to r s ,  he re p o r te d  improved o i l  re c o v e ry  over con­

v e n t io n a l  w ater f lo o d in g . Mungan was a ls o  th e  f i r s t  to  o b se rv e  t h a t  

c a u s t i c  f lo o d in g  was te m p e ra tu re  s e n s i t iv e  and n o ted  t h a t ,  f o r  th e  p a r ­

t i c u l a r  c ru d e  he u se d , c a u s t ic  f lo o d in g  worked w e ll a t  160°F b u t d id  n o t 

work a t  a l l  a t  70*F. He a ls o  showed t h a t  a f t e r  c a u s t i c  w e t t a b i l i ty  r e v e r ­

s a l  from o i l- w e t  to  w a te r-w e t, th e  w ater r e l a t i v e  p e rm e a b il i ty  was q u i te  

low er th a n  t h a t  o f  w a te r  flo o d ed  o i l-w e t  porous medium. The consequence 

o f  lo w erin g  w ater r e l a t i v e  p e rm e a b il ity  was a more fa v o ra b le  w a te r - o i l

m o b il i ty  r a t i o  d e s p i t e  v e ry  h ig h  w ater s a tu r a t io n  v a lu e s .

31Cooper a ls o  r e p o r te d  abou t th e  op tim al te m p e ra tu re  fo r  c a u s t ic

f lo o d in g  in  c o n n e c tio n  w ith  a n o th e r  c rude  o i l  ty p e .  He ag reed  w ith  fkingan

on th e  o p tim al te m p e ra tu re  o f  160°F fo r  c a u s t ic  f lo o d in g  in  s p i t e  o f  th e

f a c t  t h a t  he used d i f f e r e n t  c ru d e  o i l  from th e  fo rm er i n v e s t ig a to r .
32 ,33

E h r lic h  e t  a l .  in c lu d e d  in  t h i s  mechanism th e  re d u c t io n  o f  

i n t e r f a c i a l  te n s io n  below  a  c r i t i c a l  v a lu e  and su g g ested  t h a t  t h i s  p rop­

e r t y ,  to g e th e r  w ith  w e t t a b i l i t y  r e v e r s a l ,  should  form  th e  m ain c r i t e r i a  

f o r  e v a lu a tin g  a lk a l in e  f lo o d in g  in  th e  la b o ra to ry  f o r  p o t e n t ia l  f i e l d  

a p p l i c a t i o n .  They a ls o  n o ted  t h a t  a  s u b s ta n t ia l  r e d u c t io n  o f  i n t e r f a c i a l  

t e n s io n  below a  c r i t i c a l  v a lu e  would enhance o i l  re c o v e ry  by é m u ls if ic a t io n  

and en tra ln m en t mechanism.

W e t ta b i l i ty  r e v e r s a l  (w a te r-w e t to  o i l -w e t)

The f o u r th  c l a s s  o f  th e  broad mechanism by w hich a lk a l in e  f lo o d -

34in g  co u ld  improve o i l  re c o v e ry  was f i r s t  re p o r te d  in  1974 by Cooke e t  a l .  

They re p o r te d  t h a t  o rg a n ic  a c id s  n a tu r a l l y  o c c u rr in g  in  some crude  o i l s  

w i l l  r e a c t  w ith  a lk a l in e  s o lu t io n  to  produce s u r f a c ta n t  a t  th e  o i l - w a te r  

i n t e r f a c e .  The s u r f a c ta n t  (so ap s) th u s  formed would low er th e  i n t e r f a c i a l  

te n s io n  betw een o i l  and w ater by s e v e ra l  hundred f o ld .  A lso , they
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observed  t h a t  th e  s u r f a c ta n t  would, under a p p ro p r ia te  c o n d it io n s  o f  pH, 

s a l i n i t y  and te m p e ra tu re , change th e  w e t t a b i l i t y  o f th e  porous medium 

from w ater-w et to  o i l - w e t .

They e x p la in ed  t h a t  th e  m echanics o f  th e  p ro c e ss  in v o lv e s : f i r s t

th e  a l t e r a t i o n  o f  th e  ro ck  w e t t a b i l i ty  from  w ater-w et to  o i l - w e t ,  so th a t  

a  d isc o n tin u o u s  n o n w ettin g  r e s id u a l  o i l  i s  con v erted  to  a  co n tin u o u s  w et­

t in g  p h a se , th u s  p ro v id in g  a  p a th  f o r  th e  o i l  t h a t  would have been trap p ed  

and , second , th e  low i n t e r f a c i a l  te n s io n  would induce an o i l - e x t e r n a l  emul­

s io n  o f w ater d r o p le t s  in  th e  c o n tin u o u s  w e ttin g  o i l  p h ase . The flow  prop­

e r t i e s  o f  t h i s  ty p e  o f  em ulsion , Cooke e t  a l .  con tended , would p e rm it a 

h igh  p re s s u re  g ra d ie n t  to  be g e n e ra te d  in  th e  re g io n  where em ulsion  d rop­

l e t s  form . The h ig h  p re s s u re  th ey  s a id  would be s u f f i c i e n t  to  overcome 

th e  c a p i l l a r y  fo rc e s  a lre a d y  d ec reased  by low i n t e r f a c i a l  te n s io n ,  th u s  

red u c in g  r e s id u a l  o i l  s a tu r a t io n  f u r t h e r .

Cooke e t  a l .  showed th a t  o i l  s a tu r a t io n  a s  low a s  5 p e rc e n t would 

be l e f t  from th e  d ra in a g e  o f o i l  from th e  volume betw een e m u ls if ie d  w ater 

d ro p s .

The d i s t i n c t i v e  f e a tu r e  o f t h i s  mechanism, in  s p i t e  o f  th e  r o le  

p layed  by i n t e r f a c i a l  te n s io n , i s  th e  c o n v e rs io n  from w ate r-w e t system  to  

o i l -w e t  system . These in v e s t ig a to r s  p o in te d  o u t th e  im portance  o f  th e  

s a l i n i t y  o f  th e  a lk a l in e  in  t h i s  p ro c e ss  because  i t  supposed ly  e n su re s  

sand o i l-w e t  tendency  and prom otes fo rm a tio n  o f  w a te r - in - o i l  em u lsio n s.

O ther A spects o f A lk a lin e  F looding

A ll  th e  fo u r  broad mechanisms review ed have some s u p e r f i c i a l  s im i­

l a r i t i e s .  P a r t i c u l a r l y ,  they  sh a re  in  common th e  req u irem e n ts  t h a t  th e  

c rude  o i l  c o n ta in  s u f f i c i e n t  and p ro p e r  o rg a n ic  a c id s  and th e  c a u s t ic
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c o n c e n tra t io n  be a d e q u a te ly  a d ju s te d  to  g iv e  th e  d e s ire d  w e t ta b i l i ty  

r e v e r s a l  and low i n t e r f a c i a l  te n s io n .

C a u s tic  f lo o d in g  req u irem en t

L ab o ra to ry  experim en ts  have shown th a t  s u c c e s s fu l  a lk a l in e  f lo o d ­

ing  perfo rm ance w i l l  depend on: (1) c rude  co m p o sitio n , (2) w ater compo­

s i t i o n ,  (3) ro ck  ty p e  and r e a c t i v i t y  and (4) a lk a l in e  c o n c e n tra t io n , 

e s p e c ia l ly  how i t  i n t e r a c t s  w ith  th e  afo rem en tioned  p a ra m e te rs .

L ab o ra to ry  e v a lu a tio n  fo r  f i e l d  t r i a l s

9 32A ll  r e c e n t  i n v e s t ig a to r s  * a g re e  t h a t  fo r  r e l i a b l e  o i l  rec o v e ry

t e s t s  f o r  f i e l d  t r i a l s  p re se rv e d  c o re  sam ples, u n a l te re d  c ru d e  o i l  and

a c tu a l  co n n a te  and in je c t io n  w a te rs  should  be u s e d . The d isp lacem en t t e s t

should a ls o  be made a t  r e s e r v o i r  tem p e ra tu re  and a t  r a t e s  o r p re s s u re

g ra d ie n t  c lo s e  to  th o s e  expected  in  th e  f i e l d .

A lk a lin e  steam  flo o d in g

The f i r s t  known c a se  o f  a l t e r n a t in g  steam  in je c t io n  w ith  hea ted
24

a lk a l in e  s o lu t io n  was re p o r te d  by Doscher e t  a l .  They re p o r te d  sub­

s t a n t i a l  in c re a s e  in  o i l  re c o v e ry  from th e  A thabasca o i l  sands by t h i s  

p ro c e s s  over c o n v e n tio n a l steam  d r iv e .  The la b o r a to r y  experim en ts  c a r r ie d  

o u t b e fo re  th e  f i e l d  t e s t  were n o t p u b lish e d . The p u b lish e d  r e p o r t  on th e  

f i e l d  t r i a l  d id  n o t d is c u s s  th e  mechanism t h a t  p ro v id ed  th e  sou rce  o f  o i l  

re c o v e ry  enhancem ent.

35In  1974, Robinson e t  a l .  , a f t e r  la b o ra to ry  t e s t s ,  conducted  a  

f i e l d  t e s t  o f  c a u s t i c  steam  f lo o d  a t  Kern R iver F ie ld .  T h e ir  la b o ra to ry  

t e s t s  in d ic a te d  t h a t  th e  a d d i t io n  o f  c a u s t ic  to  steam  improved o i l  re c o v ­

e ry  over c o n v e n tio n a l steam  f lo o d in g  by a s  much a s  9 .9  p e rc e n t.  The mech­

anism  adop ted  by Robinson e t  a l .  was i n t e r f a c i a l  te n s io n  r e d u c t io n . Using 

Pendant Drop Method, th ey  e s ta b l is h e d  minimum i n t e r f a c i a l  te n s io n  o f  o i l -
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c a u s t ic  steam  system  o f  abou t 0 .2  dynes/cm  a t  tem p era tu re  o f  275*F and 

sodium hydrox ide  c o n c e n tra t io n  o f  540 ppm. The r e s u l t  o f  f i e l d  t e s t  was 

v e ry  d isc o u ra g in g . The c a u s t ic  s o lu t io n  a d d i t iv e  to  steam  seemed to  have 

been d e tr im e n ta l  to  o i l  reco v e ry  because th e  p ro d u c tio n  was below th a t  o f 

th e  c o n v e n tio n a l steam  d r iv e .

35
On s tu d y in g  th e  r e p o r t  o f  th e  f i e l d  a p p lic a t io n  p ro ced u re , how­

e v e r , one wonders how much th e  m echan ica l problem s t h a t  n e c e s s i ta te d  

s e p a ra te  i n je c t io n  o f steam  and c a u s t ic  s o lu t io n  tw ice  above th e  d e te r ­

mined o p tim al c o n c e n tra t io n  accounted  fo r  th e  f a i l u r e .  The o p e ra to rs  o f 

t h i s  p i l o t  p r o je c t  seemed to  have made a s e r io u s  e r r o r  o f com pensating 

fo r  c a u s t ic  s o lu t io n  a d so rp tio n  and consum ption in  r e a c t io n  w ith  r e s e r v o i r  

f l u i d s  by u s in g  th e  c a u s t ic  s o lu t io n  c o n c e n tra tio n  above th e  optimum fo r  

th e  minimum i n t e r f a c i a l  te n s io n . A lso , th e  mechanism fo r  improved o i l  

rec o v e ry  was narrow ed to  r e d u c tio n  o f i n t e r f a c i a l  te n s io n .  Recent i n v e s t i ­

g a to rs^ ^  have concluded t h a t  i n t e r f a c i a l  te n s io n  re d u c tio n  a lo n e  may no t

en su re  enhanced o i l  re c o v e ry . The im portance  o f c a u s t ic  c o n c e n tra tio n

12 32 34was emphasized by Subkow and o th e r  in v e s t ig a to r s  '  and i t  seems to

be th e  param ount v a r i a b le  among o th e r s  f o r  a  s u c c e s s fu l  a lk a l in e  f lo o d in g .



CHAPTER III

THEORETICAL CONSIDERATIONS

R e c e n tly , s e v e ra l  i n v e s t i g a t o r s ^ ® h a v e  p re se n te d  models 

fo r  c a u s t ic  w a te r f lo o d in g . B r e i t  e t  a l .  model in c lu d e s  hyd rox ide  con­

sum ption by i r r e v e r s ib l e  ro ck  r e a c t io n  and d iv a le n t- io n  p r e c i p i t a t i o n .  

deZabala e t  a l.^®  expanded th e  scope o f th e  form er model by a cco u n tin g  

fo r  th e  r e a c t io n  w ith  and e x tr a c t io n  o f s u rfa c e  a c t iv e  components in

th e  o i l  i n to  th e  aqueous p h a se . In  th e  most r e c e n t  model p re se n te d  by

38Ram akrishnan e t  a l . ,  th e  dependency o f i n t e r f a c i a l  p o t e n t i a l  on v a r i ­

a b le s  such as  c a u s t ic  s a l i n i t y  and c o n c e n tra t io n  was re v e a le d .

S ince  a l l  th e s e  models d e a l t  w ith  th e  chem istry  o f c a u s t ic  w a te r  f lo o d ­

in g , th e  e f f e c t  o f  tem p era tu re  on c a u s t i c - o i l  and c a u s t ic - ro c k  r e a c t io n s  was 

n o t a d d re sse d . The model t h a t  w i l l  be  p re se n te d  i s  f o r  a lk a l in e  steam  flo o d ­

ing  and , t h e r e f o r e ,  w i l l  in c lu d e  th e  e f f e c t  o f  tem p era tu re  on a lk a l in e  s o lu ­

t io n  r e a c t io n  w ith  r e s e r v o i r  f lu i d s  and ro c k . This model w i l l  c o n s is t  o f 

th re e  main com ponents: (1) system  c h e m is try , (2) system  f lu i d  d is p la c e ­

m ent, and (3) tem p e ra tu re  d i s t r i b u t i o n  ahead o f  advancing  steam  zone.

System C hem istry  

The chem ical model d e s c r ib in g  th e  system  ch em istry  can be sub­

d iv id e d  in to  two com ponents. These components w i l l  be s u b t i t l e d  A lka- 

l i n e - o i l  c h e m is try  and A lk a lin e - ro c k  ch e m is try .

17
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A lk a l ln e - o l l  ch e m is try

As adop ted  by p re v io u s  in v e s t ig a to rs ^ ® ’^^*^^, i t  i s  b e in g  assumed

th e  m ix tu re  o f  a c id  s p e c ie s  in  a  c ru d e  o i l  can be re p re se n te d  by one com-

39ponent HA. S e v e ra l in v e s t ig a to r s  in c lu d in g  S i e f e r t  and Howells have 

an a ly zed  a c id  c ru d e  o i l s  to  a s c e r ta in  th e  p a r t i c u l a r  components y ie ld in g  

s u rfa c e  a c t i v i t y  upon s a p o n if ic a t io n .  S i e f e r t  and Howells i s o la te d  numer­

ous a ro m a tic  c a rb o x y lic  a c id s  a s  th e  m ain so u rce  o f i n t e r f a c i a l  a c t i v i t y  

from  C a l i f o r n ia  Midway Sunset Crude O i l .  A nalyzing s im ila r  c ru d e  o i l s ,  

Faram ian e t  a l . * ^ ,  suggested  t h a t  p h e n o lic s  and p o rp h y rin s  cou ld  a c t  a s  

c o s u r f a c ta n ts .  They a ls o  showed t h a t  s u r f a c e - a c t iv e  hydro lyzed  a c id s  a r e  

a s s o c ia te d  w ith  th e  a s p h a l te n e  f r a c t i o n  o f  th e  crude  o i l .  P a s q u a r e l l i  

and Wasan^^ a ls o  made a s im ila r  o b s e rv a t io n . These two groups o f  i n v e s t -  

ig a to r s ^ ^ ’^^ f u r th e r  suggested  t h a t  th e  a c id s  which induce low i n t e r f a c i a l  

te n s io n  a re  p a r t  o f th e  r e s in s  s t a b i l i z in g  c o l lo id a l  a s p h a l te n e s .

The complex AH i s  assumed to  be s u f f i c i e n t l y  in s o lu b le  in  th e  

aqueous phase a t  n e u t r a l  pH. Hence, o rd in a ry  w a te r f lo o d in g  w i l l  n o t 

e x t r a c t  i t .  In  th e  p re se n c e  o f an a lk a l in e  s o l u t i o n , th i s  complex a c id  i s  

assumed to  d i s t r i b u t e  i t s e l f  between th e  o l e i c  and aqueous phases in  con­

s ta n t  r a t i o  under a l l  encoun tered  c o n d it io n s  o f io n ic  s tr e n g th .  The w a te r 

s o lu b le  a n io n ic  s u r f a c ta n t  A i s  presumed to  a id  o i l  reco v e ry  by re d u c tio n  

o f  I n t e r f a c i a l  te n s io n  and é m u ls if ic a t io n  (en tra in m en t o r  e n tra p m e n t) .

The d i s t r i b u t io n  o f  th e  complex a c id  in  th e  o le ic  and aqueous phase 

when a lk a l in e  s o lu t io n  r e a c t s  w ith  c ru d e  o i l  i s ,  th u s , r e p re s e n te d  a s :

HÂ j $  HA  ̂ (1)

The o v e r a l l  h y d ro ly s is  and e x t r a c t io n  i n  th e  o l e i c  phase  i s  g iven  by:

HA  ̂ + NaOH t  Na"*" + A“  + H^o'*’ (2)
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w h ile  th e  r e a c t io n  in  th e  aqueous phase i s  r e p re s e n te d  a s :

HA^ + HgO $  HgO"*" +  A" ( 3 )

and th e  d i s s o c ia t io n  c o n s ta n t fo r  w ater i s :

\  (OH") (4)

T h is  fo llo w s  from w ate r h y d ro ly s is  in  th e  p re se n c e  o f an a lk a l in e .  From

e q u a tio n s  (2) and ( 3 ) ,  th e  d i s t r ib u t io n  r a t i o  i s  d e fin e d  a s :

(HA )

The a c id  d i s s o c ia t io n  c o n s ta n t i s  a ls o  d e fin e d  from  e q u a tio n s  (2) and (3) 

a s :
(H ^ o l (A")

"A = - t â ; ^

The a c id  d i s s o c ia t io n  c o n s ta n t c o n tr o ls  th e  pH range fo r  which s u r f a c ta n t

h y d ro ly s is  in  th e  aqueous phase , r e a c t io n  3» o c c u rs  and th e  s o lu b i l i t y  of

th e  a c id  i s  c o n tro l le d  by th e  a c id  d i s t r i b u t io n  r a t i o ,  eq u a tio n  (5 ) .  Hence,

th e  complex a c id  can  g e n e ra te  two s u rfa c e  a c t iv e  s p e c ie s , A~ and HA a t  th e

o i l - w a te r  I n te r f a c e .  I t  i s  w orth  n o tin g  t h a t  e q u a tio n s  (5) and (6) a r e

s im p lif ie d  because th e  a c t i v i t y  c o e f f ic i e n t s  a r e  exc luded .

S e v e ra l in v e s t ig a to r s ^ ^  » 25,42 n o tic e d  th a t  a s  N aC lco n cen tra tio n

in c r e a s e s ,  minimum i n t e r f a c i a l  te n s io n  o c c u rs  a t  low er NaOH c o n c e n tra tio n .

T h is  a t  fa c e  v a lu e  te n d s  to  c o n tr a d ic t  th e  f a c t  t h a t  NaOH w i l l  in c re a s e

th e  c o n c e n tra t io n  o f A~ in  th e  b u lk  w h ile  NaCl and NaOH w i l l  b o th  low er

th e  i n t e r f a c i a l  p o t e n t i a l ,  th u s  in c re a s in g  th e  a d s o rp tio n  o f  A" a t  th e

in te r f a c e .  A p p a ren tly , th e  in c re a s e  o r  r e d u c t io n  o f charge  d e n s ity  a t  th e

in te r f a c e  and th e  re d u c t io n  o f  i n t e r f a c i a l  te n s io n  nay n o t have cause  and

e f f e c t  r e l a t i o n s h ip .  The fo rm a tio n  o f  an u n d is s o c ia te d  s a l t  which i s  non-

42i n t e r f a c i a l l y  a c t iv e  was proposed by Yen e t  a l .  Assuming th a t  th e  p r e ­

sumed u n d is s o c ia te d  s a l t  i s  r e p re s e n te d  a s  NaA, th e  fo rm atio n  o f t h i s  s a l t
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i n  th e  aqueous phase w here i t  can have on ly  s l i g h t  s o lu b i l i t y  i s  g iv en  by;

NaA^ t  Na"*" + A" (7)

NaA t  NaA w o

The d i s s o c ia t io n  c o n s ta n t becomes:

w

w hile  th e  d i s t r i b u t io n  r a t i o  o f th e  " in s o lu b le  s a l t "  i s  given a s :

(NaA^)

S s  “  (NaA^)

<< 1 ' 4 s  = (10)

The c o n s e rv a tio n  o f  A s p e c ie s  e n t a i l s  a m olal b a lan ce  w hich le a d s

to :

+ V “ *»> *  '«<*■> + ( U )

where and a r e  th e  volume o f  th e  o le ic  and aqueous p h a ses , re s p e c ­

t i v e l y ,  and [HA^]^ i s  th e  i n i t i a l  c o n c e n tra t io n  o f th e  a c id  in  th e  c ru d e

o i l .  The c o n se rv a tio n  o f  th e  Na^ c o n c e n tra t io n  i s  g iven  a s  fo llo w s :

S’ (NaA) + S'CNa'*’) * S '(N aC l) + S'(NaOH) (12)
O w  W w

i f  th e  i n i t i a l  NaOH and NaCl c o n c e n tra t io n s  a r e  denoted by C  ̂ and C^ 

r e s p e c t iv e ly ,  e q u a tio n  (12) becomes:

s ’
Na"̂  + -grCNaA^) -  C^ + C  ̂ (13)

Using th e  e q u il ib r iu m  c o n s ta n ts  from  e q u a tio n s  (8) to  (10)

+ c .  + C

1 ■ 1 . V i V

The charge  b a lan ce  o r  e l e c t r o n e u t r a l i t y  in  th e  aqueous phase

becomes:

Na"*" +  Ĥ O"*" » a"  + oh”  + C l” (15)
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d é c o n c e n t r a t io n  i s  eq u a l to  and OH” »  in  a lk a l in e  environm ent

from e q u a tio n  (15)

(0H“ ) = Na'*’ + -  A“ -  C l“  (16)

The s u r f a c ta n t  c o n c e n tra t io n  in  A~ w i l l  be v e ry  sm all compared to  o th e r  

v a r i a b le s ,  so t h a t  th e  approx im ate  c o n c e n tra t io n  o f  [QH~] becomes:

+  c + c ,
(OH ) = (Na^) -  C  -  C (17)

i
In  o rd e r  fo r  a” to  Im part s ig n i f ic a n t  i n t e r f a c i a l  a c t i v i t y ,  i t  has to  be 

h ig h ly  hyd rophob ic , Hence, has to  be g r e a te r  th an  1 . Combining equa­

t io n s  (4) to  (17) g iv e s  :

(A“ )
S i  Cj + (OH ) %

,, + (18)

So lv ing  e q u a tio n  (18) f o r  th e  s u r f a c ta n t  c o n c e n tra t io n  g iv e s :

[ * - ]  .    ( 1 9 )

, <=2 + , V w

s in c e  [Na^] = [0H“ ] » C^

[A-] (»^o)n  (20)

^o 4 s  %

The c a u s t ic  c o n c e n tra t io n  i s  g iven  by so t h a t  assum ing o r knowing o th e r

v a r i a b le s  th e  c a u s t i c  c o n c e n tra t io n  can be c a lc u la te d  a s  shown above .

38Ram akrishnan and Wason o b ta in e d  a s im i la r  form ula and by assum - 

i n t  t h a t  Na*** consum ption was n e g l ig ib le  when i s  s u f f i c i e n t l y  l a r g e ,  

th e y  o b ta in e d  t h i s  e q u a tio n  below:

l A - l --------------------------------   <21)

s- 4 s %  4 s



2 2

They a ls o  showed t h a t  fo r  n e g l ig ib le  consum ption and h igh  c a u s t ic  concen­

t r a t i o n  e q u a tio n  (21) red u ces  to :

[A-] .  (22)
I J C^ + Cg

Hence, th e  s u r f a c ta n t  c o n c e n tra t io n  [A“ ] w i l l  be in d ependen t o f th e  phase 

r a t i o .  T h is s im p l i f ic a t io n  i s  u n r e a l i s t i c  in  a c tu a l  s i t u a t i o n s  where 

c a u s t i c  consum ption co u ld  be s u b s t a n t i a l .

The r a t e  law  has th e  form:

R ate  = K[Na‘‘‘]“ [A“ ]”  (23)

w here K i s  th e  s p e c i f ic  r a t e  c o n s ta n t  and [Na^] and [A"] a r e  th e  concen­

t r a t i o n s  o f  th e  r e a c t in g  su b s ta n c e s  ( c a u s t ic  and a c id , r e s p e c t i v e ly ) . The 

sum m + n w i l l  be th e  o v e ra l l  o rd e r  o f  r e a c t io n .  The s p e c i f ic  c o n s ta n t ,  

K, and th e  o th e r  o f  in d iv id u a l  r e a c ta n t s  m and n , canno t be p re d ic te d

t h e o r e t i c a l l y .  They must be de te rm ined  e x p e r im e n ta lly .

43Svante A rrh en iu s  proposed  e q u a tio n  r e l a t i n g  th e  s p e c i f ic  r a t e

c o n s ta n t  K to  a b s o lu te  tem p e ra tu re  a s :

-e  /RT
K -  p ^ e  ® ) (24)

w here A *is a  c o n s ta n t  c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  r e a c t io n ,  p i s  a  

s t e r i c  f a c to r  r e l a t e d  to  th e  shape and th e  o r i e n t a t io n s  o f  th e  r e a c t in g  

m o le c u le s , e^  i s  th e  a c t iv a t io n  energy  and T i s  th e  a b s o lu te  te m p e ra tu re . 

For an  i r r e v e r s i b l e  r e a c t io n  e q u a tio n  (24) becomes f o r  th e  r a t e  o f  d i s ­

a p p earan ce  o f  r e a c ta n t s :
- e  /RT

R ate  * r (T ,x )  « Z(e ) f(x) (25)

w here w ith  a  feed  c o n c e n tra t io n  o f  r e a c ta n t  C^, f ( x )  = C ^ (l -  x ) ,  a  de­

c re a s in g  fu n c t io n  o f  x. S ince i s  p o s i t i v e ,  th e  r a t e  in c r e a s e s  w ith  

te m p e ra tu re  a t  any co m p o sitio n . Hence, th e  op tim al r e a c t io n  tem p e ra tu re  

w i l l  be th e  h ig h e s t  te m p e ra tu re  t h a t  i s  p r a c t i c a l .  P r o p e r t ie s  o f  th e
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p ro d u c t and s id e  r e a c t io n s  c a n , however, l im i t  th e  te m p e ra tu re . For a 

r e v e r s ib l e  r e a c t io n  e q u a tio n  (25) becomes

r (T ,x )  = Z (e  f  (x) -  z 'C e   ̂ ® ( % 6 )

where and g (x ) ap p ly  fo r  th e  c a se  o f r e v e r s e  r e a c t io n .  The fu n c tio n  

g (x ) i s  an  in c re a s in g  fu n c t io n  s in c e  th e  c o n c e n tra t io n  o f  th e  p ro d u c ts  

in c r e a s e s  w ith  c o n v e rs io n . H ere a g a in , th e  r a t e  in c re a s e s  w ith  tem pera­

t u r e  f o r  th e  co n v e rs io n .

S ince  th e  r a t e  i s  d i r e c t l y  p ro p o r t io n a l  to  th e  p roduct o f  c a u s t ic  

and a c id  c o n c e n tra t io n s ,  i . e . ,  [ N a ^ t h e  consum ption o f  c a u s t ic  

w i l l  in c re a s e  w ith  te m p e ra tu re . A lso , th e  g e n e ra tio n  o f s u r f a c ta n t  w i l l  

in c re a s e  w ith  tem p era tu re  b u t so  a ls o  w i l l  i t s  breakdown by re v e r s e  and 

s id e  r e a c t io n s  a s  eq u a tio n  (26) i n d ic a te s .  By com bining e q u a tio n s  (23)

and (2 5 ) , th e  s u r f a c ta n t  c o n c e n tra t io n  becomes:
- e - / R T

[A -]" -  (27)
K(C^)“

where ** f ( x )  and Na^ = a s  d e fin e d  p re v io u s ly . I f  th e  p ro d u c t o f 

r e a c t io n  i s  c o n s id e re d , however, e q u a tio n  (23) becomes m od ified  a s :

R ate -  K{[Na‘*‘]“ [A -]“  -  [HaA]°} (28)

E quating  e q u a tio n  (28) to  e q u a tio n  (26) g iv e s

- e /R T  - tV R T  .
^ Z (e ® ) c '  -  Z '( e  ) c ’ + [N a A ]\

[ A " ] " ----------------------- Ï-------- --------------------]-----------------  (29)
K ( c p “

A lk a l i - ro c k  c h e m is try

Sodium hydroxide can r e a c t  w ith  r e s e r v o i r  ro c k  in  s e v e ra l  fa sh io n s  

depending  on ro c k  m inero logy . For in s ta n c e ,  i r r e v e r s i b l e  d i s s o c ia t io n  o f 

s i l i c a  and a n a h y d r ite  can  occu r and b a se  exchange o f  d iv a le n t  io n s



24

accom panied by p r e c ip i t a t i o n  o f In so lu b le  hyd rox ides can ta k e  p la c e . One 

c a u s t ic - r o c k  in te r a c t io n  t h a t  c l e a r ly  o ccu rs  i s  th e  r e v e r s ib le  sodium - 

hydrox ide  base  exchange w ith  rock  m in e ra l. I f  M d en o te s  th e  m in e ra l b a se , 

th e  sodium -hydrogen base exchange becomes:

NaOH + MR Î  M“  + Na"̂  + Ĥ o'*’ (30)

A d so rp tion  p ro c e ss

I t  i s  n e c e ssa ry  to  d e r iv e  th e  a p p ro p r ia te  a d so rp tio n  iso th e rm  in  

o rd e r  to  r e l a t e  th e  i n t e r f a c i a l  te n s io n  in  a g iven  system  to  th e  b u lk  con­

c e n t r a t io n  o f  th e  a c t iv e  s p e c ie s .  For phase d i s t r ib u t io n  r a t i o  o f  th e  

o th e r  o f  10,000^^*^^ th e  HA^ v a lu e s  a r e  v e ry  low so th a t  i n t e r f a c i a l  t e n ­

s io n  i s  l i k e ly  to  be low ered by th e  a d so rp tio n  o f  A io n s . The a d s o rp tio n

3 8r a t e  fo r  th e  s u r f a c ta n t  io n s  A~ was g iven  by Ramakrishnan and Wasan as :

1 - X (31)

where n^_ i s  th e  number o f m oles o f A" p e r u n i t  a re a  a t  th e  i n te r f a c e ,  6

i s  th e  f r a c t i o n a l  s u rfa c e  covered  by a d so rp tio n  and i s  equal to  n ^ . /n ^ ,

n^ i s  th e  maximum number o f m oles th a t  can be adsorbed  per u n i t  a r e a ,  and

i s  th e  a d s o rp tio n  r a t e  c o n s ta n t .  In  d e r iv in g  t h i s  r a t e  r e l a t i o n s h ip ,

th e y  assumed th e  fo llo w in g : a d i f fu s e d  doub le  la y e r  a s  d e sc r ib e d  by th e

44Govy-Chapman th e o ry  , th e  su b la y e r  o f th e  aqueous phase a s  th e  beg inn ing

o f  th e  d o u b le  l a y e r ,  a  p la n a r  in te r f a c e  on w hich th e  ch a rg es  due to  A~

a d s o rp t io n  a r e  un ifo rm ly  d i s t r i b u t e d ,  th e  t a i l  o f  A~ i s  p o in te d  away from

th e  I n te r f a c e  in to  th e  o le ic  p h a se , th e  s u b la y e rs  a r e  a d ja c e n t to  t h i s

u n ifo rm ly  charged in te r f a c e  and th e  d is ta n c e  betw een th e  i n te r f a c e  and

th e  s u b la y e r  approaches z e ro .

The d e so rp tio n  k i n e t i c s  suggested  by G u a s ta llo  and l a t e r  adopted  

42by D avies i s  g iven  by:
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d n _  - e /R T

d t “ ) (32)

where Kg i s  th e  d e s o rp t io n  r a t e  c o n s ta n t ,  i s  the  a c t iv a t io n  energy 

b a r r i e r  fo r  a d so rp tio n  p e r  m ol, R and T a s  d e fin e d  p re v io u s ly . Addi­

t io n  o f  E quations 31 and 32 g iv e s  th e  n e t  a d so rp tio n  r a t e  a s :

d n .-  -e  /RT

d T " ‘ -  V a- < '  “  ) (33)

S ince a t  e q u il ib r iu m .

dn ._A
d t

and th e  s u r f a c ta n t  c o n c e n tra tio n  can be so lv ed  f o r .  The Boltzmann equa­

t io n  can be used to  d e s c r ib e  A in  term s o f th e  b u lk  c o n c e n tra t io n , 

[a" ] ,  i . e . .

[A” 1 = (A")e

2^_i|'(0)e

kT (34)

where z ^ _ , i s  th e  v a lency  o f A = - 1 ,  i s  th e  e le c tr o n ic  charge and k 

i f  th e  Boltzmann c o n s ta n t ,  and <| (̂0) i s  th e  Gouy p o te n t i a l  a t  a  d is ta n c e  

ze ro  from th e  i n te r f a c e ;  i . e . ,  th e  p o t e n t i a l  a t  s u b la y e r . When e q u a tio n  

34 i s  s u b s t i tu te d  in  e q u a tio n  33 a t  e q u il ib r iu m , i . e . ,  d n ^ _ /d t « 0 ,

+ Nei|)(0)

RT (35)

where N i s  A vogadro 's num ber. The p o t e n t i a l  i|j( 0) i s  g iven  by

,1/2
* (0 ) « S in h "^ V  - (36)
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where i s  th e  p e rm i t iv i ty  o f  vacuum and i s  th e  r e l a t i v e  p e rm i t iv i ty  

o f th e  medium.

System F lu id  D isplacem ent

The fo llo w in g  c l a s s i c  assum ptions a re  adopted  fo r  t h i s  l in e a r  

chem ical d isp lacem en t m odel: homogeneous porous medium, uniform  i n i ­

t i a l  s a tu r a t io n  o f  th e  f l u i d s ,  im m iscib le  and in co m p ress ib le  f l u i d s ,  

in s ta n ta n e o u s  thermodynamic e q u il ib r iu m , average  c o n s ta n t tem p e ra tu re , 

n e g l ig ib le  d is p e r s io n  and c a p i l l a r y  p re s s u re .  Em ulsion d is p e r s io n  i s  

accounted  fo r  on ly  in  term s o f  in s ta n ta n e o u s  c o a le scen ce  in to  con tinuous 

flow ing  o i l  o r  w a te r . A lso , con tinuous in je c t i o n  o f  a lk a l in e  s o lu t io n  

i s  assum ed.

The s ix  m olar s p e c ie s  developed from th e  chem istry  o f  a lk a l in e  

f lo o d in g  a re  th e  fo llo w in g : HA^, HA, A , Na^, OH", and HgO^. These s p e c ie s  

a re  d e riv e d  from th re e  m ain chem ical com ponents, i . e . ,  a c id ,  r e s e r v o i r  

f lu id s  and sodium h y d ro x id e . The tre a tm e n t o f a lk a l in e  steam  recovery  

scheme w i l l ,  th u s ,  be t r i v a r i a n t .

C on serv a tio n  o f  r e s e r v o i r  w ater r e q u i r e s :

where M i s  th e  f r a c t i o n  o f d isp la c e d  o r  d is p la c in g  f lu id  p e r  u n i t  po re

volume, i . e . ,  S , S_ and S ; h ence , o g w

^ ‘  V w ^ w  + V r
1 -

*
(T^ -  T^) where

m i s  th e  h e a t  c o n te n t such t h a t  m ■ H * ,p „ (T , -  T ) ,  t i s  th e  dimen-rw w I o

s io n le s s  tim e d e fin e d  a s  T = u t/$ L  and x = x /L  i s  th e  d im en sio n le ss  

d i s ta n c e .  When th e se  d e f in i t i o n s  a re  in tro d u c e d , Eqn. 37 becomes



27

0 c p S + c p ' vw w w v r  r
1 ~  (|>

0T

À sod ium -ion  b a la n c e  g iv e s :

0x (38)

^^Na ^  '^vw^w^w ^ v r^ r (Tj -  T^)

0T
, ’"sa + '"w  . (T f  -  V >  „T —  = U9x

(39)

Sodium hydrox ide  i s  assumed to  e x is t  in  th e  aqueous phase w here i t s  con­

v e c t io n  and accum ulation  i s  tak en  in to  a c c o u n t. S ince n^^+ «  n ^ ^ - , th e  

e q u il ib r iu m  assum ption  r e q u i r e s :

% a + *"0H- 0 [Na"**!
0T ,0[DH‘ ], 0T (40)

The exchange iso th e rm  f o r  a lk a l in e  i s  b e lie v e d ^ ^  *11,46 yg concave to  

th e  a b s c is s a  in d ic a t in g  t h a t  a shock f r o n t  w i l l  develop when a lk a l in e  

s o lu t io n  i s  i n je c te d .  The c o n c e n tra tio n  o f th e  v e lo c i ty  o f  t h i s  shock 

wave which r e g u la te s  th e  iso th e rm  chord was g iven  by D ezabala e t  a l^ ^  

i n  term s o f  pore  volume d e lay  p a ra m e te r, a :

1 -  $

<l>
"oH"

[OH 1
(41)

The sodium  o r  hydroxium  io n  i s  taken  as  z e ro  a t  n e u tr a l  pH in  th e  porous
5

medium. When th e  a lk a l in e  c o n ta c ts  th e  a c id ic  o i l ,  a s l i g h t  drop in  

pH shou ld  occur because  o f  th e  g e n e ra tio n  o f th e  s u r f a c ta n t ,  A . Equa­

t i o n  38 assumes t h a t  th e  rock  i s  w a te r w et in  th e  reg io n  where a lk a l in e  

f lo w s .

The m a te r ia l  b a la n c e  fo r  th e  a c id  sp e c ie s  becomes:
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(42)

The bank b reak th ro u g h  a lk a l in e  s a tu r a t i o n ,  S „ ,  and th e  dimen-f  D

s io n le s s  f r o n t a l  advance r a t e  Vg a re  r e la te d  by t h i s  e x p re ss io n :

'-B -  T r  ■ ■ > T . ' - , 1 - ^ .   ̂ (43)

c p
—  (44)

■=w»«t*FB(4' '  ° )  -  Svc(4‘  ■ »)1 S r » r

A chem ical and a companion s a tu r a t i o n  shock w i l l  occu r a t  th e  r e a r  of 

th e  o i l  bank . The reduced  v e lo c i ty  v^ and th e  change in  w a te r  s a tu r a ­

t io n  from Sp^ to  Sp2  w i l l  fo llo w  th e  i n te g r a l  m a te r ia l  b a la n c e s  on so ­

dium and hydroxium io n s , v^ becomes: *

------------ :--------------------------------------------------p n — J 3 ---------- r  (45)
4 ( V . ) 1 S f2 (* ')  -  V ( 4 '  = 1 ): + 4 P i ^  C „ » J

E quation  45 a p p lie s  f o r  b o th  secondary  and t e r t i a r y  d isp la c em e n t; how­

e v e r , f o r  t e r t i a r y  d isp la c e m e n t, th e  reduced v e lo c i ty  o f th e  o i l  bank 

Vp i s  governed by

____________________4 -  4 ( y . ) ___________________________
Vm p /I  A \ "I (46)

A(CvwPw)t(l -  S^pC A  = 0) -  S p ,]  +

U sing mass b a la n c e  on s a p o n if ie d  s u r f a c t a n t ,  th e  s a tu r a t io n  

a t  which th e  o i l  i s  s tra n d e d  beh ind  th e  aqueous s lu g  can be found . The 

mass b a la n c e  r e q u ir e s  t h a t  o i l  s tra n d e d  beh ind  th e  s u r f a c ta n t  p u lse  equal
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th a t  flow ing  in  th e  aqueous phase. Thus, th e  mass b a lan ce  g iv es  th e  f o l ­

low ing r e l a t i o n :

[A ] -  [Sp2  "  (Vg -  ^  ] )  +  m ( S g , [ A  ] )  -  mC Sp^ . l A  ] )

-  (»D -  Sp2> a a  m (S o . lA '] ) l  -  [H A ^ld  -  S„) ^  m (S„,[A -])

(47)

where i s  th e  c o n s ta n t s a tu r a t io n  a t  w hich o i l  i s  s tra n d e d . A l l  the  

o th e r  term s rem ain a s  d e fin e d  p re v io u s ly . In  Eq. 47 , a l l  th e  q u a n t i t i e s  

a re  known from th e  r e l a t i o n s  w ith  th e  p re v io u s  e q u a tio n s  g iven  ex cep t 

5^. Hence, can be  determ ined  from Eq. 47 and once d e te rm ined , th e  

v e lo c i ty  o f th e  back p re s s u re  p u lse  becomes:

dm(S_,[A‘ ]>

" d = d T   (48)

47I f  Eqs. 38 , 39 and 42 a re  re d e f in e d , as su g g ested  by H e lfe r ic h  and 

48H ira s a k i ,  as dependent v a r ia b le s  o f  t o t a l  flow  and c o n c e n tra tio n  

fo r  each component, th e  outcome becomes:

“ i  “  +  ^ " i k  ( 4 9 )

where mj i s  th e  f r a c t i o n a l  flow  phase j  and i s  th e  c o n c e n tra tio n  o f 

component i  in  phase j .  In  a s im i la r  way, th e  t o t a l  c o n c e n tra tio n  o f 

component i  i s  g iven  by:

<=i ■ *  ' f i k  + ” l  » 0 )

where Mj i s  th e  s a tu r a t i o n  phase and n^ i s  th e  rock  a d s o rp tio n  o f  sp e c ie s  

i .  Phase j  r e p re s e n ts  w a te r  w h ile  th e  o i l  s a tu r a t io n  and f r a c t i o n a l  

flow  a re  g iven  by:
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“ 1 -  M (51)

= 1 -  m (52)

I t  i s  w orth  n o tin g  th a t  o i l  and w ater phases a re  assumed e s s e n t i a l ly  

im m isc ib le  in  t h i s  m odel. The e n t i r e  system  in  t h i s  model i s  t r i v a r i a n t  

and e x p re sse s  Eqs. 38, 39 and 42 a s :

3C. 3M'
3 7 ^ +  9 ^ '  0 , f o r  i  = 1 ,2 ,3  (53)

where i  = 1 , 2 , and 3 r e p r e s e n t  w a te r , sodium io n  and a c id ,  r e s p e c t iv e ly .  

Because th e  c o n c e n tra tio n  o f  w a te r  i s  zero  in  th e  o i l  phase and u n ity  

in  th e  w a te r  p h ase , th e  fo llo w in g  e x p re ss io n s  become:

and

For th e  sodium io n :

= M(S^[A"]) (54)

= m (55)

M’ = M(S^[A’ ])C 2  (56)

<=2 ■ ”« 2  *  ” 2'=2 « 7 )

where ngCg i s  th e  e q u il ib r iu m  a d so rp tio n  iso th e rm  fo r  sodium io n s .  F in a l ly ,  

f o r  th e  a c id  p h ase , th e  t o t a l  flow  and c o n c e n tra t io n  o f th e  complex a c id  

a r e :

and

.  M([a" ]  +  [H A J) + (1 -  M )([H A J) (58)

C3  -  m([A ] + [H A J) + (1 -  m)([HA^]) (59)

where [A a ,  [HA^] and [HA^] rem ain as d e fin e d  p re v io u s ly .
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49H e lf f e r ic h  and K le in  d isc u sse d  th e  concenpt o f  o b ta in in g  a 

s o lu t io n  to  t r l v a r l a n t  system s o f f i r s t  o rd e r  n o n lin e a r  p a r t i a l  d i f f e r ­

e n t i a l  eq u a tio n s  by th e  p r in c ip le  o f co h eren ce . The coherence techn ique  

r e q u i r e s  th a t  a l l  dependen t v a r ia b le s  a t  any g iven  p o in t  in  space and 

tim e advance w ith  th e  same v e lo c i ty .  E x p ressin g  t h i s  m a th e m a tic a lly , 

as adop ted  by D ezaba la , i t  becomes

dM̂

dcT
(60)

w here E quation  60 i s  th e  d i f f e r e n t i a l  coherence  c o n d itio n  and th e  i n te -

47g r a l  coherence c o n d it io n  d e fin e d  by H e lf f e r ic h  fo r  shock o r  jump be­

comes :

AM̂

Âc7
(61)

where th e  d im e n sio n le ss  v e lo c i ty  o f a g iv en  shock wave and com position 

a re  g iv en  as

v^c = (62)

and

v^ = Av (63)

r e s p e c t iv e ly .  The v e l o c i t i e s  a re  o b ta in e d  by so lv in g  th e  fo llo w in g  s e t  

o f n o n lin e a r  a lg e b r a ic  e q u a tio n s :

^11

dCi

21 dC2

dCj_

31

6

6

12 dCj 

^22

32 dC,

6

S

dC, 

13 dC]

dC, 

23 dCl

33

(64)
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where i s  d e fin e d  as

3M'
®ij "  ^C~ ’ ^ k ’ ^ ^  ^  c o n s ta n t

dC^
and -T ^  a re  v e c to r  d i r e c t io n s  in  co m p o sitio n  sp a c e , which i s  a  c o o rd in a te

j
system  w ith  a l l  th e  c o n c e n tra tio n s  a s  c o o rd in a te s . S ince  t h i s  system  

i s  t r i v a r i a n t ,  com position  in  space co rresp o n d s to  a th re e -d im e n s io n a l 

cube. The s t i p u l a t i o n  p ro v id es  t h a t  each  p o in t  in  th e  com position  

space  shou ld  have th re e  p a th s :  f a s t ,  in te rm e d ia te  and slow . These p a th s

a re  t r a n s i t i o n s  a llo w a b le  by coherence and r e s u l t s  from th re e  p o s i t iv e  

e ig e n v a lu e s  o f v a ry in g  m agnitude f o r  X g iv en  in  Eq. 64. The o v e ra l l  

d i r e c t i o n  o f each p a th  in  th e  com position  space  i s  d e fin e d  by dC^/dC^ 

and dCg/dCg.

The m ajor ta s k  re q u ire d  in  o rd e r  to  f in d  a  s o lu t io n  e n ta i l s  

f in d in g  th e  c o r r e c t  ro u te  lea d in g  from th e  feed  p o in t  to  a  p r e s a tu ra t io n  

p o in t .  H e lf fe r ic h ^ ^  and H irasaki^®  d isc u s s e d  th e  r u le s  f o r  c o n s tru c tin g  

th e  ro u te  and s t i p u l a t e d  th a t  th e  v e lo c i ty  a long  a  ro u te  m ust never de­

c re a s e  w hich, o f c o u rs e , r e q u ir e s  a u n ique  s o lu t io n .  H ence, th e  s o lu ­

t io n  m ust fo llo w  p a th s  in  th e  o rd e r  o f  in c re a s in g  v e lo c i ty .

The d isp lacem en t model p re s e n te d  a p p lie s  on ly  to  th e  mechanism 

in v o lv in g  s a p o n if ie d  s u r f a c ta n ts  from a l k a l i n e - o i l  i n t e r a c t io n  in  th e  

porous medium. The g e n e ra te d  s u r f a c ta n t  p ro v id es  th e  so u rc e  o f i n t e r ­

f a c i a l  te n s io n  r e d u c t io n . The o th e r  mechanisms which in c lu d e :  (1) émul­

s i f i c a t i o n  w ith  e n trap m en t, (2) é m u ls i f ic a t io n  w ith  e n tra in m e n t, (3) w et­

t a b i l i t y  a l t e r a t i o n  ( o i l -w e t  to  w a te r-w e t)  and (4) w e t t a b i l i t y  a l t e r ­

a t io n  (w ater-w et to  o i l - w e t ) , a re  n o t e a s i l y  amenable to  f r a c t i o n a l  flow  

a n a ly s i s .
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The th e o r e t i c a l  models p re se n te d  and d iscu ssed  above a re  based 

on e x is t in g  models in  l i t e r a t u r e  fo r  a lk a l in e  w ater f lo o d in g . S ince 

t h i s  in v e s t ig a t io n  d e a ls  w ith  a lk a l in e  s te am flo o d in g , th o se  m odels were 

m od ified  f o r  t h i s  p u rp o se . Because o f th e  l im i ta t io n  o f th e  scope o f 

t h i s  w ork, c e r t a in  q u a n t i t i e s  and p a ram ete rs  in  both th e  chem ical and 

d isp lacem en t models were n o t a v a i la b le  and hence th e se  models w ere n o t 

com plete ly  te s te d  o r e v a lu a te d . R a th e r , th e  models a re  p re se n te d  a s  a 

p ro p o sa l fo r  e v a lu a tin g  a lk a l in e  s team flo o d in g  in  fu tu re  in v e s t ig a t io n s .  

Flow and P h y s ic a l P aram eters

The c a p i l la r y  p re s su re  in  th e  porous medium i s  d e fin e d  as  f o l ­

low s:

Pg '  -  Pglsh  (65)

U sing th e  s im p ler c y l in d r ic a l  fo rm ula , i s  r e la te d  to  pore  r a d iu s  and

Eq. 65 becomes :

Pe -= o
2 o _ c ^ c  (66)

where th e  c o n ta c t a n g le  i s  d e fin ed  as th e  an g le  between s o l id  and i n t e r ­

f a c e ,  r^  i s  th e  ra d iu s  o f  th e  pore  o r c a p i l l a r y ,  a i s  th e  s u r fa c e  te n s io n . 

D u p re 's  eq u a tio n  r e l a t e s  th e  s u rfa c e  te n s io n ,  o , to  th e  c o n ta c t  a n g le ,

6^, a s  fo llo w s :

cos — —  (67)
ow

The i n t e r f a c i a l  te n s io n , y,  in  an a q u e o u s-o le ic  system  i s  d e fin e d  as 

th e  fo rc e  p e r u n i t  le n g th  a t  th e  o i l - w a te r  i n te r f a c e .  C ayias e t  a l^ ^  

d e riv e d  a  form ula used i n  c a lc u la t in g  i n t e r f a c i a l  te n s io n  fo r  a l im it in g
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c a s e . T his i s  g iven  a s :

Y -  ~  Apw^y^^ (68)

where Ap i s  th e  d e n s ity  d i f f e r e n c e  betw een, in  t h i s  c a se , o i l  and a l k a l i ,  

i n  g /c c ;  w, th e  a n g u la r  v e lo c i ty  in  r a d ia n s /s e c ;  and y ^ , th e  c y l in d r ic a l  

r a d iu s ,  i s  in  cm.

Tem perature D is t r ib u t io n  Ahead o f  Advancing Steam Zone 

S ince a  knowledge o f  th e  tem p era tu re  d i s t r i b u t io n  o r b u ild -u p  

i s  r e q u ire d  in  o rd e r  to  p r e d ic t  th e  lo c a t io n  and r a t e  o f advance o f  th e  

steam  zone o r to  a s s e s s  th e  tem p era tu re  developm ent ahead o f  a  steam  zone 

when i t s  r a t e  o f advance and lo c a t io n  a re  known, th e  t h e o r e t i c a l  t r e a t ­

ment p re s e n te d  by D urie^^ w i l l  be adopted  in  t h i s  s tu d y . D u rie ’ s th e -
52

o r e t i c a l  tre a tm e n t i s  an e x te n s io n  o f L a u w e r ie r 's  th e o r e t i c a l  work 

which d e s c r ib e s  th e  tem p e ra tu re  d i s t r i b u t io n  i n  a  l in e  d r iv e  model w ith  

h o t w a te r  i n je c t i o n .  D urie a l te r e d  th e  boundary c o n d it io n s  to  r e p re s e n t  

th e  s i t u a t i o n  fo r  steam  in je c t io n .

In  t h i s  m odel, a  p la n e  cond en sa tio n  f r o n t  i s  assumed to  advance 

th rough  th e  perm eable s t r a t a  bounded by an im perm eable cap rock  and b ase  

ro c k . The schem atic  o f th e  id e a l iz e d  v e r t i c a l  c ro s s  s e c t io n  i s  shown 

in  F ig u re  1 . The fo llo w in g  assum ptions were adop ted  in  fo rm u la tin g  t h i s  

m odel: (1) The r e s e r v o i r  i s  i s o t r o p ic ,  homogeneous and o f c o n s ta n t th ic k ­

n e s s . (2) The co ndensa tion  f ro n t  i s  v e r t i c a l  w i th in  th e  sand la y e r  w h ile  

th e  h o t condensate  flow s un ifo rm ly  th rough  th e  o i l  sand ahead o f  th e  con­

d e n s a tio n  f r o n t .  (3) In s ta n ta n e o u s  th e rm al e q u il ib r iu m  o c cu rs  betw een 

th e  f l u i d  and th e  sand g r a in s .  (4) The th e rm al c o n d u c t iv i t ie s  and h e a t 

c a p a c i t i e s  a re  tem p era tu re  and p re s s u re  in d ep e n d e n t. (5) The cap ro ck ,
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Cap Rock

W W W

Steam Zone Hot Water Zone
y=0
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FIGURE 1 

(from  D u rie , R. W.^^)
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base  ro ck  and o i l  sand th erm al c o n d u c tiv i t ie s  a r e  e q u a l. And (6) th e  

conduction  o f  h e a t  in  th e  h o r iz o n ta l  d i r e c t io n  i s  n e g le c te d .

W ith th e  above assu m p tio n s , th e  problem  can be fo rm ula ted  tak in g  

advan tage o f  th e  symmetry ab o u t th e  m id -p o in t o f  th e  o i l  sand shown in  

F ig u re  1. The s e t  o f 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 s  d e s c r ib in g  th e  tem­

p e ra tu re  d i s t r i b u t io n  a re  as fo llo w s . In  th e  o i l  sand:

ST* ftT' 3T*
t p iC i  I t  + " W c  (W )

In  th e  cap ro ck :

^ 2 ÿ - ‘  ^2^=2 I f  • y z "  (70)

s u b je c t  to  th e  fo llo w in g  c o n d it io n s :

T ’ (x ,y ,0 )  = 0 (71a)

T '(x ,c o ,t)  = 0 (71b)

T ' ( c t , y , t )  “ . y < b (71c)

where Eq. 71c i s  re q u ire d  to  d e s c r ib e  th e  p o s i t io n  o f th e  co n d en sa tio n

f ro n t  over c o n s id e ra b le  tim e in te r v a l s  e s p e c ia l ly  a t  long  tim es o r  w ith

th in  steam  zones.

U sing th e  fo llo w in g  d im en sio n less  g ro u p s:

T “  i r  . Ç ■ "Y —  , n " ^  -  1  ,
b

« ^1®1 . CPlCjA
b ^ p ic i  '  *2=2 '  W w
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Eqs. 69 , 70 and 71 become:

+ ' ^ “ 0 <72)

r l ' f  - (73)an

s u b je c t  to  th e se  c o n d it io n s :

T (Ç ,n ,0 ) = 0 (74a)

T (Ç ,» ,t) = 0 (74b)

T(At , 0 , t) = 1 (74c)

A pplying L aplace tra n sfo rm s  to  Eqs. 72, 73 and 74 when

•C{T(Ç,n,T)} * v (Ç ,“>,t)

g iv es  :

Sv + I t  -  I t  “  0 (75)3Ç an

r 
2

2
6 — T -  Sv = 0 (76)

dn

When boundary c o n d it io n  74b i s  c o n s id e re d :

which g iv es

v (Ç ,n ,S )  « u (E ,S ) e (77a)

v ( ç .n .S )  -  w(S) eT(S + -  3^ 6n (77b)

i f  Su + gÆ  u + ^  * 0 i s  s u b s t i tu te d  in  Eq. (77a) where g * 6

With th e  a p p l ic a t io n  o f  th e  in v e r s e  L aplace tra n s fo rm  o f th e

form

T+iG ST
T (ç ,n ,T )  = ^  lim

Zui i ^ - i g
v ( ç ,n , s )  e dS
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2ni w(S) exp[S(T -  Ç) -  v^(Ç + n)6] dS (77c)

and th e  boundary c o n d it io n  74c g iv es

1 = 2TTi w(S) e x p [S (l -  A )t -  Bv̂ (A t) ]  dS (77d)

S u b s t i tu t in g

S = a V  + A B [a V  + 4 o ( l  -  A ) ] l /2  + 2 o ( i  -  A) 

2(1 -  A)2

in  Eq. 77d g iv e s :

1 = 2tt
w(S) ------------— --------  e°"  ̂ do

2(1  -  A ) /S  -  AB
(77e)

W ith

i  .  w(S) 2 / 50 2 (1  -  k ) Æ  -  AB

Eq. 77c becomes:

T (ç .n ,T ) ■2.(.l - .- .A )v^_-  AB  exp[S(T -  %) -  Æ ((  + n)B] dS
2»^IS (1 -  A) -  AB>^]

(78)

The s o lu t io n  g iven  by D urie fo r  Eq. 78 i s  :

T (ç .n .T )  -  f  e x p [f - j | exp
A^(T -  g)

[e(A -  1)<J
e r f c A A  -  Ç  Ç + TL

/ë (A -  1) 2 %/e /T -  g

+ — e r f c
2 /e  A  -  Ç

; At < Ç, T > Ç, A < 1 (79)
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F ig u re  2 shows th e  a c tu a l  model encoun te red  i n ,  say a  p ro to ty p e  r e s e r ­

v o i r ,  o r  a  f a i r l y  l a r g e  s c a le  p h y s ic a l  m odel. The g ra p h ic a l  r e p re s e n ta ­

t io n  o f  Eq. 79 i s  shown in  F ig u res  33 and 34. F ig u re  34 compares D urie*s 

s o lu t io n  w ith  L a w e r ie r 's .

Steam
Zone

Cap Rock

W W W
Steam F ron t

Hot-warm 
W ater F ro n txxxxxxxx

Base Rock 

FIGURE 2



CHAPTER IV 

EXPERIMENTAL EQUIPMENT AND MATERIALS

F ig u re  3 shows th e  schem atic  diagram  o f th e  e n t i r e  s e t - u p :  The

e s s e n t i a l  components o f  t h i s  s e t-u p  in c lu d e  th e  fo llo w in g : (1 ) w a te r ,

a lk a l in e  s o lu t io n  and o i l  feed  ta n k s , (2) in je c t i o n  pumps, (3) p re s su re  

gauges and f i l t e r s ,  (4) forw ard  p re s s u re  and back p re s s u re  r e g u la to r s ,

(5) flow  m e te rs , (6) s team  g e n e ra to r ,  (7) feed  and in je c t i o n  pumps,

(8) netw ork  o f  f lo w lin e s ,  (9) co re  assem bly housing  th e  porous medium, 

(10) s u p e r - h e a te r s ,  (11) tem p era tu re  se n s in g  d ev ic e s  and r e c o r d e r s ,

(12) t ra n s d u c e rs  and p re s s u re  r e c o rd e rs ,  (13) pH m eter and (14) f lu id  

c o l l e c t i o n  equipm ent. The d e ta i le d  d e s c r ip t io n  o f th e  equipm ent i s  as 

fo llo w s  :

1 . C ore Tube Assembly shown i n  F ig u re  4 c o n s is t s  o f :  (1) a s t a i n l e s s

s t e e l  H a s s le r - ty p e  co re  h o ld e r  whose dim ensions a re  : 3 in c h  i n t e r n a l  diame­

t e r ,  0 .2 5  in ch  w a ll th ic k n e s s  and 24 inch  le n g th ,  (2) s t a i n l e s s  s t e e l  end 

caps s e a le d  w ith  c o rro s io n  r e s i s t a n t ,  h ig h  p re s s u re  and h ig h  tem p e ra tu re  0 - 

r i n g s ,  (3) a  s t a i n l e s s  'sw a g e lo k ' T p ip e  f i t t i n g  co n n ec tin g  two l in e s  o f 3/8 

in ch  s t a i n l e s s  s t e e l  tu b in g  used as  i n l e t s  to  th e  co re  tu b e , (4 ) an a x ia l  

therm ocouple  w ith  d im ensions o f :  3 0 in c h e s  le n g th ,  0 .072 in ch  o u ts id e  d i ­

am eter and 0 .099  in ch  w a l l  th ic k n e s s  and c lo se d  a t  th e  low er en d , used fo r  mea­

s u r in g  th e  a x ia l  te m p e ra tu re s  and t h i s  therm ocouple was h e ld  in  p la c e  by a 3 /8  

in c h  conax f i t t i n g  to  th e  c o re  tu b e  and (5) tw elve  f ix e d  im m ersion thermo­

c o u p les  w ith  i d e n t i c a l  d im ensions as  th e  a x i a l  therm ocouple b u t  only  one

40
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f i f t h  a s  long  and th e s e  therm ocoup les  were f i t t e d  a c ro s s  th e  c o re  tu b e  a t  

d i s ta n c e s  o f  2 , 3 , 5 .5 ,  7 , 9 , 11 , 1 3 .5 , 15 , 18 , 1 8 .5 ,  21 and 22 in c h e s  from 

th e  i n l e t  end o f  th e  c o re  tu b e .  A f ix e d  im m ersion therm ocouple  was a ls o  

housed by th e  conax f i t t i n g  to  m easure th e  te m p e ra tu re  e x a c t ly  a t  th e  i n l e t  

p o in t  o f  th e  f l u i d .  F in a l ly ,  th e  c o re  tu b e  end was connected  to  1 /4  in c h  

T p ip e  f i t t i n g  w hich housed a n o th e r  inm ersion  therm ocouple  w hich m easured 

th e  f lu i d  te m p e ra tu re  e x a c t ly  a t  th e  o u t le t  end o f  t h e  c o re  tu b e . The l a t ­

e r a l  therm ocoup les were f i t t e d  in  o rd e r  top  and bottom  a s  enum erated above. 

The bottom  therm ocouples m easured th e  tem p e ra tu re  o f  th e  bottom  h a lf  o f  th e  

sandpack w h ile  to p  therm ocoup les m easured th e  te m p e ra tu re  o f  th e  to p  h a l f  

o f th e  sandpack .

2 . P orous Media c o n s is te d  o f  s ie v e d  28-35 mesh s iz e  sandpacks o r  23 in c h  

long  and 2 in c h  d iam e te r c y l i n d r i c a l  berea  c o re s .  The sandpack was p rep a red  

by s ie v in g  a  ran g e  o f  28-35 mesh s iz e  sand w hich was th e n  d r ie d  a t  low temp­

e r a tu r e  (200°F) to  a  c o n s ta n t  w eigh t in  a  d ry in g  oven . The low tem p e ra tu re  

d ry in g  was n e c e s s a ry  in  o rd e r  to  r e t a i n  w hatever sm a ll c la y  c o n te n t o f  t h i s  

H a ll ib u r to n  f r a c  sand . T h is  sand was packed in to  th e  c o re  tu b e  which was 

k e p t under c o n s ta n t  v ib r a t io n .  The purpose  o f th e  v ib r a t io n  was to  enhance 

th e  pack ing  p ro c e s s . The sand was he ld  in  p la c e  by two m eta l s c re e n s  on 

each  end fo llo w ed  by th e  0 - r in g s  and th e  end ca p s  o f  th e  c o re  tu b e .

For th e  c o re  d isp la c em e n t t e s t s ,  th e  c o re  was p u t in to  a  H a s s le r - ty p e  

s le e v e  whose le n g th  i s  24 in c h e s  and d iam e te r 2 1 /8  in c h e s . Annulus p r e s ­

s u re  on t h i s  s le e v e  su rro u n d in g  th e  c o re  was a p p lie d  to  in s u re  th a t  f l u i d  o n ly  

flow ed  th ro u g h  th e  c o re . End p l a t e s  in s id e  th e  ca p s  a b u tte d  th e  ends o f 

th e  c o re  and w ere he ld  in  p la c e  by s t e e l  clam ps o v e r th e  V itron -A  ru b b er 

s le e v e  e n c lo s in g  th e  c o re .  The end p l a t e s  w ere f l a r e d  to  p e rm it f lu i d  

e n tr y  and e x i t  from  th e  e n t i r e  f a c e  o f  th e  c o re . B oth th e  upper and low  end
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p l a t e s  c o n ta in ed  v i t r o n  ru b b e r  0 - r in g s  w hich se a led  o f f  th e  a n n u lu s . The 

0 - r in g s  were designed  to  t o l e r a t e  te m p e ra tu re  o f 500*F and p re s s u re  of 

3000 p s ia ,  bu t re p e a te d  u s e  caused harden ing  and le a k a g e , n e c e s s i ta t in g  

p e r io d ic  rep lacem en t to  e n su re  t ro u b le  f r e e  o p e ra t io n . The H a s s le r - ty p e  

s le e v e  was made to  w ith s ta n d  th e  same p re s s u re  and tem p e ra tu re  ran g e  a s  

th e  0 - r in g s .  The m an u fac tu re rs  d id  n o t g u a ra n tee  t h a t  th e  s le e v e  would be 

a l k a l i  t o l e r a n t  and d u r in g  th e  c o u rse  o f th e  experim en t, i t  was observed 

t h a t  th e  a l k a l i  g ra d u a lly  bu t s te a d i ly  underm ined th e  s le e v e .

The p o r o s i t i e s  o f th e  sandpacks and c o re s  were determ ined  vo lum et- 

r i c a l l y  d u r in g  w a te r s a tu r a t io n s .  Sandpacks* p o ro s i ty  averaged  41 .73  p e r­

c e n t ,  w h ile  th e  c o re s ' p o r o s i ty  averaged 21 .25  p e rc e n t .  The p e rm e a b i l i t ie s  

w ere determ ined  w ith  l iq u id  and gas p e rm e a te rs  fo r  th e  c o re s  and from d i s ­

p lacem ent t e s t  u s in g  D a rc y 's  law  f o r  f lu id  f low ing  under a  changing  po ten ­

t i a l  head o f  p r e s s u re .  The flow  r a t e  was p lo t t e d  a g a in s t  th e  d i f f e r e n t i a l  

p r e s s u re  and from th e  s lo p e  o f th e  s t r a ig h t  l i n e  g raph , th e  p e rm e a b i l i t ie s  

were c a lc u la te d .  Average p e rm e a b il ity  o f  th e  sandpacks was 6 .3  d a rc ie s  

w h ile  th e  c o re s  averaged  0 .351 d a r c ie s .

3 .  F lu id  I n je c t io n  System was designed  and c o n s tru c te d  to  a llo w  ra p id  

in te rc h a n g e  from  one ty p e  o f i n je c t io n  f l u i d  to  a n o th e r . I t  c o n s is te d  o f 

two p a r a l l e l  in je c t i o n  flo w  l i n e s  which were connected to  a  common ju n c t io n  

by s e r i e s  o f v a lv e s  a s  shown in  f ig u r e  3 .  Any of th e  f l u i d s  ( o i l ,  w a te r, 

steam  o r  a lk a l in e )  cou ld  be d ire c te d  in to  t h e  r e s e r v o i r  (c o re  tu b e )  bypass­

in g  th e  s u p e rh e a te r  lo o p s  o r  th ro u g h  th e  su p e rh e a te r  lo o p s  a s  th e  c a se  m ight 

b e .

The steam  in p u t s tream  c o n s is te d  o f d i s t i l l e d  co o l w ater fed  in to  

a  H otsho t Model MB-3C steam  g e n e ra to r  c a p a b le  o f p roducing  s a tu ra te d  stream  

a t  50 p s ig .  The steam  g e n e ra to r  was connected  th ro u g h  flo w  l in e s  to  two
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s e r i e s  o f  su p e rh e a te rs  each  c o n s is t in g  o f two lo o p s  o f flow  l i n e s  upon 

which were c o ile d  1 /4  in c h  copper h e a tin g  e lem en t. The h e a tin g  elem ent 

cou ld  be hea ted  up to  700°F and a t  t h i s  tem p e ra tu re , w ith  good in s u la t io n ,  

th e  system  would g e n e ra te  su perhea ted  steam  o f more th an  500“F , The su p e r­

h e a te r s ' tem p e ra tu re s  were c o n tro l le d  a u to m a tic a l ly  by Love C on tro l Model 

49 p ro p o rtio n in g  c o n t r o l s .  The range o f  th e s e  c o n tr o ls  was 0“F to  2400“F.

4 . Flow and I n je c t io n  R ate  D e te rm ina tion  e n ta i le d  e s s e n t i a l l y  m easuring 

th e  cu m u la tiv e  l iq u id  produced and in je c te d ,  r e s p e c t iv e ly ,  a t  tim e  i n t e r ­

v a l s .  Brooks F u ll  View ro to m e te r w ith  n e e d le -v a lv e  c o n tro l ,w a s  used  to  

m eter l iq u id  i n je c t i o n  r a t e s .  Two W allace & T ie m a n  m ete rin g  pumps p ro ­

v ided  th e  re q u ire d  m ass r a t e  o f in je c t i o n  in to  th e  sandpack o r  c o re .  The 

s in g le  sim plex m e te rin g  pump was used  fo r  f l u i d  in je c t i o n  in to  th e  sandpack 

w h ile  a  doub le  sim plex m e te rin g  pump p rov ided  f lu i d  in je c t io n  in to  th e  c o re .

The tec h n iq u e  o f m easuring steam in je c t io n  r a t e  was more d i f f i c u l t

to  deve lop  th an  l iq u id  i n je c t i o n  r a t e .  From s e v e ra l  te c h n iq u e s  i n v e s t i -

53g a te d , a  lam in a r flow  d e v ic e  was s e le c te d .  I t  c o n s is te d  o f  a  10 in ch  

le n g th  o f s t a i n l e s s  s t e e l  whose in s id e  d iam e te r  was 0.097 in ch e s  and 

p re s s u re  c a b le s  em anating from each  end w ere connected  to  a  tra n s d u c e r  

w hich m onitored  th e  d i f f e r e n t i a l  p r e s s u re .  P re s s u re  m ete rs  and therm o­

c o u p le s  were connected  a t  each  end o f  th e  lam in a r tu b e  to  m easure i n l e t  

and o u t l e t  p re s s u re s  and tem p e ra tu re s  r e s p e c t iv e ly .  The mass r a t e  o f  th e  

steam  was determ ined  by tim ed w eighing o f  th e  co n d en sa te .

5 . Therm ocouples. T ra n sd u c e rs , R ece iv e r and R ecorders  were used  to  m on ito r 

te m p e ra tu re s , p r e s s u re s  and to  r e c e iv e  and re c o rd  them r e s p e c t iv e ly .  The 

a x i a l  therm ocouple t r a v e r s e d  th e  le n g th  o f  t h e  po rous medium (sandpack on ly ) 

in s id e  an  a x ia l  thexm ow ell. There were fo u r te e n  imm ersion therm ocoup les, 

one o f  which was f i t t e d  a t  th e  i n l e t  and o u t l e t  ends o f  th e  c o re  tu b e  and
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th e  rem ain ing  tw elve were In s e r te d  a c ro s s  th e  porous medium (sandpack) a t  

d is ta n c e s  from th e  i n l e t  s t ip u la te d  e a r l i e r .  Therm ocouples were a ls o  

taped  t o :  (1) end p o in ts  o f  th e  s u p e rh e a te r s ,  (2) b o th  ends o f th e  lam i­

n a r  flow m eter, (3) o u t l e t  o f  th e  steam  g e n e ra to r ,  and (4) f lu id  p ro d u c tio n  

end. A ll  th e  therm ocouples were connected  th ro u g h  a  sw itch in g  d e v ic e  to  

a  Leeds & N orthrup Speedmax W, 4 8 -p o in t r e c o rd e r .

The su p e rh e a te rs  therm ocouple , were in  a d d it io n  connected to  th e  

au to m atic  tem p e ra tu re  c o n t r o l .  A ll  th e  tw enty therm ocouples cou ld  be 

reco rded  in  a t  m ost 20 seconds and a  com plete t r a n s v e r s e  could  be rea d  and 

reco rd ed  in  11 seconds. The tim e re q u ire d  f o r  th e  therm ocouples to  a t t a i n  

therm al e q u ilib r iu m  was determ ined  by making a  s e r i e s  o f  t e s t s  in  which 

th e  therm ocouples t ra v e r s e d  s e v e ra l  in ch es  and th e  tem p e ra tu re  a t  th e  new 

lo c a t io n  reco rd ed  a f t e r  a  p e rio d  o f  s e v e ra l  seco n d s . From th e  r e s u l t s  o f 

th e s e  t e s t s  and f o r  th e  tem p e ra tu re  ran g es  in v e s t ig a te d  w ith  t h i s  equipm ent, 

i t  was observed  t h a t  th e  therm ocouples responded in s ta n ta n e o u s ly . A netw ork 

o f p re s s u re  c a b le s  co n n ec tin g  th e  i n l e t ,  th e  m idpo in t and th e  o u t l e t  o f  th e  

c o re  tu b e  and b o th  ends o f th e  lam inar flow m eter w ere connected to  t r a n s ­

ducers mounted on a pan e l which formed p a r t  o f  th e  c o n tro l  system . The 

tra n s d u c e rs  were connected th ro u g h  sw itch in g  d e v ic e  to  a  V a lid in e  model 

MCI d i g i t a l  p re s s u re  r e c e iv e r  which in  tu rn  was coupled  to  a  Leeds & N orth ­

rup speedomax V, 4 8 -p o in t p re s s u re  r e c o rd e r .  W hile th e  V a lid in e  d i g i t a l  

p re s s u re  r e c e iv e r  cou ld  d is p la y  th e  d i f f e r e n t i a l  p r e s s u re s  between th e  

i n l e t ,  m idcore and o u t l e t  p o in ts  d i g i t a l l y  on th e  s c re e n , th e  p re s s u re  

r e c o rd e r  re c o rd e d  th e  e x a c t p r e s s u re s  a t  th e s e  p o in t s .

6 . M ete rs; R e g u la to rs  and O ther M easuring D ev ices embrace a  h o s t o f  p ie c e s  

o f equipm ent t h a t  in c lu d e : (1) p re s s u re  m e te rs , (2 ) flow  m e te rs , (3) f o r ­

ward and back p re s s u re  r e g u la to r s ,  (4) pH m e te r , (5 ) p o ro s im e te r.
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(6) perm eam etersy (7) v ls c o s lm e te r s ,  (8) d e n s lo m e te r, (9 ) Du NoUy i n t e r -  

fa c lo m e te r  and (10) sp in n in g  drop in te r f a c io m e te r .

7 . A u x il ia ry  Equipment in c lu d e s ;  (1) feed  ta n k s ,  (2) m ixing ta n k s ,

(3) m ix e rs , (4) w ater a n a ly z e r ,  (5) w a te r b a th  and (6) d ry in g  oven .

8 . M a te r ia ls  a r e  covered  by such item s a s :  (1) in s u la t io n  m a te r ia l  which

57in  t h i s  c a se  was 2 in ch es  th ic k  Owen-Corning f ib e r g la s s  o f  re p o r te d  d e n s ity
3 3

1 .9  l b / f t  and th e rm al c o n d u c tiv ity  o f  0 .15 BTU/ft - h r - “F, (2) h ig h  tem per­

a tu r e  (up to  1200°F), f a s t  s e t t in g  in s u la t io n  cement used  f o r  cem enting 

th e  h e a tin g  e lem en ts and f ib e r g l a s s  to  th e  c o re  tu b e , (3) ch em ica ls  such 

a s :  NaOH, KOH, Na^CO^, NaCl and Na^SiO^, (4 ) o i l  sam ples (17°-20°A PI) from

Conoco Loco f i e l d  in  Ardmore County, Oklahoma, (5 ) c le a n in g  o i l s  such a s :  

is o - o c ta n e ,  norm al hexane, a c e to n e , is o - p r o p y l  a lc o h o l ,  to lu e n e  and n ap h th a , 

(6) H a l l ib u r to n  20-40 f r a c  sand and custom  fa sh io n e d  2 in c h  d ia m e te r , 24 

in ch  lo n g  c y l in d r ic a l  b e re a  san d sto n e .

The e n t i r e  flow  system  was wrapped in  2 in c h  th ic k  Owen-Coming 

f ib e r g l a s s  f o r  i n s u la t io n .  The c o re  assem bly  was f u r th e r  in s u la te d  w ith  

two more la y e r s  o f  th e  f ib e r g la s s  in  o rd e r  to  red u ce  h e a t l o s s  to  a  m in i­

mum.



CHAPTER V 

EXPERIMENTAL PROCEDURE

The crude  o i l  used in  t h i s  ex p e rim en ta l in v e s t ig a t io n  was o b ta in ed  

from  Conoco Loco f i e l d  in  Ardmore a re a  in  Oklahoma. The o i l  sam ples were 

w a te rf lo o d  produced and had an  average  A P I  g r a v i ty  of 18° a t  75°F . Each 

o f th e  f i r s t  s ix  t e s t s  were perform ed w ith  f r e s h  sandpacks. A ll  o f  th e s e  

s ix  t e s t s  w ere run  in  3 in ch  d iam ete r and 24 in c h  long  s t a i n l e s s  s t e e l  

c o re  h o ld e r  packed w ith  u n c o n so lid a ted  28-35 mesh H a llib u r to n  f r a c  sand.

The n e x t fo u r  t e s t s  were each  perform ed w ith  f r e s h  2 in ch  d ia m e te r , 23 inch  

long  unbaked b e rea  c o re . The c o re s  w ere n o t baked in  o rd e r  to  r e t a i n  th e  

c la y  c o n te n t .

The p e rm e a b il ity  o f each sandpack and c o re  were determ ined  du rin g  

th e  w ater and o i l  s a tu r a t io n  p e rio d  d u r in g  which v a ry in g  in je c t i o n  r a t e  

produced v a ry in g  d i f f e r e n t i a l  p re s s u re  v a lu e s .  By p lo t t in g  r a t e  a g a in s t  

p r e s s u re  d i f f e r e n t i a l ,  th e  p e rm e a b i l i t ie s  were c a lc u la te d  from  th e  s lo p e  

o f th e  s t r a i g h t  l i n e  g raph  u s in g  D a rc y 's  law . Gas and l iq u id  perm eam eters 

w ere a ls o  employed to  m easure b e rea  c o re  p e r m e a b i l i t ie s .  The c a lc u la te d  

a v e ra g e  sandpack p e rm e a b il ity  was 6 .3  d a r c i e s ,  w h ile  th e  c o re  p e rm e a b il ity  

v a r ie d  from  0.147 to  0.176 d a rc ie s  fo r  th e  f i r s t  two c o re  t e s t s  and from 

.320  to  0.373 d a rc ie s  fo r  th e  l a s t  two c o re  t e s t s .

The p o r o s i ty  o f th e  sandpack was f i r s t  de term ined  g ra v im e tr ic a l ly  

d u r in g  pack ing  and, n e x t,  v o lu m e tr ic a l ly ,  a s  were t h a t  o f th e  c o re s  du ring
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w ater s a tu r a t io n ,  i . e . ,  by n o tin g  th e  volume o f w ater re q u ire d  to  com p le te ly  

s a tu r a te  th e  sandpack o r c o re  and d iv id in g  t h i s  volume which re p re s e n te d  

th e  po re  volume by th e  e n t i r e  volume of th e  sandpack o r c o re .

The o i l  v i s c o s i ty  tem p e ra tu re  r e l a t io n s h ip  i s  i l l u s t r a t e d  in  F ig ­

u re  6 which was drawn from d a ta  o b ta in e d  by th e  u se  o f re v e r s e - f lo w  ty p e  

v isc o m e te rs  in  c o n s ta n t te m p e ra tu re  b a th s .  The average A P I  g ra v i ty  o f 

th e  o i l  sam ples was 18® and th e  r e l a t io n s h ip  o f A P I  g r a v i ty  w ith  tem per­

a tu r e  i s  d e p ic te d  in  F ig u re  7.

B efore  s t a r t i n g  th e  d isp lacem en t t e s t s ,  th e  c o re  tu b e  and a s s o c ia te d  

f i t t i n g s  were p re s s u re  t e s t e d  to  e n su re  no lea k ag e  in  th e  system . The c o re  

tu b e  was p re s s u re  te s te d  empty a t  500 p s i  fo r  24 hours and th en  f i l l e d  w ith  

c le a n  d ry  sand . The sandpack was th en  s a tu ra te d  w ith  w ater and r e t e s t e d  a t  

a  p re s s u re  o f 2500 p s i .  A s im i la r  p re s s u re  t e s t in g  o f th e  c o re  tu b e  was 

conducted w ith  w a te r s a tu ra te d  c o re  a t  a  p re s s u re  o f 1200 p s i  and annu lu s 

(c o n f in in g )  p re s s u re  of 2500 p s i .

The p rocedure  f o r  making a d isp lacm en t ru n  was e s s e n t i a l l y  s im i la r  

f o r  a l l  th e  te n  t e s t s .  The f i r s t  s ix  t e x t s  w ere conducted w ith  sandpacks 

a s  th e  porous media and p r a c t i c a l l y  a l l  th e  o th e r  t e s t s  fo llow ed  s im i la r  

s te p s  w hich a re  a s  fo llo w s :

1 . The sandpack and th e  flow  system  were vacuumed fo r  tw enty  fo u r  hours 

and th e n  th e  sandpack was com ple te ly  s a tu ra te d  w ith  w a te r ( d i s t i l l e d  w a te r 

made s a l i n e  w ith  0 ,4  p e rc e n t by w eight o f NaCl) fo llow ed  by o i l  in je c t io n  

to  i r r e d u c ib le  w ater s a tu r a t i o n .  Both w ater and o i l  s a tu r a t io n s  were 

accom plished w ith  m inimal in je c t i o n  r a t e  in  o rd e r  to  m inim ize th e  c r e a t io n  

o f f lo w  ch an n els  and s a tu r a t io n  p r o f i l e s .

2 . Each s a tu ra te d  sandpack was w a te r flooded  to  about w ater o i l  r a t i o  o f 

3 5 . The rem ain ing  p ro ced u res  were id e n t ic a l  f o r  th e  o th e r  t e s t s  w ith
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sandpack excep t fo r  th e  f i r s t  t e s t .

3. The n e x t s te p  f o r  th e  f i r s t  t e s t  was steam  f lo o d in g . Steam was charged 

from th e  steam  g e n e ra to r  which was tu rn e d  on and s e t  to  m a in ta in  a  p r e s ­

su re  o f  about 30 p s ig .  The steam  was in je c te d  in to  th e  flow  system  where 

two s e r i e s  o f s u p e rh e a te r s ,  each c o n s is t in g  o f 1 /2  in ch  l .D . and 6 f e e t  

long  tu b e  l in e d  w ith  1 /4  in ch  th ic k  h e a tin g  e lem en t, form p a r t  o f  th e

flow  l i n e  to  th e  sand pack . The s u p e rh e a te r s  were s e t  to  550°? and were 

a b le  to  su p e rh e a t th e  incom ing steam  to  about 385°F a t  a  p re s s u re  o f  30 

p s ig .  The co re  tube  i n l e t  therm ocouple rec o rd e d  i n l e t  steam  tem p e ra tu re  

o f 355°F a t  a  p r e s s u re  range  o f  25 to  32 p s ig .

4 . For th e  n e x t f iv e  a lk a l in e  d isp lacem en t t e s t s ,  th e  coo l a lk a l in e  

s o lu t io n ,  in  each  c a s e , was charged  from th e  feed  r e s e r v o i r  in to  th e  

s u p e rh e a te rs  to  be h e a te d  in  s i t u  in  th e  flow  system . To e n su re  th e  

g e n e ra tio n  o f a lk a l in e  s team , th e  h e a tin g  e lem en ts w ere tu rn ed  on and 

s e t  a t  550°F and th e  system  allow ed  to  a t t a i n  am bient tem p e ra tu re  o f  

abou t 350°F a t  abou t 30 to  50 p s ig  b e fo re  opening th e  i n l e t  v a lv e  to  th e  

c o re  tu b e .

5 . N ex t, th e  back f lu s h in g  th rough  th e  sandpack was sh u t o f f ,  and th e  

i n l e t  v a lv e  to  th e  co re  tu b e  was opened to  s t a r t  th e  d isp lacem en t t e s t .

The i n l e t  p re s s u re  and th e  f lu i d  i n j e c t i o n  r a t e  were re g u la te d  w ith  i n je c ­

t io n  pump c o n t r o l l e r  and forw ard and back p re s s u re  r e g u la to r s .  The f lu id  

i n j e c t i o n  p re s s u re s  v a r ie d  i n i t i a l l y  from as h ig h  as 500 p s ig  f o r  NagCO^ 

steam  f lo o d in g  to  as  low a s  25 p s ig  f o r  KOH steam  f lo o d in g . D uring th e  

d isp lacem en t t e s t s ,  how ever, th e  a lk a l in e  steam  in je c t io n  p re s s u re s  were
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reduced  to  a s  low a s  65 p s ig  f o r  NagCOg and 25 p s ig  f o r  steam  and th e  r e s t  

o f th e  a l k a l i .

6 . The upstream , m idstream  and downstream p re s s u re s  were m onitored by th e  

t ra n s d u c e rs  and reco rd ed  on s t r i p  c h a r t  r e c o r d e r .  The V a lid in e  d i g i t a l  

p re s s u re  r e c e iv e r  w ith  a  push  o f b u tto n  d isp la y e d  d i g i t a l l y  th e  d i f f e r e n ­

t i a l  p re s s u re  between v a r io u s  p o in ts  d e s ig n a te d  by c h a n n e ls . The tem pera­

tu r e  d i s t r ib u t io n  in  th e  sandpack a s  w e ll a s  a t  v a r io u s  p o in ts  in  th e  flow  

system  were m onitored  by th e  therm ocouples i n s t a l l e d  a t  th e s e  p o in ts .  The 

te m p e ra tu re s  were rec o rd e d  from  each therm ocouple s ix  tim es  every  seven 

m inu tes  a t  in te r v a l s  o f abou t one m in u te .

7 . The i n l e t  tem p e ra tu re  and p re s s u re  were c o n tin u o u s ly  m onitored and con­

t r o l l e d  to  m a in ta in  an  av e ra g e  steam  o r a lk a l in e  steam  su p erh ea t f o r  a l l  

th e  t e s t s .

S im ila r  s te p s  were fo llow ed  f o r  c o re  d isp lacem en t t e s t s  w ith  excep­

t io n  o f a  few  m o d if ic a tio n s  h e re  and th e r e .  L ik e  w ith  th e  sandpack, th e  

c o re  and th e  flow  system  w ere evacuated  o v e rn ig h t .  High p re s s u re  n i tro g e n  

g as  was used  to  in tro d u c e  p re s s u re  in  th e  an n u lu s  o f  th e  c o re  tu b e  in  o rd e r  

to  c o n fin e  th e  ru b b er s le e v e  to  th e  c o re . A c o n fin in g  p re s s u re  o f 200 p s ig  

was in tro d u ced  d u rin g  th e  ev acu a tio n  o f  th e  c o re .  A fte r  th e  n i tro g e n  gas 

was in tro d u c ed  in to  th e  a n n u lu s , th e  flow  l i n e  to  th e  ta n k  was sh u t o f f  so 

t h a t  m ain tenance o f th e  p re s s u re  on th e  an n u lu s  d u rin g  ev a cu a tio n  would 

a s s u re  t h a t  th e  annu lu s  was com ple te ly  se a le d  o f f  and t h a t  th e r e  was no 

le a k a g e .

For each  c o re  t e s t  c a s e , th e  c o re  was com ple te ly  w ater s a tu ra te d  

fo llo w ed  by o i l  s a tu r a t io n  to  i r r e d u c ib le  w a te r s a tu r a t io n .  The s le e v e  

c o n fin in g  p re s s u re  was alw ays m ain ta ined  a t  200 p s ig  above th e  in je c t io n
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p re s s u re  w hich was as h igh  as 1300 p s ig  d u rin g  o i l  s a tu r a t io n .  The o i l  

s a tu ra te d  c o re  was w a te r  flooded  to  abou t w a te r  o i l  r a t i o  o f 30 fo r  each 

t e s t .

The f i r s t  t e s t  invo lved  steam  flo o d in g  th e  w a te r flooded  c o re .

The steam  was g e n e ra ted  and su p e rh e a te d  i n  th e  same p ro cess  d e sc r ib e d  fo r  

th e  sandpack t e s t .  The steam  tem p era tu re  f lu c tu a te d  between 320 and 345°F 

a t  i n l e t  p re s s u re  o f 35 p s ig  and back p re s s u re  o f  20 p s ig . In  a l l  c a s e s , 

th e  back p re s s u re  was removed a f t e r  steam  b reak th rough  i f  th e  steam  o i l  

r a t i o  was above 50.

The o th e r  t e s t  invo lved  a lk a l in e  (NaOH, Na^SiO^ and NagCO^) steam  

flo o d in g  a f t e r  w ater f lo o d in g . The a lk a l in e  steam  in  each o f th e s e  t e s t s  

was g e n e ra te d  e x a c tly  in  th e  manner d e sc r ib e d  fo r  a lk a l in e  steam  sandpack 

t e s t s .  The i n l e t  steam  tem p e ra tu re s  f o r  th e s e  th re e  a lk a l in e  t e s t s  w ere: 

360°F fo r  NaOH-steam f lo o d  w ith  i n l e t  p re s s u re  o f 350 p s ig  and back p re s ­

su re  o f 50 p s ig ,  380°F fo r  NSgSiOg-steam f lo o d  w ith  i n l e t  p re s s u re  o f 

1150 p s ig  and back p re s s u re  o f 50 p s ig ,  and 400°F fo r  Na^CO^-steam flo o d  

w ith  i n l e t  p re s s u re  o f  1250 p s ig  and back p re s s u re  o f 50 p s ig .

Only th e  f lu i d  i n l e t  and o u t l e t ,  and th e  annulus tem p era tu re s  

were m on ito red  and reco rd ed  fo r  th e  co re  t e s t s .  T his was because  i t  was 

n o t p r a c t i c a l  to  i n s t a l l  th e  therm ocouples in s id e  th e  co re  w ith o u t in -  

t e r f e r r i n g  w ith  th e  flow  p a th s . A lso , th e  p re s s u re s  m onitored  and r e ­

corded  were th e  i n l e t ,  o u t le t  and annu lus f lu id  p re s s u re s .

The d isp lacem en t t e s t s  w ere g e n e ra lly  concluded when th e  steam  

o i l  r a t i o  exceeded 60.



Type o f 
T e s t on 

G lass  Beads 
Pack

TABLE I :  SATURATION VALUES (Based on P ore  Volume)

c  o
5  ri A f te r  Cool C a u s t ic  C a u s tic

"co ca "to rt A f te r  C a u s t ic  F lood  Steam Flood Steam Flood
w 0 ) 3  Xl 3 W ater F lood  (1 gm/1) (1  gm/1) Steam F lood (1 .5  gm/1)
"b CO «a "d .H la S a tu ra t io n s  S a tu ra t io n s  S a tu ra t io n s  S a tu ra t io n s  S a tu ra t io n s  M S  CO M O M _______________________________________________________________________________

w i ^Oi "w o r S S Sw o r  w S So r  w o r o r

C ase I
C ool C a u s t ic  39 .3  
F lood  & Steam  Flood

60 .7  52 .37  47 .63  58 .79  4 1 .21 74 .0  26 .0

C ase I I  
C a u s t ic  Steam  
Flood

4 6 .1  53 .9 9  73 .47  26 .53 9 0 .75  9 .2 5

Case I I I
C y c lic  C a u s t ic /  22 .03  
Steam Flood

77 .97  55 .36  44 .64 78 .84  21.16 8 2 .61  17.39

C ase IV 
Steam Flood 3 8 .1  6 1 .9  5 .2 0  4 8 .0 80 .17  19 .83

Case V
Cool C a u s t ic  
F lood  + C a u s t ic  
Steam Flood

1 1 .2  8 8 .8  48 .56  51 .4 4  5 2 .0  4 8 .0  6 4 .8 8  35.12

C ase VI 
C y c lic  S team / 
C a u s t ic  F lood

1 4 .2  8 5 .8  56 .59  43 .41 84 .3 1  15.69
Oi



TABLE 2: OIL RECOVERY RESULTS
O il R ecovery a s  a  P e rc e n ta g e  o f  I n i t i a l  O il  i n  P la c e

Type o f  
T e s t on 

G lass  Beads 
Pack

W ater
Flood

Cool 
C a u s t ic  

F lood 
(1 gm/1)

C a u s tic  
Steam 
Flood 

(1 gm/1)
Steam
Flood

C a u s t ic  
Steam 
Flood 

(1 .5  g /1 )
T o ta l

Recovery

Case I
C ool C a u s t ic  
F lood & Steam F lood

21 .52 10.6 25 .0 57.19

Case I I  
C a u s t ic  Steam 
Flood

50 .86 32 8 2 .0

Case I I I  
C y c lic  C a u s t ic /  
Steam Flood

4 2 .75 30 .11 4 .8 4 77.7

Case IV 
Steam  Flood 22.46 45 .5 67 .97

C ase V 
Cool C a u s t ic  
F lood  + C a u s t ic  
Steam F lood

42 .07 3 .87 14 .5 60.44

C ase VI 
C y c lic  S team / 
C a u s tic  F lood

4 9 .41 32 .3 81 .71

Ln
00



CHAPTER VI

RESULTS AND INTERPRETATIONS

The p rim ary  o b je c t iv e  o f th e s e  s tu d ie s  was to  in v e s t ig a te  th e  

a p p l i c a b i l i t y  o f  a l k a l i  (NaOH, NagSiOg, Na^CO^ and KOH) as chem ical ad­

d i t i v e s  fo r  steam  f lo o d in g . S e v e ra l ty p es  o f  experim en ts  were r e q u ire d  

in  t h i s  in v e s t ig a t io n .  They a re  grouped as fo llo w s : (1) p ro ce ss  d e te r ­

m in a tio n , (2) e v a lu a tio n  and com parison o f a lk a l in e  steam  flo o d  ty p es  and 

(3) d isp lacem en t mechanism e v a lu a tio n . W hile r e s u l t s  from each group w i l l  

be p re se n te d  s e p a r a te ly ,  th e  r e s u l t s  from a l l  th e  ex p e rim en ta l groups w i l l  

be in te g r a te d  in  th e  d is c u s s io n  and i n te r p r e t a t i o n  o f r e s u l t s .  F in a l ly ,  

the  s ta n d a rd  t h e o r e t i c a l  tem p era tu re  d i s t r i b u t io n  ahead o f th e  advancing 

steam  zone w i l l  be compared w ith  ex p e rim en ta l c a se s .

P rocess  D eterm ina tion  

T ab les 1 and 2 c o n ta in  th e  summary o f  s a tu r a t io n  v a lu e s  and o i l  

recovery  perfo rm ances fo r  a l l  th e  seven ex p e rim e n ta l cases  employed fo r  

d e te rm in in g  th e  o p tim al p ro c e s s . Included  i n  th e s e  c a se s  was a ls o  th e  

e v a lu a tio n  o f  th e  o p tim a l tem p era tu re s  f o r  a lk a l in e  steam  f lo o d in g .

Case I :  W ater f lo o d  fo llow ed  by co o l c a u s t ic  f lo o d  and f i n a l ly  by c a u s t ic

steam  f lo o d .

In  c a se  1 , w a te r  f lo o d  recovered  21 .5  p e rc e n t o f  o r ig in a l  o i l  in  

p la c e . F lood ing  t h e r e a f t e r  w ith  coo l c a u s t ic  s o lu t io n ,  conc. 1 gm/&,

56
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reco v ered  about 10.6  p e rc e n t o f  i n i t i a l  o i l  i n  p la c e .  The subsequence p ro ­

ce ss  was steam  flo o d  which recovered  25 p e rc e n t o f  i n i t i a l  o i l  in  p la c e , add­

ing  to  a t o t a l  o v e r a l l  reco v ery  o f  57 p e rc e n t of i n i t i a l  o i l  in  p la c e  from 

th e  two p ro c e s se s .

Case I I :  W ater f lo o d  fo llow ed  by c a u s t ic  steam  f lo o d .

In  case  2 , 50 p e rc e n t o f i n i t i a l  o i l  in  p la c e  was recovered  from w ater 

f lo o d in g . T his w ater f lo o d  reco v ery  was a  l i t t l e  above tw ice  th e  recovery  

from case  1 and r e q u ire d  about tw ice  as much in je c te d  w a te r  po re  volume as 

in  c a se  1 to  accom plish . The ex tended  w a te r f lo o d in g  in  case  2 was n o t by 

d e s ig n  b u t r a th e r  due to  u n d e re s tim a tio n  o f w a te r  o i l  r a t i o  d u ring  th e  e x p e r i­

m ent. Subsequent h o t c a u s t ic  to  c a u s t ic  steam  i n je c t i o n  reco v ered  32 p e r­

c e n t o f  i n i t i a l  o i l  in  p la c e . The t o t a l  o i l  reco v e ry  from t h i s  ca se  was 82 

p e rc e n t.

As in  th e  p rev io u s  ex p e rim en ta l c a se , th e  c a u s t ic  s o lu t io n  concen­

t r a t i o n  was 1 gm/&. The c a u s t ic  phase d u rin g  d isp lacem en t i s  c h a ra c te r iz e d  as 

above because  th e  h e a tin g  system  which formed p a r t  o f  th e  flow  system  tended 

to  g e n e ra te  h o t c a u s t i c , fo llo w in g  th e  in je c t i o n  in to  th e  porous medium, b e ­

fo re  fu rn is h in g  c a u s t ic  steam . During th e  su b seq u en t phases of t h i s  s tu d y , 

i . e . ,  sandpack and b e re a  co re  d isp lacem en t t e s t s ,  c a u s t ic  steam  cou ld  be gen­

e ra te d  a t  th e  o n se t by in c re a s in g  th e  le n g th  o f  th e  h e a t in g  elem ents and in ­

c re a s in g  th e  am bient tem p era tu re  o f th e  h e a tin g  system  from 300°F to  500°F. 

Case I I I :  W ater f lo o d  fo llow ed  by two c y c le s  o f c a u s t ic  steam  flo o d  o f

v a ry in g  c o n c e n tra t io n s .

In  case  3, w a te r  f lo o d  reco v e red  43 p e rc e n t o f  i n i t i a l  o i l  in  p la c e . 

Then, h o t c a u s t ic  and c a u s t ic  steam  reco v e red  30 p e rc e n t o f  i n i t i a l  o i l  in  

p la c e . A f te r  in c re a s in g  th e  c a u s t ic  s o lu t io n  c o n c e n tra t io n  to  1 .5  gm/&.
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5 p e rc e n t more o i l  i n  p la c e  was re c o v e red . The t o t a l  o i l  reco v ered  in  th is  

case  as a p e rc e n ta g e  o f o r ig in a l  o i l  in  p la c e  was abou t 78 p e rc e n t.

The in c re m e n ta l o i l  recovery  fo llo w in g  th e  i n je c t io n  o f  h ig h e r  

c a u s t ic  c o n c e n tra tio n  was due more to  th e  po re  volume ( i .S ;  in je c te d  than  

th e  e f f e c t  o f  th e  c a u s t ic  c o n c e n tra tio n . F u r th e r  in v e s t ig a t io n  o f  the  

e f f e c t  o f c a u s t ic  c o n c e n tra tio n  on reco v ery  showed t h a t  th e  c o n c e n tra tio n  

of 1 .5  gm/& was too  h igh  and in  f a c t  d e tr im e n ta l  to  th e  type  o f  o i l  em­

ployed in  th e se  s tu d ie s .  This o b s e rv a tio n  w i l l  be  d isc u sse d  f u r th e r  in

con n ectio n  w ith  a s p e c ts  o f  th e  second group o f ex p erim en ts .

Case IV; W ater f lo o d  fo llow ed  by c o n v e n tio n a l steam  f lo o d .

The o i l  reco v e red  from w ater f lo o d  was 22 .5  p e rc e n t o f o i l  i n  p la c e  

w h ile  steam  f lo o d  fo llo w in g  t h e r e a f t e r  reco v e red  45 .5  p e rc e n t o f o i l  in  p la c e . 

The o v e r a l l  o i l  reco v e red  by th e se  two p ro c e sse s  was 68 p e rc e n t o f o r ig in a l  

o i l  i n  p la c e .

Case V: Water f lo o d  fo llow ed  by co o l c a u s t ic  f lo o d  and c a u s t ic  steam  f lo o d .

Water f lo o d  reco v ered  42 p e rc e n t o f  i n i t i a l  o i l  i n  p la c e  w h ile  coo l 

c a u s t ic  f lo o d  reco v e red  only  a d d it io n a l  4 p e rc e n t o f i n i t i a l  o i l  in  p la c e .  Caus­

t i c  steam  flo o d  y ie ld e d  14 .5  p e rc e n t more o f  i n i t i a l  o i l  in  p la c e . The com­

b ined  reco v ery  from th e  two c a u s t ic  p ro c e sse s  was about 19 p e rc e n t o f i n i t i a l  

o i l  in  p la c e . The t o t a l  recovery  from a l l  th e  p ro c e sse s  was 66.44 p e rc e n t.  

Case V I: W ater f lo o d  fo llow ed  by c y c l ic  steam  flo o d  and co o l c a u s t ic

s o lu t io n  f lo o d .

In  t h i s  t e s t  c a s e , w ater f lo o d  rec o v e red  49 .4  p e rc e n t o f i n i t i a l  

o i l  in  p la c e ,  w h ile  th e  c y c l ic  s te a m -c a u s tic  f lo o d  reco v e red  32 .3  p e rc e n t 

o f o r ig in a l  o i l  in  p la c e .  The t o t a l  o i l  reco v e ry  was abou t 81 .7  p e rc e n t 

o f i n i t i a l  o i l  i n  p la c e .  The sequence o f  th e  p ro ced u re  used in  t h i s  t e s t  

was steam  in je c t io n  a f t e r  w a te r f lo o d  and a l t e r n a te d  by coo l c a u s t ic
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s o lu t io n  in je c t i o n .  The average  tem p era tu re  in  th e  porous medium f lu c ­

tu a te d  betw een 250®P, d u ring  steam  in je c t io n ,  and 165°F during  co o l caus­

t i c  s o lu t io n  i n je c t i o n .

Case V II: O ptim al tem p era tu re  e v a lu a t io n .

In  t h i s  c a se , th e  o p tim a l tem p era tu re  f o r  h o t to  c a u s t ic  steam  

flo o d  was exam ined. To t h i s  end , h o t c a u s t ic  s o lu t io n  was in je c te d  a f t e r  

w a te r f lo o d  in  s e p a ra te  runs a t  tem p e ra tu re  o f  125°F and 175°F. The r e ­

s u l t s  o f  th e s e  ru n s w ere combined w ith  th e  r e s u l t s  o b ta in e d  from co o l 

c a u s t ic  f lo o d  in  case  1 and th o se  o f c a u s t ic  steam  f lo o d  in  c a se s  2 and 

3 to  de te rm in e  th e  o p tim al tem p e ra tu re  f o r  c a u s t ic  s o lu t io n  f lo o d in g .

From t h i s  and subsequen t s tu d ie s  th e  o p tim a l tem p era tu re  fo r  h o t 

c a u s t ic  to  c a u s t ic  steam  flo o d in g  covered th e  range o f  about 250°-300®F. The 

upper tem p e ra tu re  l im i t  a c tu a l ly  shou ld  be earm arked when th e re  i s  a r a p id  

consum ption o r  breakdown o f  a lk a l in e  s o lu t io n .  E xperim en ta l ev idence  showed 

th a t  th e  pH o f  th e  a lk a l in e  s o lu t io n  d e c lin e d  on ly  s l i g h t l y  w ith  tem p era tu re  

up to  350®F. Above t h i s  tem p e ra tu re  a lk a l in e  consum ption in c re a s e s  r a p id ly  

and t h i s  w i l l  be in d ic a te d  by th e  ra p id  d ec rease  in  pH v a lu e s . T ables B2 

and B8 c o n ta in  th e  i n i t i a l  pH v a lu e s  o f 1 g m / l i t e r  c a u s t ic  s o lu t io n  and th e  

pH v a lu e s  o f  th e  produced f l u i d s .  The low pH v a lu e s  a f t e r  su c c e s s iv e  

in c re a s e s  o ccu rred  j u s t  b e fo re  th e  c a u s t ic  steam  b reak th ro u g h  d u rin g  which 

th e  tem p e ra tu re  in  th e  porous medium averaged  abou t 300“F o r  above.

By exam ining th e  reco v e ry  perfo rm ances o f  a l l  th e se  cases  d e s c r ib e d , 

i t  i s  ab undan tly  c le a r  t h a t  th e  p ro c e s se s  and t h e i r  sequences in  c a se s  2 

and 6 were more e f f e c t iv e  th an  th o se  o f o th e r  c a se s  in  re c o v e r in g  o i l .

Case 1 r e s u l t s  p rov ided  ev idence  which was re a f f irm e d  in  a  t e s t  in  c a se  7 

t h a t  co o l c a u s t i c  f lo o d in g  as  a  t e r t i a r y  reco v e ry  p ro c e ss  i s  only m a rg in a lly
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e f f e c t i v e  a t  h ig h  r e s id u a l  o i l  s a tu r a t i o n  and p r a c t i c a l l y  in e f f e c t iv e  a t  

low r e s id u a l  o i l  s a tu r a t io n .  F ig u re s , 8 , 9 and 10 show th e  p lo t s  o f cumu­

l a t i v e  o i l  reco v ery  v e rsu s  cum ula tive  in je c te d  po re  volumes f o r  cases  2 ,

4 and 6 r e s p e c t iv e ly .  These p lo t s  in  a d d it io n  to  t h a t  o f  a h o t c a u s t ic  

w a te r  f lo o d  a re  combined, f o r  th e  sake  o f  com parison, in  F ig u re  11.

C le a r ly ,  from t h i s  f i g u r e .  Case 2 , w a te r f lo o d  fo llow ed  im m ediately 

by c a u s t i c  steam  f lo o d  p ro c e s s , p rov ided  th e  most e f f e c t i v e  mechanism f o r  

d is p la c in g  o i l  from g la s s  bead p a c k s . Based on t h i s  r e s u l t ,  ca se  2 p ro ­

c e s s e s  were adopted f o r  d isp lacem en t t e s t s  on sandpacks and b e re a  c o re s .

F ig u re  12 combines a l l  th e  p lo ts  in  F igu re  11 as w e ll  as th e  p e r ­

form ance p lo t s  o f  coo l c a u s t ic  w a te r  f lo o d  (80®F), and two h o t c a u s t ic  

w a te r  f lo o d s  a t  tem p e ra tu re s  o f  125°F and 175°F. The o p tim al tem p era tu re  

fo r  t e r t i a r y  c a u s t ic  w a te r f lo o d  o r steam  f lo o d  i s  shown c le a r ly  from th e s e  

p lo t s  to  be a t  250°F. L a te r  e x p e rim e n ts , th e  r e s u l t s  o f w hich w i l l  be 

d e s c r ib e d  s h o r t l y ,  showed t h a t  t e r t i a r y  c a u s t i c  steam  f lo o d  i s  n o t s ig ­

n i f i c a n t l y  a f f e c te d  by tem p e ra tu re  (m easured in  term s o f  drop in  pH v a lu e ) 

up to  about 350®F. The n a tu r e  and ty p e  o f  m u lt ip le  mechanisms invo lved  

in  c a u s t i c  steam  d r iv e ,  p a r t i c u l a r l y ,  th e  f a c t  th a t  th e  e f f e c t iv e n e s s  o f 

steam  d r iv e  o i l  recovery  mechanisms become g r e a te r  a s  th e  tem pera tu re  

in c r e a s e s ,  w i l l  more o f te n  th a n  n o t e n su re  more o i l  reco v e ry  w ith  in c re a s e  

in  te m p e ra tu re .

In  a c tu a l  r e s e r v o i r s ,  how ever, th e  tem p era tu re  o f  th e  bottom  

h a l f  o f  th e  fo rm ation  w i l l  la g  b eh in d  t h a t  o f th e  top  h a l f  o f  th e  forma­

t io n .  S ince  t h i s  ex p e rim e n ta l p ro c e ss  i s  aimed a t  reco v ery  o f  o i l  in  th e  

bottom  h a l f  o f th e  fo rm atio n  t h a t  i s  e s s e n t i a l l y  sw ept by h o t w a te r , hav­

in g  been  bypassed  by steam  b ecau se  o f  g ra v i ty  o v e r r id e , th e  d e g ra d a tio n  

o f  c a u s t i c  s o lu t io n  a t  h igh  tem p e ra tu re  w i l l  be l e s s  p ro b le m a tic .
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E v a lu a tio n  and Comparison of A lk a lin e  Steam Flood Types 

W hile th e  p ro c e ss  d e te rm in a tio n  in v o lv ed  o i l  d isp lacem en t from 

w ater f lo o d ed  g la s s  beadpacks w ith  c a u s t ic  s o lu t io n  and c a u s t ic  steam , 

t h i s  phase  o f th e  i n v e s t ig a t io n  d e a l t  w ith  e v a lu a tio n  and com parison of 

v a r io u s  a lk a l in e  steam  f lo o d s  on sandpacks and Berea c o re s  u s in g  p ro ce ss  

developed  in  c a se  2 . S ix d isp lacem en t t e s t s  c o n s is t in g  o f :  c o n v en tio n a l

steam  f lo o d , NaOH (1 gm/& )-steam  f lo o d , NaOH CL.,5 gm/&)-steam f lo o d ,  NagCO^

(1 gm /& )-steam  f lo o d , NagSiO^ (1 gm/&)-steam f lo o d  and KOH (1 gm/&)-steam 

f lo o d  were c a r r ie d  o u t on sandpacks. The c o re  d isp lacem en t t e s t s  involved 

a l l  t h e  a s p e c ts  o f sandpack t e s t s  excep t NaOH (1 .5  gm/2 ) -steam  f lo o d  which 

was e lim in a te d  f o r  in e f f e c t iv e n e s s  and KOH (1 gm /£)-steam  f lo o d  w hich, even 

though  a s  e f f e c t iv e  a s  sandpack t e s t  n o . 2 , was co n sid e red  n o t econom ical 

f o r  f i e l d  a p p l ic a t io n .

Sandpack D isplacem ent T e s ts

T ab les  3 and 4 c o n ta in  th e  summaries o f th e  s a tu r a t io n  and o i l  

re c o v e ry  r e s u l t s  a s  a p e rc e n ta g e  o f o i l  in  p la c e  r e s p e c t iv e ly  f o r  th e  s ix  

sandpack t e s t s .  During th e  w ater f lo o d in g  p h ase  in  each  t e s t ,  th e  r e s id u a l  

o i l  s a tu r a t io n  was m ain ta in ed  c lo s e  to  50 p e rc e n t  in  o rd e r  p a r t l y  to  lea v e  

s u f f i c i e n t  o i l  f o r  th e  d isp lacem en t mechanisms to  o p e ra te  on and p a r t l y  to  

have th e  s ix  d i f f e r e n t  f lo o d s  sweep a p p ro x im ate ly  th e  same p o re  volume of 

r e s id u a l  o i l .  T h is approx im ate  w ater f lo o d  o i l  recovery  o f  50 p e rc e n t o f 

th e  p o re  volume was r e a l iz e d  a t  about w a te r - o i l  r a t i o  o f  35.

C onventional steam  f lo o d  reco v e red  50 .48  p e rc e n t o f  i n i t i a l  o i l  in  

p la c e  fo llo w in g  w ater f lo o d  reco v e ry  o f  39 .62  p e rc e n t o f th e  o r ig in a l  o i l  

in  p la c e .  The t o t a l  o i l  reco v e ry  from th e s e  two p ro cesses  was 90 .1  p e rc e n t 

o f  th e  i n i t i a l  o i l  in  p la c e .



TABLE 3 : SATURATIONS (Based on P o re  Volume)

Types o f  
T e s ts  on 

Sand Pack

I n i t i a l
W ater

S a tu ra t io n

wi

I n i t i a l  O il 
S a tu ra t io n

A f te r  W ater 
F lo o d in g  

S a tu ra t io n s

A f te r  A lk a lin e  
Steam F lood ing  

S a tu ra t io n s

A f te r  Steam 
F lood ing  

S a tu ra t io n s

" o i w o r w o r w o r

C o n v en tio n a l 
Steam F lo o d in g 19.05 80 .95 51 .2 48 .88 92 .0 8.0

A lk a lin e  
Steam  F lo o d in g  
(0.1% by wt o f  
NaOH)

14 .9 85 .08 47 .76  5 2 .2 4  99 .225 .775

A lk a lin e  
Steam F lood ing  
(0.15% by wt 
o f  NaOH)

27 .41 72.59 51 .81  48 .19  67 .76  32 .24

A lk a lin e  
Steam F lo o d in g  
(0.1% by w t o f  
NagCOg)

A lk a lin e  
Steam F lo o d in g  
(0.1% by w t. o f  
NagSiOg)

A lk a lin e  
Steam F lood ing  
(0.1% by w t. 
o f  KOH)

15 .95

16 .9

14 .92

84 .05

8 3 .1

85 .08

50 .26  49 .7 4  87 .9 3  12 .07

5 1 .21  48 .79 99 .31  0 .69

47 .76  52 .24  99 .2 3  0 .775
vo



Type o f  T e s ts  
on Sand Pack

TABLE 4: OIL RECOVERY RESULTS
O il  R ecovery a s  a  P e rc e n ta g e  o f  I n i t i a l  O il i n  P la c e

Water
F lo o d in g

Conventional 
Steam Flooding

A lk a lin e  
Steam F lo o d in g

Total
Recovery

C onven t io n a l  
Steam  F lo o d in g

A lk a lin e  
Steam  F lo o d in g  
(0.1% by wt 
NaOH)

A lk a lin e  
Steam  F lo o d in g  
(0.15% by wt 
NaOH)

A lk a lin e  
Steam F lood ing  
(0.1% by wt
NagCOg)

A lk a lin e  
Steam  F lo o d in g  
(0.1% by wt 
NazSiO g)

A lk a lin e  
Steam F lo o d in g  
(0.1% by wt 
KOH)

39.62

38.60

3 3 .6

40 .82

41.29

29 .98

50 .48

60.49

21.97

44.82

57.99

68 .48

90 .10

99.09

55 .57

85.64

99 .28

98 .46

o
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NaOH (1 gm /A )-steam  flo o d  reco v ered  60.49 p e rc e n t o f  I n i t i a l  o i l  

in  p la c e  a f t e r  w a te r f lo o d  had reco v e red  3 8 .6  p e rc e n t o f i n i t i a l  o i l  in  

p la c e .  The t o t a l  o i l  reco v e red  in  t h i s  o i l  recovery  scheme was 99.1  p e r­

c e n t o f  i n i t i a l  o i l  i n  p la c e .

In  th e  t e s t  3 which invo lved  NaOH(1.5 gm/&)-steam  f lo o d ,  w ater 

f lo o d  reco v ered  3 3 .6  p e rc e n t of o i l  in  p la c e  w h ile  th e  c a u s t ic  steam  flo o d  

rec o v e red  on ly  21 .97  p e rc e n t  o f o i l  in  p la c e .  The perfo rm ance of c a u s t ic  

steam  flo o d  a t  t h i s  c o n c e n tra t io n  of c a u s t ic  soda was f a r  below  e x p e c ta tio n  

and r e s u l te d  in  th e  r e - e v a lu a t io n  o f th e  e f f e c t  of a lk a l in e  c o n c e n tra tio n  

on o i l  reco v e ry  perfo rm ance in  co n n ec tio n  w ith  t h i s  p ro c e s s .  To t h i s  end, 

v a r io u s  p o r tio n s  o f c a u s t ic  s o lu t io n  c o n c e n tra tio n s  were a g i ta te d  in  t e s t  

tu b e s  w ith  p o r t io n s  o f o i l  sample to  induce  o i l-w a te r  em u lsio n . I t  was 

observed  th a t  c a u s t i c  s o lu t io n  would n o t form  s ta b le  em ulsion  w ith  th e  

sam ple o i l  a t  c e r t a i n  c a u s t i c  c o n c e n tra t io n s  in c lu d in g  1 ,5  gm /£. The most 

s ta b le  em ulsion was o b ta in e d  a t  c a u s t ic  c o n c e n tra t io n s  o f 1 gm/A and 2 gm/A. 

Based on o i l - c a u s t i c  s o lu t io n  i n t e r f a c i a l  te n s io n  v a lu e  shown in  f ig u r e s  20 

and 22 t e s t  no . 3 shou ld  have perform ed q u i te  w e ll . The t o t a l  o i l  reco v ered  

in  t h i s  t e s t  was o n ly  55.57  p e rc e n t o f i n i t i a l  o i l  in  p la c e .  S ev era l pore 

volum es o f r e g u la r  steam  were in je c te d  in  an e f f o r t  to  re c o v e r  more o i l ,  a l l  

to  no a v a i l .  F u r th e r  d is c u s s io n  o f t e s t  n o . 3 w i l l  be u n d e rtak en  in  th e  

n e x t s e c t io n .

In  t e s t  4 ,  w a te r f lo o d  reco v ered  40 .82  p e rc e n t o f o i l  in  p la c e  w h ile  

Na^CO^-steam f lo o d  y ie ld e d  a d d i t io n a l  44.82  p e rc e n t o f i n i t i a l  o i l  in  p la c e . 

The t o t a l  o i l  re c o v e ry  in  t h i s  t e s t  amounted to  85.64  p e rc e n t  o f  o r ig in a l  

o i l  in  p la c e . The c o n c e n tra t io n  o f NagCOg d id  n o t s ig n i f i c a n t l y  in c re a s e  th e  pH 

o f  th e  a lk a l in e  s o lu t io n  above 1 gm/A. The d i f f e r e n c e  betw een th e  pH of
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Na^COg a t  th e  c o n c e n tra t io n  o f 1 gm/î, and 8 gm/1 was 0 .17 and hence 1 gm/& 

c o n c e n tra t io n  was used a s  steam  a d d i t iv e  in  t h i s  t e s t .  Na^CO^ s o lu t io n  

would n o t form a  s t a b l e  em ulsion a t  th e  c o n sid e red  c o n c e n tra t io n s  when 

a g i t a te d  in  t e s t  tu b e s  w ith  p o r tio n s  o f  th e  sample o i l .  The produced a lk a ­

l i n e  f l u i d  w as, how ever, h ig h ly  e m u ls if ie d  and q u i te  s ta b l e .

W ater f lo o d  reco v e red  41 .29  p e rc e n t o f i n i t i a l  o i l  in  p la c e  in  

t e s t  5 and Na^SiO^ -  steam  flo o d  reco v e red  57 .99  p e rc e n t o f  i n i t i a l  o i l  in  

p la c e  add ing  up to  a  t o t a l  o i l  re c o v e ry  o f 99.28 p e rc e n t  o f  o r ig in a l  o i l  

in  p la c e . The perfo rm ance o f sodium s i l i c a t e  steam  f lo o d  was th e r e fo r e ,  

a s  im p ress iv e  a s  c a u s t ic  steam f lo o d . The c o n c e n tra t io n  o f  sodium s i l i ­

c a te  s o lu t io n  was n o t a  f a c to r  in  t h i s  scheme because  sodium s i l i c a t e  i s  

o n ly  s l i g h t l y  s o lu b le  in  w ater—l e s s  th a n  0 .1  gm/A. The maximum pH a t t a i n ­

a b le  w ith  super s a tu r a te d  s o lu t io n  o f sodium s i l i c a t e  was 1 0 .53 . The t e s t  

tu b e  t e s t  f o r  o i l - a l k a l i n e  em ulsion d id  n o t produce s t a b l e  em ulsion w ith  

t h i s  chem ical bu t th e  produced sodium s i l i c a t e  s o lu t io n  was h ig h ly  and 

s ta b ly  e m u ls if ie d  w ith  o i l .

In  t e s t  6 , w ater flo o d  rec o v e red  abou t 30 p e rc e n t o f o i l  in  

p la c e  w h ile  KOH (1 gm /A)-steam  f lo o d  produced 68.48 p e rc e n t  more o f i n i t i a l  

o i l  in  p la c e  to  enhance th e  o v e ra l l  o i l  rec o v e ry  to  98 .46  p e rc e n t o f o r ig ­

in a l  o i l  i n  p la c e .  The c o n c e n tra tio n  o f  1 gm/A o f  p o tass iu m  hydrox ide when 

a g i t a te d  w ith  th e  o i l  sample in  a  t e s t  tu b e  e a s i ly  formed a s ta b le  em ulsion . 

The e f f e c t  of KOH s o lu t io n  c o n c e n tra t io n  on KOH-oil é m u ls if ic a t io n  was 

found to  be s im i la r  to  t h a t  o f sodium hydrox ide  s o lu t io n .  A lso , th e  o i l  

re c o v e ry  a b i l i t y  o f  KOH-steam f lo o d  was com parable to  NaOH-steam flo o d  and 

Na^SiO^-steam  f lo o d .  S ince  po tassium  hydrox ide  i s  s e v e ra l  tim es  more ex­

p e n s iv e  th a n  sodium hydrox ide  and sodium s i l i c a t e ,  KOH-steam flo o d  may be 

uneconom ical.
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F ig u re  14 c o n ta in s  th e  p lo t s  of steam  o i l  r a t i o  v e rs u s  o i l  reco v e ry  

f o r  each  of th e  s ix  d isp lacem en t t e s t s  in v o lv in g  th e  sandpacks. A ll th e  

steam  f lo o d s  were e s s e n t i a l l y  te rm in a ted  a t  o r  above steam  o i l  r a t i o  of 

60. On s e v e ra l  o c c a s io n s , a s  can be seen  from t a b le s  B1 to  B6, th e  steam  

o i l  r a t i o  jumped above 80 s h o r t ly  a f t e r  a  steam  b reak th ro u g h . These h igh  

steam  o i l  r a t i o  p o in ts  were n o t inc luded  in  th e  g raphs because  they  exceeded 

th e  s c a le .

The perform ance cu rv es  fo r  c o n v e n tio n a l steam  flo o d  and a l l  of th e  

a lk a l in e  steam  flo o d  sandpack t e s t s  a re  shown in  f ig u r e  15 . From th e se  

p lo t s  o f cum u la tive  re c o v e ry  a s  a  p e rc e n ta g e  o f i n i t i a l  o i l  in  p la c e  v e rsu s  

cum ula tive  in je c te d  p o re  volume i t  can be seen th a t  NaOH (1 gm /2)-steam  

f lo o d , Na^SiO j-steam  f lo o d  and KOH-steam f lo o d  recovered  a lm ost 100 p e rc e n t 

of th e  rem ain ing  o i l  a f t e r  w ater f lo o d in g . Combined w ith  th e  recovery  from 

w ate r f lo o d , c o n v e n tio n a l steam f lo o d  rec o v e red  about 90 p e rc e n t of o r ig in a l  

o i l  in  p la c e . In  e f f e c t ,  th e s e  th r e e  a l k a l i  used s e p a ra te ly  a s  chem ical 

a d d i t iv e s  in  steam f lo o d  recovered  about 9 p e rc e n t more o i l  in  sandpacks 

th an  co n v en tio n a l steam  f lo o d .

F ig u re  16 c o n ta in s  th e  perform ance c u rv es  f o r  sandpacks in v o lv ing  

th r e e  w ater f lo o d s  fo llow ed  by c o n v e n tio n a l steam  f lo o d , NaOH (1 gm/A)- 

steam  f lo o d  and NaOH (1 .5  gm/A)-steam f lo o d  in  each r e s p e c t .  NaOH (1 .5  

gm /A)-steam  f lo o d  re c o v e ry  perform ance was v e ry  poor in  s p i t e  o f 8 pore  

volum es o f a lk a l in e  I n je c te d .  About th r e e  po re  volumes o f r e g u la r  steam 

was in je c te d  t h e r e a f t e r ,  w ithou t re c o v e r in g  any a d d i t io n a l  o i l .  The p ro ­

duced f lu i d  d u rin g  th e  in je c t io n  o f  most o f  th e  8 a lk a l in e  p o re  volumes 

was h ig h ly  e m u ls if ie d  b u t y ie ld ed  e s s e n t i a l l y  w ater and d re g s  when th e  

em ulsion was broken .
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Steam and A lk a lin e  Steam F lo o d s .
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Berea Core D isplacem ent T e s ts

T a b les  5 and 6 c o n ta in  th e  summaries o f th e  s a tu r a t io n  and o i l  

rec o v e ry  a s  a  pe rcen tag e  o f o i l  in  p la c e  v a lu e s ,  r e s p e c t iv e ly .  In  f ig u re  

17, th e  av erag e  w ater f lo o d  w a te r o i l  r a t i o  f o r  th e  co re  t e s t s  ex cep t t e s t  

no . 2 was 25. In  o rd er to  a c h ie v e  an av erage  w a te r flo o d  o i l  re c o v e ry , th e  

w ater o i l  r a t i o  in  t e s t  no . 2 happened to  be 41 .

The i n i t i a l  w ater and o i l  s a tu r a t io n  v a lu e s  fo r  t e s t s  1 th ro u g h  3 

were v e ry  c lo s e  w h ile , a lth o u g h  t e s t  4 v a lu e s  were s l i g h t ly  o f f ,  abou t th e  

same p e rc e n ta g e  o f o i l  in  p la c e  (40) was reco v ered  in  a l l  fo u r  t e s t s  by 

w ater f lo o d .

In  t e s t  n o . 1 w a te r f lo o d  reco v ered  42 .02  p e rc e n t o f i n i t i a l  o i l  

in  p la c e  w h ile  c o n v en tio n a l steam  f lo o d  d isp la c e d  a d d it io n a l  26.12 p e rc e n t 

o f o r ig in a l  o i l  in  p la c e . The t o t a l  o i l  rec o v e red  in  t h i s  ex p e rim en ta l 

t e s t  was 68.14 p e rc e n t o f o i l  in  p la c e .

T e s t n o . 2 invo lved  w a te r flo o d  which reco v ered  41.11 p e rc e n t o f 

i n i t i a l  o i l  in  p la c e  and NaOH (1 gm/£ )-steam  f lo o d  which produced 37 .22  

p e rc e n t more o f  i n i t i a l  o i l  in  p la c e .  The t o t a l  o i l  reco v e ry  was 78.33 

p e rc e n t o f o i l  in  p la c e .

W ater f lo o d  p ro c e ss  rec o v e red  40 .76  p e rc e n t o f i n i t i a l  o i l  in  p la c e  

in  t e s t  no . 3 and Na^COg-steam f lo o d  y ie ld e d  o n ly  24.46 p e rc e n t more o f 

o r ig in a l  o i l  in  p la c e  f o r  a  t o t a l  o i l  rec o v e ry  o f 65.22 p e rc e n t o f  i n i t i a l  

o i l  i n  p la c e .

F in a l ly ,  in  t e s t  no , 4 , w ater f lo o d  produced 39.24 p e rc e n t o f 

i n i t i a l  o i l  in  p la c e . Na^SiOg-steam  flo o d  which fo llow ed  th e r e a f t e r  r e ­

covered  a d d i t io n a l  35.44 p e rc e n t  o f  o r ig in a l  o i l  in  p la c e . The t o t a l  o i l  

re c o v e ry  in  t h i s  t e s t  was 74.64 p e rc e n t o f i n i t i a l  o i l  in  p la c e .



TABLE 5: SATURATION VALUES (Based on Pore Volume)

Types o f  
T e s ts  on 

B erea Core

I n i t i a l
W ater

S a tu ra t io n

wi

I n i t i a l  O il  
S a tu ra t io n

A f te r  W ater 
F lood ing  

S a tu ra t io n s

A f te r  A lk a lin e  
Steam F lo o d in g  

S a tu ra t io n s

o i w o r w o r

A f te r  Steam 
F lo o d in g  

S a tu ra t io n s

o r

C o n v e n tio n a l 
Steam F lo o d in g 30 70 59 .41 40 .59 77.7 22 .3

A lk a lin e  
Steam F lo o d in g  
(0.1% by w t 
NaOH)

28 .46 71.54 57 .9 4 2 .1 84 .5 15 .5

A lk a lin e  
Steam  F lo o d in g  
(0.1% by wt
NagCOg

A lk a lin e  
Steam F lo o d in g  
(0.1% by w t 
NagSiOg

26.87

37.21

73.13

62.79

56 .68  43 .32

61.85  38.15

74.56  25 .44

8 4 .1 15 .9

-sj
VO



Type of Tests 
on Berea Core

TABLE 6: OIL RECOVERY RESULTS

Oil Recovery as a Percentage of Initial Oil in Place

Water
Flooding

Conventional 
Steam Flooding

Alkaline 
Steam Flooding

Total
Recovery

Conventional 
Steam Flooding

Alkaline 
Steam Flooding 
(0.1% by wt 
NaOH)

Alkaline 
Steam Flooding 
(0.1% by wt
NagCOg)

Alkaline 
Steam Flooding 
(0.1% by wt 
NagSiOg)

42 .02

41 .11

4 0 .76

39 .24

26.12

37.22

24 .46

35.44

68 .14

78 .33

65 .22

74.68

g



81

From th e s e  r e s u l t s  summarized in  t a b l e s  5 and 6 , t e s t  n o . 2 in v o lv ­

ing  c a u s t ic  steam f lo o d  rec o v e red  abou t 10 p e rc e n t more o i l  th an  t e s t  no. 1 

which involved  steam  f lo o d . W hile sodium s i l i c a te - s te a m  flo o d  reco v ered  

abou t 6 .5  p e rc e n t more o i l  th an  re g u la r  steam  f lo o d , i t  d id  n o t perform  

a s  w e ll  in  co re  t e s t  compared to  c a u s t ic  steam  flo o d  a s  i t  d id  in  sandpack. 

P lugg ing  m ight have p a r t l y  accounted f o r  t h i s  because  th e  steam  d r iv e  p re s ­

su re  d ro p s , con ta in ed  in  t a b l e  B 10, were q u i te  h ig h . The av e rag e  steam 

p r e s s u re  drop in  t h i s  t e s t  was 1000 p s i  w hich was about t h r e e  tim es  a s  h igh  

(366 p s i )  a s  in  t e s t  n o . 2 , th e  summary o f w hich i s  shown in  t a b l e  B 8 , and 

abou t 23 tim es a s  h ig h  a s  in  t e s t  no . 1 (44 p s i )  co n ta in ed  in  t a b l e  B 7 .

T e s t n o . 3 steam  p re s s u re  d rop  co n ta in ed  in  t a b l e  B 10, was a ls o  q u i te  

h ig h , av e rag in g  abou t 1600 p s i .  The r e s i s ta n c e  to  flow  s ig n i f ie d  by h igh  

p r e s s u re s  d id  n o t seem to  have s e r io u s ly  a f f e c te d  th e  perform ance o f Na^SiO^- 

steam  f lo o d  even though th e  reco v e ry  was about 4 p e rc e n t below  NaOH-steam 

flo o d  b u t q u i te  above r e g u la r  steam  f lo o d .

Na^CO^-steam f lo o d  d id  n o t perform  a s  w e ll  in  c o re  t e s t ,  j u s t  a s  

in  sandpack t e s t ,  compared to  a l l  th e  o th e r  t e s t s .  Â common f e a tu r e  of 

Na^SiO^-steam  f lo o d  and NagCO^-steam f lo o d  w as, th e r e f o r e ,  h ig h  p re s s u re  

d ro p s  caused  p robab ly  by some p lugg ing  induced p r im a r i ly  by th e  flow  of 

h ig h  v i s c o s i ty  f lu i d  and p ro b ab ly  by p r e c i p i t a t i o n  o f some in s o lu b le  s a l t s .  

Inducem ent of em ulsion by a lk a l in e  o i l  r e a c t io n  and subsequen t in c re a s e  in  

in je c t i o n  p re s s u re  was a ls o  e v id e n t in  NaOH-steam flo o d  a s  can  be seen 

from  th e  steam  p re s s u re  w hich was about 10 tim e s  h igher th a n  t h a t  o f th e  

r e g u la r  steam  f lo o d .

F ig u re  18 c o n ta in s  th e  p lo t s  o f  steam  o i l  r a t i o  v e rs u s  o i l  reco v ery  

f o r  th e  fo u r  c o re  t e s t s .  The perform ance c u rv e s  o f th e  c o re  t e s t s  w ater 

f lo o d s  and th e  fo u r  ty p e s  o f  steam  f lo o d s  a r e  shown in  f ig u r e  19 . A c le a r
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and A lkaline Floods.



100

Steam FloodWaterflood-

S  60
ë
Ü(K
W 40  
>

O O A V Water Floods
• Conventional Steam Flood 
■ NaOH (1 gm/1) Steam Flood
A Na_CO_ Steam Flood
▼ Na siO» Steam Flood

O 2 3 64 5 7 8 9
CUMULATIVE INJECTED PORE VOLUME

FIGURE 19. Comparison of Oil Recovery Performance for Core Water Floods, Steam and 
Alkaline Steam Floods.

00



85

f e a tu r e  o f c o n v e n tio n a l steam  f lo o d , a s  can be observed  from f ig u r e s  15,

16 and 19 , was th e  a tta in m e n t o f th e  maximum o i l  re c o v e ry  a f t e r  l e s s  pore 

volumes o f f l u i d  i n je c t io n  compared to  a l l  th e  a lk a l in e  steam  f lo o d s . The 

prim ary  rea so n  f o r  t h i s  was because  th e  r e g u la r  steam  a c q u ired  su p erh ea t 

f a s t e r  th a n  th e  a lk a l in e  steam . T h is  occu rred  because  in  th e  c a se  o f regu ­

l a r  steam  d r iv e  th e  steam  g e n e ra to r  p u t ou t s a tu ra te d  steam  in to  th e  su p er­

h e a te r s  a s  opposed to  o th e r  c a s e s  where co o l a lk a l in e  was in je c te d  in to  th e  

su p e rh e a te rs  to  be tu rn ed  in to  steam  and th e n  su p e rh e a te d . VIhile th e  p ro ­

cedu re  o f g e n e ra tin g  a lk a l in e  steam  was ad eq u ate  f o r  th e  main pu rpose , i t  

tended  to  d e l iv e r  wet steam  f o r  a w h ile  b e fo re  th e  flow  system  and th e  c o re  

tu b e  assem bly a c q u ired  am bient tem p e ra tu re . Then, su p erh ea ted  steam  was 

produced f a i r l y  s t e a d i ly .

D isplacem ent Mechanism E v a lu a tio n

W hile some o f  th e  o th e r  fo u r broad mechanisms m ight have o p e ra ted  

to  some e x te n t ,  th e  p r in c ip a l  mechanism, a s  observed  from th e  produced 

f l u i d s ,  was é m u ls if ic a t io n  and e n tra in m e n t. The a lk a l in e  steam  flo o d  p ro ­

duced a lk a l in e  w a te r and some o f  th e  o i l  were h ig h ly  e m u ls if ie d . The emul­

s io n  seemed to  have been o i l  in  w ater ty p e  because i t  produced s e v e ra l  fo ld  

more w a te r th a n  o i l  a f t e r  be ing  b roken . The p rese n c e  o f a lk a l in e  in  th e  

em ulsion p rov ided  an  easy  em ulsion b reak in g  p ro c e s s . T h is c o n s is te d  of 

add ing  sm all q u a n ti ty  o f HCl and common s a l t  to  th e  em ulsion and a llo w in g  

some s ix  to  12 hou rs f o r  o i l  and w ater to  s e p a ra te .  About 3 to  5 cc o f 1 

Normal HCl and a  teaspoon  o f common s a l t  w i l l  b reak  a 500 cc em ulsion .

The c o n c e n tra t io n  o f c a u s t ic  s o lu t io n  was th e  dete rm in ing  f a c to r  

in  th e  inducem ent o f spon taneous em u lsion , fo r  a  g iv en  s a l t  c o n c e n tra tio n , 

fo r  c a u s t i c - o i l  system  but a p p a re n tly  a non f a c to r  f o r  Na^SiO^ and Na^CO^-
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o i l  sy stem s. A c tu a lly , th e  t e s t  tube  scheme cou ld  n o t p r e d ic t  th e  fo rm ation  

o f s ta b le  em ulsions in  th e  porous medium by th e s e  a lk a l in e s .  As s ta te d  be­

f o r e ,  th e  KOH-oil system  behaved p r a c t i c a l l y  s im i la r  to  NaOH-oil system .

The s a tu r a t io n  h i s t o r i e s  o f th e  sandpacks and th e  co re  t e s t s  shou ld  

d i c t a t e  w a te r-w e t porous m edia. In  a l l  th e  t e s t s ,  th e  w a te r s a tu r a te d  

porous medium which was su b seq u e n tly  o i l  s a tu r a te d  to  r e s id u a l  w ater s a t ­

u r a t io n  was l e f t  o v e rn ig h t. T h is tim e cou ld  n o t have been s u f f i c i e n t ,  

anyway, f o r  th e  w e t t a b i l i ty  o f  th e  system  to  change even i f  th e  o i l  con­

ta in e d  o i l - w e t t in g  c h em ica ls . I f ,  th e r e f o r e ,  th e  a l k a l i  a l t e r e d  w e tta ­

b i l i t y  d u rin g  th e  d isp lacem en t t e s t ,  i t  would have been from w ate r-w e t to  

o i l - w e t .  There was, how ever, no e v a lu a tio n  o f p o s s ib le  w e t ta b i l i ty  change 

in  t h i s  e x p e rim en ta l s tu d y .

As s ta t e d  s e v e r a l  tim es in  th e  d is c u s s io n  o f  th e  proposed mecha­

nism s o f  a lk a l in e  w a te r f lo o d in g , i n t e r f a c i a l  te n s io n  re d u c tio n  i s  a f e a ­

tu re  o f  a l l  th e  fo u r b road  mechanisms. Thus, in  th e s e  s tu d ie s  c o n s id e r­

a b le  a t t e n t i o n  was g iv en  to  e v a lu a tin g  th e  o i l - a l k a l i n e  w a te r i n t e r f a c i a l  

te n s io n  f o r  b o th  f re s h  sam ples and produced sam p les.

F ig u re  20 c o n ta in s  th e  p lo ts  d e p ic t in g  th e  e f f e c t  o f tem p era tu re  

on th e  i n t e r f a c i a l  te n s io n  o f  v a ry in g  c a u s t ic  soda c o n c e n tra tio n  o f NaOH- 

o i l  system . A ll  th e  c o n c e n tra tio n s  examined had s u b s ta n t ia l  i n t e r f a c i a l  

te n s io n  red u c in g  e f f e c t  on th e  o i l  s t a r t i n g  a t  room tem pera tu re  and a t ­

ta in in g  min-mum v a lu e s  c lo s e  to  steam  te m p e ra tu re . The c o n c e n tra tio n  o f 

c a u s t ic  a f f e c te d  th e  i n t e r f a c i a l  te n s io n  red u c in g  a b i l i t y  more s i g n i f i ­

c a n tly  a t  low er tem p era tu re s  than  a t  h ig h  te m p e ra tu re s . The f a c t  t h a t  

th e  c a u s t i c  s o lu t io n  in te r a c te d  w ith  th e  o i l  a t  v a ry in g  tem p era tu re s  in  

porous medium b e fo re  steam  b reak th ro u g h  would make s u b s ta n t ia l  d if f e re n c e
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NaOH

▼ conc. 0 .5  g m / l i t e r ,  pH=11.52

•  conc. 1 .0  g m / l i t e r ,  pH=11.87

# conc. 1 .5  g m / l i t e r ,  pH=12.1

■ conc. 2 .0  g m / l i t e r ,  pH=12.26

A conc. 3 .0  g m / l i t e r ,  pH=12.34
pH=12.34

pH=11.87

70 90 no 130 150 170
TEMPERATURE ("F)

190 210

FIGURE 20. The E f fe c t  o f Tem perature on th e  I n t e r f a c i a l  T ension 
o f V arying C a u s tic  Soda C o n c e n tra tio n  o f Sodium 
H ydrox ide-O il System .
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i n  I n t e r f a c i a l  te n s io n  re d u c t io n  w ith  tem p era tu re  im p o r ta n t. The m ost e f ­

f e c t iv e  c o n c e n tra t io n  (1 gm/£) in  term s o f o i l  d isp lacem en t perfo rm ance, 

gave th e  low est i n t e r f a c i a l  te n s io n  v a lu e  o f .017 dynes/cm  a t  room tem pera­

tu re  th an  a l l  th e  o th e r s . At steam  tem p era tu re  t h i s  v a lu e  dec reased  to  .003 

dynes /  cm b u t th e  low o f  .0025 dynes/cm  was ach ieved  a t  196°F. F ig u res  21 shows 

th e  g rap h s o f com parison betw een tem p era tu re  i n t e r f a c i a l  te n s io n  r e la t io n s h ip  

o f th e  o r ig in a l  o i l - c a u s t i c  system  and produced o i l - c a u s t i c  system . C le a r ly  

from t h i s  graph th e  produced f lu id s  had h ig h e r  i n t e r f a c i a l  te n s io n  v a lu e s  th an  

th e  f r e s h  f l u i d s .  T h is  was ex pected  because  a d s o rp t io n  and consum ption reduced  

th e  pH o f  th e  produced f l u i d s  in  bo th  sandpack and c o re  t e s t s .  The co re  t e s t  

pH v a lu e  was th e  low est o f th e  th re e  and gave th e  h ig h es  t  i n t e r f a c i a l  te n s io n  

v a lu e s  a t  bo th  low and h ig h  te m p e ra tu re s . I t  can  be in f e r r e d ,  th u s , t h a t  

c a u s t ic - ro c k  a d s o rp tio n  o c c u rre d  more in  th e  b e re a  c o re  th an  sandpack.

F ig u re s  20 and 22 show th e  i n t e r f a c i a l  te n s io n  tem p era tu re  r e ­

l a t io n s h ip  fo r  NaOH (1 .5  gm /& )-o il system . I t  can be  seen  th a t  even 

though th e  i n t e r f a c i a l  te n s io n  was low enough f o r  b o th  f re s h  and produced 

f l u i d s ,  th e  reco v ery  perform ance tu rn e d  ou t to  be  v e ry  d is a p p o in tin g . 

S u re ly , th e  i n t e r f a c i a l  te n s io n  was low er fo r  NaOH (1 gm /& )-o il system  

th an  f o r  NaOH (1 .5  gm /A )-o il system , b u t only  m a rg in a lly  a t  low tem pera­

t u r e s ,  and about e q u a lly  a t  h ig h  te m p e ra tu re s . The f a i l u r e  o f t h i s  h ig h

c o n c e n tra t io n  c a u s t ic  steam  f lo o d  in  s p i t e  o f  low i n t e r f a c i a l  te n s io n

27 30re d u c tio n  does su p p o rt th e  o b s e rv a tio n  by p re v io u s  in v e s t ig a to r s  ’ 

t h a t  low i n t e r f a c i a l  te n s io n  does n o t g u a ra n tee  im proved o i l  reco v e ry  i n  

a lk a l in e  w a te r  f lo o d . In  t h i s  c a s e , low IFT cou ld  n o t improve o i l  r e ­

covery in  c a u s t ic  steam  f lo o d .

Sodium silicate-oil system interfacial tension temperature re­

lationship, shown in Figure 23, does not depict substantial reduction of
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•  O r ig in a l  C a u s tic -0 1 1  System 

A Berea Core P rod . C au stic -0 1 1 System10 -

■ Sandpack P rod . C a u stic -0 1 1  System

NaOH conc. 1 g m /l i t e r
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FIGURE 21. Comparison of the Effect of Temperature on the
Interfacial Tension of the Original and Core and
Sandpack Produced Oil-Caustic Solution Systems.
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•  O r ig in a l  NaOH-Oil System

A Sandpack Produced NaOH-Oil 
System

10 -

Conc. o f NaOH 1 .5  g m /l i te r

en

pH=12.10
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FIGURE 22. Comparison of the Effect of Temperature on the
Interfacial Tension of the Original and Produced
Oil-Caustic Solution Systems.
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26

# O r ig in a l  Na2 S i0 3 - 0 i l  System

A Sandpack Produced NagSiOg- 
011 System

*  B erea Core Produced Na2 S i 0 3  ■ 
O il  System
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FIGURE 23. Comparison of the Effect of Temperature on the Inter­
facial Tension of the Original and Core and Sandpack
Produced Oil-Na^SiO^ Solution Systems.
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i n t e r f a c i a l  te n s io n  w ith  tem p era tu re  compared to  th e  p rev io u s case  d i s ­

c u ssed . The lo w est v a lu e s  fo r  IFT w ere r e a l iz e d  as u su a l a t  h igh  tem per­

a tu r e  n e a r  th e  steam  tem p e ra tu re . For th e  f r e s h  N a^SiO g-oil system  th e  

IFT a t  room tem p era tu re  was 8 .5  dynes/cm  and 2 .8  dynes/cm a t  steam  tem­

p e ra tu re .  In  s p i t e  o f j u s t  m oderate IFT r e d u c t io n , th e  recovery  p e r f o r ­

mances o f  Na^SiOg-steam f lo o d  were im p re ss iv e  f o r  bo th  sandpack and co re  

t e s t s .  P a r t i c u la r ly  im p ress iv e  was th e  sandpack  t e s t  which reco v ered  v i r ­

t u a l ly  a l l  r e s id u a l  o i l  a f t e r  w a te r f lo o d . In  t h i s  s i t u a t i o n ,  th e r e f o r e ,  

s u b s ta n t i a l  r e d u c tio n  in  IFT was n o t r e q u ire d  f o r  h igh  o i l  reco v ery  p e r ­

form ance. I n t e r f a c i a l  te n s io n  w as, how ever, reduced  by about 10 fo ld  

from o rd in a ry  w a te r o i l - o i l  system  shown in  F ig u re  26.

The r e s u l t s  o f h ig h  o i l  rec o v e ry  a b i l i t y  o f AngSiO^-steam f lo o d ,

in  s p i t e  o f  m oderate re d u c tio n  in  i n t e r f a c i a l  te n s io n , ag rees  w ith  th e

27 28c o n te n tio n  o f some in v e s t ig a to r s  ’ t h a t  s u b s ta n t i a l l y  improved o i l  r e ­

covery  in  a lk a l in e  w a te r f lo o d  could  be ach iev ed  a t  j u s t  m oderate i n t e r ­

f a c i a l  te n s io n .

The produced f lu id s  IFT, as e x p e c te d , was h ig h e r  th an  t h a t  o f  

th e  f r e s h  f lu i d s .  The co re  produced o i l - w a te r  system  pH was low er than  

th a t  o f th e  sandpack , in d ic a t in g  a g r e a t e r  a lk a l in e  a d so rp tio n  in  th e  

co re  th an  i n  th e  sandpack . A cco rd in g ly , th e  sandpack produced f lu id s  

gave low er IFT th a n  th a t  o f th e  c o re .

F ig u re  24 shows p lo ts  o f th e  i n t e r f a c i a l  te n s io n  tem p era tu re  r e l a ­

t io n s h ip  f o r  NSgCOg-oil system  fo r  o r ig i n a l  f lu id s  and produced f l u i d s .

The i n t e r f a c i a l  te n s io n  re d u c tio n  o f sodium  c a rb o n a te  s o lu t io n  was very  

m odera te . I t  can be observed  th a t  t h i s  r e d u c t io n  was only  by two f o ld  o f  

th e  o rd in a ry  w a te r - o i l  system  and t h a t  th e r e  was v i r t u a l l y  no d e c re a se  in
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26

Na_CO_ conc # O rig in a l  NagCO^-Oil System 

■ Sandpack Produced Na„CO,-Oil= 1 g m /l i t e r System24
A Berea Core Produced Na,cp~-Cil System

22

20 pH = 9 .55

V

pH = 10 .8
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TEMPERATURE («F)

FIGURE 24. Comparison of the Effect of Temperature on the In­
terfacial Tension of the Original and Core and
Sandpack Produced Oil-NSgCOg Solution Systems.
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•  O r ig in a l  KOH-Oil System

4  Sandpack Produced KOH-Oil 
System

10 -

KOH conc. 1 g m /l i t e r
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FIGURE 25. Comparison o f  th e  E f fe c t  o f Tem perature on th e
I n t e r f a c i a l  T ension  o f  th e  O r ig in a l  and Produced 
Oil-KOH System s.
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IFT w ith  tem pera tu re  in c r e a s e .  A c tu a lly , f o r  b o th  sandpack and c o re  t e s t s  

produced f l u i d s ,  th e  IFT in c re a se d  s l i g h t ly  w ith  tem p era tu re  f o r  sandpack 

t e s t  and s u b s ta n t ia l ly  w ith  tem p era tu re  fo r  c o re  t e s t .

The i n t e r f a c i a l  te n s io n  r e s u l t s  in  th e s e  t e s t s  could  have p re d ic te d

th e  poor re c o v e r ie s  bu t a s  no ted  e a r l i e r ,  IFT canno t be th e  on ly  f a c to r .

I t  does seem, however, from th e s e  t e s t s  th a t  a  minimum IFT i s  r e q u i r e !  fo r

s u c c e s s fu l  improved o i l  re c o v e ry  by a lk a l in e  steam  f lo o d . T his i s  a ls o  an

27 28 30im pression  shared  by o th e r  in v e s t ig a to r s  * '  f o r  th e  ca se  o f a lk a l in e

w ate r f lo o d .

F ig u re  25 shows th e  g raphs o f IFT tem p era tu re  r e l a t io n s h ip  fo r  

f r e s h  and produced KOH (1 g m /£ )-o il  system . The IFT was reduced  sev ­

e r a l  fo ld  j u s t  as was th e  ca se  fo r  c a u s t ic  o i l  sy stem s. As re p o r te d  

e a r l i e r ,  th e  o i l  recovery  a b i l i t y  was s im i la r  to  NaOH (1 gm/Ji,) steam  f lo o d .

F ig u re  26 shows th e  g raphs o f IF T -tem p era tu re  r e l a t io n s h ip  fo r  

d i s t i l l e d  w a te r -o i l  system  and b r in e - o i l  system . Here i t  shows c le a r ly  

t h a t  tem p era tu re  does red u ce  i n t e r f a c i a l  te n s io n  to  a s  low as  3 .6  dynes/cm  

f o r  b r in e - o i l  system  and 5 ,7 5  dynes/cm  fo r  d i s t i l l e d  w a te r - o i l  system  a t  

steam  te m p e ra tu re . At m oderate  ho t w ater tem p e ra tu re  (170°F) th e  re d u c tio n  

i s  o n ly  th r e e  f o ld .  The a b i l i t y  o f steam  to  red u ce  th e  I n t e r f a c i a l  te n s io n  

a t  o i l - w a te r  in te r f a c e  i s  o f c o u rse  one o f  th e  mechanisms by w hich steam  

enhances o i l  reco v e ry  in  th e  c o n ta c te d  r e s e r v o i r  re g io n .

I t  should be r e a l iz e d  t h a t  th e  measurement o f  produced o i l - a l k a l i n e  

s o lu t io n  i n t e r f a c i a l  te n s io n  a t  in c re a s in g  tem p e ra tu re  e n ta i le d  re p e a te d  

h e a tin g  o f  f lu id s  p re v io u s ly  hea ted  in  th e  porous m edia. The e f f e c t  o f 

t h i s  secondary  h e a tin g  was e v a lu a te d  by r e p e a tin g  th e  measurement o f i n t e r ­

f a c i a l  te n s io n  o f sam ples th a t  were o r ig in a l ly  f r e s h  b u t became hea ted  up
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26

•  D i s t i l l e d  W ater-O il System

■ B rine  (0.4% by w t) -O il  
System
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FIGURE 26. Comparison of the Effect of Temperature on the Inter­
facial Tension of Oil-Distilled Water and Oil-Brine
Systems.
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to  212°F d u rin g  i n i t i a l  i n t e r f a c i a l  te n s io n  d e te rm in a tio n . The p ro c e ss  

o f  i n t e r f a c i a l  te n s io n  d e te rm in a tio n  was re p e a te d  a f t e r  co o lin g  th e s e  sam­

p le s .  The r e s u l t  o f  th e s e  m easurem ents showed t h a t  th e  i n t e r f a c i a l  te n ­

s io n  o f  NaOH and KOH-oil system  d id  n o t in c re a s e  s ig n i f i c a n t l y  w ith  r e ­

p e a ted  h e a t in g . The NagSiOg and Na^CO^-oil system  d id  n o t g iv e  a d e f i n i t e  

t re n d  o f in c re a s e  o r  d e c re a s e . In  any c a se , th e  change in  i n t e r f a c i a l  

te n s io n  w ith  re p e a te d  h e a tin g  was alw ays i n s i g n i f i c a n t .

Because th e  sp in n in g  drop in te r fa c io m e te r  cou ld  only  m easure 

th e  i n t e r f a c i a l  te n s io n  a t  a tm ospheric  p re s s u r e ,  th e  e f f e c t  o f  p re s s u re  on 

o i l - a l k a l i n e  i n t e r f a c i a l  te n s io n  could  n o t be e v a lu a te d . Hassan e t  a l .^ ^  

i n v e s t ig a t in g  th e  e f f e c t  o f  p re s s u re  and tem p era tu re  on o i l - w a te r  i n t e r f a c i a l  

t e n s io n s ,  found th a t  th e re  was a s l i g h t  d e c re a se  o f  i n t e r f a c i a l  te n s io n  

w ith  p re s s u re  a t  c o n s ta n t tem p e ra tu re . They a ls o  observed  t h a t  th e  e f ­

f e c t  o f  p re s s u re  became l e s s  a s  th e  p re s s u re  in c re a s e d  w ith  some in d ic a ­

t io n  o f  a  r e v e r s a l  o f  th e  e f f e c t  a t  h ig h e r  p r e s s u r e s .

Com parison o f T h e o re t ic a l  and E xperim en ta l Tem perature 

D is t r ib u t io n  Ahead o f  Advancing Steam Zone 

F ig u re s  27 to  32 show th e  p lo ts  o f  tem p e ra tu re  v e rsu s  d is ta n c e  

f o r  v a r io u s  tim e p e rio d s  f o r  th e  s ix  sandpack t e s t s  in  o rd e r . The p o in ts  a l ­

t e r n a te  s t a r t i n g  from th e  bo ttom  fo rm ation  tem p era tu re  to  top fo rm a tio n  tem­

p e ra tu re  v a lu e s . The f ig u r e  f o r  each t e s t  shows some h ig h  p o in ts  on th e  p lo ts  

d u rin g  th e  e a r ly  hours o f  th e  v a rio u s  types o f  steam  f lo o d s . These p o in ts  

connected  to  form th e  upper p lo t s  a re  e s s e n t i a l ly  fo r  th e  top h a l f  o f  th e  forma­

t io n  te m p e ra tu re s . T h is f e a tu r e  c le a r ly  shows t h a t  th e r e  was a m easure o f 

g r a v i ty  steam  o v e rr id e  even f o r  sm a ll s c a le  model r e s e r v o i r s . W ith t im e , how­

e v e r , t h i s  phenomenon became i n s i g n i f i c a n t ,  p a r t i c u l a r l y  n e a r steam  b reak th ro u g h .
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The phenomenon of g ra v i ty  o v e rr id e  i s ,  however, much more p ro ­

nounced in  a c tu a l  r e s e r v o i r s .  Owing to  s c a le  o f m agnitude in  a c tu a l  r e s ­

e r v o i r s ,  th e  d u ra tio n  o f steam  in je c t io n  does n o t e lim in a te  steam  o v e rr id e  

where i t  e x i s t s .  I t  i s ,  th e r e f o r e ,  to  improve steam  d r iv e  o i l  recovery  

in  s p i t e  o f th i s  problem  t h a t  th e se  a l k a l i  d isc u sse d  were in v e s t ig a te d  

fo r  t h e i r  s u i t a b i l i t y  in  im proving o i l  reco v ery  in  th e  low er fo rm ation  

t h a t  i s  o f te n  swept by h o t  to  warm w a te r .

F ig u re  33 shows th e  g ra p h ic a l  d is p la y  o f D u r ie 's^ ^  t h e o r e t i c a l

s o lu t io n  o f  Eq. 79 in  term s o f d im ension less v a r ia b le s .  In  F ig u re  33,

52he compared h is  s o lu t io n  w ith  L a u w e rie r 's  s o lu t io n  which h is  s o lu t io n  

reduces to  when A = 0 , i . e . ,  no steam  zone. As can be seen  from th i s  

f ig u r e ,  th e  match i s  e x c e l le n t  n e a r  A = 0 .

The s o lu t io n s  above, however, a re  f o r  id e a l  system s in  which the  

co n d en sa tio n  f ro n t  rem ains v e r t i c a l  w ith in  th e  sand la y e r ,  i . e . ,  no g rav ­

i t y  o v e r r id e .  F ig u res  27 to  32 show th e  te m p e ra tu re -d is ta n c e  p r o f i l e  

in  a c tu a l  system s where g r a v i ty  o v e rr id e  o ccu rred  to  some d eg re e . When 

F ig u res  27 to  32 a re  compared to  F ig u res  33 and 34, th e  g e n e ra l t re n d  o f 

th e  p lo ts  i s  th e  on ly  common c h a r a c t e r i s t i c  betw een th e  id e a l  s o lu t io n s  

and ex p e rim en ta l r e s u l t s .  T h is  f e a tu r e ,  o f  c o u rse , conforms q u i te  w e ll  

w ith  th e  b a s ic  r e l a t io n s h ip  betw een th e o r e t i c a l  and ex p erim en ta l r e s u l t s .
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CHAPTER VII

CONCLUSIONS

1. A lk a lin e  s o lu t io n s  o f  sodium h y d ro x id e  and sodium s i l i c a t e  can 

be employed e f f e c t iv e ly  as  chem ical a d d i t iv e s  i n  t e r t i a r y  steam  f lo o d in g  

to  im prove o i l  reco v e ry .

2 . A lk a lin e  steam  f lo o d in g  can re c o v e r  betw een 9 and 14 p e rc e n t 

more o f i n i t i a l  o i l  in  p la c e  th an  c o n v e n tio n a l steam  f lo o d in g .

3. When th e  r e s id u a l  o i l  s a tu r a t io n  a f t e r  w ater f lo o d in g  i s  low, 

abou t 0 .2 6 , a lk a l in e  steam  f lo o d in g  can s t i l l  more e f f e c t iv e ly  rec o v e r 

most o f th e  rem ain ing  o i l  in  p la c e  th an  c o n v e n tio n a l steam  f lo o d in g .

4 . Based on th e  o b s e rv a tio n s  b o th  v i s u a l  and o th e rw ise  and a n a ly s is  

o f produced  f l u i d s ,  th e  in c re m e n ta l o i l  re c o v e ry  o f a lk a l in e  steam  flo o d ­

ing  cou ld  be a t t r ib u t e d  to :  in  s i t u  é m u ls i f ic a t io n  and en tra p m e n t, low 

te n s io n  d isp lacem en t which improved th e  d isp lacem en t e f f ic ie n c y  and 

low er fo rm a tio n  s o lv e n t d r iv e  which in  tu rn  improved th e  sweep e f f ic ie n c y .

5 . The o p tim al tem p era tu re  range  f o r  a lk a l in e  steam  f lo o d in g  seems 

to  l i e  betw een 250*F and 300®P above which ra p id  consum ption and d e t e r i ­

o r a t io n  o f  th e  a lk a l i  b e g in .

6 . The p resen ce  o f l a r g e  CO  ̂ an io n s  can  be d e tr im e n ta l  to  a lk a l in e  

steam  f lo o d in g  as can be in f e r r e d  from th e  f a i l u r e  o f NagCO^-steam f lo o d . 

D is s o lu t io n  o f s i l i c a  by NaOH w i l l  n o t  harm c a u s t ic  steam  flo o d  because
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NagSiOg-steam flo o d  was a lm ost as s u c c e s s fu l  in  enhancing o i l  reco v ery  

as NaOH-steam f lo o d .

7. A tta inm en t o f ve ry  low i n t e r f a c i a l  te n s io n  in  a lk a l in e -w a te r  

system  does n o t g u a ra n tee  improved o i l  recovery  in  a lk a l in e  s te a m flo o d , 

b u t a minimum i n t e r f a c i a l  te n s io n  i s  re q u ire d  fo r  s u c c e s s fu l  a lk a l in e  

steam  f lo o d .

8 . The c o n c e n tra tio n  o f  c a u s t ic  soda o r  p o ta sh  in  a lk a l in e  steam  

o r  h o t w a te r  i s  more c r i t i c a l  to  ach iev in g  fa v o ra b le  a l k a l in e - o i l  system  

th an  th e  degree  which th e  s y s te m 's  i n t e r f a c i a l  te n s io n  can be low ered .

9 . Sodium s i l i c a t e  i s  o n ly  s l i g h t l y  s o lu b le  in  w ater and hence th e  

sodium s i l i c a t e  s o lu t i o n - o i l  system  i s  i n s e n s i t iv e  to  sodium s i l i c a t e  

c o n c e n tra t io n .

10. A lthough sodium c a rb o n a te  i s  f a i r l y  s o lu b le  in  w a te r, i t s  in ­

c re a s in g  s o l u b i l i t y  does n o t s ig n i f i c a n t ly  in c re a s e  th e  s o lu t io n  pH and 

h en ce , th e  c o n c e n tra tio n  o f  sodium  ca rb o n a te  shou ld  n o t be a  f a c to r  in  

th e  o i l  recovery  p o te n t ia l  o f  sodium c a rb o n a te  steam  f lo o d .
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NOMENCLATURE

_ 3
(HA ) = I n i t i a l  c o n c e n tra tio n  o f HA , mol mo o o

- 3
C^ = I n i t i a l  c o n c e n tra tio n  o f NaOH, mol m

-3
Cg = I n i t i a l  c o n c e n tra t io n  o f  NaCl, mol m

Kg = D is s o c ia tio n  c o n s ta n t

Kjjg = D is t r ib u t io n  r a t i o  o f NaA, d im en sio n le ss
_3

K^g = E q u ilib riu m  c o n s ta n t ,  mol m

2 -6= D is s o c ia tio n  c o n s ta n t o f  HgO, mol m 

= D is s o c ia tio n  c o n s ta n t o f  HA, mol m ^

Kjj = D is t r ib u t io n  r a t i o  o f HA, d im en sio n less

K = S p e c if ic  r a t e  c o n s ta n t

m, n ,  o = In d iv id u a l  o rd e r  o f r e a c t io n

r  = Rate o f r e a c t io n

f ( x ) ,  g (x ) = C g(l = c ) , where i s  th e  feed  c o n c e n tra tio n  o f  r e a c ta n t

X = a x ia l  column le n g th , m

X = x/L, reduced column length or dimensionless

a -  Pore-volum e de lay  of c a u s t ic  due to  a d s o rp tio n

S - = S a tu ra t io n  o f  w a te rw

S = Conate w a te r  s a tu r a t io nwc

S = S a tu ra t io n  o f  o i lo

S = R e s id u a l o i l  s a tu r a t io no r

Spg = S a tu ra t io n  o f  w a te r a t  w a te rf lo o d  b reak th ro u g h
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Sp^ = W ater s a tu r a t io n  o f o i l  bank

Sp2  = W ater s a tu r a t i o n  a t  a lk a l in e  b reak th rough

Sjj = E v en tu a l c o n s ta n t w ater s a tu r a t io n  a t  th e  r e a r  o f  th e

s u r f a c ta n t

S^^(A ) = R e s id u a l o i l  s a tu r a t io n  a t  th e  s u r f a c ta n t  c o n c e n tra tio n

[A“ ]
s — s

, e f f e c t iv e  s a tu r a t io n

M = M in era l exchange s i t e

M = m o b ll l t ly  r a t i o

y = V is c o s i ty ,  c e n tlp o ls e

(j) = P o r o s i ty ,  p e rc e n t

Tg = Ion-exchange pore-volum e d e lay  o f a lk a l in e  In  a  w a te r-

s a tu r a te d  co re  

t  = Time, seconds

u = S u p e r f ic ia l  v e lo c i ty ,  m/s

V = V e lo c ity , x / t ,  d im ension less

T = ut/(JiL, PV

Vg = W ate rflo o d -b reak th ro u g h  v e lo c i ty ,  d im en sio n le ss

v^ = A lk a l ln e -p u ls e - f ro n t  v e lo c i ty ,  d im en sio n less

Vg = D lf fe re n t la l -c o m p o s lt lo n  v e lo c i ty ,  d im en sio n less

v^^ = In te g ra l-c o m p o s lt lo n  v e lo c i ty ,  d im en sio n less

Vg = A lk a lin e  p u lse  r e a r  v e lo c i ty

v^ = v e lo c i ty  o f  t e r t i a r y  o i l  bank , d im ension less

e ^ , = A c t iv a t io n  energy , ca l/m o le

A* - Constant of reaction for particular reaction
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p = S te r ic  f a c t o r ,  c h a r a c te r i s t i c  o f  th e  shapes and o r ie n ­

t a t io n s  o f  r e a c t in g  m olecules 

-1 -1R = Gas c o n s ta n t ,  J  mol K

Tĵ  = Tem perature “K

Z, Z' In d iv id u a l  r e a c t io n  c o n s ta n t
_2

n^ = Maximum adsorbed  moles o f i  p e r  u n i t  a r e a ,  mol m
_2

n^ = Adsorbed m oles o f i  p e r u n i t  a r e a ,  mol m
_3

( i ) g  = Sublayer c o n c e n tra tio n s  o f i ,  mol m
-1

k = Boltzmann c o n s ta n t ,  J  K

= A dso rp tion  r a t e
-1

Kg = D eso rp tion  r a t e  c o n s ta n t, s

N = A vogadro 's number, mol ^
3

= O le ic  phase volume, m
3

S' = Aqueous phase volume, m
w

W = Energy b a r r i e r  fo r  d e s o rp t io n , J  mol

Z^ = Valency o f  i

ijj(x) = P o te n t ia l  o f  x , V

e = E le c tro n ic  c h a rg e , C

= R e la tiv e  p e r m i t t iv i ty ,  d im en sio n less

2 -1  -2= P e r m i t t iv i ty  o f vacuum, C N m 

M = F ra c tio n  o f d isp la c e d  o r  d is p la c in g  f lu id  p e r u n i t  po re

volume, i . e . ,  S^,

m H = -  T ^ ) , h e a t  c o n te n t

= Component concentration 

M y  = Fractional flow phase saturation

X' = differential coherence condition eigenvalue
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B = P a r t i a l  d e r iv a t iv e  (3M'/3C )
i j  i  3 Ck

A = I n te g r a l  coherence c o n d itio n  e ig e n v a lu e

= T o ta l volume f lu x ,  cm/sec

Tg = F in a l  r e s e r v o i r  tem p e ra tu re , ®F

= I n i t i a l  r e s e r v o i r  tem p e ra tu re , ®F

= D e n s ity , g ram /cc , o f phase i

6  = C on tac t a n g lec

0 ^ = S u rface  te n s io n  o f phase i

Y = I n t e r f a c i a l  te n s io n

= C a p il la ry  p r e s s u r e ,  p s ia

U) A ngular v e lo c i ty ,  ra d /s e c

y^ = C y l in d r ic a l  r a d iu s ,  cm

A = D im ension less c o n s ta n t r e la te d  to  th e  cond en sa tio n  f ro n t

a = A rea o f c o n d en sa tio n  f ro n t

b = O ne-ha lf th e  h e ig h t of th e  steam  zone

c = Heat c a p a c ity

C = R ate o f  advance o f condensa tion  f r o n t

T = D im ension less tem p era tu re

y = V e r t ic a l  p o s i t io n

n = D im ension less v e r t i c a l  p o s it io n

6  = R a tio  o f h e a t  c a p a c i t ie s

\  = Thermal c o n d u c tiv ity

Ç = D im ension less h o r iz o n ta l  p o s i t io n

IFT = I n t e r f a c i a l  te n s io n , dynes/cm
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S u b s c r ip ts

i  = In j ec ted

0 = O il ,  c o n d en sa tio n  f ro n t

1 = O il sand

2 = Cap rock  (base  rock )

w = Water

c = A lk a lin e

C = C om position

Superscripts

= Reduced o r d im en sio n le ss



APPENDIX A 

PROPERTIES OF OIL AND POROUS MEDIA
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TABLE Al 

CRUDE OIL PHYSICAL PROPERTIES 

(A c id ic  No. 1 .1 )

Tem perature G ra v ity  V is c o s ity  D ensity  
°F “API cp gm/cc

60 18 .1  .946

65

70

76 19 .0  .942

80 285

85

90

95

102 22 .0  .923

110

125 180

128 23 .5  .913

140

150 125

167 100

173 27 .0  .893

180 83

185

189 27 .5  85 .890

195

198 28.5 70 .884



TABLE A2

MINERAL CONTENT BY PERCENT WEIGHT OF VARIOUS TYPES 

OF POROUS MEDIA USED FOR DISPLACEMENT TEST
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Berea
Sandstone

H a l lib u r to n  
20-40 F rac  

Sand 
(28-35 mesh)

G lass Beads 
(38 mesh)

Q uartz

F e ld sp a r

C arbonate

C lays

F e, Mg, A1 
& T i M inera ls

85

5

1

7

98 .3

1

0 .5

0 . 2

98 .8

1.0

0 . 2



APPENDIX B 

SUMMARY OF DISPLACEMENT TESTS RESULTS
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V ol. o f O il 
P ro d , (c c )

Cum. V ol. o f  O il 
P ro d , (c c )
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TABLE E l: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 1)

I n i t i a l  O il S a tu ra t io n  = .8095

Connate W ater S a tu ra t io n  = .1905

Pore Volume = 1160 cc

I n i t i a l  O il in  P lace  = 939 cc
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TABLE B2: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 2)

I n i t i a l  O il S a tu ra t io n  = .8508

Connate W ater S a tu ra t io n  = .149

Pore Volume = 1160 cc

I n i t i a l  O il in  P la ce  = 987 cc
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TABLE B3: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 3)

I n i t i a l  O il S a tu ra t io n  = 0.7259

Connate W ater S a tu ra t io n  = 0 .274

Pore Volume = 1160 cc

I n i t i a l  O il in  P lace  = 842 cc
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TABLE B4: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 4)

I n i t i a l  O il S a tu ra t io n  = 0.8405

Connate W ater S a tu ra t io n  = 0.1595

Pore Volume = 1160 cc

I n i t i a l  O il in  P lace  = 975 cc
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TABLE B5: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 5)

I n i t i a l  O il S a tu ra t io n  = 0.831

Connate W ater S a tu ra t io n  = 0.169

Pore Volume = 1160 cc

I n i t i a l  O il in  P lace  = 964 cc
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TABLE B6: SUMMARY OF DISPLACEMENT TEST: SAND PACK (TEST NO. 6)

I n i t i a l  O il S a tu ra t io n  = 0.8397

Connate W ater S a tu ra t io n  = 0.1603

Pore Volume = 1160 cc

I n i t i a l  O il in  P lace  = 974 cc
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TABLE B7: SUMMARY OF DISPLACEMENT TEST: BEREA CORE (TEST NO. 1)

I n i t i a l  O il S a tu ra t io n  = 0 .70

Connate W ater S a tu ra t io n  = 0 .30

Pore Volume = 251.62 cc

I n i t i a l  O il in  P lace  = 176.12 cc
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TABLE B8: SUMMARY OF DISPLACEMENT TEST: BEREA CORE (TEST NO. 2)

I n i t i a l  O il S a tu ra t io n  = 0.715

C onnate W ater S a tu ra t io n  = 0 .30

Pore Volume = 251.62 cc

I n i t i a l  O il in  P lace  = 180.0  cc
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TABLE B9: SUMMARY OF DISPLACEMENT TEST: BEREA CORE (TEST NO. 3)

I n i t i a l  O il S a tu ra t io n  = 0.731

Connate W ater S a tu ra t io n  = 0 .269

Pore Volume = 251.62 cc

I n i t i a l  O il in  P lace  = 184 cc
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Sample No.

V ol. o f O il 
P rod , (c c )

Cum. V ol. o f O il 
P rod , (c c )

V ol. o f W ater 
P rod , (c c )

Cum. V ol. of 
Water P rod , (c c )

Z Pore V ol. of 
O il P rod , (cum)

Pore V ol. o f W ater 
P rod , (cum)

O il Recovery 
%IOIP

In je c te d  Pore 
V ol. Water

Cum. I n j .  Pore 
V ol. o f  Water

Producing WOR

I n je c t io n  R ate 
( c c /s e c )

D i f f e r e n t ia l  
P re ssu re  ( p s ia )

O il S a tu ra t io n  
(F ra c tio n  o f  PV)

Water S a tu ra t io n
(F ra c t io n  o f PV)
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Sample No.

V ol. o f O il 
P rod , (c c )

Cum. V ol. o f O il 
P rod , (c c )

V ol. o f Water 
P rod , (c c )

Cum. V ol. o f 
W ater P rod , (c c )

% Pore V ol. of 
O il P rod , (cum)

Pore V ol. o f Water 
P rod , (cum)

In je c te d  Pore 
V ol. Water

Producing  SOR

I n je c t io n  Rate 
( c c /s e c )

D if f e r e n t ia l  
P re ssu re  (p s ia )

O il S a tu ra tio n  
(F ra c t io n  o f PV)

W ater S a tu ra tio n
(F ra c t io n  o f PV)
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TABLE BIO: SUMMARY OF DISPLACEMENT TEST: BEREA CORE (TEST NO. 4)

I n i t i a l  O il S a tu ra t io n  = 0 .628

Connate W ater S a tu ra t io n  -  0 .372

„ Pore Volume = 251.62 cc

I n i t i a l  O il in  P lace  = 158 cc



APPENDIX C

TEMPERATURE DISTRIBUTION IN THE SANDPACK DURING THE 

DURATION OF THE STEAM AND ALKALINE STEAM FLOODS



TABLE Cl: TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #1
(Steam Displacement in Sand Pack)

Thermocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15
Distance
inches

Time
hours

2 3 5.5 7 9 11 13.5 15 18 18.5 21 22 24 Axil Outlet Inlet

0 105 90 90 90 80 80 80 80 80 80 80 80 80 85 80 355
0.5 210 170 155 110 120 95 95 110 105 105 100 100 85 100 80 355
1.0 212 195 185 180 135 143 118 122 110 110 110 100 85 125 83 355
1.5 193 190 190 184 180 170 170 175 180 180 160 155 125 140 95 355
2.0 218 195 190 190 185 175 170 185 180 180 162 155 125 170 95 355
2.5 270 240 240 240 230 215 215 220 220 220 190 185 155 190 110 355

3.0 275 275 275 265 260 250 250 240 245 243 225 215 180 245 140 355
3.5 285 280 290 280 280 278 275 265 265 265 235 230 225 255 190 365
4.0 300 315 320 310 310 290 295 295 290 290 280 275 260 270 205 365
4.5 325 320 320 315 320 325 320 320 320 300 300 300 290 285 205 365

Ln



TABLE C2; TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #2
(NaOH-Steam Displacement in Sand Pack)

Therm ocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15

D is ta n c e
in ch e s

Time
h o u rs

2 3 5 .5 7 9 11 13.5 15 18 18.5 21 22 24 A x il O u tle t I n l e t

0 100 85 100 80 80 80 80 80 80 90 : 90 90 80 80 80

0 .2 5 180 130 180 100 100 90 100 90 90 90 90 90 80 100 80

0 .5 215 180 180 130 120 100 120 100 100 100 95 90 85 100 85

1 .5 270 240 210 160 140 115 140 100 100 100 95 90 90 100 85

2 .0 285 260 260 185 170 130 170 110 100 100 100 95 90 103 87

2 .5 295 280 275 210 195 150 195 120 100 100 100 98 90 105 88

3 .0 290 280 295 270 295 290 295 265 135 190 150 110 95 110 88

3 .5 305 260 320 280 300 260 300 210 185 190 180 130 105 120 100

4 .0 315 265 325 295 310 265 310 213 205 200 150 148 115 130 1105

4 .5 310 315 330 310 330 310 330 255 220 210 Î70 165 130 145 120
»

5 .0 320 320 320 310 320 320 320 320 290 290 290 275 270 160 145

5 .5 315 308 315 310 320 315 320 290 310 300 300 280 270 180 160

6 .0 300 295 300 300 305 300 305 300 300 300 300 285 285 245 205

6 .5 285 280 280 280 280 280 280 280 280 280 280 285 280 245 205

U l
U l



TABLE C3: TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #3
[NaOH (1.5 gm/1)-Steam Displacement in the Sand Pack)

Therm ocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15

D is ta n c e
in c h e s

Time
h o u rs

2 3 5.5 7 9 11 13.5 15 18 18.5 21 22 24 A x il O u tle t I n l e t

0 112 80 100 82 85 82 82 82 82 82 82 82 80 95 ■ 80 345

0 .5 140 90 115 85 82 80 82 82 82 82 82 82 80 95 80 345

1 .0 239 195 200 123 160 125 105 90 90 85 85 82 80 105 82 345

1 .5 283 265 245 200 200 160 150 125 115 115 iio 95 88 105 95 345

2 .0 315 310 310 265 260 200 175 175 145 140 125 120 165 180 98 345

2 .5 330 315 310 292 290 260 245 230 200 200 190 160 160 195 120 380

3 .0 332 318 305 295 290 265 260 240 220 215 190 180 165 198 132 380

3 .5 350 348 325 300 300 270 260 260 240 240 225 200 190 205 140 425

4 .0 355 355 355 352 358 315 308 308 280 277 263 250 240 255 145 425

4 .5 410 410 427 407 408 372 360 358 343 340 350 300 240 350 192 440

5 .0 420 420 420 420 420 420 418 420 410 410 400 350 280 365 200 440

5 .5 400 400 400 400 400 400 400 400 400 400 410 382 340 385 205 440

Ulo>



TABLE C4: TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #4
(NagCOg-SCeam Displacement in the Sand Pack)

Therm ocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15

D is ta n c e
in c h e s

Time
h o u rs

2 3 5 .5 7 9 11 13.5 15 18 18.5 21 22 24 A xil O u tle t  I n l e t

0 100 85 100 80 80 80 80 80 80 80 80 80 80 100 80

0 .5 210 190 210 170 180 155 140 130 130 130 125 125 102 120 95

1 .5 220 220 215 200 185 160 150 150 150 150 140 140 120 135 120

2 .0 270 250 225 210 190 170 170 170 160 160 150 150 125 140 123

2 .5 275 255 243 230 215 190 180 180 180 180 170 155 130 145 127

3 .0 280 270 270 255 240 220 210 215 200 200 200 200 230 150 130

3 .5 305 290 300 300 297 270 265 265 250 250 235 235 220 195 170

4 .0 305 290 300 295 300 292 290 280 275 275 260 255 255 225 203

4 .5 285 280 285 280 285 285 285 285 280 280 275 270 230 240 205

Ln



TABLE C5: TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #5
(NazSiOg-Steam Displacement in the Sand Pack)

Therm ocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15

D is ta n c e
in c h e s

Time
h o u rs

2 3 5 .5 7 9 11 13.5 15 18 18.5 21 22 24 A x il O u tle t  I n l e t

0 110 110 110 100 100 100 100 100 100 100 90 90 80 100 80

0 .5 200 198 160 137 120 115 102 102 100 100 100 95 90 100 90

1 .0 255 253 210 182 158 130 120 116 105 105 ioo 100 92 105 92

1 .5 282 282 250 222 200 165 150 140 120 120
\ • 

110 108 100 110 95

2 .0 295 290 272 250 235 200 188 170 150 150 125 120 108 120 100

2 .5 310 300 280 260 250 225 215 200 180 180 iso 140 120 135 115

3 .0 310 305 295 275 265 242 233 218 200 200 165 160 140 150 130

3 .5 310 310 310 300 290 270 260 250 235 235 200 195 160 180 160

4 .0 305 302 305 298 300 290 288 275 270 268 230 227 198 210 190

4 .5 300 298 300 290 292 290 287 280 280 280 260 250 218 228 205

5 .0 295 290 295 285 290 290 287 280 285 285 275 270 250 260 205

MLn
00



TABLE C6: TEMPERATURE DISTRIBUTION WITH DISTANCE FOR TEST #6
[KOH (1 gm/l)-Steam Displacement in the Sand Pack]

Therm ocouple # 2 6 7 9 8 3 11 10 12 14 13 4 0 1 5 15

D is ta n c e
In ch es 2 3 5 .5 7 9 11 13.5 15 18 18.5 21 22 24 A x il O u tle t I n l e t

Time
h o u rs

0 80 80 80 80 80 80 80 80 80 80 80 80 80 80 80 310

0 .5 80 112 98 80 85 98 80 80 80 80 80 80 80 88 80 310

1 .0 232 188 150 105 95 100 80 80 80 80 180 80 80 90 80 310

1 .5 250 210 165 128 112 92 82 85 80 87 80 80 80 90 80 310

2 .0 315 263 212 165 140 110 100 95 87 87 80 80 80 92 80 345

2 .5 300 283 295 200 190 135 118 115 100 100 95 85 82 120 80 345

3 .0 308 300 310 290 310 285 238 188 145 135 115 103 90 104 87 345

3 .5 301 308 295 295 300 300 290 262 218 218 200 175 147 155 132 345

4 .0 300 309 270 268 270 285 270 270 270 270 265 265 255 260 240 345

4 .5 275 280 288 270 280 270 270 270 270 270 265 262 225 250 200 345

4 .8 8 300 295 300 278 300 290 270 260 265 265 265 255 238 250 207 345

U l
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