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ABSTRACT

T h is  s tu d y  in t e n d s  t o  i n v e s t i g a t e  th e  r e c o v e r y  

m echan ism s in v o lv e d  i n  th e  u s e  o f  t h e  m o d if ie d  a l k a l i n e -  

n i t r o g e n  i n j e c t i o n  a s  one m eans t o  im prove th e  o i l  

r e c o v e r y  f o r  a  w a te r f lo o d e d  o i l  r e s e r v o i r .

I n  th e  s p e c i a l l y  d e s ig n e d  e x p e r im e n t s ,  c o n s o l i d a t e d  

B e re a  S a n d s to n e  c o r e s  w ere s a t u r a t e d  w ith  b r i n e  an d  f lo o d e d  

w i th  a  l i g h t  o i l  a n d  th e  w a te r f lo o d s  w ere  c o n d u c te d  u n t i l  

th e  w a te r f lo o d  r e s i d u a l  o i l  s a t u r a t i o n s  w ere  s t a b i l i z e d .  

D i f f e r e n t  im p ro v e d  o i l  r e c o v e r y  p r o c e s s e s  i n c lu d in g  

a l k a l i n e  i n j e c t i o n ,  a c i d i c  o i l  s l u g  i n j e c t i o n ,  a n d  i n t e r ­

m i t t e n t  n i t r o g e n  i n j e c t i o n  th e n  f o l lo w e d .

To i n t e r p r e t  t h e  m ech an ism s e n c o u n te r e d  i n  r e c o v e r in g  

th e  r e s i d u a l  o i l s ,  d i f f e r e n t  c o m b in a t io n s  o f  t h e  p r o c e s s e s  

m e n tio n e d  ab o v e  w ere  a p p l i e d  o n  e a c h  new c o r e .  The 

r e c o v e r y  m ech an ism s w ere  th e n  e x am in ed  w i th  t h e  c o n t e x t  o f  

th e  e f f e c t  o f  t h e  p o re  s i z e  d i s t r i b u t i o n s ,  a s  i n d i c a t e d  

b y  r e l a t i n g  t h e  i n j e c t i o n  p r e s s u r e  g r a d i e n t  a n d  th e  c a p i l l a r y  

num ber t o  th e  r e s i d u a l  o i l  s a t u r a t i o n .

A m a th e m a t ic a l  e x p r e s s i o n ,  w h ich  r e l a t e s  th e  i n j e c t i o n  

p r e s s u r e  g r a d i e n t  an d  th e  c a p i l l a r y  num ber t o  th e  s p e c i f i c  

s u r f a c e  a r e a  p e r  p o re  v o lu m e , w as d e v e lo p e d  a n d  u s e d  a s  a



t h e o r e t i c a l  b a s i s  f o r  i n t e r p r e t i n g  th e  r e c o v e r y  m echan ism s 

e n c o u n te r e d  i n  re m o v in g  th e  r e s i d u a l  o i l .

The e x p e r im e n ta l  r e s u l t s  i n d i c a t e d  t h a t  th e  r e c o v e r y  

o f  t h e  r e s i d u a l  o i l  i s  m a in ly  d o m in a te d  b y  th e  Jam in  E f f e c t ,  

and  t h e  s e l e c t i v e  p lu g g in g  o f  t h e  f l o o d e d  p o re  p a th s  p r o v id e s  

th e  n e c e s s a r y  m echanism  to  overco m e th e  Jam in  E f f e c t  w h ic h  

p r o h i b i t s  t h e  r e s i d u a l  o i l  fro m  m o v in g . R e s u l t s  a l s o  show ed 

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

a n d  t h é  a l k a l i n e - o i l  e m u ls io n s  fo rm e d  i n - s i t u  c an  

e f f e c t i v e l y  p lu g  th e  f lo w  p a t h s  o f  s m a l l e r  c a p i l l a r i e s ,  

w h i le  th e  n i t r o g e n  b u b b le s  c r e a t e d  fro m  th e  n i t r o g e n  

i n j e c t i o n s  c a n  s u c e s s f u l l y  p lu g  t h e  f lo w  p a th s  o f  l a r g e r  

c a p i l l a r i e s .
o oWhen th e  te m p e r a tu r e  i n c r e a s e s  fro m  78 F t o  150 F , 

i t  w as fo u n d  t h a t  i n  th e  r e c o v e r y  p r o c e s s e s  we u s e d ,  th e  

r e c o v e r y  m ech an ism s f o r  re m o v in g  th e  w a te r f lo o d e d  r e s i d u a l  

o i l  s h i f t e d  fro m  th e  c a p i l l a r y  f o r c e  d o m in a tio n  t o  th e  v i s c o u s  

f o r c e  d o m in a t io n .  I t  w as a l s o  fo u n d  t h a t  ev en  u n d e r  s u c h  

a  d i f f e r e n t  r e c o v e r y  c o n d i t i o n ,  t h e  a l k a l i n e - n i t r o g e n  

i n j e c t i o n  p r o c e s s  s t i l l  y i e l d e d  t h e  o p t im a l  r e c o v e r y .

i i
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AN EXPERIMENTAL INVESTIGATION ON THE USE OF A

CAUSTIC-NITROGEN INJECTION PROCESS IN 

A WATERFLOODED OIL RESERVOIR

CHAPTER I  

INTRODUCTION

W a te r f lo o d  h a s  b e e n  i n  u s e  s in c e  1 8 6 5 , a n d  by 

f a r  th e  s i m p l e s t  o f  s e c o n d a r y  r e c o v e r y  m e th o d s . 

U n f o r t u n a t e l y , m o s t w a t e r f l o o d s  a r e  i n e f f i c i e n t  i n  

r e c o v e r i n g  o i l s ,  o f t e n  l e a v i n g  h a l f  o r  m ore o f  th e  

o r i g i n a l  o i l  i n p l a c e  u n r e c o v e r e d .

The lo w  e f f i c i e n c y  in  w a te r f lo o d in g  g e n e r a l l y  

r e s u l t s  fro m  lo w  sw eep e f f i c i e n c y  and  low  d is p la c e m e n t  

e f f i c i e n c y ;  c o n s e q u e n t ly ,  t o  i n c r e a s e  o i l  r e c o v e r y  by  

w a t e r f l o o d i n g ,  sw eep a n d  d is p la c e m e n t  e f f i c i e n c i e s  

s h o u ld  be  im p ro v e d .

Sweep e f f i c i e n c y  i s  p r i m a r i l y  a f f e c t e d  b y  

r e s e r v o i r  h e t e r o g e n e i t i e s  a n d  m o b i l i t y  r a t i o ,  w h i le  

d i s p la c e m e n t  e f f i c i e n c y  i s  a f f e c t e d  by  c a p i l l a r y  f o r c e s  

b e tw e e n  f l u i d s  an d  r o c k  s u r f a c e s ,  e x p r e s s e d  i n  te rm s

1



o f  i n t e r f a c i a l  t e n s i o n  a n d  w e t t a b i l i t y .  A num b er o f  

m a t e r i a l s , s u c h  a s  c e m e n t, g ro u n d  l e a t h e r ,  a n d  g ro u n d  

l i m e s t o n e ,  h a v e  b e e n  u s e d  i n  w e l lb o r e  t r e a t m e n t s  to
37im p ro v e  i n j e c t i o n  p r o f i l e s  i n  w a t e r - i n j e c t i o n  w e l l s .  

H ow ever, e v e n  i f  su c h  t r e a t m e n t s  e f f e c t  a  b e t t e r  

d i s t r i b u t i o n  o f  w a te r  i n  th e  f o r m a t io n  a t  th e  w e l lb o r e ,  

th e y  a r e  u n l i k e l y  t o  be  s u c c e s s f u l  b e c a u s e  o f  c r o s s ­

f o r m a t io n  f lo w  n e a r  th e  w e l l b o r e .  S i l i c a  g e l ,  r u b b e r  

l a t e x ,  a n d  a s p h a l t  h a v e  b e e n  t e s t e d  a s  d e e p e r - p e n e -

t r a t i o n  p lu g g in g  a g e n t s  i n  a t t e m p t s  t o  d e c r e a s e
37r e s e r v o i r  h e t e r o g e n e i t y .

One way to  r e d u c e  c a p i l l a r y  f o r c e s  i s  t o  i n j e c t  

s u r f a c t a n t s  a h e a d  o f  i n j e c t i o n  w a te r  i n t o  th e  r e s e r v o i r .  

Y e t ,  l a b o r a t o r y  t e s t s  o f  t h i s  m e th o d  show ed n o  p ro m ise  

o f  i t s  b e in g  an  e c o n o m ic a l p r o c e s s .  A n o th e r  way t o  

ch an g e  c a p i l l a r y  f o r c e s  o p e r a t i n g  in  a  r e s e r v o i r  i s  to  

ch an g e  th e  PH o f  t h e  i n j e c t e d  w a te r .  The c h an g e  i n  PH may 

so m e tim es  a c t i v a t e  th e  s u r f a c e - a c t i v e  m a t e r i a l s  n a t u r a l  

t o  some c r u d e s ,  and  b r i n g  a b o u t  g r o s s  w e t t a b i l i t y  c h a n g e .

The PH a l t e r a t i o n  c a n  be  o b ta in e d  w i th  c h e a p  

c h e m i c a l s .  I n j e c t i o n  o f  a n  a l k a l i n e  s o l u t i o n  i s  one  o f  

th e  a p p r o a c h e s  w h ich  h a s  b e e n  a c t i v e l y  p u r s u e d  by  th e  

o i l  i n d u s t r y  to  p ro v id e  th e  u s e f u l  m ech an ism s f o r



t h e  im p ro v ed  o i l  r e c o v e r y .  I n  a  w a te r - w e t  r e s e r v o i r ,  

t h e r e  a r e  tw o p r im a ry  m ech an ism s a v a i l a b l e  i n  a l k a l i n e  

f l o o d s ,  (1 )  t h e  d r a s t i c  r e d u c t i o n  o f  o i l - w a t e r  i n t e r ­

f a c i a l  t e n s i o n  by  th e  c a u s t i c  a c t i v a t i o n  o f  p o t e n t i a l l y  

s u r f a c e - a c t i v e  o r g a n ic  a c i d s  n a t u r a l l y  o c c u r r i n g  i n  th e  

c ru d e  o i l .  The r e d u c t i o n  o f  i n t e r f a c i a l  t e n s i o n  c a u s e s  

é m u l s i f i c a t i o n  o f  c ru d e  o i l  i n - s i t u  t h a t  t e n d s  t o  lo w e r  

i n j e c t e d  w a te r  m o b i l i t y ,  t o  dam pen th e  te n d e n c y  to w a rd  

v i s c o u s  f i n g e r i n g ,  to  s lo w  w a te r  c h a n n e l in g  c a u s e d  b y  

r e s e r v o i r  h e t e r o g e n e i t y ,  a n d  t o  im prove co n fo rm a n c e  o r  

sw eep e f f i c i e n c y ,  an d  (2 )  i f  t h e  c o m p o s i t io n  o f  c ru d e  

o i l  i s  f a v o r a b l e ,  an d  u n d e r  p r o p e r  c o n d i t i o n s  o f  PH, 

s a l i n i t y ,  a n d  te m p e r a tu r e ,  t h e  w e t t a b i l i t y  c a n  be r e v e r s e d ,  

A d i s c o n t i n u o u s  n o n - w e t t in g  r e s i d u a l  o i l  i s  c o n v e r te d  

to  a  w e t t i n g  p h a s e ,  p r o v id i n g  a  f lo w  p a th  f o r  w h a t o t h e r ­

w ise  w ou ld  b e  t r a p p e d  o i l .  A t th e  sam e t im e ,  lo w e r  

i n t e r f a c i a l  t e n s i o n  in d u c e s  t h e  fo r m a t io n  o f  'a n  o i l -  

e x t e r n a l  e m u ls io n  o f  w a te r  d r o p l e t s  i n  th e  c o n t in u o u s ,  

w e t t i n g  o i l  p h a s e .  T hese  e m u ls io n  d r o p l e t s  t e n d  to  

b lo c k  th e  f lo w  an d  in d u c e  a  h ig h  p r e s s u r e  g r a d i e n t  i n  th e  

r e g io n  \r t ie re  th e y  fo rm . The h ig h  p r e s s u r e  g r a d i e n t ,  

i n  t u r n ,  i s  s a i d  t o  overcom e th e  c a p i l l a r y  f o r c e s  

a l r e a d y  d e c r e a s e d  by  low  i n t e r f a c i a l  t e n s i o n ,  th u s



13r e d u c in g  o i l  s a t u r a t i o n  f u r t h e r .

I n  a  w a te r f lo o d e d  o i l  r e s e r v o i r ,  d i r e c t  

a p p l i c a t i o n  o f  t h e  m ech an ism s d e s c r i b e d  ab o v e  i s  

u n l i k e l y  t o  b e  p o s s i b l e  s i n c e  t h e  o i l s  i n  m o st o f  t h e  

w a te r f lo o d e d  o i l  r e s e r v o i r s  do n o t  p r o v id e  enough 

s u r f a c e - a c t i v e  o r g a n ic  a c i d s  to  be  a c t i v e  i n  th e  c a u t i c  

s o l u t i o n s .  And f u r th e r m o r e ,  th e  u n r e c o v e r e d  o i l s  a r e  

i s o l a t e d  i n  t h e  p o r e  p a th s  s o  t h a t  th e  i n j e c t e d  a l k a l i n e  

s o l u t i o n  w o u ld  b y p a s s  th ro u g h  th e  f lo w  p a th s  w h ich  

h a v e  a l r e a d y  b e e n  c r e a t e d  b y  th e  w a t e r f l o o d i n g ; t h e r e f o r e ,  

t o  im p ro v e  t h e  o i l  r e c o v e r y  i n  t h e  w a te r f lo o d e d  o i l  

r e s e r v o i r s ,  m o d i f i c a t i o n s  m u s t be  made so  t h a t  th e  

a l k a l i n e  p r o c e s s  c a n  be a p p l i e d .

One o f  th e  m o d i f i c a t i o n s ,  a s  d e s c r ib e d  by 
37 3RM c A u lif fe ,  * i s  th e  i n j e c t i o n  o f  o i l - i n - w a t e r  e m u ls io n  

p r e p a r e d  e x t e r n a l l y .  A f i e l d  t r i a l  o f  e m u ls io n  i n j e c t i o n  

was r e p o r t e d  i n  1 9 7 3 , an d  show ed i n c r e a s e d  o i l  r e c o v e r y  

an d  lo w e r  WOR*s. W ate r t r a c e r  s t u d i e s  a l s o  show ed t h a t  

th e  sw eep e f f i c i e n c y  was s i g n i f i c a n t l y  im p ro v ed .

A s i m p l e r  a n d  m ore p r a c t i c a l  a p p ro a c h  t o  t h e  

a p p l i c a t i o n  o f  th e  e m u l s i f i c a t i o n - e n t r a p m e n t  m echanism  

i s  t h e  i n j e c t i o n  o f  a n  a c i d i c  o i l  s l u g  fo l lo w e d  b y  th e  

i n j e c t i o n  o f  a n  a l k a l i n e  s o l u t i o n  o f  p r o p e r  c o n c e n t r a t i o n .



I f  t h e  o i l  s l u g  c o n t a i n s  en o u g h  s u r f a c e - a c t i v e  o r g a n ic  

a c i d s ,  I n - s l t u  é m u l s i f i c a t i o n  w i l l  o c c u r .  S i m i l a r  

Im p ro v em en t I n  sw eep  e f f i c i e n c y  s h o u ld  be o b ta in e d  i n  

t h e  p o ro u s  m e d ia .  H ow ever, I t  I s  o b v io u s  t h a t  th e  s i z e  

o f  th e  I n j e c t e d  o i l  s l u g  m u st b e  s o  d e s ig n e d  t h a t  I t  

w i l l  y i e l d  t h e  optim um  sw eep e f f i c i e n c y ,  an d  th u s  

Im p ro v em en t I n  o i l  r e c o v e r y  c a n  b e  e c o n o m ic a l ly  j u s t i f i e d .

As o n e  c a n  s e e  t h a t  h i g h e r  c o n c e n t r a t i o n s  o f  

c a u s t i c  s o l u t i o n  a r e  r e q u i r e d  f o r  t h e  m echanism  o f  

w e t t a b i l i t y  r e v e r s a l  ( u s u a l l y  0 .5  w t .  % t o  15 w t .  %, 

co m p ared  t o  0 .0 0 1  w t .  % t o  0 .5  w t .  % f o r  é m u l s i f i c a t i o n  

a n d  e n t r a p m e n t ) ,  a n d  t h a t  t h e  c o n t e n t  o f  s u r f a c e - a c t i v e  

m a t e r i a l s  I n  t h e  o i l  a r e  l i m i t e d  e v e n  I f  a n  e x t e r n a l  

o i l  s l u g  I s  I n j e c t e d .  I t  I s  v e r y  u n l i k e l y  t h a t  th e  

m echan ism  o f  w e t t a b i l i t y  r e v e r s a l  c a n  be  u t i l i z e d  

b e s i d e s  t h e  e m u l s l f l c a t l o n - e n t r a p m e n t  m echan ism .

I n  a d d i t i o n  t o  th e  m ech an ism s a v a i l a b l e  In  

c a u s t i c  f l o o d s , n i t r o g e n  I n j e c t i o n  c o u ld  be  o ne  o f  t h e  

m o s t f a v o r a b l e  p r o c e s s e s  f o r  Im p ro v in g  th e  r e c o v e r y  o f  

r e s i d u a l  o i l  s a t u r a t i o n .  I t  h a s  lo n g  b e en  r e c o g n iz e d  

t h a t  t h e  w a t e r f l o o d  r e s i d u a l  o i l  c a n  b e  r e d u c e d  by  t h e  

p r e s e n c e  o f  a  g a s  p h a s e .  F lo o d in g  w i th  m i s c ib l e  g a s e s .



s u c h  a s  c a r b o n  d io x id e  a n d  l i g h t  h y d r o c a r b o n s , i s  a  

p ro v e n  e n h a n c e d  o i l  r e c o v e r y  m e th o d . H ow ever, w ide  

a p p l i c a t i o n  may b e  l i m i t e d  by  th e  a v a i l a b i l i t y  a n d / o r  th e  

c o s t  o f  t h e s e  m a t e r i a l s .  C arbon  d io x id e  fro m  n a t u r a l  

d e p o s i t s  i s  i n  l i m i t e d  s u p p ly .  C a rb o n  d io x id e  from  

o t h e r  s o u r c e  ( e . g . ,  c o a l  g a s i f i c a t i o n  a n d  pow er p l a n t  

s t a c k  g a s )  i s  m ore e x p e n s iv e ,  a n d  in v o l v e s  a  lo n g  l e a d  

t im e .  N a tu r a l  g a s  a n d  th e  h y d ro c a rb o n s  r e q u i r e d  to  

e n r i c h  i t  a r e  e x p e n s iv e ,  a t  l e a s t  i n  t h e  U n ite d  S t a t e s .  

Above a l l ,  i n  m o st o f  th e  m i s c ib l e  p r o c e s s e s ,  h ig h  

p r e s s u r e  i s  g e n e r a l l y  r e q u i r e d ,  w h ic h  p r e s e n t s  m ore 

p ro b le m s  f o r  i t s  a p p l i c a b i l i t y .

A u n i v e r s a l l y  a v a i l a b l e  p o s s i b l e  s u b s t i t u t e  f o r  

t h e s e  f l u i d s  i s  n i t r o g e n .  N i t r o g e n  d o e s  n o t  d e v e lo p  

m i s c i b i l i t y  w i th  c ru d e  o i l s  u n l e s s  a t  v e r y  h ig h  

p r e s s u r e s .  H ow ever, a t  l e s s  th a n  m i s c i b i l i t y  p r e s s u r e ,  

one  w o u ld  e x p e c t  t h a t  some o f  t h e  m ech an ism s i n  im m is­

c i b l e  p r o c e s s  w o u ld  be o p e r a t i v e .  A t s t i l l  lo w e r  

p r e s s u r e ,  o n e  w o u ld  e x p e c t  t h a t  a t  l e a s t  th e  m echsm ism  

o f  im m is c ib le  d is p la c e m e n t  o f  o i l  b y  g a s  w ou ld  be 

a v a i l a b l e .

I t  i s  th e  p u rp o s e  o f  t h i s  s t u d y  t o  i n v e s t i g a t e  

t h e  i n t e r r e l a t e d  e f f e c t s  o f  th e  n i t r o g e n  i n j e c t i o n  a n d



th e  m o d i f ie d  c a u s t i c  i n j e c t i o n  i n  im p ro v in g  th e  o i l  

r e c o v e r y  o f  a  w a te r f lo o d e d  o i l  r e s e r v o i r .  The r e s u l t s  

o f  t h i s  s tu d y  s h o u ld  f u r n i s h  i n f o r m a t io n  n e c e s s a r y  f o r  

p la n n in g  a n  e f f e c t i v e  e c o n o m ic a l  a l k a l i n e  p r o c e s s  f o r  

a  w a te r f lo o d e d  o i l  r e s e r v o i r .



CHAPTER I I  

LITERATURE REVIEW

The f i r s t  p a t e n t  o n  c a u s t i c  f lo o d i n g  f o r  

im p ro v ed  o i l  r e c o v e r y  was i s s u e d  i n  th e  U n ite d  S t a t e s  

i n  1 9 2 7 . S in c e  th e n ,  e x t e n s i v e  p u b l i s h e d  r e c o r d s  o f  

r e s e a r c h  a n d  f i e l d  t e s t i n g  h a v e  b e e n  a c c u m u la te d .

I n  g e n e r a l ,  a  w a te r f lo o d e d  o i l  r e s e r v o i r  i s  

u s u a l l y  c o n s id e r e d  n o t  t o  be f a v o r a b le  f o r  a n  

o r d i n a r y  a l k a l i n e  f lo o d  b e c a u s e  o f  th e  l a c k  o f  

s u f f i c i e n t  s u r f a c e - a c t i v e  o r g a n ic  a c id s  c o n t e n t .  

H ow ever, u n d e r s ta n d in g  o f  th e  m echan ism s a v a i l a b l e  in  

th e  t r a d i t i o n a l  a l k a l i n e  p r o c e s s e s  may h e lp  d e s ig n  a  

u s e f u l  e c o n o m ic a l  a l k a l i n e  p r o c e s s  f o r  w a te r f lo o d e d  

o i l  r e s e r v o i r s .

T h e re  a r e  now s e v e r a l  p ro p o s e d  m echan ism s b y  

w h ich  c a u s t i c  f l o o d i n g  may im p ro v e  o i l  r e c o v e r y .

T hese  i n c lu d e  (1 )  é m u l s i f i c a t i o n  and  e n t r a in m e n t ,  (2 )  

w e t t a b i l i t y  r e v e r s a l  fro m  o i l - w e t  t o  w a te r - w e t ,  (3 )  

w e t t a b i l i t y  r e v e r s a l  fro m  w a te r - w e t  t o  o i l - w e t ,  a n d  

(4 )  é m u l s i f i c a t i o n  an d  e n t r a p m e n t .



E ach  m ech an ism  r e q u i r e s  som ew hat d i f f e r e n t  i n i t i a l  

c o n d i t i o n s  w i t h  r e s p e c t  t o  b o th  o i l  a n d  th e  i n j e c t i o n  w a te r  

p r o p e r t i e s ;  e a c h  p r o c e s s  i s  d e s ig n e d  t o  im p ro v e  th e  o i l  

r e c o v e r y  i n  a  som evdiat d i f f e r e n t  m anner*

A p p l i c a t i o n  o f  The M echanism  o f  
E m u l s i f i c a t i o n  a n d  E n t r a in m e n t

32I n  1 9 4 2 , Subkow p ro p o s e d  a n  a l k a l i n e  p r o c e s s  t o  

rem ove th e  b i tu m e n  fro m  th e  b itu m e n o u s  d e p o s i t s .  The 

p ro p o s e d  p r o c e s s  in v o lv e d  th e  u s e  o f  th e  c a u s t i c  s o l u t i o n  

t o  a c t i v a t e  Ih e  i n - s l t u  é m u l s i f i c a t i o n  o f  t h e  c ru d e  o i l  

to  p ro d u c e  t h e  a l k a l i n e - o i l  e m u ls io n s ;  a s  a  c o n s e q u e n c e ,  

th e  e m u ls io n s  w ere  th e n  e n t r a i n e d  a n d  p ro d u c e d  by  th e  

c o n t i n u o u s l y  i n j e c t e d  a l k a l i n e  s o l u t i o n .  He was a l s o

g r a n te d  a  U n i te d  S t a t e s  p a t e n t  f o r  t h i s  p r o c e s s .
54I n  1 9 5 6 , R e is b e r g  an d  D o s c h e r ,  i n  s tu d y in g  th e  

i n t e r f a c i a l  b e h a v io r  o f  th e  c r u d e - o i l - w a t e r  sy s te m  o f  th e  

V e n tu ra  c r u d e ,  s u g g e s te d  t h a t ,  b e s i d e s  th e  m echanism  

o f  é m u l s i f i c a t i o n  a n d  e n t r a in m e n t  i n  th e  a l k a l i n e  f l o o d  

p r o c e s s ,  t h e  f o r m a t io n  o f  t h e  r i g i d  f i l m  a t  th e  i n t e r f a c e  

o f  b o th  t h e  a l k a l i n e  s o l u t i o n  a n d  th e  o i l  p l a y s  an  

i m p o r ta n t  r o l e  i n  im p ro v in g  th e  o i l  r e c o v e r y  by  p r e v e n t i n g  

th e  a d h e s io n  o f  t h e  o i l  t o  t h e  d r y  s a n d  s u r f a c e .
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A p p l i c a t i o n  o f  The M echanism  o f  

W e t t a b i l i t y  R e v e r s a l  from  O il-W e t t o  W ater-W et

I n  1 9 5 9 , W agner a n d  Leach®® p r e s e n t e d  l a b o r a t o r y  

t e s t s  sh o w in g  im p ro v e d  o i l  r e c o v e r y  th r o u g h  th e  g r o s s  

ch an g e  in  p r e f e r e n t i a l  w e t t a b i l i t y  i n  th e  r e s e r v o i r  

r o c k s .  They s u g g e s te d  t h a t  s u c h  w e t t a b i l i t y  c h a n g e s  

c a n  be a c c o m p lis h e d  b y  i n j e c t i n g  w a te r  v d iich  c o n ta i n s  

s im p le  c h e m ic a ls  t o  a l t e r  th e  PH o r  s a l i n i t y  i n  th e  

r e s e r v o i r ;  s u c h  c h e m ic a ls  c o u ld  i n c lu d e  a c i d s ,  b a s e ,  

and  some s a l t s .  F o r  th e  sy s te m  th e y  s t u d i e d ,  c o r e s  

i n i t i a l l y  o i l - w e t  w e re  f lo o d e d  i n  su c h  a  way t h a t  th e y  

w ere  made p r e f e r e n t i a l l y  w a te r - w e t  by  th e  a d v a n c in g  f lo o d  

w a te r .  T h is  r e v e r s a l  i n  p r e f e r e n t i a l  w e t t a b i l i t y  a c h ie v e d  

g r e a t e r  o i l  d i s p la c e m e n t  e f f i c i e n c y  th a n  t h a t  vrtien 

e i t h e r  o i l - w e t  o r  w a te r - w e t  c o n d i t i o n s  w ere  m a in ta in e d  

th r o u g h o u t  th e  f l o o d .  U sin g  a c i d  i n  t h e i r  e x p e r im e n t  

a s  a  w e t t a b i l i t y  r e v e r s a l  c h e m ic a l ,  t h e y  r e c o g n iz e d  

t h a t  th e  im p ro v em en t i n  o i l  r e c o v e r y  r e s u l t e d  l a r g e l y  

from  th e  f a v o r a b l e  c h a n g e s  i n  r e l a t i v e  o i l  a n d  w a te r  

p e r m e a b i l i t i e s .  T h is  ch an g e  i n  p e r m e a b i l i t y  p r o v id e d  

a  m ore f a v o r a b l e  m o b i l i t y  r a t i o ;  th e  im p ro v e d  m o b i l i t y  

c a n  h a l t  th e  g r a d u a l  i n c r e a s e  i n  p r o d u c in g  WOR. As a n
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ex am p le  o f  t h e i r  r e s e a r c h .  F ig u r e  2 . 1 ,  ta k e n  fro m  W agner 

a n d  L e a c h , show s one o f  t h e i r  e x p e r im e n t a l  r e s u l t s ,  

w h ere  t h i s  im p ro v em en t i n  WOR a n d  th e  c o r r e s p o n d in g  

i n c r e a s e  i n  r e c o v e r y  w ere  o b s e r v e d  a s  th e  w e t t a b i l i t y  

w as r e v e r s e d  by  th e  i n j e c t e d  a c i d i c  w a te r .

5  10

^  ruooo ^

K»
(k. n c n c k T  i r c c c i r r  ro * [ vclmk i

FIGURE 2 . 1 -  PRODUCTION PERFORMANCE OF NORMAL AND 
WETTABILITY REVERSAL WATER FLOODS OF UNCONSOLIDATED 
SANDSTONE CORES CONTAINING VISCOUS O IL . (R e f . 67)
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I n  1 9 6 2 , L each  a n d  h i s  c o l l e a g u e s  c o n d u c te d  a  

f i e l d  t e s t  i n  th e  Muddy ”J "  sa n d  o f  t h e  W est H a r r i s b u r g  

U n i t  i n  N e b ra s k a . Sodium  h y d ro x id e  w as i n j e c t e d  a s  a  

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

i n j e c t i n g  w e l l .  The f i e l d  p e r fo rm a n c e  i n d i c a t e d  t h a t  

s i m i l a r  im p rovem en t i n  o i l  r e c o v e r y  w as o b ta in e d

b e c a u s e  o f  th e  w e t t a b i l i t y  r e v e r s a l  fro m  o i l - w e t  t o
35w a te r - w e t  i n  th e  r e s e r v o i r  r o c k s .

44I n  1966 , Mungan p u b l i s h e d  a  l a b o r a t o r y  w ork  

o n  w e t t a b i l i t y  e f f e c t s  i n  c a u s t i c  f l o o d i n g .  R e s to r e d  

o i l - w e t  c o r e s  w ere  u s e d ,  an d  0 .5  N NaOH s o l u t i o n s  

w e re  i n j e c t e d  t o  r e c o v e r ^  th e  w a te r f lo o d  r e s i d u a l  o i l .  

The r e s u l t s  i n d i c a t e d  t h a t  a t  a  r e s e r v o i r  te m p e r a tu r e  

o f  1 6 0 °  F , th e  f o r m a t io n  c a n  be r e v e r s e d  t o  w a te r - w e t  

r a p i d l y  a n d  y i e l d  11 t o  15 p e r c e n t  PV o f  a d d i t i o n a l  

o i l  r e c o v e r y .  He a l s o  d e m o n s t r a te d  t h a t  t h e  w a te r  

r e l a t i v e  p e r m e a b i l i t y  w as in d e e d  lo w e re d  a f t e r  

t h e  w e t t a b i l i t y  w as r e v e r s e d  from  o i l - w e t  t o  w a te r - w e t .  

As a  r e s u l t ,  t h i s  r e v e r s a l  y i e l d e d  a  m ore f a v o r a b l e  

w a t e r - o i l  m o b i l i t y  r a t i o  e v e n  th o u g h  th e  w a te r  

s a t u r a t i o n  r e a c h e d  a  h i g h e r  v a l u e ;  F ig u r e  2 . 2 ,  ta k e n  

fro m  M un g an 's  p a p e r ,  show s one o f  h i s  e x p e r im e n ta l  

r e s u l t s  i n  vd iich  t h e  im p ro v em en t i n  WOR r e s p o n d e d
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w ith  th e  i n c r e a s i n g  o i l  r e c o v e r y  due to  th e  w e t t a b i l i t y  
r e v e r s a l .

I
s
2
3

mi

FIGURE 2 . 2 -  W e t t a b i l i t y  R e v e r s a l  
F lo o d  i n  W a te re d -o u t  O il-W e t C ore  7 - 1 .  (R e f . 4 4 )

I n  t h e  same y e a r ,  Mungan r a n  m ore l a b o r a t o r y

e x p e r im e n t s  on  T e f lo n  c o r e s .  In  t h i s  r e s e a r c h ,  he

c o n f irm e d  t h e  b e n e f i t s  o f  w e t t a b i l i t y  r e v e r s a l  o f  th e

r e s e r v o i r  r o c k s  fro m  o i l - w e t  t o  w a te r - w e t .  F ig u r e  2 .3

g iv e s  a n  ex am p le  o f  t h e  r e s u l t s  o b ta in e d  i n  t h i s  
45e x p e r im e n t .

E h r l i c h  an d  h i s  c o l l e a g u e s ,  i n  1 9 7 6 ,^ ^  d e s c r ib e d  

a  l a b o r a t o r y  e v a l u a t i o n  o f  a  p o t e n t i a l  f i e l d  a p p l i c a t i o n  

o f  t h e  a l k a l i n e - w e t t a b i l i t y  r e v e r s a l  p r o c e s s  f o r  an  o i l -  

w e t r e s e r v o i r .  They p o i n t e d  o u t  t h a t  a l l  c ru d e  o i l s  t h a t  

th e y  h a d  t e s t e d  showed a  lo w e r  i n t e r f a c i a l  t e n s i o n  w i th
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CUMULATIVE IN JECTIO N . N.V.

FIGURE 2 , 3 - E f f e c t  o f  W e t t a b i l i t y  On R e c o v e ry  
P e r fo rm a n c e  f o r  V i s c o s i t y  R a t io  R=20, (R e f .  4 5 )

a n  NaOH s o l u t i o n  th a n  th e y  d id  w i th  f o r m a t io n  b r i n e .

I f  t h i s  i n t e r f a c i a l  t e n s i o n  w ere  l e s s  th a n  th e  c r i t i c a l  

v a lu e  d e te r m in e d  by r e s e r v o i r  p r o p e r t i e s ,  a n  NaOH w a te r ­

f l o o d  w o u ld  r e c o v e r  o i l  b y  a n  i n t e r f a c i a l - t e n s i o n  

lo w e r in g  m echan ism  i n  a d d i t i o n  to  th e  r e c o v e r y  b y  th e  

w e t t a b i l i t y - c h a n g e  m ech an ism .

A p p l i c a t i o n  o f  The M echanism  o f  

W e t t a b i l i t y  R e v e r s a l  f ro m  W ater-W et t o  O il-W e t

13I n  1 9 7 4 , Cooke a n d  h i s  c o l l e a g u e s  r e p o r t e d  a  

t h i r d  m ech an ism  w i th  w h ic h  c a u s t i c  sodium  h y d ro x id e  

c o u ld  im p ro v e  w a te r f lo o d  o i l  r e c o v e r y .  The m ech an ism s, 

w h ic h  su*e a c t i v e  a t  t h e  f r o n t  w h ere  a l k a l i n e  w a te r  i s
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d i s p l a c i n g  a c i d i c  c ru d e  o i l ,  in v o lv e  f i r s t  t h e  c o n v e r s io n  

o f  t h e  w a te r - w e t  r o c k  to  o i l - w e t .  A d i s c o n t i n u o u s  non­

w e t t i n g  r e s i d u a l  o i l  i s  c o n v e r te d  to  a  c o n t in u o u s  w e t t in g  

p h a s e ,  p r o v i d i n g  a  f lo w p a th  f o r  w h a t o th e r w is e  w o u ld  be 

t r a p p e d  o i l .  A t th e  same t im e  th e  low  i n t e r f a c i a l  t e n s i o n  

in d u c e s  t h e  f o r m a t i o n  o f  an  o i l - e x t e r n a l  e m u ls io n  o f  w a te r  

d r o p l e t s  i n  t h e  c o n t in u o u s  w e t t i n g  o i l  p h a s e .  T hese 

e m u ls io n  d r o p l e t s  te n d  to  b lo c k  f lo w  and  in d u c e  a  h ig h  

p r e s s u r e  g r a d i e n t  i n  th e  r e g i o n  w here  th e y  fo rm . The 

h ig h  p r e s s u r e  g r a d i e n t ,  i n  t u r n ,  i s  s a i d  t o  overco m e 

th e  c a p i l l a r y  f o r c e s  a l r e a d y  d e c r e a s e d  by  lo w  i n t e r ­

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

s a t u r a t i o n .

A p p l i c a t i o n

o f  The M echanism  o f  E m u l s i f i c a t i o n  an d  E n tra p m e n t

J e n n in g s  a n d  h i s  c o l l e a g u e s ,  i n  1 9 7 4 , p ro p o s e d  a  

f o u r t h  m echan ism  t o  im prove t h e  o i l  r e c o v e r y  b y  a l k a l i n e  

f l o o d . 30 The m echanism  in v o lv e s  th e  d r a s t i c  r e d u c t i o n  

o f  o i l - w a t e r  i n t e r f a c i a l  t e n s i o n  by th e  c a u s t i c  a c t i v a ­

t i o n  o f  p o t e n t i a l l y  s t i r f a c e - a c t i v e  o r g a n ic  a c i d s  

n a t u r a l l y  o c c u r r i n g  i n  th e  c ru d e  o i l .  The r e d u c t i o n  

o f  i n t e r f a c i a l  t e n s i o n  c a u s e s  é m u l s i f i c a t i o n  o f  c ru d e
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o i l  i n - s i t u  t h a t  te n d s  t o  lo w e r  i n j e c t e d  w a te r  m o b i l i t y ,  

t o  dam pen te n d e n c y  to w a rd  v i s c o u s  f i n g e r i n g ,  t o  s lo w  

w a te r  c h a n n e l in g  c a u s e d  by  r e s e r v o i r  s t r a t i f i c a t i o n ,  an d  

to  im p ro v e  t h e  v o lu m e t r ic  c o n fo rm a n c e  o r  sw eep e f f i c i e n c y .

F u n d a m e n ta l ly ,  t h e  lo w e r in g  o f  w a te r  m o b i l i t y  

i s  m a in ly  due  t o  th e  e n tr a p m e n t  o f  t h e  o i l  e m u ls io n s  

by  p o r e  t h r o a t s  w h ich  a r e  to o  s m a l l  f o r  t h e  o i l  e m u ls io n  

d r o p l e t s  t o  p e n e t r a t e .  A c c o rd in g  t o  J e n n i n g s '  f i n d i n g s ,  

c a u s t i c  f l o o d i n g  a t  c o n c e n t r a t i o n s  o f  a b o u t  0 .0 5  to  0 .5  

w t .  % NaOH c a n  s i g n i f i c a n t l y  im p ro v e  t h e  w a te r f lo o d  

o i l  r e c o v e r y  o f  some low  g r a v i t y  v i s c o u s  o i l s .

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

p r e s e n c e  o f  s u f f i c i e n t  c o n c e n t r a t i o n  o f  n a t u r a l l y

o c c u r r i n g  s u r f a c e - a c t i v e  o r g a n ic  a c i d s  i n  th e  c ru d e

t o  r e s u l t  i n  v e r y  low  c a u s t i c - o i l  i n t e r f a c i a l  t e n s i o n ,
37  3R

b e lo w  a b o u t  0 .0 1  d y n e /cm . M c A u lif fe  * i n  1973 

p ro p o s e d  a n o t h e r  a p p ro a c h  t o  th e  a p p l i c a t i o n  o f  th e  

e m u l s i f i c a t i o n - e n t r a p m e n t  m ech an ism , t h e  i n j e c t i o n  o f  a  

d i l u t e d  o i l - i n - w a t e r  e m u ls io n  p r e p a r e d  e x t e r n a l l y .

A l l  o f  h i s  l a b o r a t o r y  e x p e r im e n ts  a n d  f i e l d  t e s t s  

i n d i c a t e d  t h a t  th e  i n j e c t i o n  o f  t h e  e m u ls io n  c o u ld  r e d u c e  

th e  w a t e r  c h a n n e l in g  a n d  im p ro v e  t h e  sw eep  e f f i c i e n c y ;  a s  a
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c o n se q u e n c e , t h e  o i l  r e c o v e r y  w as im p ro v e d  s i g n i f i c a n t l y .

D ran ch u k  a n d  h i s  c o l l e a g u e s ^ ^  i n  1974 r e p o r t e d

a  l a b o r a t o r y  c a u s t i c  f lo o d  on L lo y d m in s te r  c ru d e  o i l .

They fo u n d  t h a t  d u r in g  d i s p la c e m e n t  t e s t s ,  a  v e r y

s t a b l e  e m u ls io n  w as p ro d u c e d , a n d  t h e r e  w as e v id e n c e

o f  r e d u c e d  w a te r  m o b i l i t y .  They s u g g e s te d  t h a t  th e

m echanism  o f  t h e  im p ro v ed  o i l  r e c o v e r y  was due to

i n - s i t u  é m u l s i f i c a t i o n  o f  th e  c r u d e  o i l  and  a l k a l i n e
56

s o l u t i o n s .  S c o t t  a n d  h i s  c o l l e a g u e s  i n  1965 a l s o  

r e p o r t e d  a n  im p ro v em e n t in  o i l  r e c o v e r y  by  u s in g  a  low  

c o n c e n t r a t i o n  NaOH s o l u t i o n ,  b u t  t h e y  d id  n o t  r e p o r t  

th e  m echan ism  o f  é m u l s i f i c a t i o n  a n d  e n tr a p m e n t  w h ich  

o b v io u s ly  h a d  o c c u r r e d  in  t h e i r  d is p la c e m e n t  t e s t s .

B ecau se  no  s i g n i f i c a n t  r e d u c t i o n  i n  u l t i m a t e  

r e s i d u a l  o i l  s a t u r a t i o n  r e s u l t s  fro m  th e  m echanism  o f  

é m u l s i f i c a t i o n  a n d  e n tr a p m e n t ,  i t  i s  d i r e c t e d  p r i m a r i l y  

to w a rd  th e  v i s c o u s  o i l  o r  o i l s  i n  t h e  h e te r o g e n e o u s  r e s e r v o i r s  

vrtiere sw eep e f f i c i e n c y  i s  p o o r .  U n d e r th o s e  c i r c u m s t a n c e s ,  

an  im p ro v em en t i n  v e r t i c a l  an d  a r e a l  sw eep e f f i c i e n c i e s  

th ro u g h  im p ro v e d  m o b i l i t y  r a t i o  c a n  b e  much m ore im p o r ta n t  

e c o n o m ic a l ly  th a n  . r e c o v e r y  o f  t h e  r e s i d u a l  o i l  fro m  o n ly  

th e  s m a l l  v o lu m e  o f  t h e  r e s e r v o i r  n o r m a l ly  s w e p t.
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V a r i a t i o n  on  C a u s t ic  F lo o d in g

N um erous v a r i a t i o n s  on th e  b a s i c  c a u s t i c
32f l o o d i n g  p r o c e s s e s  h av e  b e e n  r e p o r t e d .  I n  1 9 6 2 , 

H o lb ro o k  r e c e i v e d  a  U n ite d  S t a t e s  p a t e n t  on c a u s t i c  

f l o o d i n g  a f t e r  p a r t i a l l y  o x i d i z i n g  th e  o i l  i n  a  

r e s e r v o i r  b y  i n j e c t i n g  an  o x y g e n - c o n ta in in g  g a s .

L each  i n  1965  o b ta in e d  a  p a t e n t  on a n  i n j e c t i o n  o f  

p a r t i a l l y  o x i d i z e d  o i l  and  a l k a l i n e  s o l u t i o n .  B e r n a r d  

a n d  H o lb ro o k  i n  1955 p a t e n t e d  th e  i n j e c t i o n  o f  a n  o i l  

s o l u t i o n  o f  p e tro le u m  a c id s  f o l lo w e d  b y  an  a l k a l i n e  

s o l u t i o n .  Sarem  i n  1974 p u b l i s h e d  a n d  o b ta in e d  p a t e n t s  

on  a  m o d i f i e d  c a u s t i c  f l o o d i n g  p r o c e s s  i n  w h ich  a  

c a u s t i c  so d iu m  s i l i c a t e  s o l u t i o n  i s  a l t e r n a t e l y  

i n j e c t e d  w i th  a  c a lc iu m  c h l o r i d e  s o l u t i o n  t o  f u r t h e r  

im p ro v e  th e  w a t e r - o i l  m o b i l i t y  r a t i o  by  p r e c i p i t a t i o n  

o f  i n s o l u b l e  c a lc iu m  s i l i c a t e .  T h e re  a r e  many o t h e r  

p ro p o s e d  m o d i f i c a t i o n  o f  a l k a l i n e  f l o o d s .  They 

m a in ly  e m p h a s iz e d  im p ro v in g  th e  c o n t e n t  o f  th e  

s u r f a c e - a c t i v e  m a t e r i a l s  i n  th e  c ru d e  o i l s .

I n t r o d u c t i o n  o f  

The G as P h a se  i n  a  W a te r f lo o d  O i l  R e s e r v o i r
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I t  h a s  lo n g  b e e n  r e c o g n iz e d  t h a t  w a te r f lo o d  

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

o f  a  g a s  s a t u r a t i o n .  C ra ig ^ ^  re v ie w e d  l i t e r a t u r e s  on 

th e  e f f e c t  o f  i n i t i a l  f r e e  g a s  s a t u r a t i o n  on  w a te r ­

f l o o d  r e s i d u a l  o i l .  R e s id u a l  o i l  s a t u r a t i o n  i n  w a t e r -  

w e t c o n s o l i d a t e d  r o c k s  c a n  be  lo w e re d  up to  10 p e r c e n t  

p o re  v o lu m e , d e p e n d in g  o n  th e  m a g n itu d e  o f  th e  g a s  

s a t u r a t i o n  t r a p p e d  by  th e  w a t e r f l o o d .

I n  1 9 4 7 , P f i s t e r  s u g g e s te d  a  w a te r  d r i v e  p r o c e s s  

b y  i n t e r m i t t e n t  a i r  o r  g a s  i n j e c t i o n ,  w i th  e s t i m a t e s  

o f  i n c r e a s e d  p r o d u c t io n  o f  a b o u t  two p e r c e n t  above  

th e  w a t e r f l o o d  r e c o v e r y .  I n  1 9 5 1 , S axon  a n d  h i s  c o l l e a g u e s  

a l s o  p r o p o s e d  a  g a s - w a te r  i n j e c t i o n  p r o c e s s  i n  th e  c o re  

d i s p la c e m e n t  t e s t s ;  th e  im p ro v em en t i n  o i l  r e c o v e r y  s i m i l a r  

t o  P f i s t e r ' s  r e s u l t s  w as o b t a i n e d .
CQ

A r e c e n t  s tu d y  b y  E h r l i c h  a n d  B la c k  i n d i c a t e d  

t h a t  m o b i l i z a t i o n  o f  w a t e r f l o o d  r e s i d u a l  o i l  by  s im u l­

t a n e o u s  i n j e c t i o n  o f  w a te r  a n d  n i t r o g e n  i s  p o s s i b l e  in  

some c a s e s  e v e n  vrtiere n i t r o g e n  an d  o i l  a r e  im m is c ib le  

a n d  no  s w e l l i n g ,  v i s c o s i t y  r e d u c t i o n ,  o r  v a p o r i z a t i o n  

o f  o i l  o c c u r s .  R e s id u a l  o i l  s a t u r a t i o n  r e d u c t i o n  i s  

fo u n d  t o  d e p en d  v e r y  s t r o n g l y  on  t h r e e - p h a s e  r e l a t i v e
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p e r m e a b i l i t y  c h a r a c t e r i s t i c s .  F o r  B e re a  s a n d s to n e ,  

r e d u c t i o n s  o f  up to  18  p e r c e n t  p o re  v o lu m e w ere  r e p o r t e d .

Summary o f  C o n t r ib u t io n s

A l l  o f  th e  i n v e s t i g a t i o n s  d i s c u s s e d  i n  t h i s  

c h a p t e r  h a v e  shown t h a t  a  s u c c e s s f u l  c a u s t i c  f lo o d  

p e r fo rm a n c e  i s  v e r y  d e p e n d e n t  on  th e  c h e m ic a l  and  

p h y s i c a l  p r o p e r t i e s  o f  th e  r e s e r v o i r  f l u i d s  an d  

m i n e r a l s .  As a  sum m ary, th e  f o l lo w in g  i te m s  a r e  

b e l i e v e d  t o  be  im p o r t a n t :

(1 )  C rude o i l  c o m p o s i t io n :  A l l  o f  th e  w o rk  on c a u s t i c  

f l o o d i n g  i n d i c a t e s  t h a t  th e  c o m p o s i t io n  o f  th e  c ru d e

o i l  i s  c r u c i a l  t o  t h e  c a u s t i c  f lo o d in g  p r o c e s s .  IV hether

th e  m echan ism  i n v o lv e s  a  w e t t i n g  c h an g e  o r  é m u l s i f i c a t i o n ,

i t  i s  th e  n a tu r e  o f . t h e  p o l a r  com pounds i n  th e  c ru d e  o i l

t h a t  d e te r m in e s  i f  c a u s t i c  c a n  h e lp  a n d  w h a t c o n c e n -
71t r a t i o n  w i l l  be  e f f e c t i v e .  Yen an d  h i s  c o l l e a g u e s  

p r o v id e d  a  good  r e v ie w  on  th e  ty p e s  o f  p o l a r  com pounds 

w h ich  a r e  e f f e c t i v e  i n  th e  a l k a l i n e  p r o c e s s .

(2 )  W ate r c o m p o s i t io n :  The c h e m ic a l  c o m p o s i t io n  

o f  th e  w a te r  u s e d  i s  a l s o  im p o r ta n t .  A l l  a g r e e  t h a t  

s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  m u l t i - v a l e n t  p o s i t i v e
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i o n s ,  s u c h  a s  c a lc iu m  i n  t h e  w a te r  t o  make up  th e  

c a u s t i c  s o l u t i o n ,  s h o u ld  b e  a v o id e d .  Sodium  c h l o r i d e ,  

o n  th e  o t h e r  h a n d , c a n  be  h e l p f u l  i n  a l t e r i n g  th e  

e f f e c t  o f  c a u s t i c  on  r o c k  w e t t a b i l i t y ,  a s  w e l l  a s  

i n  lo w e r in g  th e  c a u s t i c  c o n c e n t r a t i o n  r e q u i r e d  to  

a c h ie v e  minimum i n t e r f a c i a l  t e n s i o n .

( 3 )  Rock r e a c t i v i t y :  C a u s t i c  r e a c t i o n  w i th  

r o c k  m ay b e  r e s p o n s i b l e  f o r  f a v o r a b l e  w e t t a b i l i t y  

c h a n g e s .  B u t r e a c t i o n  w i th  r o c k  a l s o  comsumes c a u s t i c .  

N e a r ly  a l l  r e s e r v o i r  r o c k s  t e n d  t o  r e a c t  w i th  so d iu m  

h y d r o x id e  t o  some e x t e n t ;  t h e  r e a c t i o n  w i th  th e  c l a y  

m i n e r a l s  o f  some r e s e r v o i r  r o c k s  c a n  be s i g n i f i c a n t .

I n  some r e s e r v o i r s ,  i t  may be  e x t e n s iv e  enough  to  

c a s t  d o u b t  on th e  a b i l i t y  o f  c a u s t i c  f lo o d i n g  to  be  

e f f e c t i v e .

( 4 )  C a u s t ic  c o n c e n t r a t i o n  a n d  s lu g  s i z e :

C a u s t i c  c o n c e n t r a t i o n  a n d  v o lu m e i n j e c t e d  a p p e a r  t o  

v a r y  d e p e n d in g  upon th e  r e c o v e r y  m echanism  u s e d .  

C o n c e n t r a t i o n s  a r e  g e n e r a l l y  lo w e s t  f o r  th e  é m u ls i ­

f i c a t i o n  m echan ism , from  a b o u t  0 .0 0 1  to  0 .5  w e ig h t 

p e r c e n t .  H ig h e r  c o n c e n t r a t i o n s  r a n g in g  fro m  0 .5  t o

3 .0  o r  e v e n  a s  h ig h  a s  1 5 .0  w e ig h t  p e r c e n t  u s u a l l y  a r e
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r e q u i r e d  f o r  w e t t a b i l i t y  r e v e r s a l .

M ost o f  t h e  r e s e a r c h e r s  a g r e e  t h a t  a  s lu g  o f  

c a u s t i c  s o l u t i o n  c a n  b e  n e a r l y  a s  e f f e c t i v e  a s  

c o n t in u o u s  i n j e c t i o n , e x c e p t  f o r  th e  m ech an ism  o f  

é m u l s i f i c a t i o n  a n d  e n t r a i n m e n t ,  t h a t  r e q u i r e s  a  

s u f f i c i e n t  volum e to  i n s u r e  c o n t in u o u s  p r o d u c t io n  

o f  a l k a l i n e  e m u ls io n .

(5 )  E f f e c t  o f  g a s  s a t u r a t i o n  i n  a l k a l i n e  

f l o o d i n g ;  P re s e n c e  o f  g a s  p h a se  i n  th e  w a te r f lo o d in g  

h a s  b e e n  shown to  be  h e l p f u l  i n  th e  im p ro v em en t o f  

r e s i d u a l  o i l  r e c o v e r y .  From C r a i g 's  r e v ie w ,  th e  

r e d u c t i o n  in  r e s i d u a l  o i l  s a t u r a t i o n  i s  d e p e n d e n t  on 

th e  m a g n itu d e  o f  th e  g a s  s a t u r a t i o n  t r a p p e d  by  th e  

w a t e r f l o o d .  I t  i s  w i t h o u t  a n y  d o u b t t h a t  t h e  i n t r o ­

d u c t i o n  o f  g a s  p h a se  i n  th e  a l k a l i n e  f l o o d i n g  w i l l  

d e f i n e t e l y  im prove  t h e  o i l  r e c o v e r y  f u r t h e r  i f  

b o th  m ech an ism s w ere  h a n d le d  p r o p e r l y .



CHAPTER I I I  

THEORETICAL CONSIDERATIONS

The t r a p p i n g  an d  th e  r e l e a s i n g  o f  o i l  i n  n a tu re ü . 

p e t r o le u m  r e s e r v o i r  o c c u r  u n d e r  a  w id e  v a r i e t y  o f  

i n t e r r e l a t e d  i n i t i a l  a n d  a p p l i e d  c o n d i t i o n s .  F a c t o r s  

w h ich  d e te r m in e  m ic ro s c o p ic  d i s p la c e m e n t  m echan ism s 

a r e  ;

(1 )  G eom etry  o f  th e  p o re  n e tw o rk .

(2 )  F l u i d - f l u i d  p r o p e r t i e s .

( 3 )  F l u i d - r o c k  p r o p e r t i e s .

( 4 )  The a p p l i e d  p r e s s u r e  g r a d i e n t  an d  g r a v i ty ^  

When w a te r  d i s p l a c e s  o i l  i n  a  p o r o u s  m edium , i n  an  

o r d i n a r y  w a te r f lo o d  p r o c e s s ,  t h e  b a la n c e  b e tw een  

c a p i l l a r y  f o r c e  a n d  v i s c o u s  f o r c e  p l a y s  a n  im p o r ta n t
42r o l e  i n  r e c o v e r i n g  th e  o i l .  I n  1956 M oore a n d  S lo b o d  

p ro p o s e d  a  "V isc a p  C o n c e p t ,"  a  t h e o r y  o f  o i l  d i s p l a c e ­

m en t b a s e d  on  c o m p e t i t io n  b e tw e e n  v i s c o u s  an d  c a p i l l a r y  

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

t h i s  c o m p e t i t i o n ,  th e y  s u g g e s te d  a  c a p i l l a r y  m odel a. 

" d o u b le t "  a s  shown i n  F i g u r e s  . 1 .  The e s s e n t i a l

23
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c h a r a c t e r i s t i c  o f  th e  b e h a v io r  o f  t h i s  s y s te m  i s  t h a t  

t h e  o i l - w a t e r  i n t e r f a c e s  i n  th e  two a rm s o f  th e  d o u b le t  

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

f l u i d s  r e s p o n d  to  th e  co m b in ed  e f f e c t s  o f  v i s c o u s  an d  

c a p i l l a r y  f o r c e s .  T hus o n e  o f  th e  i n t e r f a c e s  ( s e e  

F ig u r e  3 .1 ( B ) )  w i l l  a r r i v e  a t  p o i n t  B f i r s t ,  a n d  w i l l  

t r a p  some o i l  i n  th e  o t h e r  arm  o f  th e  d o u b l e t .  Moore 

a n d  S lo b o d  a l s o  d e s c r ib e d  t h i s  phenom enon m a th e m a t i c a l ly  

b y :

• p + r _ ^ (  — --------- —  )c f  C o s 0

\  . . . . .  ( 3 - 1 )  ■
’'2  , 4 Lqu -  2 ( .  _ 1 _ ) ^ C O S 0

1 r ,

W here: r ^  a n d  r ^  a r e  r a d i i  o f  c a p i l l a r i e s  1 a n d  2 

r e s p e c t i v e l y ;  u  i s  th e  v i s c o s i t y  o f  f l u i d s ,  a ssu m in g  

b o th  h a v e  th e  same v a l u e ;  L i s  th e  d i s t a n c e  c o v e r  

w h ic h  th e  c a p i l l a r y  a n d  v i s c o u s  f o r c e s  a r e  c o m p e tin g ,

Vj  ̂ a n d  Vg a r e  v e l o c i t i e s  i n  th e  c a p i l l a r i e s ,  q i s  th e  

t o t a l  f lo w  r a t e  in  th e  d o u b le t  s y s te m , a n d  i s  th e  

i n t e r f a c i a l  t e n s i o n  b e tw e e n  o i l  an d  w a t e r .

W h ile  c a p i l l a r y  f o r c e s  become l a r g e  w i th  r e s p e c t  

t o  t h e  v i s c o u s  f o r c e s ,  as., i t  i s  t y p i c a l  i n  w a te r - w e t  

r e s e r v o i r s ,  th e  f lo w  w i l l  be f a s t e r  i n  t h e  s m a l l e r
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c a p i l l a r y *  A lth o u g h  t h i s  r e s u l t  i s  n o t  o b v io u s  by  

i n s p e c t i o n  o f  E q u a t io n  ( 3 - 1 ) ,  c a l c u l a t i o n s  i n d i c a t e d  

t h a t  f o r  m o s t c o m b in a t io n s  o f  p r o p e r t i e s ,  th e  b y p a s s e d  

o i l  w i l l  b e  l e f t  i n  th e  l a r g e r  c a p i l l a r i e s  i n  th e

w a te r - w e t  s y s te m .42

10 1 iW èT iM lO N  o r  C O M .C T I T lO l) ,01 K t . iK M i O N  o r  covrcTiiiON

FIGURE 3 .1

MODEL OF CAPILLARIES IN A POROUS MEDIUM TO 
ILLUSTRATE THE INTERPLAY OF CAPILLARY AND VISCOUS FORCES

I f  on e  c o n s id e r s  th e  p o r o u s  medium to  b e  com posed  

o f  n u m ero u s a m o u n ts  o f  c a p i l l a r y  d o u b l e t s ,  th e  f i r s t  

f l o o d - o u t  r e g i o n  w i l l  in c lu d e  th o s e  d o u b le t s  h a v in g  

l a r g e r  a v e r a g e  c a p i l l a r y  d i a m e t e r s .  The d o u b le t s  o f  

s m a l l e r  c a p i l l a r y  d ia m e te r s  w i l l  re m a in  u n f lo o d e d  

u n t i l  a  h i g h e r  p r e s s u r e  g r a d i e n t  i s  a p p l i e d .  I n  sm 

im m is c ib le  w a te r f lo o d  r e c o v e r y  p r o c e s s ,  vrtien one o f
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t h e  c a p i l l a r i e s  i n  th e  d o u b l e t  i s  f l o o d e d ,  t r a p p e d  o i l  

i n  th e  l a r g e r  c a p i l l a r y  w i l l  n e v e r  b e  rem o v ed  u n l e s s  

t h e  f l o o d e d  c a p i l l a r y  i s  p lu g g e d  by  a  f o r e i g n  m a t e r i a l ,  

s im p ly  b e c a u s e  th e  i s o l a t e d  o i l  d ro p  i s  d o m in a te d  by  

t h e  J a m in  E f f e c t .  T h e r e f o r e ,  f o r  an y  im p ro v em e n t i n  

o i l  r e c o v e r y  by  im m is c ib le  d is p la c e m e n t  a f t e r  w a te r ­

f l o o d ,  some f o r e i g n  m a t e r i a l s  m u st be  i n t r o d u c e d  in  

o r d e r  t o  i n t e r r u p t  t h e  f lo w  p a th  w hich  h a s  a l r e a d y  

b e e n  c r e a t e d  by  th e  w a t e r f l o o d .

M o b i l i z a t i o n  o f  R e s id u a l  O i l s

I n  w a te r - w e t  p o r o u s  medium w h ich  h a s  b e e n  

w a t e r f l o o d e d  to  a  r e s i d u a l  o i l  s a t u r a t i o n ,  a c c o r d in g  

t o  D a r c y 's  Law, th e  f lo w  o f  an  a q u eo u s  p h a s e  th r o u g h  th e  

p o r o u s  medium c o n t a i n i n g  im m o b ile  o i l  i s :

K K Ap
V = — EH............................ ( 3 - 2 )

&  ^
vfliere i s  th e  a p p a r e n t  f l u i d  v e l o c i t y ,  i s  th e  

r e l a t i v e  p e r m e a b i l i t y  t o  th e  a q u e o u s  p h a s e ,  K i s  th e  

a b s o l u t e  p e r m e a b i l i t y ,  JUt̂  i s  th e  v i s c o s i t y  f o r  th e  

a q u e o u s  p h a s e ,  an d  L i s  t h e  l e n g th  o f  th e  l i n e a r  s y s te m . 

When more th a n  o n e  i n t e r f a c e  i s  p r e s e n t  i n  a  

g iv e n  f lo w  p a t h ,  c o n d i t i o n s  may be su c h  t h a t  th e



27

r e s i s t a n c e  t o  f lo w  i s  m a rk e d ly  i n c r e a s e d  o r  th e  r e s i s ­

ta n c e  may becom e g r e a t  enough t o  p r o h i b i t  f lo w .

T h is  e f f e c t  w as d i s c o v e r e d  b y  J a m in ,  an d  i s  t h e r e f o r e  

c a l l e d  " Ja m in  E f f e c t . "

The phenom enon  o f  th e  h ig h  p r e s s u r e s  r e q u i r e d  

to  move th e  n o n - w e t t in g  g lo b u le  i s  w e l l  d e s c r ib e d  by
7

G a rd e sc u . He fo u n d  t h a t  th e  p r e s s u r e  d ro p  r e q u i r e d

f o r  o n s e t  o f  m o b i l i z a t i o n  fro m  A t o  B ( r e f e r  to  

F ig u r e  3 ,2 )  c o u ld  be c a l c u l a t e d  b y ;

........................ ( 3 - 3 )/4dTCos9\ / 4^^ CosG\
= <— (—  h

w here  A,P^ i s  th e  p r e s s u r e  d ro p  b e tw e e n  th e  a d v a n c in g  

en d  A and  t h e  r e c e d i n g  end  B, D i s  th e  c a p i l l a r y  

d ia m e te r  a t  A o r  B .tf ' i s  th e  i n  t e r f a c i a l  t e n s i o n  b e tw e e n  

o i l  a n d  th e  a q u e o u s  p h a s e ,  0  i s  th e  c o n t a c t  a n g l e .

OIL
©A.

y

T 7 y

F ig u r e  3 ,2  

I d e a l i z e d  P o re  P a th



28

M o b i l i z a t i o n  o f  a  g lo b u le  o f  th e  n o n - w e t t in g  p h a s e  

i n v o lv e s  d r a in a g e  a n d  im b ib i t io n .^ ®  A t th e  r e c e d in g  

e n d  o f  th e  g lo b u le  ( p o i n t  B ) ,  o i l  d i s p l a c e s  w a te r  

( d r a i n a g e ) ;  a t  th e  a d v a n c in g  e n d  ( p o i n t  A ) , w a te r  

d i s p l a c e s  o i l  ( i m b i b i t i o n ) .  The p r e s s u r e  d i f f e r e n c e  

r e q u i r e d  to  m o b i l i z e  th e  o i l  g lo b u le  i s  t h e r e f o r e  

p r o p o r t i o n a l  t o  th e  d i f f e r e n c e  i n  d r a in a g e  a n d  

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

F o r  a n  o i l  g lo b u le  o f  l e n g t h  t r a p p e d  i n  a  

c a p i l l a r y  tu b e  o f  v a r i a t i o n  i n  d ia m e te r  a s  shown i n  

F ig u r e  3 .2 ,  E q u a t io n  ( 3 - 3 )  c a n  f u r t h e r  be e x p r e s s e d  

i n :

A p _  4 ^ Cos 0 A ( f C o s  0
= ( ---- 71»---------) -  (---------  )m

'A

A  _  ((TPOS 0 )  .
= [ ( ( T  Cos 8 )g  -  — -------------] .  . . ( 3 - 4 )

w h ere  7^=  ^ / D g ,  an d  = D ^/ Dg . F o r  th e  c a s e  o f

c o n s t a n t  o r  n e a r l y  c o n s t a n t  i n t e r f a c i a l  t e n s i o n ,

E q u a t io n  ( 3 - 4 )  becom es

A D_^ . Cos 0
— —  = 5 C  ( c o s  8 g  p  ) .............. ( 3 - 5 )

U sin g  c u b ic  n e tw o rk s  o f  c a p i l l a r y  t u b e s  o f  

d ia m e te r  D„ a s  a  p e r m e a b i l i t y  m o d e l, th e  a b s o l u t e
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p e r m e a b i l i t y  i s  g iv e n  b y : 

4>D 2
K = - — —  o r  D_^ = .( 3 - 6 )

96 B -  (p

2S u b s t i t u t e  Dg i n t o  E q u a t io n  ( 3 - 5 )  t o  o b t a i n

■7 ^  = -# &  ( >.......
by a p p r o x im a t in g  ( A p /  J [  ) = i ^ P /  L ) we h a v e :

>

o r

( c o s  -  - 2 ^  ) . . ( 3 - 8 )
L < r  96>^K ® P

By c o m b in in g  E q u a t io n  ( 3 - 1 )  an d  E q u a t io n  ( 3 - 8 ) ,  we 

h a v e :

A P ''w

L(T '  ( k^„K ) c r

, Cos ©.
= -------------  ( Cos 0„ -  — 2 f   ) .............. ( 3- 9 )

9 6 X K  ® P

From K o z e n e y 's  e q u a t io n

K =    ( 3 - 1 0 )

■ ' . s '

w here  i s  K o z e n e y 's  c o n s t a n t ,  a n d  i s  s p e c i f i c  

a r e a  p e r  p o r e  v o lu m e . S u b s t i t u t i n g  E q u a t io n  (3 —10)
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i n t o  E q u a t io n  ( 3 - 9 )  we h av e

^  .  A i .  .  A i !  (COS e , -  
L ^  24 X  r

S in c e  K ^ , ^ ,  a n d  ^  a r e  v e r y  much d e p e n d e n t  upon  th e

r o c k  t y p e : a n d  th e  p o re  s i z e  d i s t r i b u t i o n ,  th e y  c a n  be

assu m ed  c o n s t a n t  f o r  a  s p e c i f i c  v a lu e  o f  l i q u i d

s a t u r a t i o n .  H ow ever, s p e c i f i c  s u r f a c e  i s  th e  t o t a l

a r e a  e x p o s e d  w i t h i n  th e  p o re  s p a c e  p e r  u n i t  v o lu m e .

When th e  u n i t  vo lum e i s  th e  p o r e  s p a c e ,  th e  s p e c i f i c

a r e a  o f  N s p h e r i c a l  g r a i n s  o f  a v e r a g e  r a d i u s  r  i s

g iv e n  b y ;^ ^

S = — —   ...........................   (3 -1 2 )
P  V

By i n v e s t i g a t i n g  E q u a tio n  ( 3 - 1 2 ) ,  on e  c a n  s e e  t h a t  

th e  s m a l l e r  t h e  g r a i n  s i z e ,  t h e  l a r g e r  th e  S^ an d  

v i c e  v e r s a .

E q u a t io n  (3 -1 1 )  c a n  f u r t h e r  be e x p r e s s e d  i n ;

An K. S 2 Cos 0 .
- = £ -  = ----- 2— E—  ( C os e_  ^   V ) . . . . ( 3 - 1 3 a )

24 X  ® P

an d  a l s o :

A &  .  <V .1 1  '? A !  (COS G , -  ^  ) . . . ( 3 - 1 3 b )
( y  24 X . p

U nder f i x e d  s a t u r a t i o n  c o n d i t i o n s ,  when th e  m o b i l i z a t i o n
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o f  r e s i d u a l  o i l s  o c c u r s  i n  th e  a r e a  o f  u n f lo o d e d  

c a p i l l a r i e s ,  t h e  c a p i l l a r y  num ber ( ) r e q u i r e d

t o  rem ove  t h e  r e s i d u a l  o i l  i s  p r o p o r t i o n a l  t o  Sp . As a  

c o n s e q u e n c e ,  w hen o i l  m o b i l i z a t i o n  o c c u r s  i n  t h e  a r e a  

o f  f i n e r  s a n d  g r a i n s ,  th e  c a p i l l a r y  num ber w i l l  y i e l d  

a  l a r g e r  v a lu e  f o r  a  s p e c i f i c  r e s i d u a l  o i l  s a t u r a t i o n  

th a n  t h a t  i n  a n  a r e a  o f  c o a r s e r  g r a i n  s a n d s .  T h e r e f o r e ,  

p l o t s  o f  t h e  c a p i l l a r y  num bers v e r s u s  r e s i d u a l  o i l  

s a t u r a t i o n s  c a n  s e r v e  to  e x p l a i n  q u a l i t a i v e l y  th e  

m ech an ism s in v o lv e d  in  th e  r e c o v e r y  o f  w a te r f lo o d  

r e s i d u a l  o i l  s a t u r a t i o n .

E f f e c t  o f  A lk a l in e  I n j e c t i o n

U n lik e  th e  o r d in a r y  a l k a l i n e  f lo o d  f o r  v i s c o u s  

o i l s ,  th e  w a t e r f l o o d  n o n - a c id ic  o i l  d o e s  n o t  c o n t a i n  

s u f f i c i e n t  o r g a n i c  a c i d s  to  p ro d u c e  i n - s i t u  é m u l s i f i ­

c a t i o n .  T h e r e f o r e ,  any  im p ro v em en t i n  o i l  r e c o v e r y  

m u s t b e  a t t r i b u t e d  t o  th e  m ech an ism s o t h e r  th a n  i n - s i t u  

é m u l s i f i c a t i o n .

I t  h a s  lo n g  b e e n  r e c o g n iz e d  t h a t  c l a y  m in e r a l s  

c o n ta i n e d  i n  o i l  r e s e r v o i r  f o r m a t i o n s  may p l a y  a n  

im p o r ta n t  r o l e  i n  th e  s u c c e s s  o r  f a i l u r e  o f  e n h a n c e d  

o i l  r e c o v e r y  t e c h n i q u e s .  The r e a c t i o n  b e tw ee n  th e
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c l a y  m in e r a l  a n d  th e  i n j e c t e d  c h e m ic a l i s  u s u a l l y  

u n d e s i r a b l e .  Munganf® i n  h i s  e a r l y  w o rk , i n d i c a t e d  

t h a t  f o r m a t i o n  dam age, i e . ,  r e d u c t i o n  i n  p e r m e a b i l i t y ,  

h a s  b e e n  g e n e r a l l y  a t t r i b u t e d  t o  c l a y  m in e r a l s  w h ich  

e x p an d  o r  d i s p e r s e  u p o n  c o n t a c t  w i th  th e  a l k a l i n e  w a te r  

b e c a u s e  o f  t h e  ch an g e  o f  PH i n  th e  i n j e c t i o n  f l u i d .

I t  i s  s u g g e s te d  t h a t  t h e  p e r m e a b i l i t y  r e d u c t i o n  i s  

due t o  t h e  p o re  p a s s a g e s  b e in g  b lo c k e d  b y  p a r t i c l e s ,  

vd iich  may b e  d i s p e r s e d  c l a y s ,  c e m e n ta t io n  m a t e r i a l s  

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

T h e r e f o r e ,  i t  i s  b e l i e v e d  t h a t  i f  t h e  c l a y  

d i s p e r s i n g  c o u ld  be c o n t r o l l e d  t o  some e x t e n t ,  th e  

d i s p e r s e d  c l a y  p a r t i c l e s  c o u ld  be  d i v e r t e d  t o  th e  

f lo o d e d  p o re  p a th s  to  b lo c k  th e  f lo w  p a s s a g e s .

The e f f e c t  o f  t h i s  s e l e c t i v e  p lu g g in g ,  t o g e t h e r  w i th  

lo w e r in g  o f  th e  i n t e r f a c i a l  t e n s i o n  b e tw e e n  o i l  and  

a l k a l i n e  s o l u t i o n ,  w i l l  o v erco m e  th e  Ja m in  E f f e c t  

v h ic h  h o l d s  th e  o i l  d r o p l e t s  i n  th e  u n f lo o d e d  c a p i l l a r y  

o f  th e  d o u b l e t  s y s te m .

E f f e c t  o f  A c id ic  O i l  S lu g  I n j e c t i o n

When a n  a c i d i c  o i l  s l u g  i s  i n j e c t e d  i n t o  th e  

p o ro u s  m e d ia  d u r in g  th e  a l k a l i n e  f l o o d ,  i f  t h e  i n t e r ­

f a c i a l  t e n s i o n  i s  low  e n o u g h , th e  a c i d i c  o i l  s l u g
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c o u ld  b e  e m u l s i f i e d  i n - s i t u ,  c o u ld  move dow n stream  w ith  

th e  f lo w in g  c a u s t i c  s o l u t i o n ,  and  c o u ld  b e  e n t r a p p e d  

a g a in  b y  t h e  p o re  t h r o a t s  to o  s m a ll  f o r  th e  e m u ls io n  

d r o p l e t s  t o  p e n e t r a t e .  T h is  m echanism  o f  é m u l s i f i c a t i o n  

an d  e n t r a p m e n t  r e s u l t s  i n  a  r e d u c e d  w a te r  m o b i l i t y  t h a t  

im p ro v e s  b o th  v e r t i c a l  a n d  a r e a l  sw eep e f f i c i e n c i e s .

E s s e n t i a l l y ,  w hen th e  b y p a s s e d  i n j e c t e d  a l k a l i n e  

s o l u t i o n  i s  i n t e r r u p t e d  b y  t h e  s e l e c t i v e  p lu g g in g  o f  th e  

e m u ls io n  d r o p l e t s ,  t h e  c h a n c e  f o r  d i s l o d g i n g  th e  i s o l a t e d  

o i l  i s  th e n  d o m in a te d  b y  t h e  Jam in  E f f e c t .  I f  th e  Jam in  

E f f e c t  t o  r e t a i n  th e  e m u ls io n  d r o p l e t  o r  d r o p l e t s  i s  

h i g h e r  th a n  t h a t  o f  t h e  t r a p p e d  o i l ,  i t  i s  p o s s i b l e  t h a t  

th e  a p p l i e d  p r e s s u r e  w i l l  e v e n t u a l l y  d i s p l a c e  th e  t r a p p e d  

o i l .  T h is  c o n d i t i o n  c a n  o c c u r  o n ly  vrtien t h e  e m u ls io n  

d r o p l e t s  w ere  lo d g e d  s im u l t a n e o u s ly  a s  a  c h a in  i n  th e  

f l o o d e d  c a p i l l a r i e s  b e c a u s e  t h e  o i l - i n - w a t e r  e m u ls io n s  

g e n e r a l l y  h a v e  lo w e r  v i s c o s i t y  and  lo w e r  i n t e r f a c i a l  

t e n s i o n  to  t h e  a l k a l i n e  s o l u t i o n  th a n  th e  o i l  d o e s .

As a  r e s u l t  o f  t h e  s e l e c t i v e  p lu g g in g  ojC th e  

o i l - i n - w a t e r  e m u ls io n s ,  i t  c a n  be e x p e c te d  t h a t  

r e g a r d l e s s  w h e th e r  t h e  b y p a s s e d  o i l  c a n  b e  d i s lo d g e d  

o r  n o t ,  th e  e n tr a p m e n t  o f  t h e  o i l - i n - w a t e r  e m u ls io n
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d r o p l e t s ,  vflien o c c u r r i n g  i n  th e  h i g h e r  p e rm e a b le  r e g i o n ,  

w i l l  r e s t r i c t  f lo w ,  a n d .w a te r  w i l l  b e g in  t o  f lo w  i n t o  

th e  l e s s  p e rm e a b le  r e g i o n ,  r e s u l t i n g  i n  h i g h e r  sw eep 

e f f i c i e n c y .  Or i n  o t h e r  w o rd , th e  d o u b le t s  o f  s m a l l e r  

c a p i l l a r i e s  in  th e  lo w  p e rm e a b le  r e g io n  o f  t h e  p o ro u s  

m edium  w o u ld  be f lo o d e d  a n d  w ould  le a v e  some i s o l a t e d  o i l s  

i n  th e  c a p i l l a r i e s  o f  l a r g e r  d ia m e te r s .

E f f e c t  o f  I n t e r m i t t e n t  N itro g e n  I n j e c t i o n

I t  h a s  lo n g  b e e n  r e c o g n iz e d  t h a t  w a te r f lo o d  

r e s i d u a l  o i l  s a t u r a t i o n  c a n  be re d u c e d  b y  t h e  p r e s e n c e

o f  a  g a s  p h a s e .  R e s id u a l  o i l  s a t u r a t i o n  i n  w a te r - w e t

c o n s o l i d a t e d  r o c k s  c a n  b e  lo w e re d  by  up t o  10 p e r c e n t

p o re  vo lu m e d e p e n d in g  u p o n  th e  m a g n itu d e  o f  t h e  f r e e

g a s  s a t u r a t i o n  t r a p p e d  b y  th e  w a te r f lo o d .

The e f f e c t  o f  n i t r o g e n  i n j e c t i o n  o n  w a te r f lo o d

r e s i d u a l  o i l  s a t u r a t i o n s  e s t a b l i s h e d  w i th  no  g a s

p r e s e n t  i s  e s s e n t i a l l y  d i f f e r e n t  from  th e  e f f e c t  o f

a n  i n i t i a l  g a s  s a t u r a t i o n  b e c a u s e  o f  d i f f e r e n t  s a t u r a t i o n
61

h i s t o r y .  H ow ever, W ill ia m  an d  h i s  c o l l e a g u e s  i n d i c a t e d  

i n  t h e i r  r e c e n t  s tu d y  t h a t  w i th  s im u l ta n e o u s  i n j e c t i o n  o f  

n i t r o g e n  a n d  w a te r  i n  B e re a  s a n d s to n e s ,  r e s i d u a l  o i l  

s t u r a t i o n  r e d u c t i o n  up  t o  18 p e r c e n t  p o r e  v o lu m e w as 

o b t a i n e d .
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N it r o g e n  w i l l  n o t  d e v e lo p  m l s c i b i l i t y  w ith  

c ru d e  o i l  e x c e p t  a t  v e r y  h ig h  p r e s s u r e  o r  w i th  v e ry  

h ig h  A PI g r a v i t y  o i l s ;  t h e r e f o r e ,  i n t e r m i t t e n t  i n j e c t i o n  

o f  n i t r o g e n  i n v o l v e s  m echan ism s o f  g a s  d r i v e  a s  w ell.-, 

a s  t h e  c r e a t i o n  o f  g a s  s a t u r a t i o n s  i n  t h e  p o ro u s  m e d ia . 

From a  m ic r o s c o p ic  p o i n t  o f  v ie w , a s  th e  i n j e c t e d  g a s  

i s  t r a p p e d  i n  t h e  p o r e  c o n s t r i c t i o n s ,  i t  i s  f u r t h e r  

d e v e lo p e d  a s  c h a i n s  o f  b u b b le s  w hen % e  g a s  s a t u r a t i o n  

i s  a c c u m u la te d  i n  t h e  p o re  p a O i s . . A s a  r e s u l t ,  s u c h  a  

b u b b le  c h a i n ,  \d ie n  a l i g n e d  i n  p h a s e  a g a i n s t  th e  c o n s ­

t r i c t i o n ,  c a n  w i t h s t a n d  v e r y  a p p r e c i a b l e  p r e s s u r e  
47

b e f o r e  b r e a k i n g .  T h e r e f o r e ,  t h e  f o l l o w i n g  i n j e c t i n g  

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

c a p i l l a r y  o f  t h e  f lo o d e d  d o u b le t  o r  w i l l  b e  d i v e r t e d  to  

th e  u n f lo o d e d  r e g i o n s  o f  th e  c o r e .  T h i s  e f f e c t  c a n  

b e  c o n t in u e d  b y  th e  i n t e r m i t t e n t  I n j e c t i o n  o f  n i t r o g e n  

s u c h  t h a t  g a s  s a t u r a t i o n  c an  be  p r o p a g a te d  g r a d u a l ly  

f o l l o w i n g  c r e a t i o n  o f  m ore f lo w  p a t h s  b y  th e  p r e c e d in g  

c o n t in u o u s  a l k a l i n e  o r  w a te r f lo o d .

E f f e c t  o f  t h e  I n j e c t i o n  S e q u e n c e s

I t  i s  o b v io u s  fro m  th e  d i s c u s s i o n  ab o v e  t h a t  

th e  V is c a p  C o n c e p t i s  th e  m a jo r  m e c h a n ism  d o m in a tin g
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th e  d i s p la c e m e n t  o f  o i l  i n  th e  w a t e r f l o o d ,  w h i le  s e l e c t i v e  

p lu g g in g  a n d  Jam in  E f f e c t  d o m in a te  th e  d is p la c e m e n t  o f  

th e  r e s i d u a l  o i l  l e f t  b y  t h e  w a t e r f l o o d .  S in c e  th e  

e f f e c t i v e  p lu g g in g  p a r t i c l e  o r  d r o p l e t  s i z e  a n d  th e  

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

a r e  d i f f e r e n t  fro m  one m a t e r i a l  t o  a n o t h e r , t h e r e f o r e  

th e  d e s i g n  o f  i n j e c t i n g  s e q u e n c e s  f o r  d i f f e r e n t  

i n j e c t i o n  p r o c e s s e s  i n  th e  im p ro v e d  o i l  r e c o v e r y  

m e th o d s  i s  im p o r t a n t .



CHAPTER IV 

EXPERIMENTAL APPARATUS AND MATERIALS

The l a b o r a t o r y  eq u ip m en t w as d e s ig n e d  t o  s tu d y :

(1 )  th e  b a s i c  p h y s i c a l  p r o p e r t i e s  o f  th e  p e t r o le u m  f l u i d s  

an d  th e  i n j e c t e d  f l u i d s  e n c o u n te r e d  I n  t h e  r e c o v e r y  

p r o c e s s e s ,  (2 )  t h e  p r o p e r  a n a l y t i c a l  p r o c e d u r e s  i n  o r d e r  

to  i n t e r p r e t  th e  d is p la c e m e n t  m echan ism s w h ic h  l e a d  to  

im p ro v ed  o i l  r e c o v e r y ,  an d  (3 )  th e  o p t im a l  p r o c e s s  o r  

p r o c e s s e s  w h ic h  c a n  e c o n o m ic a l ly  im p ro v e  th e  o i l  r e c o v e r y .

E x p e r im e n ta l  A p p a ra tu s

(1 )  C o re  D is p la c e m e n t S y s tem : The c o r e  d is p la c e m e n t

s y s te m , a s  shown i n  F ig u r e  4 . 1 ,  c a n  f u r t h e r  be  c h a r a c t e r i z e d  

by t h e  f o l l o w i n g  c o m p o n en ts :

(A) C o re  H o ld e r  A ssem bly  ( F ig u r e  4 . 2 ) :  T y p ic a l  

c l e a n  B e re a  s a n d s to n e  c o r e s ,  4 .3 3  i n .  (11 cm) t o  6 .3  i n .

(16 cm) lo n g  a n d  V4 i n .  ( 3 .7  cm) i n  d i a m e te r ,  w ere  c a s t  

i n  f i b e r - g l a s s  r e s i n  w i th  a p p r o x im a te ly  2 .5 6  i n .  (6 .5 cm ) 

in  o u t s i d e  d ia m e te r .  B o th  e n d s  o f  t h e  c o r e  u n i t  w ere 

th e n  c u t  a n d  sm o o th e d  to  th e  d e s i r e d  l e n g t h  an d  

r e i n f o r c e d  w i th  f o u r  to  s i x  p i e c e s  o f  a d j u s t a b l e

37
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s t a i n l e s s  s t e e l  c la m p s , d e p e n d in g  o n  th e  l e n g t h  o f  t h e  

c o r e  u s e d .  Two L u c l te  e n d  p l a t e s  w e re  u s e d  t o  s e a l  t h e  

e n d s  o f  t h e  c a s t  c o r e  u n i t .  To e n s u r e  th e  b e s t  p r e s s u r e  

c o n f in e m e n t ,  tw o o i l  r é s i s t e n t  0 - r i n g s , 1 3 / 4  i n .  O .D. 

a n d  2 i n .  O .D . e a c h ,  w ere  f i t t e d  i n t o  tw o c o n c e n t r i c  

m a c h in e - c u t  g ro o v e s  on th e  s u r f a c e  o f  e a c h  en d  p l a t e ,  

l e a v i n g  b b o u t  1 /1 6  i n .  ab o v e  th e  s u r f a c e  o f  t h e  en d  

p l a t e .  The 0 - r i n g s  p r o v id e d  t h e  n e c e s s a r y  p r e s s u r e  s e a l  

b e tw e e n  th e  e n d  p l a t e  a n d  th e  c a s t  c o r e  u n i t  when b o th  

e n d  p l a t e s  w ere  t i g h t e n e d  b y  f o u r  1 /8  i n .  x  10 i n .  

a d j u s t a b l e  b o l t s  an d  n u t s .  The e n d  p l a t e s  w ere  so  d e s ig n e d  

t h a t  a  1 /4  i n .  h o le  was d r i l l e d  th r o u g h  th e  c e n t e r  o f  e a c h  

e n d  p l a t e  a n d  26 r a d i a l  g ro o v e s  w e re  a l s o  e v e n ly  c u t  

fro m  t h e  c e n t e r  a t  r a d i i  o f  l l i  i n .  t o  p e r m i t  ev en  f l u i d  

e n t r y  a n d  e x i t  fro m  th e  s a n d  f a c e s  o f  t h e  c o re  u n i t .  The 

e n t i r e  sy s te m  w as th e n  t e s t e d  a t  200 p s i g  f o r  a t  l e a s t  

60  m in u te s  t o  e n s u r e  t h a t  i t  w as l e a k  p r o o f .

(B ) F l u i d  I n j e c t i o n  A sse m b ly ; H ig h  p r e s s u r e  

n i t r o g e n  (2 100  p s i g )  c y l i n d e r  w as u s e d  t o  p ro v id e  th e  

p r e s s u r e  s o u rc e  f o r  f l u i d  i n j e c t i o n s .  A p r e s s u r e  

r e g u l a t o r  w as u s e d  i n  a d j u s t i n g  th e  u p s tr e a m  p r e s s u r e .

A b y p a s s  l i n e  o f  1 /8  i n .  t u b in g  w as a l s o  c o n n e c te d  

b e tw e e n  th e  r e g u l a t o r  and  th e  c o r e  a s s e m b ly  t o  p r o v id e  

n i t r o g e n  i n j e c t i o n  v h en  i n t e r m i t t e n t  n i t r o g e n
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I n j e c t i o n  w as a p p l i e d .  B o th  a l k a l i n e  an d  b r i n e  r e s e r v o i r s  

w ere  made o f  2 i n .  s t a i n l e s s  s t e e l  p i p e s  w h ic h  h a v e  maximum 

w o rk in g  p r e s s u r e  o f  1000 p s i .  The l i g h t  c ru d e  o i l  

r e s e r v o i r  w as made o f  1% i n .  c a s t  p l a s t i c  p ip e  an d  

r e i n f o r c e d  w i th  s t e e l  c lam p s  to  w i th s t a n d  100 p s i ,  w h ic h  

i s  n e c e s s a r y  f o r  i n j e c t i n g  th e  o i l  i n t o  th e  c o r e .  A 

g l a s s  c h e m ic a l  t i l t r a t i o n  t u r r e t  w as m o d if ie d  f o r  th e  

p u rp o s e  o f  a c i d i c  o i l  s lu g  i n j e c t i o n s .  I t  p r o v id e d  th e  

th e  n e c e s s a r y  v o lu m e t r i c  a c c u r a c y  t o  th e  r e a d in g  o f  

0 .1  c c .

(C ) H e a t in g  U n i t ;  Two h e a t i n g  a p p a r a tu s e s  w e re  u s e d  

to  s u p p ly  h e a t  t o  th e  i n j e c t i n g  f l u i d s  a s  w e l l  a s  t o  th e  

c o re  a s s e m b ly .  A c o n s t a n t  t e m p e r a tu r e  w a te r  b a th  w as 

u s e d  a s  a  h e a t  e x c h a n g e r  t o  p r e ^ h e a t  th e  i n j e c t i n g  

f l u i d s  a t  r e s e r v o i r  t e m p e r a t u r e ,  v d i i le  a  c o n s t a n t  

t e m p e r a tu r e  e l e c t r i c  oven  w as u s e d  t o  k eep  th e  c o re  

a s s e m b ly  a t  t h e  sam e r e s e r v o i r  t e m p e r a t u r e .

(D) P r e s s u r e  an d  T e m p e ra tu re  M e a su rin g  D e v ic e s ;

A l l  p r e s s u r e s  w e re  m easu red  u s in g  o r d i n a r y  B orden  tu b e  

p r e s s u r e  g a u g e s ,  w h ich  w ere  c a l i b r a t e d  by  a  m e rc u ry  U 

tu b e  w i th  a c c u r a c y  o f  ^  1 p s i .  T h e rm o m ete rs  w ere  u s e d  

f o r  t e m p e r a tu r e  m e a s u re m e n ts .

(2 )  F l u i d  P r o p e r ty  M e a su r in g  D e v ic e s ;
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(A) PH m e te r :  C o rn in g  M odel 125 PH m e te r  w as

u s e d  t o  m o n i to r  th e  PH v a lu e s  o f  b o th  i n j e c t i o n  and  

p r o d u c t io n  f l u i d s .  The Model 125 u s e s  a  d i g i t a l  

r e a d o u t  w i th  r e s o l u t i o n  t o  0 .0 1  PH u n i t  a n d  1 mV.

I t  c o v e r s  th e  r a n g e  o f  0 t o  14 PH o r  0 t o  * 1800 mV. 

T e m p e ra tu re  c o m p e n s a tio n  c a n  be  made m a n u a lly  o r  by  

u s in g  C o rn in g  a u to m a t ic  t e m p e r a tu r e  c o m p e n s a to r .

B o th  o f  t h e  m e th o d s  a l lo w  c o m p e n s a tio n  o v e r  th e  0 °  t o  

100® C. r a n g e .  The pow er r e q u i r e m e n t s  a r e  50 t o  60 

HZ a n d  115 V o l t s  a c .

(B ) I n t e r f a c i a l  T e n s io m e te r s :  The C enco -du  Nouy 

t e n s i o m e te r  No 70545 was u s e d  t o  m e asu re  th e  i n t e r f a c i a l  

t e n s i o n  b e tw e e n  th e  b r i n e  a n d  o i l  a n d  b e tw een  c a u s t i c  

s o l u t i o n  a n d  o i l  a t  room t e m p e r a t u r e .  The i n t e r f a c i a l  

t e n s i o m e te r  e m p lo y s  th e  r i n g  m e th o d  o f  m easu rem en t, 

w h ich  a l lo w s  m e a su re m e n ts  t o  be  made i n  15 t o  30 s e c o n d s .  

M easu rem en t v a l u e s  a r e  r e p r o d u c i b l e  t o  w i th in  - 0 .0 5  

dyne/cm  a n d  c a n  b e  o b ta in e d  by  a  d i r e c t  s c a l e  r e a d i n g .  

B ecau se  o f  t h e  l i m i t a t i o n  o f  t h e  du  -N ouy t e n s i o m e te r ,  

S p in n in g  D rop t e n s i o m e te r  w as a l s o  u s e d  to  m easu re  th e  

i n t e r f a c i a l  t e n s i o n s  b e lo w  0 .5  d y n e /cm  a s  w e l l  a s  th e  

i n t e r f a c i a l  t e n s i o n s  a t  t e m p e r a t u r e s  o f  i n t e r e s t .

(C ) V is c o m e te r s :  B o th  F an n  V-G m e te r  an d  S to rm e r  

v i s c o m e te r s  w e re  u s e d  i n  m e a s u r in g  th e  v i s c o s i t i e s  o f
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a l l  th e  f l u i d s .  The S to rm e r  v i s c o m e t e r  c o n s i s t s  o f  a  

s p in d le  w h ic h  i s  r o t a t e d  i n  a  t e s t  cup  by  a  s e t  o f  g e a r s  

d r iv e n  b y  a  f a l l i n g  w e ig h t .  The r e v o l u t i o n s  o f  th e  

s p in d le  a r e  r e c o r d e d  by  a  r e v o l u t i o n  c o u n t e r .  By 

t r i a l  a n d  e r r o r ,  w e ig h ts  a r e  a d d e d  to  th e  l i n e  u n t i l  a  

s t a b i l i z e d  r o t a t i n g  sp e e d  o f  600 rpm i s  o b ta in e d .  The 

w e ig h t  o f  d r i v i n g  f o r c e  i n  g ram s i s  th e n  u s e d  w i th  a  

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

p r i n c i p l e ,  th e  Fann m e te r  i s  l i k e  th e  S to r m e r ,  i n  t h a t  

th e  b a s i c  m easu rem en t i s  th e  t o r q u e  n e c e s s a r y  t o  r e v o lv e  

a n  i n n e r  r o t o r  i n  a  s t a t i o n a r y ,  f l u i d - f i l l e d  t e s t  c u p . 

The s p i n d l e  i s  d r iv e n  by  a  s y n c h ro n o u s  m o to r . G ear 

c h a n g e s  p l u s  t h e  two m o to r s p e e d s  a l lo w  s i x  o p e r a t i n g  

r m p 's .  T o rq u e  r e a d in g s  a r e  o b t a i n e d  d i r e c t l y  fro m  a  

d i a l  on  t h e  i n s t r u m e n t .

( 3 )  M is c e l la n e o u s :  C h r i s t i a n  B e c k e r  Model

AR-2 a n a l y t i c a l  b a la n c e  w as u s e d  t o  w e ig h  a l l  o f  th e  

c h e m i c a l s .  T h is  b a la n c e  g iv e s  w e ig h in g  p r e c i s i o n  to

9 .0 0 0 1  g ra m s , v d ii le  th e  c o r e  a s s e m b ly  w as m easu red  

b y  e l e c t r i c a l  b a la n c e ,  v h ic h  g i v e s  th e  w e ig h in g  

p r e c i s i o n  t o  0 .0 1  g ram s. The s p e c i f i c  g r a v i t i e s  o f  t h e  

f l u i d s  w e re  m e a su re d  by  th e  W e s tp h a l B a la n c e  v h ic h  c a n  

y i e l d  a c c u r a c y  t o  0 .0 0 0 1  o f  SPG r e a d i n g .  P r e c i s i o n
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e l e c t r i c a l  t i m e r  w as u s e d  f o r  t im e  m easu rem en ts  w h ich  

g i v e s  t h e  t im e  r e a d in g s  w i th  t h e  a c c u r a c y  o f  0 .1  s e c o n d s .

E x p e r im e n ta l  M a t e r i a l s

(1 )  P o ro u s  M ed ia : The p o r o u s  m ed ia  u s e d  i n  t h e s e

e x p e r im e n t s  w e re  B e re a  c o n s o l i d a t e d  s a n d s to n e s .  The 

B e re a  c o r e s ,  w h ic h  h ad  an  a v e r a g e  d ia m e te r  o f  i n c h e s ,

an d  4 .3  t o  6 .3  in c h e s  i n  l e n g t h ,  w e re  m e a su re d  t o  h av e  

19 t o  22 p e r c e n t  p o r o s i t i e s  a n d  260 to  509 md l i q u i d  

p e r m e a b i l i t i e s .  The m i n e r a l o g i c a l  c o n t e n t s  o f  B e re a  

s a n d s to n e  w e re  re p o r te d ® ^  a s  show n i n  T a b le  I .

TABLE I

MINERALOGICAL PROPERTIES OF BEREA SANDSTONE

C o m p o s i t io n , P e r c e n t  b y  W eigh t 

Q u a r tz  F e l d s p a r  C a r b o n a te s  C la y  F e -T i M in e r a ls  

85 5 1 7 2

To u n d e r s t a n d  th e  g r a i n  s i z e  d i s t r i b u t i o n , s i e v e  a n a l y s i s  

o f  t h e  g ro u n d  B e re â  c o r e s  w as m ad e. The r e s u l t s  g iv e n  

i n  T a b le  I I  w ere  p l o t t e d  a s  show n i n  F ig u r e  4 . 3 .  T h is  

a n a l y s i s  i n d i c a t e s  t h a t  th e  B e re a  c o r e s  u s e d  w ere



TABLE II

SIEVE ANALYSIS FOR BEREA SANDSTONE

S ie v e  S iz e  

( i n .  )

C u m u la tiv e
W eig h t

( g r . )

T o t a l  W eig h t 
1 3 2 .5  g r .

P e r c e n t  o f  C u m u la tiv e  
W e ig h t 

(%)

S and  C au g h t 
on  S ie v e  
( w t .  g r . )

P e r c e n t  C o a r s e r  
Than 
(%)

0 .0 2 3 2 0 .1 6 2 0 .1 2 4 0 .1 6 2 0 .1 2 4

0 .0 1 7 7 6 .9 7 5 5 .2 0 1 6 .8 1 3 5 .3 2 4

0 .0 0 8 3 1 7 .7 4 9 8 .2 2 4 1 0 .7 7 4 1 3 .5 4 9

0 .0 0 4 1 1 0 2 .1 0 0 6 4 .3 9 0 8 4 .3 5 1 7 7 .9 3 9

0 .0 0 2 5 1 1 9 .8 0 0 1 3 .5 1 1 1 7 .7 0 0 9 1 .4 5 0

0 .0 0 1 5 1 2 4 .0 0 0 3 .2 0 6 4 .2 0 0 9 4 .6 5 6

0 .0 0 1 5 1 3 1 .0 0 0 5 .3 4 4 7 .0 0 0

Aoi
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FIGURE 4 .3
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OF BEREA CORES



47

w e l l  s o r t e d  a n d  w ere  com posed o f  83 p e r c e n t  f i n e  t o  

v e r y  f i n e  s a n d ,  9 p e r c e n t  s i l t  a n d  c l a y  m in e r a l s ,  6 

p e r c e n t  m edium  s a n d ,  and  2 p e r c e n t  c o a r s e  s a n d .

( 2 )  C rude  O i l s :  The o i l  s a m p le s  s e l e c t e d  f o r

t h i s  s tu d y  w e re  l i g h t  c ru d e  fro m  N. E . P u rd y , S p r in g e r  

A S a n d , L in d s a y ,  Oklahoma o f  C i t i e s  S e r v i c e ,  an d  h e a v y  

c ru d e  f ro m  LOCO F i e l d ,  A rd m o re , O klahom a o f  C onoco.

The fo rm er- w as u s e d  to  s im u la te  t h e  r e s e r v o i r  o i l  f o r  

s a t u r a t i n g  th e  B e re a  S an d , w h i le  th e  l a t t e r  w as u s e d

t o  m ix w i th  t h e  l i g h t  c ru d e  f o r  s lu g  i n j e c t i o n s .  D ead o i l s  

w ere  u s e d  i n  th e  e n t i r e  l a b o r a t o r y  e x p e r im e n t s .  To 

a v o id  th e  p lu g g in g  by th e  i m p u r i t i e s  i n  th e  o i l  s a m p le s ,  

t h e  o i l  s a m p le s  w ere  f i l t e r e d  b e f o r e  u s e .  The m anner 

i n  w h ich  e a c h  o i l ' s  v i s c o s i t y  r e s p o n d s  t o  te m p e r a tu r e  

w as m e a s u re d  a s  shown i n  F ig u r e  4 . 4 .  The s p e c i f i c  

g r a v i t y  o f  th e  l i g h t  c ru d e  a n d  th e  h e a v y  c ru d e  a t  

room  te m p e r a tu r e  (7 8 °  F) w as m e a su re d  t o  be  36° API 

a n d  2 1 °  A PI r e s p e c t i v e l y .

( 3 )  C h e m ic a ls :  The b a s i c  c h e m ic a ls  u s e d  i n

t h i s  s tu d y  in c lu d e d  R e a g e n t g ra d e  so d iu m  h y d ro x id e  

(NaOH) a n d  R e a g e n t g ra d e  so d iu m  c h l o r i d e  (N a C l) .

Sodium  h y d r o x id e  w as u s e d  i n  p r e p a r i n g  th e  a l k a l i n e  

s o l u t i o n s  w h i le  NaCl was u s e d  f o r  t h e . b r i n e .
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CHAPTER V 

EXPERIMENTAL PROCEDURE 

P r e p a r a t i o n  o f  The C ore A ssem b ly

The c l e a n  B e re a  c o r e  w as p l a c e d  i n  th e  o v en  

a n d  d r i e d  a t  3 0 0 °  F f o r  a t  l e a s t  72 h o u r s ,  a n d  was 

c o o le d  i n  t h e  d r i e r  f o r  s e v e r a l  h o u r s .  To m in im ize  

th e  p e n e t r a t i o n  o f  f i b e r - g l a s s  r e s i n ,  th e  c o r e  w as 

f i r s t  c o a t e d  w i th  a  t h i n  l a y e r  o f  f i b e r - g l a s s  r e s i n  

an d  d r i e d ;  th e  c o a t i n g  p r o c e s s  w as th e n  r e p e a t e d  f o r  

tw o m ore t im e s .  The d r i e d  c o a te d  B e re a  c o r e  was th e n  

p la c e d  i n  t h e  c e n t e r  o f  a  c y l i n d r i c a l  m odu le  an d  

c a s t  i n  t h e  f i b e r - g l a s s  r e s i n .  The c a s t  c o r e  h a d  an  

o u t s i d e  d i a m e te r  o f  a p p r o x im a te ly  2 .5 6  i n . ,  an d  

l e n g t h  r a n g e d  fro m  4 .3 3  i n .  t o  6 i n .  The c o r e  u n i t  

w as th e n  c u t  a t  b o th  e n d s  t o  th e  d e s i r e d  l e n g t h ,  and  

th e  p e r i p h e r a l  f i b e r - g l a s s  r e s i n  on  e a c h  e n d  was 

f i n i s h e d  w i th  f i n e  s a n p a p e r  t o  p r o v id e  good  s e a l i n g  

w i th  t h e  e n d  p l a t e s  by  0 - r i n g s .  The c o m p le te  c o re  

a s s e m b ly  w as th e n  t e s t e d  a t  200 p s i  f o r  a t  l e a s t  60 

m in u te s  t o  e n s u r e  l e a k  p r o o f .
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I n i t i a l  S a t u r a t i o n

I n  a  t y p i c a l  e x p e r im e n ta l  r u n  w i th  th e  B e re a  

c o r e ,  t h e  c o r e  was e v a c u a te d  b y  a  vacuum  pump t o  a  

p r e s s u r e  o f  a b o u t  0 .3  Kpa f o r  a t  l e a s t  4  h o u r s .  The 

e v a c u a te d  c o r e  w as th e n  s a t u r a t e d  w i th  a i r - f r e e  

s im u la t e d  b r i n e  a t  20 p s i ,  smd s t a y e d  u n d i s tu r b e d  

f o r  a t  l e a s t  12 h o u r s  t o  a l l o w  e q u i l l i b r i u m  b e tw ee n  

c l a y  m i n e r a l s  a n d  b r i n e .  I n  s a t u r a t i n g  th e  c o r e ,  th e  

a q u e o u s  p h a s e  u s e d  was 1 0 ,0 0 0  ppm NaCl b r i n e .  A f t e r  

s a t u r a t i o n ,  a b o u t  f i v e  m ore p o r e  v o lu m e s  o f  b r i n e  

w ere  p u t  th r o u g h  th e  c o r e  a t  e s c a l a t e d  p r e s s u r e  to  

e n s u r e  c o m p le te  s a t u r a t i o n , an d  a l s o  th e  s p e c i f i c  

l i q u i d  p e r m e a b i l i t y  was o b t a i n e d .  The s a t u r a t e d  c o re  

w as th e n  rem oved  an d  w e ig h e d  t o  d e te r m in e  th e  p o re  

v o lu m e a n d  p o r o s i t y .  D u rin g  th e  re m o v a l o f  th e  c o re  

fro m  th e  c o r e  a s s e m b ly ,  c a r e  w as t a k e n  t o  a v o id  an y  

b r i n e  e v a p o r a t i o n  b e f o r e  a n d  a f t e r  w e ig h in g . 

R e a s se m b ly  w as made im m e d ia te ly  a f t e r  th e  c o r e  w as 

w e ig h e d , a n d  th e  l i g h t  o i l  w as th e n  in t r o d u c e d  t o  

f lo w  th r o u g h  th e  c o r e  u n t i l  r e s i d u a l  w a te r  s a t u r a t i o n  

w as o b t a i n e d ,  a n d  th e  c o r e  w as a l lo w e d  to  s t a n d  a  d a y . 

B e fo re  s t a r t i n g  th e  w a t e r f l o o d ,  1 t o  2 p o re  v o lu m es 

o f  o i l  w e re  f lo w e d  th ro u g h  t h e  c o r e  to  d e te rm in e
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th e  e f f e c t i v e  p e r m e a b i l i t y  to  o i l  a t  r e s i d u a l  w a te r  

s a t u r a t i o n .  And th e  i n i t i a l  o i l  s a t u r a t i o n  was th e n  

d e te r m in e d  b y  w e ig h t  a s  w e l l  a s  v o lu m e t r i c  b a la n c e .

Im p ro v ed  O i l  R eco v e ry

A c o n t r o l  w a te r f lo o d  w as ru n  o n  t h e  o i l - f l o o d e d  

c o r e  b e f o r e  a n y  im p ro v ed  o i l  r e c o v e r y  p r o c e s s ,  an d  th e  

r e s i d u a l  o i l  s a t u r a t i o n  a f t e r  w a t e r f l o o d i n g  was 

d e te r m in e d  by  w e ig h t  a n d  v o lu m e tr ic  b a l a n c e s .

To u n d e r s t a n d  th e  i n t e r a c t i o n s  among d i f f e r e n t  

p r o c e s s e s ,  c o m b in a t io n s  o f  th e  f o l l o w i n g  f i v e  p r o c e s s e s  

w ere  c o n d u c te d  i n  e a c h  c o r e .

(1 )  C o n tin u o u s  W a te r f lo o d  w i th  I n t e r m i t t e n t  

N i t ro g e n  I n j e c t i o n :  C o n tin u o u s  w a te r f lo o d in g  was 

p e r fo rm e d  a t  e s c a l a t e d  p r e s s u r e  a s  a n  o r d i n a r y  w a t e r f l o o d ,  

e x c e p t  t h a t  n i t r o g e n  w as in t r o d u c e d  i n t e r m i t t e n t l y  u n t i l  

g a s  b re a k th r o u g h  d u r in g  e a c h  p r e s s u r e  s t e p .  I n t e r ­

m i t t e n t  i n j e c t i o n  o f  n i t r o g e n  w as r e p e a t e d  s e v e r a l

t im e s  a t  e a c h  p r e s s u r e  s t e p  u n t i l  no m ore  o i l  was 

p ro d u c e d  b e c a u s e  o f  th e  w a te r f lo o d .  The e f f e c t i v e  

w a te r  p e r m e a b i l i t y  an d  r e s i d u a l  o i l  s a t u r a t i o n  w ere  

c a l c u l a t e d  a t  t h e  e n d  of. e a c h  p r e s s u r e  s t e p .

(2 )  C o n tin u o u s  A lk a l in e  I n j e c t i o n :  To 

u n d e r s ta n d  th e  e f f e c t  o f  a l k a l i n e  s o l u t i o n  on th e
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im p ro v em en t o f  th e  o i l  r e c o v e r y ,  a l k a l i n e  s o l u t i o n  w as 

i n t r o d u c e d  t o  f lo w  th ro u g h  th e  c o r e  a t  e s c a l a t e d  

p r e s s u r e s .  A t l e a s t  2 p o r e  v o lu m e s  o f  a l k a l i n e  

s o l u t i o n  w e re  i n j e c t e d  a t  e a c h  p r e s s u r e  s t e p  u n t i l  

n o  m ore o i l  w as  p ro d u c e d . The c u m u la t iv e  

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

a n d  t im e s  w ere  a l l  r e c o r d e d .

(3 )  A l k a l i n e - O i l  S lu g  I n j e c t i o n :  An o i l  s l u g  

c o n t a i n i n g  s u f f i c i e n t  s u r f a c e - a c t i v e  m a t e r i a l s  w as 

i n j e c t e d  i n t o  th e  c o r e  p r i o r  t o  t h e  c o n t in u o u s  i n j e c t i o n  o f  

a l k a l i n e  s o l u t i o n .  The volum e o f  o i l  s lu g  I n j e c t e d  w as 

m e a s u re d  by  u s in g  a  m o d if ie d  t i t r a t i o n  b u r e t t e .  The 

a l k a l i n e  s o l u t i o n  w as th e n  i n j e c t e d  c o n t in u o u s ly

th r o u g h  th e  c o r e  a t  e s c a l a t e d  p r e s s u r e s .  A t l e a s t  

tw o p o r e  v o lu m es  o f  a l k a l i n e  s o l u t i o n  w ere  i n j e c t e d  

a t  e a c h  p r e s s u r e  s t e p  o r  u n t i l  no  m ore s i g n i f i c a n t  o i l  

w as p ro d u c e d .  E f f e c t i v e  w a te r  p e r m e a b i l i t y  a n d  r e s i d u a l  

o i l  s a t u r a t i o n  was c a l c u l a t e d  a t  t h e  e n d  o f  e a c h  

p r e s s u r e  s t e p .

( 4 )  C o n tin u o u s  A lk a l in e  F lo o d  w i th  I n t e r m i t t e n t  

N i t r o g e n  I n j e c t i o n :  A lk a l in e  s o l u t i o n  w as i n j e c t e d  

c o n t in u o u s ly  a t  e s c a l a t e d  p r e s s u r e s ,  v d ii le  n i t r o g e n  

w as i n t r o d u c e d  i n t e r m i t t e n t l y  u n t i l  g a s  b r e a k th r o u g h .
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I n t e r m i t t e n t  n i t r o g e n  i n j e c t i o n s  w ere  r e p e a t e d  s e v e r a l  

t im e s  i n  e a c h  p r e s s u r e  s t e p  u n t i l  no m ore s i g n i f i c a n t  o i l  was 

p r o d u c e d .  E f f e c t i v e  p e r m e a b i l i t y  o f  w a te r  a n d  r e s i d u a l  

o i l  s a t u r a t i o n  w e re  c a l c u l a t e d  a t  t h e  e n d  o f  e a c h  

p r e s s u r e  i n t e r v a l .

(5 )  C o n t in u o u s  A lk a l in e  F lo o d in g  w i t h  O i l  S lu g  

a n d  I n t e r m i t t e n t  N i t r o g e n  I n j e c t i o n s :  The p r o c e d u r e s

w e re  th e  same a s  a l k a l i n e - n i t r o g e n  p r o c e s s  a s  d e s c r ib e d  

i n  p r o c e s s  ( 4 ) ,  e x c e p t  a n  a c i d i c  o i l  s l u g  w as i n j e c t e d  

p r i o r  t o  th e  i n j e c t i o n  o f  th e  a l k a l i n e  s o l u t i o n .



CHAPTER VI

SUPPLEMENTARY EXPERIMENTS %AND OBSERVATIONS 

M easu rem en t o f  The I n t e r f a o l a l  T e n s io n s

The e f f e c t  o f  NaOH o n  t h e  i n t e r f a c i a l  t e n s i o n s ( 

IF T ) o f  N .E . P u rd y  U n i t ,  S p r i n g e r  A o i l  was m in im a l ,  

o n  th e  o t h e r  h a n d  NaOH c o u ld  s i g n i f i c a n t l y  r e d u c e  t h e  

IFT  o f  t h e  h e a v y  o i l  (LOCO F i e l d ,  A rd m o re , CONOCO) 

b e tw ee n  0 .1 5  t o  0 .2 0  w e ig h t  p e r c e n t  o f  NaOH. B e c a u se  o f  

th e  n a r ro w n e s s  i n  e f f e c t i v e  NaOH c o n c e n t r a t i o n s  o n  th e  

h e a v y  c r u d e ,  d i r e c t  u s e  o f  LOCO F i e l d  h e a v y  c ru d e  a s  a n  

i n j e c t i n g  o i l  s l u g  i s  l i m i t e d .  S t u d i e s  h a v e  show n t h a t  

o i l  s l u g s  w i t h  w id e r  e f f e c t i v e  NaOH c o n c e n t r a t i o n s  c a n  

be  o b ta in e d  b y  s im p ly  m ix in g  t h e  a b o v e  tw o c r u d e s  i n  

a p p r o p r i a t e  p r o p o r t i o n s .  F ig u r e  6 .1  g i v e s  th e  d e t a i l s  

o f  t h e s e  s t u d i e s .

B e c a u se  o f  t h e  l i m i t a t i o n s  o f  t h e  Du-Nouy i n t e r ­

f a c i a l  t e n s i o m e t e r ,  a l l  i n t e r f a c i a l  t e n s i o n s  w ere  

m e a su re d  a t  7 8 °  F a n d  th e  minimum r e a d a b l e  r e a d i n g s  

w e re  made a t  0 . 5  d y n e /cm . I n t e r f a c i a l  t e n s i o n s  b e lo w

0 .5  d y n e /cm  w e re  m e a su re d  b y  S p in n in g  Drop i n t e r f a c i a l
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t e n s i o m e t e r .  S p in n in g  D rop i n t e r f a c i a l  t e n s i o m e t e r  was 

a l s o  u s e d  t o  m easu re  i n t e r f a c i a l  t e n s i o n s  o f  t h e  c r u d e -  

a l k a l i n e  s y s te m  a t  t e m p e r a t u r e s  o f  i n t e r e s t .  (T a b le  B -2)

R e a c t i v i t i e s  o f  A lk a l in e  S o l u t i o n s  t o  B e re a  S a n d s to n e s

R e a c t i v i t i e s  o f  t h e  a l k a l i n e  s o l u t i o n s  t o  th e  

s a t u r a t e d  B e re a  c o r e s  w ere  d e te r m in e d  b y  m e a s u r in g  th e  

p e r m e a b i l i t y  r e d u c t i o n s  an d  PH c h a n g e s . S t u d i e s  

i n d i c a t e d  t h a t  th e  p e r m e a b i l i t y  r e d u c t i o n  i n  th e  

i n j e c t i o n  o f  0 .1 7 5  w t .  p e r c e n t  NaOH s o l u t i o n  w ere  l e s s  

s e v e r e  t h a n  t h a t  i n  th e  i n j e c t i o n  o f  1 .0 0  w t .  p e r c e n t  

NaOH s o l u t i o n .  The r e s u l t s  a s  shown i n  F ig u r e  6 .2  

i n d i c a t e  t h a t  a  maximum p e r m e a b i l i t y  r e d u c t i o n  o f  

25 p e r c e n t  o f  th e  i n i t i a l  l i q u i d  p e r m e a b i l i t y  was 

s t a b i l i z e d  a f t e r  th e  I n j e c t i o n  o f  a p p r o x im a te ly  12 

p o re  v o lu m e s  o f  0 .1 7 5  w t .  p e r c e n t  NaOH s o l u t i o n .

On t h e  o t h e r  h a n d , a p p r o x im a te ly  55 p e r c e n t  r e d u c t i o n  

i n  o r i g i n a l  l i q u i d  p e r m e a b i l i t y  was o b s e r v e d  a f t e r  

7 p o r e  v o lu m e s  o f  1 .0 0  w t .  p e r c e n t  NaOH s o l u t i o n  

h a d  b e e n  i n j e c t e d .  M easu rem en t o f  t h e  p e r m e a b i l i t y  

r e d u c t i o n s  i n  th e  i n j e c t i o n  o f  1 .0 0  w t .  p e r c e n t  

NaOH s o l u t i o n  a l s o  show ed t h a t  p a r t i a l  p e r m e a b i l i t y  

r e s t o r a t i o n  o c c u r r e d  a f t e r  7 p o re  v o lu m es  o f  t h e  a l k a l i n e
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s o l u t i o n  h a d  b e e n  i n j e c t e d .  T h is  i n d i c a t e s  t h a t  c o n t in u o u s  

i n j e c t i o n  o f  t h e  h ig h  c o n c e n t r a t i o n  NaOH s o l u t i o n  i n i t i a t e d  

th e  d i s o l u t i o n  o f  th e  s i l i c a t e  m i n e r a l s .  They a r e  p r e -
63do m in a t e l y  c l a y  an d  l a r g e - s u r f a c e - a r e a  s i l i c a  m i n e r a l s .

I n  t h e  m e an tim e , m o n i to r in g  o f  t h e  PH v a l u e s  o f  

th e  p r o d u c in g  l i q u i d  i n d i c a t e d  t h a t  t h e  a l k a l i n e  

c o n su m p tio n  r e a c h e d  a  c o n s t a n t  r a t e  a f t e r  6 p o re  v o lu m e s  

o f  1 .0 0  y r t .  p e r c e n t  NaOH s o l u t i o n  h a d  b e e n  i n j e c t e d ;  

h o w e v e r, t h e  c o n su m p tio n  r a t e  d i d  n o t  s t a b i l i z e d  e v e n  

^ t e r  t h e  i n j e c t i o n  o f  14 p o re  v o lu m e s  o f  0 .1 7 5  w t .  

p e r c e n t  NaOH s o l u t i o n .
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CHAPTER V II  

PRESENTATION AND DISCUSSION OF THE RESULTS

I n  o r d e r  to  u n d e r s t a n d  th e  m ech an ism s e n c o u n te r e d  

i n  t h e  a l k a l i n e  f l o o d  p r o c e s s ,  f i v e  d i f f e r e n t  i n j e c t i o n  

p r o c e s s e s  w ere  u s e d  i n  th e  c o r e  d i s p la c e m e n t  t e s t s .

To make t h e  u tm o s t  u s e  o f  t h e  c o r e  s a m p le s  an d  t o  a s s e s s  

th e  i n t e r a c t i o n s  among d i f f e r e n t  d i s p la c e m e n t  p r o c e s s e s ,  

d i f f e r e n t  c o m b in a t io n s  o f  t h e  f i v e  p r o c e s s e s  w ere  

c o n d u c te d  i n  e a c h  c o r e .  They w ere  th e n  f u r t h e r  

c l a s s i f i e d  i n t o  t h r e e  d i f f e r e n t  c a t e g o r i e s ,  n a m e ly ,

(1 )  w a t e r f l o o d  fo l lo w e d  b y  c o n t in u o u s  w a te r f lo o d  w i th  

i n t e r m i t t e n t  n i t r o g e n  i n j e c t i o n s ,  ( 2 )  w a te r f lo o d  fo l lo w e d  

b y  c o n t in u o u s  a l k a l i n e  f l o o d  w i th  i n t e r m i t t e n t  n i t r o g e n  

i n j e c t i o n ,  an d  (3 )  w a te r f lo o d  f o l lo w e d  by  o i l  s l u g  

i n j e c t i o n  a n d  c o n t in u o u s  a l k a l i n e  f l o o d  w i th  i n t e r ­

m i t t e n t  n i t r o g e n  i n j e c t i o n s .

The e x p e r im e n ta l  r e s u l t s  o b t a in e d  a r e  b a s e d  on 

th e  f o l l o w i n g  p r im a ry  c o n d i t i o n s  a n d  a r e  b r o u g h t  t o  

f o c u s  on  th e  d i s c u s s i o n  o f  t h e  m ech an ism s in v o lv e d  i n  

th e  im p ro v e d  o i l  r e c o v e r y  p r o c e s s e s .

1 .  The b r i n e  c o n t a i n i n g  1 0 ,0 0 0  ppm NaCl w as 

u s e d  a s  a  c o n n a te  w a te r  s a t u r a t i o n  a s  w e l l  a s  a

60
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w a te r f lo o d ln g  l i q u i d  b e c a u s e  i t  p r o v id e d  a  s t a b l e  

r e a c t i o n  w i th  th e  c l a y  c o n t e n t s .

2 .  The a l k a l i n e  s o l u t i o n  c o n t a i n i n g  0 .1 7 5  w e ig h t  

p e r c e n t  o f  NaOH w as u s e d  f o r  th e  p u r p o s e  o f  a l k a l i n e  

i n j e c t i o n s  i n  a l l  o f  th e  im p ro v ed  o i l  r e c o v e r y  

p r o c e s s e s  b e c a u se  i t  p r o v id e d  th e  u s e f u l  d i s p e r s e d  

c l a y  p a r t i c l e s  a n d  a l s o  p r o v id e d  t h e  lo w  i n t e r f a c i a l  

t e n s i o n  w i th  th e  i n j e c t e d  a c i d i c  o i l  s l u g  to  p ro d u c e  

th e  i n - s i t u  é m u l s i f i c a t i o n s .  The i n t e r f a c i a l  t e n s i o n s  

b e tw e e n  th e  a l k a l i n e  s o l u t i o n  an d  th e  o i l  s l u g  a s  low  

a s  0 .0 4  dyne/cm  a t  78® F an d  0 .0 3  d y n e /cm  a t  150® F 

w e re  o b s e rv e d  u s in g  S p in n in g  Drop T e n s io m e te r  an d  th e  

f o r m a t i o n  o f  a l k a l i n e  o i l  e m u ls io n s  w ere  a l s o  o b s e rv e d  

i n  t h e  t e s t  t u b e s .

3 .  A l i g h t - h e a v y  o i l  m ix tu r e  o f  r a t i o  1 :1  was 

c h o s e n  a s  an  i n j e c t e d  a c i d i c  o i l  s l u g  b e c a u s e  i t  

p r o v id e d  b o th  a  u s e f u l  e f f e c t i v e  r a n g e s  i n  low  c a u s t i c  

c o n c e n t r a t i o n s  a n d  a  r e a s o n a b le  lo w  o i l  v i s c o s i t y  a t  

room  te m p e ra tu re  a n d  a t  150® F r e s p e c t i v e l y .

4 .  The B e re a  s a n d s to n e  c o r e s  u s e d  p r o v id e d  

t h e  g r a i n  s i z e  d i s t r i b u t i o n s  r a n g in g  fro m  c l a y  t o  

c o a r s e  s a n d ; t h e r e f o r e ,  i t  i s  a ssu m ed  t o  b e  s u f f i c i e n t  

t o  s u p p ly  th e  n e c e s s a r y  p o re  s i z e  d i s t r i b u t i o n s  f o r

t h e  o b s e r v a t i o n s  o f  th e  e f f e c t  o f  t h e  s e l e c t i v e  p lu g g in g  

by  d i f f e r e n t  r e c o v e r y  p r o c e s s e s .
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P r e s e n t a t i o n  o f  The R e s u l t s

( 1 )  W a te r f lo o d  F o llo w e d  b y  C o n tin u o u s  W a te r f lo o d  

w i th  I n t e r m i t t e n t  N i t r o g e n  I n j e c t i o n s :  The e x p e r im e n t s  

w e re  done  u s in g  tw o c o r e s  h a v in g  th e  c h a r a c t e r i s t i c s  

a s  show n i n  T a b le  I I I .  C o re  #1 w as s a t u r a t e d  w i th  o i l  

t o  a n  i n i t i a l  o i l  s a t u r a t i o n  o f  6 4 .0 4  p e r c e n t  a n d  w a t e r -  

f l o o d e d  a t  c o n s t a n t  p r e s s u r e  g r a d i e n t  o f  189 p s i / f t  t o  

a  w a te r f lo o d e d  r e s i d u a l  o i l  s a t u r a t i o n  o f  4 3 .7 8  p e r c e n t .  

N i t r o g e n  w as th e n  in t r o d u c e d  i n t e r m i t t e n t l y  a t  t h e  same 

c o n s t a n t  p r e s s u r e  g r a d i e n t  u n t i l  no m ore o i l  p r o d u c t io n  

c o u ld  b e  o b t a i n e d .  F ig u r e  7 . 1  g iv e s  th e  d e t a i l s  o f  th e  

i n j e c t i o n  h i s t o r y .  I t  i n d i c a t e s  t h a t  th e  f i n a l  r e s i d u a l  

o i l  s a t u r a t i o n  o f  2 8 .5 5  p e r c e n t  w as o b ta in e d  a f t e r  

a p p r o x im a te ly  7 .0  PV o f  w a te r  h a d  b e e n  i n j e c t e d .

C o re  #2 w as f i r s t  s a t u r a t e d  w i th  o i l  t o  a n  i n i t i a l  

o i l  s a t u r a t i o n  o f  6 9 .4 7  p e r c e n t  an d  w a te r f lo o d e d  a t  

e s c a l a t e d  p r e s s u r e  g r a d i e n t s  f ro m  59 p s i / f t  t o  724  p s i / f t  

u n t i l  a  w a t e r f l o o d  r e s i d u a l  o i l  s a t u r a t i o n  o f  3 5 .4 8 -  

p e r c e n t  w as o b t a i n e d .  N i t r o g e n  w as th e n  in t r o d u c e d  

i n t e r m i t t e n t l y  a t  e s c a l a t e d  p r e s s u r e  g r a d i e n t s  fro m  146 

p s i / f t  t o  645 p s i / f t  u n t i l  no  m ore o i l  w as p ro d u c e d .

The i n j e c t i o n  h i s t o r y  a s  shown i n  F ig u r e  7 .2  

i n d i c a t e s  t h a t  a  f i n a l  r e s i d u a l  o i l  s a t u r a t i o n  o f  3 1 .4 0
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p e r c e n t  w as o b t a i n e d .

TABLE I I I

PROPERTIES OF CORES USED IN CATEGORY 1

C o re  No.
S iz e

L e n g th  x  D ia m e te r  
(cm X cm)

L iq u id
P e r m e a b i l i t y

(rad)

P o r o s i t y

(%)

#1 1 0 .0 x 3 .7 278 2 1 .0 8

#2 1 0 .4 x 3 .7 4 0 8 .5 2 1 .8 8

( 2 )  W a te r f lo o d  F o llo w e d  b y  C o n tin u o u s  A lk a l in e  

F lo o d  w i th  I n t e r m i t t e n t  N i t r o g e n  I n j e c t i o n :  The

e x p e r im e n t s  w ere  done by u s in g  f o u r  d i f f e r e n t  c o r e s  a s  

c h a r a c t e r i z e d  i n  T a b le  IV . A s c a n  b e  s e e n  fro m  

F ig u r e  7 . 3 ,  c o r e  #3  w as s a t u r a t e d  w i th  o i l  t o  a n  

i n i t i a l  o i l  s a t u r a t i o n  S^^ o f  6 9 .2 4  p e r c e n t ,  an d  w a t e r -  

f lo o d e d  w i th  a p p ro x im a te ly  4  p o r e  v o lu m e s  o f  1 0 ,0 0 0  ppm 

NaCl b r i n e  a t  152 p s i / f t  t o  a  w a t e r f l o o d  r e s i d u a l  o i l  

s a t u r a t i o n  o f  4 4 .2 8  p e r c e n t .  N i t r o g e n  was i n t r o d u c e d  

i n t e r m i t t e n t l y  w h i le  c o n t in u o u s  a l k a l i n e  s o l u t i o n  w as 

i n j e c t e d  a t  287  p s i / f t .  The r e s u l t s  i n d i c a t e d  t h a t  

a  f i n a l  r e s i d u a l  o i l  s a t u r a t i o n  o f  2 5 .0 0  p e r c e n t  

w as o b t a i n e d .
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TABLE IV

PROPERTIES OF CORES USED IN CATEGORY 2

C o re  N o.
S iz e

L e n g th  x  D ia m e te r  
(cm X cm)

L iq u id
P e r m e a b i l i t y

(md)
P o r o s i t y  

( % )

#3 1 0 .0 x 3 .7 2 6 0 .0 2 1 .2 3

#4 1 5 .1 x 3 .7 2 7 4 .0 1 9 .4 0

#5 9 .9 x 3 .7 4 8 4 .0 2 1 .2 0

#6 1 0 .0 x 3 .5 4 1 1 .0 2 2 .3Ô

The w a t e r f l o o d  in  c o r e  # 4  w as s t a r t e d  a t  S^^ o f  

6 8 .3 3  p e r c e n t  an d  w as f lo o d e d  a t  141 p s i / f t  f o r  a b o u t  

7 ,5  p o r e  v o lu m e s  o f  1 0 ,0 0 0  ppm N aC l b r i n e  u n t i l  a  w a te r ­

f l o o d  r e s i d u a l  o i l  s a t u r a t i o n  o f  4 3 .1 1  p e r c e n t  was 

a c h ie v e d .  A p p ro x im a te ly  3 .5  p o re  v o lu m es  o f  a l k a l i n e  

s o l u t i o n  ( 0 .1 7 5  w t .  %) w as th e n  I n j e c t e d  c o n t in u o u s ly  

a t  202  p s l / f t .  The r e s u l t  I n d i c a t e d  t h a t  no a d d i t i o n a l  

o i l  w as p r o d u c e d  d u r in g  t h i s  a l k a l i n e  I n j e c t i o n .  

N i t r o g e n  w as t h e n  I n t r o d u c e d  i n t e r m i t t e n t l y  w h ile  

a l k a l i n e  s o l u t i o n  w as i n j e c t e d  c o n t in u o u s ly  a t  182 

p s i / f t .  D u r in g  t h e  i n j e c t i o n  o f  6 .5  p o re  v o lu m es
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a l k a l i n e  s o l u t i o n ,  s i g n i f i c a n t  im p ro v em en t i n  o i l  

r e c o v e r y  w as o b s e r v e d .  The r e s u l t s  i n  F ig u r e  7 ,4  

i n d i c a t e  t h a t  a  f i n a l  r e s i d u a l  o i l  s a t u r a t i o n  o f  2 4 .9 0  

p e r c e n t  p o r e  vo lum e w as a c h i e v e d .

To a s s e s s  th e  i n f l u e n c e  o f  t h e  p r o d u c t io n  

h i s t o r y  o n  th e  a l k a l i n e - n i t r o g e n  p r o c e s s ,  c o re  #5 w as 

s a t u r a t e d  w i th  o i l  t o  o f  6 8 .0 5  p e r c e n t  a n d  w a t e r -  

f l o o d e d  a t  e s c a l a t e d  p r e s s u r e  g r a d i e n t s  from  185 p s i / f t  

t o  431 p s i / f t  u n t i l  a  w a t e r f l o o d  r e s i d u a l  o i l  s a t u r a t i o n  

o f  3 1 .2 8  p e r c e n t  p o re  volum e w as o b t a i n e d .  C o n tin u o u s  

a l k a l i n e  s o l u t i o n  w as th e n  in t r o d u c e d  a t  308 p s i / f t  a n d  

no  s i g n i f i c a n t  im provem ent i n  o i l  r e c o v e r y  w as o b s e r v e d  

a f t e r  4 .5  p o r e  v o lu m es o f  a l k a l i n e  s o l u t i o n  h a d  b e en  

i n j e c t e d .  N i t r o g e n  w as th e n  i n j e c t e d  i n t e r m i t t e n t l y .

A s c a n  b e  s e e n  i n  F ig u r e  7 .5 ,  t h e  f i n a l  r e s u l t s  i n d i c a t e  

t h a t  a  r e s i d u a l  o i l  s a t u r a t i o n  o f  2 4 .0 5  p e r c e n t  w as 

a c h i e v e d .

W a te r f lo o d  w as s t a r t e d  i n  c o r e  #6 a t  i n i t i a l  o i l  

s a t u r a t i o n  o f  6 6 .6 3  p e r c e n t .  A p r e s s u r e  g r a d i e n t  o f  

61 p s i / f t  w as u s e d  i n  w a te r f lo o d ln g  u n t i l  w a te r  b r e a k ­

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

122 p s l / f t  b u t  t h e r e  was no  in c r e m e n t  in  o i l  r e c o v e r y  

o b t a i n e d ,  l e a v i n g  w a te r f lo o d  r e s i d u a l  o i l  s a t u r a t i o n
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s t a b i l i z e d  a t  4 6 .5 6  p e r c e n t .  A lk a l in e  s o l u t i o n  w as 

t h e n  i n j e c t e d  c o n t i n u o u s l y  a t  e s c a l a t e d  p r e s s u r e  

g r a d i e n t s  f ro m  91 p s i / f t  t o  594 p s i / f t ,  a n d  s i g n i f i c a n t  

im p ro v em e n t i n  o i l  r e c o v e r y  w as o b s e r v e d .  The f i n a l  

r e s i d u a l  o i l  s a t u r a t i o n  d u e  t o  a l k a l i n e  i n j e c t i o n  

w as 3 6 .1 5  p e r c e n t .  N i t r o g e n  w as th e n  i n t r o d u c e d  i n t e r ­

m i t t e n t l y  a n d  i n  t h e  m ean tim e  th e  i n j e c t i o n  p r e s s u r e  

g r a d i e n t s  w ere  e s c a l a t e d  g r a d u a l l y  fro m  91 p s i / f t  t o  

400 p s i / f t .  The r e s u l t s  a s  shown i n  F ig u r e  7 . 6  i n d i c a t e  

t h a t  a  f i n a l  r e s i d u a l  o i l  s a t u r a t i o n  o f  2 5 .5 6  p e r c e n t  

w as o b t a i n e d .

(3 )  W a te r f lo o d  F o llo w e d  by  O i l  S lu g  I n j e c t i o n  

And C o n tin u o u s  A l k a l in e  F lo o d  w ith  I n t e r m i t t e n t  N i t ro g e n  

I n j e c t i o n :  F o u r c o r e s ,  a s  d e s c r i b e d  i n  T a b le  V w ere

u s e d  f o r  th e  p u rp o s e  o f  s tu d y in g  th e  i n f l u e n c e  o f  

a c i d i c  o i l  s lu g  i n j e c t i o n  d u r in g  a l k a l i n e  f l o o d .

To b e g in  w i t h ,  c o r e  #7  w as s a t u r a t e d  w i th  o i l  

t o  a n  i n i t i a l  s a t u r a t i o n  o f  6 2 .2 0  p e r c e n t  a n d  w a te r -  

f l o o d e d  t o  a  r e s i d u a l  o i l  s a t u r a t i o n  o f  4 4 .2 0  p e r c e n t  

a t  70 p s i / f t .  An a c i d i c  o i l  s lu g  o f  1 .3  c c  ( o r  

a p p r o x im a te ly  4 .2 5  % PV) w as i n j e c t e d  i n t o  t h e  c o r e  

a n d  w as f o l lo w e d  b y  c o n t in u o u s  i n j e c t i o n  o f  0 .1 7 5  

p e r c e n t  b y  w e ig h t  c a u s t i c  s o l u t i o n  a t  c o n s t a n t  

p r e s s u r e  g r a d i e n t  o f  70 p s i / f t .  S i g n i f i c a n t
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im p ro v em e n t i n  o i l  r e c o v e r y  w as o b s e r v e d .  The r e s u l t s  

a s  show n i n  F ig u r e  7 .7  i n d i c a t e  t h a t  a  f i n a l  r e s i d u a l  

o i l  s a t u r a t i o n  o f  3 8 .6 5  p e r c e n t  w as o b t a i n e d  a f t e r  

th e  i n j e c t i o n  o f  7 .5  p o re  v o lu m e s  o f  a l k a l i n e  s o l u t i o n .

TABLE V

PROPERTIES OF CORES USED IN  CATEGORY 3

C o re  No.
S iz e

L e n g th  x  D ia m e te r  
(cm X cm)

L iq u id
P e r m e a b i l i t y

(md)
P o r o s i t y  

( % )

# 7 1 5 .3 x 3 .7  ‘ 2 6 2 .0 1 8 .6 0

# 8 1 5 .1 x 3 .7 2 8 2 .0 1 9 .6 0

#9 1 5 .5 x 3 .7 4 1 9 .0 2 1 .1 2

# 1 0 1 5 .0 x 3 .7 5 0 9 .0 2 0 .3 4

A s i m i l a r  p r o c e s s  w as c o n d u c te d , i n . c o r e  #8 e x c e p t  

a  s e c o n d  a c i d i c  o i l  s l u g  w as i n j e c t e d  a t  t h e  end  o f  th e  

f i r s t  c o n t in u o u s  a l k a l i n e  i n j e c t i o n .  I t  w as  fo l lo w e d  

by  i n j e c t i o n  o f  « a p p ro x im a te ly  1 p o r e  vo lu m e o f  a l k a l i n e  

s o l u t i o n  a t  166 p s i / f t .  No s i g n i f i c a n t  im p ro v em en t i n  

o i l  r e c o v e r y  w as o b s e r v e d .  N i t r o g e n  w as t h e n  in t r o d u c e d
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i n t e r m i t t e n t l y  a t  166 p s i / f t .  S i g n i f i c a n t  im provem ent 

in  o i l  r e c o v e r y  was im m e d ia te ly  o b s e r v e d ,  and  th e  f i n a l  

r e s i d u a l  o i l  s a t u r a t i o n  a s  show n i n  F ig u r e  7 . 8  was 3 4 .6 2  

p e r c e n t  p o r e  v o lu m e .

I n  c o r e  # 9 , t h e  c o r e  w as f i r s t  s a t u r a t e d  w i th

o i l  t o  a  S . o f  6 8 .0 3  p e r c e n t ,  a n d  w a te r f lo o d e d  a t  
01

e s c a l a t e d  p r e s s u r e  g r a d i e n t s  f ro m  149 p s i / f t  t o  482 p s i / f t  

u n t i l  a  w a te r f lo o d e d  r e s i d u a l  o i l  s a t u r a t i o n  o f  3 8 .0 7  

p e r c e n t  w as o b t a i n e d .  An a c i d i c  o i l  s l u g  o f  1 .3  c c  ( 

a p p r o x im a te ly  3 . 6  % PV) w as th e n  i n t r o d u c e d  i n t o  th e  

c o r e  a n d  f o l lo w e d  by  c o n t in u o u s  i n j e c t i o n  o f  0 .1 7 5  p e r c e n t  

by  w e ig h t  NaOH s o l u t i o n  a t  e s c a l a t e d  p r e s s u r e  g r a d i e n t s  

fro m  216 p s i / f t  t o  590 p s i / f t .  A f t e r  5 p o re  v o lu m es 

o f  a l k a l i n e  s o l u t i o n  h a d  b e e n  i n j e c t e d ,  th e  r e s u l t s  

i n d i c a t e d  t h a t  a  r e s i d u a l  o i l  s a t u r a t i o n  o f  3 8 .0 4  p e r c e n t  

w as o b t a i n e d .  When co m p ared  t o  th e  o i l  s a t u r a t i o n  p r i o r  

t o  t h e  i n j e c t i o n  o f  t h e  s e c o n d  s l u g ,  no im provem ent i n  

o i l  r e c o v e r y  c a n  be o b s e r v e d .  N i t r o g e n  w as th e n  i n t r o d u c e d  

i n t e r m i t t e n t l y ,  and  th e  p r e s s u r e  g r a d i e n t s  w ere  i n c r e a s e d  

g r a d u a l l y  fro m  118 p s i / f t  t o  5 9 0  p s i / f t .  S i g n i f i c a n t  

i n c r e a s e s  i n  o i l  r e c o v e r y  w e re  o b s e r v e d  d u r in g  th e  

i n j e c t i o n  o f  4 p o re  v o lu m es  a l k a l i n e  s o l u t i o n .  The 

r e s u l t s  i n  F ig u r e  7 . 9  i n d i c a t e  t h a t  a  f i n a l  r e s i d u a l  o i l
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s a t u r a t i o n  o f  2 4 .2 0  p e r c e n t  w as o b ta in e d .

To f u r t h e r  I n v e s t i g a t e  th e  e f f e c t  o f  t h e  s e c o n d  

a c i d i c  o i l  s l u g ,  c o r e  #10 w as s a t u r a t e d  t o  o f  6 5 .7 4  

p e r c e n t  a n d  w a te r f lo o d e d  a t  61 p s i / f t  t o  a  r e s i d u a l  o i l  

s a t u r a t i o n  o f  3 8 .Q7 p e r c e n t .  I t  w as th e n  f o l lo w e d  b y  

i n j e c t i o n  o f  1 .0 0  c c  ( 3 .5  % PV) o f  a c i d i c  o i l  s l u g .  

I n j e c t i o n  o f  0 .1 7 5  p e r c e n t  NaOH s o l u t i o n  w as c a r r i e d  

o u t  c o n t i n u o u s l y  a t  e s c a l a t e d  p r e s s u r e  g r a d i e n t s  f ro m  

134 p s i / f t  t o  224 p s i / f t .  A s l i g h t  i n c r e a s e  i n  o i l  

r e c o v e r y  w as o b s e rv e d  a f t e r  6 .5  p o re  v o lu m es o f  a l k a l i n e  

s o l u t i o n  h a d  b e e n  i n j e c t e d , t h u s  l e a v in g  th e  r e s i d u a l  

o i l  s a t u r a t i o n  a t  3 4 .6 5  p e r c e n t .  I n j e c t i o n  o f  1 c c  o f  

s e c o n d  a c i d i c  o i l  s l u g  w as th e n  s t a r t e d  a n d  f o l lo w e d  by  

c o n t in u o u s  i n j e c t i o n  o f  a l k a l i n e  s o l u t i o n  w i th  i n t e r m i t t e n t  

n i t r o g e n  i n j e c t i o n s ,  v d i i le  t h e  i n j e c t i o n  p r e s s u r e  g r a d i e n t s  

w e re  e s c a l a t e d  from  171 p s i / f t  t o  224 p s i / f t .  As c a n  

be  s e e n  fro m  F ig u r e  7 .1 0 ,  s i g n i f i c a n t  im p ro v em en t i n  o i l  

r e c o v e r y  w as o b s e r v e d ,  l e a v i n g  th e  f i n a l  r e s i d u a l  o i l  

s a t u r a t i o n  a t  2 4 .9 0  p e r c e n t .
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D is c u s s io n  o f  The R e s u l t s

A c c o rd in g  - to  th e  t h e o r e t i c a l  a n a ly s e s  d e s c r i b e d

i n  C h a p te r  IV , t h e  m o b i l i z a t i o n  o f  th e  r e s i d u a l  o i l  i n

th e  w a te r f lo o d e d  p o ro u s  m e d ia  i s  m a in ly  d o m in a te d  by

t h e  Jam in  E f f e c t .  An e x a m in a t io n  o f  E q u a t io n s  3 - 1 3a

an d  3 -1 3 b  i n d i c a t e s  t h a t  th e  c a p i l l a r y  num ber c u rv e

r e l a t i n g  (A P /L ) o r  (>U^V^/(r) t o  t h e  r e d u c e d  r e s i d u a l  o i l
2

s a t u r a t i o n s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  , w h ic h  i s  

v e r y  much d e p e n d e n t  upon  th e  g r a i n  s i z e  d i s t r i b u t i o n  o f  

a  c o n s o l i d a t e d  p o ro u s  m edium . T h e r e f o r e ,  th e  p r e s s u r e  

g r a d i e n t  an d  th e  c a p i l l a r y  num ber c u r v e s  w i l l  be  u n iq u e  

f o r  g e o m e t r i c a l l y  s i m i l a r  s y s te m s  i f  t h e  im p ro v em en t i n  

o i l  r e c o v e r y  i s  m a in ly  due t o  t h e  r e d u c t i o n  o f  th e  

i n t e r f a c i a l  t e n s i o n  o r  th e  i n c r e a s e  i n  p r e s s u r e  

g r a d i e n t s .  Any v a r i a t i o n s  fro m  t h i s  c o n d i t i o n  s h o u ld  

be a t t r i b u t e d  t o  t h e  ch an g e  i n  r o c k  p r o p e r t i e s  o r  th e  

c h an g e  i n  p o r e  s i z e  d i s t r i b u t i o n s .

To ex am in e  t h i s  phenom enon , th e  i n j e c t i o n  

p r e s s u r e  g r a d i e n t s  i n  d i f f e r e n t  r e c o v e r y  p r o c e s s e s  

w e re  p l o t t e d  w i th  r e s p e c t  t o  t h e  r e s i d u a l  o i l  

s a t u r a t i o n s  u s in g  t h e  d a t a  o b t a i n e d  i n  th e  te n  

d i s p la c e m e n t  t e s t s .  As o ne  c a n  s e e  fro m  th e  r e s u l t s
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i n d i c a t e d  i n  F ig u r e s  7 .1 1  t o  7 .1 6 ,  a  g e n e r a l  d e c r e a s i n g  

t r e n d  i n  th e  r e s i d u a l  o i l  s a t u r a t i o n  w i th  r e s p e c t  to  

th e  i n c r e a s i n g  i n j e c t i o n  p r e s s u r e  g r a d i e n t s  w as 

o b s e r v e d ,  a l th o u g h  th e y  w e re  n o t  w e l l  c o r r e l a t e d .

A f u r t h e r  c o m p a r iso n  w as made by  p l o t t i n g  th e  

s i x  d i f f e r e n t  p r o c e s s e s  i n  F ig u r e  7 .1 7 .  The r e s u l t s  

i n d i c a t e d  t h a t  d i f f e r e n t  l e v e l s  o f  i n j e c t i o n  p r e s s u r e  

g r a d i e n t s  w e re  r e q u i r e d  f o r  d i f f e r e n t  r e c o v e r y  p r o c e s s e s  

a t  a  s p e c i f i c  r e s i d u a l  o i l  s a t u r a t i o n .

S i m i l a r  e x p e r im e n ta l  r e s u l t s  from  D u l l i e n  a n d  
21h i s  c o l l e a g u e s ,  i n  a  t e r t i a r y  s u r f a c t a n t  f l o o d ,  w ere  

fo u n d  t h a t  t h e  r e s i d u a l  o i l  s a t u r a t i o n s  i n  c o r e s  o f  y  

d i f f e r e n t  p r o p e r t i e s  c a n  be c o r r e l a t e d  w i th  th e  

S t r u c t u r a l  D i f f i c u l t y  In d e x  D, w h ich  i s  a  f u n c t i o n  o f  

th e  p o re  s i z e  d i s t r i b u t i o n s .  I n  g e n e r a l ,  t h e y  fo u n d  

t h a t  lo w e r  p r e s s u r e  g r a d i e n t  i s  r e q u i r e d  f o r  p o ro u s  

medium o f  l a r g e r  mean p o re  n e c k  d ia m e te r  t o  r e a c h  a  

s p e c i f i c  r e s i d u a l  o i l  s a t u r a t i o n .  Among th e  p o ro u s  

m e d ia  th e y  u s e d ,  t h e  r e s u l t s  i n d i c a t e d  t h a t  a  u n iq u e  

c u rv e  w as fo u n d  f o r  a  s p e c i f i c  ty p e  o f  p o ro u s  medium 

when th e  p r e s s u r e  g r a d i e n t s  (Ap /L )  w ere  p l o t t e d  

w i th  r e s p e c t  t o  th e  r e s i d u a l  o i l  s a t u r a t i o n  i n  th e  

s u r f a c t a n t  f l o o d s  th e y  r a n .
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By t h e  sam e to k e n ,  t h e  r e s u l t s  o b s e r v e d  i n  

F ig u r e  7 ,1 7  s u g g e s t  t h a t  t h e  r e c o v e r y  m echan ism s 

b y  d i f f e r e n t  p r o c e s s e s  i n  p o ro u s  m e d ia  o f  b a s i c a l l y  

s i m i l a r  r o c k  p r o p e r t i e s  ( a l l  B e re a  S a n d s to n e s )  y i e l d  

s i m i l a r  r e c o v e r y  b e h a v io r s  t o  t h a t  w h ic h  o c c u r s  i n  

p o ro u s  m e d ia  o f  d i f f e r e n t  r o c k  p r o p e r t i e s .  The 

e x p l a n a t i o n  o f  t h i s  phenom enon c o u ld  b e  (1 )  c h e m ic a l  

r e a c t i o n s  b e tw e e n  th e  i n j e c t i o n  f l u i d  a n d  th e  r o c k  

b o d y , w h ic h  c h a n g e  th e  p o re  s t r u c t u r e  o f  th e  r o c k  

s a m p le s ,  a n d  (2 )  s e l e c t i v e  p lu g g in g  o f  p o r e  s p a c e s  

b y  f o r e i g n  m a t e r i a l s  su c h  a s  e m u ls io n  d r o p l e t s  o r  

d i s p e r s e d  c l a y  p a r t i c l e s .

I t  i s  v e r y  u n l i k e l y  t h a t  d i s s o l u t i o n  o f  th e  

r o c k  s t r u c t u r e  due to  c h e m ic a l  r e a c t i o n s  b e tw e e n  th e  

i n j e c t e d  f l u i d s  a n d  th e  r o c k  body  o c c u r  b e c a u s e  th e  

f l u i d s  u s e d  a r e  e i t h e r  i n e r t  i n  c h e m ic a l  r e a c t i o n s ,  

su c h  a s  n i t r o g e n ,  o r  v e r y  w eak i n  c h e m ic a l  r e a c t i o n s  

b e c a u s e  th e  a l k a l i n e  s o l u t i o n  u s e d  i s  o n ly  0 .1 7 5  w t ,  

p e r c e n t  i n  c o n c e n t r a t i o n .  T h is  i s  n o t  c h e m ic a l ly  

a c t i v e  en o u g h  t o  c a u s e  d i s s o l u t i o n  o f  th e  r o c k  body 

t o  a n y  e x t e n t .  T h e r e f o r e  t h e  o n ly  e x p l a l n a t i o n  l e f t  

f o r  t h e  n o n -u n iq u e  c u r v e s  o b t a in e d  i n  d i f f e r e n t
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p r o c e s s e s  i s  th e  s e l e c t i v e  p lu g g in g  o f  th e  p o ro u s  

m edium .

The r e s u l t s  i n d i c a t e d  i n  F ig u r e  7 .1 7  a l s o  s u g g e s t  

t h a t  t h e r e  a r e  b a s i c a l l y  t h r e e  d i s t i n c t  l e v e l s  o f  

s e l e c t i v e  p lu g g in g  e f f e c t s  e x i s t i n g  i n  th e  im p ro v ed  

o i l  r e c o v e r y  p r o c e s s e s .  F i r s t ,  s e l e c t i v e  p lu g g in g  

e f f e c t  fro m  i n - s i t u  e m u ls io n  d r o p l e t s  and  d i s p e r s e d  

c l a y  p a r t i c l e  vrtiich i s  b a s i c a l l y  m in o r . I t  i s  b e l i e v e d  

t h a t  t h e  s e l e c t i v e  p lu g g in g  h a s  o c c u r r e d  i n  t h e  f lo w  

p a s s a g e s  o f  t h e  s m a l l e r  d o u b le t  s y s te m s .  S e c o n d , 

th e  b u b b le s  c r e a t e d  fro m  i n t e r m i t t e n t  n i t r o g e n  i n j e c t i o n  

p r o v id e  th e  r e s i d u a l  o i l  r e c o v e r y  by  p lu g g in g  th e  

f lo w  p a t h s  o f  th e  l a r g e r  d o u b le t  s y s te m s .  T h i r d ,  

th e  c o m b in a t io n  o f  e m u ls io n  a n d  n i t r o g e n  b u b b le s ,  a s  

w e l l  a s  th e  c o m b in a tio n  o f  d i s p e r s e d  c l a y  p a r t i c l e s  

an d  t h e  n i t r o g e n  b u b b le s ,  p r o v id e s  w id e r  r a n g e s  o f  

s e l e c t i v e  p lu g g in g  i n  th e  p o r o u s  m edia*  c o n s e q u e n t ly ,  

h i g h e r  p r e s s u r e  g r a d i e n t s  w e re  b u i l t  up  i n  th e  r e g i o n  

o f  l a r g e r  d o u b le t  s y s te m s  a n d  y i e l d e d  more r e c o v e r y  i n  

r e s i d u a l  o i l  l e f t  by  w a t e r f l o o d .

The h y p o th e s i s  d e s c r i b e d  ab o v e  can  f u r t h e r  be  

j u s t i f i e d  by  th e  r e s u l t s  i n d i c a t e d  i n  F ig u re  7 .1 8 ,  

w h ich  i s  o b ta in e d  by  p l o t t i n g  th e  lo g a r i th m  o f
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c a p i l l a r y  num ber ( V w i t h  r e s p e c t  t o  th e  r e d u c e d  

r e s i d u a l  o i l  s a t u r a t i o n s .  T h is  p l o t  i n d i c a t e s  a  

phenom enon s i m i l a r  t o  th e  one o b s e r v e d  i n  F ig u r e  7 ,1 7 .

As h a v in g  b e e n  w e l l  d e s c r ib e d  i n  E q u a t io n  3 .1 3 b ,  th e  

a l k a l i n e - o i l  s l u g - n i t r o g e n  p r o c e s s  r e v e a l s  t h a t  th e  

b e s t  s e l e c t i v e  p lu g g in g  o c c u r r e d  i n  s u c h  a  m anner t h a t  

t h e  r e s i d u a l  o i l s  i n  m o st o f  th e  m edium to  l a r g e  d o u b le t  

s y s te m s  h a d  b e e n  e f f e c t i v e l y  s w e p t.

I t  s h o u ld  b e  n o t i c e d  t h a t  a l l  t h e  a n a ly s e s  

made ab o v e  w e re  b a s e d  upon  th e  a s s u m p tio n  a n d  th e  f a c t s  

t h a t  a l l  o f  o r  a t  l e a s t  th e  m a j o r i t y  o f  th e  d o u b le t  

s y s te m s  i n  th e  p o r o u s  m ed ia  h ad  b e e n  c o m p le te ly  sw ep t 

d u r in g  th e  o r d i n a r y  w a te r f lo o d  p r o c e s s ,  an d  a s  a  r e s u l t ,  

r e s i d u a l  o i l s  w e re  l e f t  b e h in d  i n  t h e  l a r g e r  arm s o f  th e  

f l o o d e d  d o u b l e t  s y s te m s .  T h e r e f o r e ,  t h e  im provem en t 

i n  r e s i d u a l  o i l  r e c o v e r y  d u r in g  th e  e n h a n c e d  o i l  r e c o v e r y  

p r o c e s s e s  m e n t io n e d  ab o v e  w as e s s e n t i a l l y  d o m in a te d  b y  

t h e  Ja m in  E f f e c t .

The u n d e r s t a n d i n g  o f  t h e  p r o p e r t i e s  o f  th e  

d i s p e r s e d  c l a y  p a r t i c l e s ,  th e  e m u ls io n  d r o p l e t s  a n d  th e  

n i t r o g e n  b u b b le s  m e n tio n e d  ab o v e  c a n  f u r t h e r  s e r v e  t o  

e x p l a i n  th e  r e c o v e r y  m echan ism s i n  d i f f e r e n t  i n j e c t i o n  

p r o c e s s e s .  C la y  c o n t e n t s  a r e  g e n e r a l l y  b e l i e v e d  t o  be
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h a r m f u l  t o  th e  im p ro v ed  o i l  r e c o v e r y  p r o c e s s e s .

C la y  may a d s o r b  many s u b s ta n c e s  v d iich  may b e  i n j e c t e d  

i n t o  t h e  r e s e r v o i r  t o  im p ro v e  o i l  r e c o v e r y .  P a r t i c u ­

l a r l y  i n  t h e  a lk a d i n e  f l o o d i n g  p r o c e s s ,  h y d r o x y l  

e f f e c t  w i l l  p ro m o te  c l a y  c l e a v a g e ,  d i s p e r s e  th e  c l a y  

p a r t i c l e s ,  an d  b lo c k  th e  p o re  p a s s a g e s .  H o w ev er, i n  

c a s e  o f  s a n d s to n e  f o r m a t i o n s  o f  r e l a t i v e l y  c l e a n  o r  

low  c l a y  c o n t e n t ,  c l a y  s w e l l i n g  c a n  be c o n t r o l l e d  to  

a  c e r t a i n  e x t e n t  t h a t  th e  f lo w  p a t h - b l o c k i n g  e f f e c t  

c a n  b e  u s e d  a s  a  m ech an ism  f o r  im p ro v in g  th e  o i l  

r e c o v e r y .

To d e m o n s t r a te  t h i s  i d e a ,  tw o B e re a  c o r e s  w ere  

s a t u r a t e d  w i th  b r i n e  a n d  f lo o d e d  w i th  a l k a l i n e  s o l u t i o n s  

o f  0 .1 7 5  w t .  p e r c e n t  NaOH a n d  1 .0  w t .  p e r c e n t  NaOH 

r e s p e c t i v e l y .  The r e s u l t s  a s  shown i n  F ig u r e  6 .2  

i n d i c a t e  t h a t  a f t e r  15 p o r e  v o lu m es  o f  0 .1 7 5  w t .  

p e r c e n t  NaOH s o l u t i o n  h a d  b e e n  i n j e c t e d ,  t h e  p e r m e a b i l i t y  

r e d u c t i o n  w as w e l l  c o n t r o l l e d  w i t h i n  25 p e r c e n t  o f  . 

i t s  i n i t i e d  v a l u e .  On th e  o t h e r  h a n d , 55 p e r c e n t  

r e d u c t i o n  i n  p e r m e a b i l i t y  w as o b s e r v e d  a f t e r  6 

p o r e  v o lu m e s  o f  1 .0  w t .  p e r c e n t  NaOH s o l u t i o n  h a d  b e e n  

i n j e c t e d .

More s p e c i f i c a l l y ,  a  B e re a  s a n d s to n e  o f  400 md.



94

f o r  e x a m p le , w i l l  h a v e  e q u i v a l e n t  c a p i l l a r y  t u b e s  o f  

8 m ic ro n s  i n  d ia m e te r .  The p a r t i c l e  s i z e s  f o r  c l a y  

m i n e r a l s  a r e  g e n e r a l l y  b e tw e e n  0 .2  to  4 m ic ro n s  i n  

d i a m e t e r ,  i t  i s  t h e r e f o r e  r e a s o n a b le  t o  a ssu m e  t h a t  

some d i s p e r s e d  c l a y  p a r t i c l e s  w i l l  s u c c e s s f u l l y  b lo c k  

th e  f lo w  p a s s a g e s  o f  s m a l l e r  d ia m e te r s  a n d  t h e  r e s t  

w i l l  f lo w  th ro u g h  th e  f lo w  p a s s a g e s  o f  l a r g e r  d ia m e te r s  

i f  t h e  c l a y  s w e l l i n g  i s  c o n t r o l l e d  to  a  c e r t a i n  e x t e n t .

The d r o p l e t  s i z e  o f  t h e  o i l - i n - w a t e r  e m u ls io n s  

v a r i e s  i n  a  much w id e r  r a n g e , d e p e n d in g  u p o n  th e  ty p e

a n d  t h e  c o n t e n t  o f  s u r f a c e  a c t i v e  m a t e r i a l s  i n  th e
37 ^8c r u d e s .  M c A u lif fe  an d  h i s  c o l l e a g u e s  fo u n d  t h a t

f o r  m o s t o f  th e  a c i d i c  o i l s ,  e m u ls io n  d r o p l e t  s i z e  

r a n g e s  from  0 .1  to  12 m ic ro n s  i n  d ia m e te r .  I n s p e c t i n g  

th e  r e s u l t s  i n d i c a t e d  i n  F ig u r e  7 .1 7  a n d  7 .1 8 ,  one 

may r e a s o n a b ly  assum e t h a t  t h e  a v e ra g e  d r o p l e t  s i z e  

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

t o  t h e  p a r t i c l e  s i z e  o f  th e  c l a y  p a r t i c l e s  e x c e p t  t h a t  

th e  d r o p l e t  s i z e  d i s t r i b u t i o n  i s  m ore u n i f o r m .  F u r th e r m o r e ,  

b e c a u s e  o f  t h e  f a c t  t h a t  a l k a l i n e - n i t r o g e n  p r o c e s s  

y i e l d s  b e t t e r  r e c o v e r y  t h a n  b r i n e - n i t r o g e n  p r o c e s s  

an d  t h a t  b r i n e - n i t r o g e n  p r o c e s s  y i e l d s  b e t t e r  r e c o v e r y  

th a n  a l k a l i n e - o i l  s l u g  p r o c e s s ,  t h e r e f o r e ,  i t  i s
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r e a s o n a b le  t o  assu m e t h a t  n i t r o g e n  b u b b le s  p r o v id e  

th e  s e l e c t i v e  p lu g g in g  e f f e c t  i n  m o s t o f  th e  medium 

t o  l a r g e  d o u b l e t  s y s te m s .

More e x p e r im e n ta l  o b s e r v a t i o n s  o f  th e  s e l e c t i v e  

p lu g g in g  e f f e c t s  i n  d i f f e r e n t  p r o c e s s e s  w ere  made b y  

m o n i to r in g  th e  PH c h a n g e s  i n  t h e  p ro d u c in g  l i q u i d s .

F ig u r e  7 ,1 9  i n d i c a t e s  t h e  PH v a r i a t i o n s  o f  th e  p ro d u c in g  

l i q u i d s  i n  t h e  a l k a l i n e - n i t r o g e n  p r o c e s s .  As on e  c a n  

s e e  t h a t  t h e  PH v a lu e s  s t a b i l i z e d  a t  1 2 .4  a f t e r  th e  

i n j e c t i o n  o f  1 p o re  volum e o f  0 .1 7 5  p e r c e n t  (b y  w e ig h t )  

NaOH s o l u t i o n .  H ow ever, p e r i o d i c  r e d u c t i o n s  i n  PH 

r e s p o n d e d  t o  t h e  i n t e r m i t t e n t  n i t r o g e n  i n j e c t i o n s  w e re  

o b s e r v e d  u n t i l  no more o i l  i s  p r o d u c i b l e .  T h is  r e v e a l s  

th e  o c c u r r e n c e  o f  th e  c o n t in u o u s  s e l e c t i v e  p lu g g in g  

e f f e c t s  b y  th e  i n c r e a s i n g  g a s  s a t u r a t i o n  fro m  th e  

s u c c e s s i v e  i n t e r m i t t e n t  n i t r o g e n  i n j e c t i o n s .  The PH 

r e d u c t i o n  i n  e a c h  p r o d u c t io n  p e r i o d  i s  b e l i e v e d  t o  be  

due t o  t h e  d i l u t i o n  o f  t h e  a l k a l i n e  s o l u t i o n  w i th  t h e  

b r i n e  w a t e r  w h ic h  h a d  b e e n  l e f t  b e h in d  th e  t r a p p e d  o i l  

d u r in g  t h e  w a t e r f lo o d in g .  The v a r i a t i o n s  i n  PH v a l u e s  

o f  t h e  p r o d u c in g  l i q u i d  o f  t h e  a l k a l i n e - o i l  s l u g - n i t r o g e n  

p r o c e s s  w as a l s o  p l o t t e d  a s  show n i n  F ig u r e  7 .2 0 .

D r a s t i c  r e d u c t i o n  . i n  PH v a lu e  w as o b s e r v e d  w i th  e a c h  

o i l  s l u g  i n j e c t i o n .  I t  i s  p a r t i c u l a r l y  o b v io u s
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i n  t h e  i n j e c t i o n  o f  t h e  s e c o n d  o i l  s l u g .  The PH 

r e d u c t i o n  w as m a in ly  due t o  th e  a l k a l i n e  c o n su m p tio n  

b y  i n - s i t u  é m u l s i f i c a t i o n  o f  t h e  a c i d i c  o i l  a n d  

p a r t i a l l y  due  t o  th e  d i l u t i o n  o f  t h e  i n j e c t e d  a l k a l i n e  

s o l u t i o n  b y  th e  p ro d u c e d  c o n n a te  w a te r .  S i m i l a r  b u t  

m ore s e v e r e  PH r e d u c t i o n s  t o  t h a t  o f  a l k a l i n e - n i t r o g e n  

p r o c e s s  w e re  o b s e r v e d  d u r in g  th e  i n t e r m i t t e n t  i n j e c t i o n s  

o f  n i t r o g e n .  T h is  s u g g e s t s  t h a t  a  b e t t e r  p lu g g in g  

e f f e c t  w as o b t a in e d  by  th e  co m b in ed  e f f e c t s  o f  t h e  

n i t r o g e n  b u b b le s  a n d  e m u ls io n  d r o p l e t s .  F ig u r e  7 .2 1  

a l s o  g i v e s  an  exam ple  o f  t h e  e f f e c t  o f  e l e c t i v e  

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

o f  n i t r o g e n  i n j e c t i o n s  i n  t h e  a l k a l i n e - n i t r o g e n  

i n j e c t i o n v p r o c e s s .  The m an n er t h a t  th e  PH r e d u c t i o n s  

r e s p o n d e d  t o  t h e  o i l  r e c o v e r y  i n  th e  i n t e r m i t t e n t  

n i t r o g e n  i n j e c t i o n s  a f t e r  c o n t in u o u s  a l k a l i n e  

i n j e c t i o n  s u g g e s t s  t h a t  n i t r o g e n  b u b b le s  p r o v id e  a  

b e t t e r  p lu g g in g  e f f e c t  i n  t h e  p o re  p a s s a g e s  o f  

l a r g e r  d i a m e t e r s .
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E f f e c t  o f  T e m p e ra tu re

I n  v ie w  o f  th e  p r e v io u s  d i s c u s s i o n s ,  i t  i s  

c l e a r  t h a t  th e  r e c o v e r y  p r o c e s s e s  in c lu d in g  v a r i d u s  

c o m b in a t io n s  o f  a l k a l i n e  i n j e c t i o n ,  a c i d i c  o i l  s lu g  

i n j e c t i o n ,  and  n i t r o g e n  i n j e c t i o n  c an  im p ro v e  th e  

r e c o v e r y  o f  th e  w a te r f lo o d  r e s i d u a l  o i l  s a t u r a t i o n  

t o  v a r i o u s  e x t e n t s .  T h e r e f o r e ,  f u r t h e r  i n v e s t i g a t i o n s  

on  t h e  e f f e c t  o f  t e m p e r a tu r e  t o  th r e e  o f  th e  m o s t 

f a v o r a b l e  r e c o v e r y  p r o c e s s e s  w ere  m ade. The p r o c e s s e s  

o f  w a t e r f l o o d - n i t r o g e n  i n j e c t i o n ,  a l k a l i n e - n i t r o g e n  

i n j e c t i o n ,  an d  a l k a l i n e - o i l  s l u g - n i t r o g e n  i n j e c t i o n  

w e re  c o n d u c te d  a t  150® F u s in g  t h r e e  d i f f e r e n t  c o r e s .

F o r  th e  p u rp o s e  o f  c o m p a r iso n s  b e tw e e n  th e  

r e s u l t s  o f  150® F and  78® F , C u rv es  o f  A p / l  . v s . 

an d  ( 1er ) . v s .  a t  150® F w ere  p l o t t e d  a g a i n s t

t h o s e  o f  78® F . I n s p e c t i n g  th e  r e s u l t s  i n d i c a t e d  in  

F ig u r e  7 .2 2 ,  one c a n  s e e  t h a t  b o th  th e  a l k a l i n e - n i t r o g e n  

i n j e c t i o n  p r o c e s s  a n d  th e  a l k a l i n e - o i l  s l u g - n i t r o g e n  

i n j e c t i o n  p r o c e s s  y i e l d e d  lo w e r  p r e s s u r e  g r a d i e n t s  

r e q u i r e d  a t  150® F th a n  th o s e  r e q u i r e d  a t  78® F to  

rem ove  th e  r e s i d u a l  o i l  s a t u r a t i o n  i n  t h e  r e g i o n  

o f  p r e s s u r e  g r a d i e n t s  l e s s  th a n  300 p s i / f t .  W hile  

i n  t h e  w a t e r f l o o d - n i t r o g e n  i n j e c t i o n  p r o c e s s ,  no
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im p ro v em en t i n  r e c o v e r y  p r e s s u r e  g r a d i e n t  was 

a v a i l a b l e  a s  com pared  t o  t h a t  o f  7 8 °  F . The p o s s i b l e  

e x p l a n a t i o n  o f  t h i s  phenom enon i s  t h a t  t h e  e f f e c t i v e  

p lu g g in g  f o r  n i t r o g e n  b u b b le s  g e n e r a l l y  o c c u r s  i n  

th e  f lo w  p a t h s  o f  l a r g e r  d o u b le t  s y s te m  i n  w h ich  

c a p i l l a r y  f o r c e  d o m in a tio n  i s  m in o r  com pared  to  th e  

v i s c o u s  f o r c e  d o m in a t io n .  H ow ever, i n  c a p i l l a r i e s  

o f  s m a l l e r  d o u b l e t  s y s te m s ,  t h e  re m o v a l o f  r e s i d u a l  

o i l  b y  th e  c a p i l l a r y  f o r c e  d o m in a t io n  i s  s i g n i f i c a n t .  

T h e r e f o r e ,  w h i le  t h e  te m p e r a tu r e  i n c r e a s i n g ,  th e  

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

f lo w  v e l o c i t y  i n  t h e  f lo w  p a t h  t o  s u c h  a n  e x t e n t  

t h a t  t h e  re m o v a l  o f  th e  r e s i d u a l  o i l  s h i f t s  from  th e  

c a p i l l a r y  f o r c e  d o m in a tio n  t o  t h e  v i s c o u s  f o r c e  d o m in a t io n ,  

a n d  f i n a l l y  y i e l d s  a  lo w e r  p r e s s u r e  g r a d i e n t  f o r  

r e s i d u a l  o i l  r e m o v a l .  T h is  i s  t r u e  a s  i n d i c a t e d  i n  

F ig u r e  7 .2 2 ,  vdien a l k a l i n e  s o l u t i o n  a n d  o i l  s lu g  w e re  

u s e d  i n  t h e  im p ro v ed  o i l  r e c o v e r y  p r o c e s s e s .  I n  w h ic h  

t h e  o i l  e m u ls io n  d r o p l e t s  a n d  d i s p e r s e d  c l a y  p a r t i c l e s  

a r e  s u p p o s e d  t o  be  e f f e c t i v e  i n  p lu g g in g  th e  f lo w  

p a t h s  o f  s m a l l e r  d o u b le t  s y s te m s .

T h i s  e x p l a n a t i o n  c a n  f u r t h e r  b e  j u s t i f i e d  b y  

th e  r e s u l t s  a s  shown i n  F ig u r e  7 .2 3 ,  vrtiere c o n s t a n t
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s lo p e s  w ere  fo u n d  i n  a l l  t h r e e  c u r v e s  a t  15 0 ° F w hen 

th e  r e s i d u a l  o i l  s a t u r a t i o n s  w ere  p l o t t e d  a g a i n s t  

th e  c a p i l l a r y  n u m b e rs . A c c o rd in g  to  A b ram s ' s t u d y ^ ,  

th e  c o n s t a n t  s lo p e  i n  c a p i l l a r y  n u m b e r - r e s id u a l  o i l  

s a t u r a t i o n  p l o t  i n d i c a t e s  a  g r a d u a l  s h i f t  from  th e  

c a p i l l a r y  f o r c e  d o m in a t io n  to  t h e  v i s c o u s  f o r c e  

d o m in a tio n  i n  th e  r e s i d u a l  o i l  r e m o v a l .

I n s p e c t i n g  th e  p a i r  o f  c u r v e s  f o r  w a t e r f l o o d -  

n i t r o g e n  i n j e c t i o n  p r o c e s s  f o r  b o th  t e m p e r a t u r e s ,  

one c a n  f i n d  t h a t  b o th  c u r v e s  i n d i c a t e  r e l a t i v e l y  

s i m i l a r  c o n s t a n t  s l o p e s ,  w h ich  o n ce  a g a in  r e v e a l  

t h a t  n i t r o g e n  i s  m a in ly  e f f e c t i v e  i n  p lu g g in g  th e  

f lo w  p a t h s  o f  l a r g e r  d o u b le t  s y s te m s .  On th e  o t h e r  

h a n d , th e  c u rv e  p a i r s  o f  t h e  a l k a l i n e - n i t r o g e n  p r o c e s s  

an d  th e  a l k a l i n e - o i l  s l u g - n i t r o g e n  i n j e c t i o n  p r o c e s s  

i n d i c a t e d  t h a t  re m o v a l o f  r e s i d u a l  o i l  w as m a in ly  

d o m in a te d  by  c a p i l l a r y  f o r c e s  a t  78° F an d  s h i f t e d  

t o  th e  v i s c o u s  f o r c e  d o m in a t io n  vrtien th e  te m p e r a tu r e  

w as i n c r e a s e d  t o  1 5 0 °  F . As a  r e s u l t ,  t h i s  o n ce  

a g a in  c o n f irm s  t h a t  t h e  d i s p e r s e d  c l a y  p a r t i c l e s  

a n d  e m u ls io n  d r o p l e t s  a r e  e f f e c t i v e  m a in ly  i n  t h e  

f lo w  p a th s  o f  s m a l l e r  d o u b le t  s y s te m s .

A t 15 0 ° F , t h e  a l k a l i n e - o i l  s l u g - n i t r o g e n
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p r o c e s s  r e q u i r e d  h i g h e r  c a p i l l a r y  n u m b ers  th a n  th o s e  

o f  t h e  a l k a l i n e - n i t r o g e n  p r o c e s s  i n  c r d e r  t o  r e d u c e  

r e s i d u a l  o i l  s a t u r a t i o n s .  T h is  m an n er s u g g e s t s  t h a t  

th e  c o m b in a t io n  o f  c l a y  p a r t i c l e s  a n d  e m u ls io n  d r o p l e t s  

a t  h i g h e r  t e m p e r a tu r e  p r o v id e s  th e  p lu g g in g  e f f e c t  in  

s m a l l e r  d o u b le t  s y s te m s  th a n  th o s e  o f  c l a y  p a r t i c l e s  

i f  one  a ssu m e s  t h a t  th e  s e l e c t i v e  p lu g g in g  o f  t h e  

n i t r o g e n  i s  a n  in d e p e n d e n t  e v e n t . The r e a s o n  f o r  t h i s  

e f f e c t  i s  n o t  c l e a r ,  h o w e v e r , i t  may s e r v e  a s  .an I n d i c a t i o n  

o f  t h e  t e m p e r a tu r e  e f f e c t .



CHAPTER V I I I  

CONCLUSIONS

T h is  s tu d y  made a  u s e f u l  c o n t r i b u t i o n  t o  th e  

k n o w led g e  o f  t h e  r e c o v e r y  m echanism s a v a i l a b l e  in  

th e  p o s s i b l e  u s e  o f  t h e  a l k a l i n e  and  n i t r o g e n  

i n j e c t i o n s  a s  an  e f f e c t i v e  e c o n o m ic a l im p ro v ed  o i l  

r e c o v e r y  m ethod  i n  a  w a te r f lo o d  r e s e r v o i r .  As a  

r e s u l t  o f  t h i s  s t u d y ,  th e  f o l lo w in g  c o n c lu s io n s  w ere  

made f o r  th e  s u b j e c t  e x p e r im e n ta l  c o n d i t i o n s .

1 . In  a  w a te r - w e t  o i l  r e s e r v o i r ,  th e  " V isc a p "  

c o n c e p t  d o m in a te s  th e  w a te r f lo o d  o i l  

r e c o v e r y  i n  s u c h  a  m anner t h a t  th e  r e s i d u a l  

o i l  i s  l e f t  i n  th e  l a r g e r  c a p i l l a r i e s  o f  

th e  e n t i r e  f lo o d e d  d o u b le t  s y s te m s  i n  th e  

p o ro u s  m edium . T h is  phenom enon c o n t r i b u t e s  

one o f  th e  r e a s o n s  f o r  th e  low  e f f i c i e n c y  

i n  r e c o v e r i n g  th e  o i l  from  th e  r e s e r v o i r .  

The t r a p p e d  o i l  l e f t  i a  th e  p o ro u s  medium 

i s  th e n  c o n t r o l l e d  b y  b o th  t h e  Ja m in  E f f e c t  

a n d  th e  n a t u r e  o f  th e  d o u b le t  s y s te m . The 

i s o l a t e d  o i l  w i l l  n o t  be r e c o v e r e d  u n l e s s

106
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s u f f i c i e n t  p r e s s u r e  g r a d i e n t  i s  a p p l i e d  

a c r o s s  th e  o i l  d ro p  t o  overcom e th e  Ja m in  

E f f e c t  w h ich  r e s t r i c t s  th e  o i l  d ro p  fro m  

m o v in g . I n  a  s e n s e  o f  p r a c t i c a l  a p p l i c a t i o n ,  

t h i s  c o n d i t i o n  may n o t  b e  a b le  to  a c h ie v e  

b e c a u s e  th e  f lo o d e d  arm  o f  th e  d o u b le t  

w i l l  b e  s e r v e d  a s  a  f lo w  p a th  an d  th u s  r e d u c e d  

t h e  p r e s s u r e  g r a d i e n t  a c r o s s  th e  o i l  d r o p l e t ,

2 , B e s id e s  th e  a p p l i c a t i o n  o f  i n t e r f a c i a l  

t e n s i o n  r e d u c t i o n  c h e m i c a l s ,  one o f  t h e  

e c o n o m ic a l  a p p ro a c h e s  t o  rem ove th e  w a te r f lo o d  

r e s i d u a l  o i l  i s  th e  u s e  o f  th e  deep  p e n e t r a t i n g  

p lu g g in g  a g e n ts  t o  b lo c k  th e  f lo w  p a th s  o f  

th e  d o u b le t  s y s te m s .  As a  r e s u l t ,  a  l o c a l  

p r e s s u r e  g r a d i e n t  c a n  b e  b u i l t  up t o  rem ove 

th e  i s o l a t e d  o i l s ,

3 ,  I n  a  r e l a t i v e l y  c l e a n  s a n d s to n e ,  th e  c l a y  

s w e l l i n g  c an  be c o n t r o l l e d  t o  a  c e r t a i n  

e x t e n t  by  i n j e c t i n g  a l k a l i n e  s o l u t i o n  o f  

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

c l a y  p a r t i c l e s  c a n  b e  u s e d  a s  an  e f f e c t i v e  

s e l e c t i v e  p lu g g in g  m a t e r i a l  t o  im prove

th e  o i l  r e c o v e r y  i n  a  w a te r f lo o d  r e s e r v o i r ,

4 ,  The i n j e c t i o n  o f  a n  a c i d i c  o i l  s l u g  o f
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p r o p e r  s i z e  an d  s u r f a c e - a c t i v e  m a t e r i a l  c o n t e n t s  

W hich c a n  p ro d u c e  i n - s i t u  é m u l s i f i c a t i o n s  w hen

f o l lo w e d  b y  i n j e c t i n g  a  p r o p e r  a l k a l i n e  

s o l u t i o n .  The a l k a l i n e - o i l  e m u ls io n s  fo rm ed  

i n  th e  p o r o u s  medium c a n  t h e r e f o r e  be u s e d  a s  

a  d e ep  p e n e t r a t i n g  p lu g g in g  m a t e r i a l  t o  

im p ro v e  th e  sw eep e f f i c i e n c y  i n  a  w a te r f lo o d  

o i l  r e s e r v o i r .

5 .  The i n j e c t i o n  o f  n i t r o g e n  h a s  b e en  p ro v e d  

to  be  t h e  m o st e f f e c t i v e  s e l e c t i v e  p lu g g in g  

p r o c e s s  i n  t h i s  s tu d y .  The s e l e c t i v e  p lu g g in g  

e f f e c t  c a n  f u r t h e r  be  p ro m o te d  by  i n t r o d u c t i o n  

o f  n i t r o g e n  i n t e r m i t t e n t l y  i n t o  th e  p o ro u s  

m edium .

6 . I t  w as fo u n d  i n  t h i s  s t u d y  t h a t  b o th  th e  d i s p e r s e d  

c l a y  p a r t i c l e s  and  th e  e m u ls io n  d r o p l e t s  

c r e a t e d  i n - s i t u  w ere  m a in ly  e f f e c t i v e  in  

p lu g g in g  th e  f lo w  p a t h s  o f  s m a l l e r  c a p i l l a r i e s ,  

w h i le  t h e  n i t r o g e n  b u b b le s  w ere  m ost e f f e c t i v e

in  t h e  f lo w  p a th s  o f  l a r g e r  c a p i l l a r i e s .

7 .  Among t h e  f a v o r a b le  c o m b in a t io n s  o f  th e  a l k a l i n e  

i n j e c t i o n ,  th e  a c i d i c  o i l  i n j e c t i o n ,  a n d  th e  

n i t r o g e n  i n j e c t i o n  a s  t h e  im p ro v ed  o i l  r e c o v e r y  

p r o c e s s e s ,  i t  i s  fo u n d  t h a t  a n  o p tim a l
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r e c o v e r y  p r o c e s s ,  in c lu d in g  th e  i n j e c t i o n  o f

0 .1 7 5  w e ig h t p e r c e n t  NaOH s o l u t i o n  w i th  

a p p ro x im a te ly  th r e e  c y c le s  o f  n i t r o g e n  

i n j e c t i o n s , w i l l  y i e l d  th e  optim um  u l t im a te  

r e s i d u a l  o i l  s a t u r a t i o n .  In  th e  f l u i d  

s y s te m  and  p o ro u s  medium u s e d  in  th e  d i s p l a c e ­

m en t t e s t s ,  a l l  c a s e s  i n d i c a t e d  a  u l t im a te  

r e s i d u a l  o i l  s a t u r a t i o n  a s  low  a s  a b o u t 

25 p e r c e n t  p o re  volum e was a c h ie v e d .  And 

i t  w as a l s o  fo u n d  t h a t  th e  u l t i m a t e  r e s i d u a l

o i l  s a t u r a t i o n  in  t h i s  p r o c e s s  i s  in d e p e n d e n t
à

o f  th e  p r o d u c t io n  h i s t o r y .

8 ,  D u rin g  th e  a l k a l i n e - n i t r o g e n  i n j e c t i o n s ,  

e x t e r n a l  i n j e c t i o n  o f  a c i d i c  o i l  s lu g  d id  

n o t  y i e l d  th e  e x p e c te d  r e s u l t s  a t  l e a s t  

e q u i v a l e n t  t o  t h a t  o f  th e  a l k a l i n e - n i t r o g e n  

i n j e c t i o n .  T h is  may be due t o  th e  p r o p e r t i e s  

o f  th e  B e rea  s a n d s to n e  w hich  i s  r e l a t i v e l y  

hom ogeneous, an d  may a l s o  be due to  th e  

p r o p e r t y  o f  th e  a c d ic  o i l  s lu g  vrtiich d id

n o t  p ro d u c e  th e  f a v o r a b le  e m u ls io n  d r o p l e t  

s i z e  d i s t r i b u t i o n s ,

9 ,  When te m p e ra tu re  i n c r e a s e s  from  78° F to  

150° F , i t  w as fo u n d  t h a t  i n  th e  r e c o v e ry
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p r o c e s s e s  we u s e d ,  t h e  r e c o v e r y  m echan ism s 

f o r  rem o v in g  th e  w a t e r f l o o d  r e s i d u a l  o i l  

s h i f t e d  fro m  th e  c a p i l l a r y  f o r c e  d o m in a tio n  

to  th e  v i s c o u s  f o r c e  d o m in a t io n .  I t  h a s  a l s o  

b e e n  fo u n d  t h a t  e v e n  i n  s u c h  a  d i f f e r e n t  

r e c o v e r y  c o n d i t i o n ,  th e  a l k a l i n e - n i t r o g e n  

i n j e c t i o n  p r o c e s s  s t i l l  y i e l d e d  th e  optim um  

o i l  r e c o v e r y ,

1 0 . I t  i s  c o n c lu d e d  t h a t  t h e  s u c c e s s f u l  a p p l i c a ­

t i o n  o f  t h e  a l k a l i n e - n i t r o g e n  i n j e c t i o n  

p r o c e s s  i s  v e r y  much d e p e n d e n t  upon th e  

c h a r a c t e r i s t i c s  o f  t h e  p o ro u s  m e d ia , th e  ty p e  

o f  th e  h e a v y  c r u d e s  a s  a n  o i l  s l u g ,  a s  w e l l  

a s  th e  r e s e r v o i r  t e m p e r a tu r e  a n d  th e  i n j e c t i o n  

p r e s s u r e  g r a d i e n t s .  I t  i s  t h e r e f o r e  s u g g e s te d  

t h a t  i n v e s t i g a t i o n s  m u s t be made b a se d  on  th e  

i n d i v i d u a l  r e s e r v o i r  c o n d i t i o n s ,  s h o u ld  one 

d e s i r e  to  a p p ly  t h e  s u g g e s te d  p r o c e s s  a s  a  

p r a c t i c a l  EGR m e th o d .
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on  E n h an ced  O i l  R eco v e ry  a t  T u l s a ,  Oklahom a 
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C o n c e p ts  D e r iv e d  From P e tro le u m  Com ponent 
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APPENDIX A

NOMENCLATURE

AF = A l k a l in e  f l o o d

B .T . = B re a k th r o u g h

D = C a p i l l a r y  d i a m e t e r ,  cm

IFT 3 I n t e r f a c i a l  t e n s i o n

K = A b s o lu te  p e r m e a b i l i t y ,  d a rc y

= R e l a t i v e  p e r m e a b i l i t y  t o  a q u e o u s  p h a se

K = K o z e n y 's  c o n s t a n t  z
L = L e n g th ,  cm

NF = I n t e r m i t t e n t  n i t r o g e n  I n j e c t i o n

OS = A c id ic  o i l  s l u g  I n j e c t i o n

PV = P o re  volum e

q = T o t a l  f lo w  r a t e ,  c c / s e c

R = V i s c o s i t y  r a t i o

r  = R a d iu s  o f  c a p i l l a r y ,  cm

r  = A v e ra g e  s p h e r i c a l  g r a i n  r a d i u s ,  cm

= I n i t i a l  o i l  s a t u r a t i o n ,  p e r c e n t

S R e s id u a l  o i l  s a t u r a t i o n ,  p e r c e n to r
Sp = S p e c i f i c  s u r f a c e  p e r  p o re  v o lu m e , cm“ ^
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V = V e l o c i t y ,  c m /sec

WF -  W a te r f lo o d

/3 = D ^/D g , r a t i o  o f  c a p i l l a r y  d ia m e te r s  b e tw e e n

a d v a n c in g  e n d  a n d  r e c e d in g  e n d .

(J) = P o r o s i t y ,  f r a c t i o n

Ap s  P r e s s u r e  d r o p ,  atm

APjjj = P r e s s u r e  d ro p  b e tw e e n  a d v a n c in g  e n d  a n d  r e c e d in g  

e n d  o f  a n  o i l  d ro p  i n  th e  c a p i l l a r y ,  a tm  

= ^ / D _ ,  r a t i o  b e tw e e n  l e n g th  o f  o i l  d r o p l e t

a n d  c a p i l l a r y  d ia m e te r  a t  r e c e d in g  e n d .

/J = V i s i c o s i t y ,  cp

( f  = I n t e r f a c i a l  t e n s i o n ,  dyne/cm
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TABLE B -1

measurement of v i s c o s i t i e s

Temp.

°F

V i s c o s i t y ,  cp

L i g h t  O i l H eavy O il L ig h t-H e a v y  O il  M ix tu r e s

1 :2  • 1 :1 1 0 :1

78 9 .5 203 54 37 11

100 6 .6 95 32 28 10

120 5 .2 74 27 18 7

140 4 .5 - 15 - 4 .8

150 4 .0 31 12 10 -

160 2 .8 23 - 8 .5 4 .2

** V i s c o s i t y  o f  1 0 ,0 0 0  ppm NaCl B r in e =  0 .9 2  cp  @ 78 F

** V i s c o s i t y  o f  1 0 ,0 0 0  ppm NaCl B r in e =  0 ,4 5  cp  @ 1 5 0 °  F ,

** V i s c o s i t y  o f  0 .1 7 5  w t .  % NaOH s o l u t i o n  = 0 .8 8  ©p @ 7B° F .

** V i s c o s i t y  o f  0 .1 7 5  w t .  % NaOH s o l u t i o n  = 0 .4 3  cp  @ 150 F„



TABLE B-2

MEASUREMENT OF INTERFACIAL TENSIONS

NaOH C o n e . 
W t. %

a n d  PH

I n t e r f a c i a l  T e n s io n ,  d y n e /cm  f7mO F)
L ig h t

O i l
H eavy

O il
L ig h t-H e a v y  O i l  M ix tu r e s

@0:1 1 0 :1 5 :1 2 :1 1 :1 1 :2

0 .05%  (P H = 1 2 .0 4 ) 1 5 .7 8 1 2 .5 0 - — — — — —

0.10%  (P H = 1 2 .3 2 ) 1 2 .2 0 1 .8 7 1 1 .1 4 1 1 .9 3 1 1 .6 5 6 .8 v l 9 .2 7
0.15%  (P H = 1 2 .4 8 ) 1 2 .1 0 0 .6 5 1 0 .0 6 9 .2 4 7 .9 1 0 .5 8 v l v l
0 .1 7 5 % (P H = 1 2 .5 0 ) - v l 8 .5 4 6 .0 1 4 .5 1 v l v l v l
0 .20%  (P H = 1 2 .5 8 ) 1 2 .2 2 1 .0 1 1 0 .0 5 9 .8 6 8 .1 4 v l v l v l
0 .30%  (P H = 1 2 .7 4 ) 9 .8 4 1 .3 5 9 .0 6 7 .7 6 6 .0 1 0 .6 0 v l v l
0 .40%  (P H = 1 2 .7 6 ) 7 ;  92 1 .5 1 8 .1 5 6 .4 4 1 .9 4 v l 0 .8 1 v l
0 .50%  (P H = 1 2 .8 3 ) 3 .8 5 1 .8 2 5 .2 5 1 .1 9 0 .9 3 1 .1 3 0 .9 8 0 .9 9
0.75%  (P H = 1 3 .0 6 ) 3 .6 9 1 .5 1 4 .1 8 1 .5 3 1 .2 8 1 .6 9 0 .8 8 -

1.00%  (P H = 1 3 .1 9 ) 3 .5 3 1 .8 7 1 .7 8 1 .2 9 1 .4 8 1 .0 8 v l v l
1.50%  (P H = 1 3 .2 8 ) 3 .9 6 2 .9 8 - 1 .7 4 0 .7 8 V l v l -

2,00%  (P H = 1 3 .4 0 ) 5 .0 1 1 .9 2 5 .1 2 2 .1 8 1 .8 3 1 .3 8 0 .8 8 v l
3.00%  (P H = 1 3 .5 3 ) 4 .1 9 1 .4 1 2 .9 1 1 .6 9 2 .2 8 0 .9 8 1 .1 8 0 .9 8
5.00%  (P H = 1 3 .6 8 ) 5 .8 5 4 .0 2 3 .9 3 3 .6 1 3 .9 1 2 .8 5 2 ,6 0 2 .9 1

* ip T  o f  B r in e —L i g h t  O i l  = 2 1 .7 0  d y n e /cm  @ 78^ F .
* i f T o f  B r i n e - L i g h t  O i l  = 2 0 .0 6  d y n e /cm  @ 150 F .
* IF T  o f  0 .1 7 5  w t .  % N aO H -L igh t O i l  = 1 2 .0 8  @ 150 F . q
* IFT  o f  0 .1 7 5  w t .  ?o N aOH-1:1  O i l  s l u g  = 0 .0 4  d y n e /cm  @ 78 g .
* IF T  o f  0 .1 7 5  w t .  % N a O H -l:l  O il  S lu g  = 0 ,0 3  d y n e /cm  © 150 F.

lO
*

* * v l  = IFT l e s s  th a n  0 .5  d y n e /cm



TABLE B-3

EXPERIMENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR CATEGORY I
C o re # ■S a tL 'B e f o r e  

EOR

P ro c Cum. PV 

I n j
A P /L

P s i / f t
^ c r

%

WOR C ap . No PH

1

S .= 64 ,04%  O l

1 1 .3 189 - - - - -

1 2 .7 189 - - - - -

1 7 .0 189 2 8 .5 5 45 1 4 .5 2 .8 4 x lO ~ 4 —

2

S . - 6 9 .4 7 »
1 1 .2 146 3 5 .0 2 27 3 5 .0 1 .3 7 x 1 0 * 4 —

I 3 .5 351 3 2 .0 0 30 2 4 .0 9 .6 8 x 1 0 * 4 —

1 7 .5 410 3 2 .0 0 - 3 1 .5 1 .3 3 x 1 0 * 3 —

1 0 .7 645 3 1 .4 73 3 3 .0
—3

2 .1 9 x 1 0 -

M
01

** P r o c e s s  1 :  W a te r f lo o d  w i th  I n t e r m i t t e n t  N i t r o g e n  I n j e c t i o n



TABLE B -4

EXPERIiyiENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR CATEGORY I I

C o re # S a t .  B e fo re  
EOR

P ro c Cum. PV 
I n j

A P /L  
P s i / f t

" o r
%

WOR
md

C ap . No PH

4 1 .3 6 287 3 4 .9 16 — — —

5^1= 69.24%

^ow f

4 3 .0 0 287 2 9 .9 40 — — —
3 4 4 .2 0 287 2 7 .6 198 — — —

4 7 .1 0 287 2 5 .0 450 4 .1 2 .2 3 x 1 0 “ “̂ —

2 3 .5 0 202 4 3 .1 — 1 .5 4 .7 5 x 1 0 ” " —

C* A Q Q oof 4 4 .1 0 182 3 6 .7 2 10
O  li •  w O / O

4 5 .8 0 182 2 9 .0 0 14 _

4 S „ ^ = 4 3 .1 1 % 4 7 .6 0 182 2 4 .9 0 17
• O P W Z

4 1 0 .0 0 182 2 4 .9 0 70 4 .3 1 .4 4 x l0 “ "
2 0 .5 0 308 3 1 .2 8 « 4 6 .0 2 .4 7 x 1 0 ” ^ 8 .1 3
2 1 .0 0 308 3 1 .2 8 3 1 .0 1 .6 4 x 1 0 " " 9 .2Q
2 1 .5 0 308 3 1 .2 8 2 2 .0 1 .1 7 x 1 0 " " 1 2 .0 0  _

5 D O *  Ü D 7 0

2 2 .0 0 308 3 1 .2 8 — 1 5 .0 8 .2 2 x lO ” 4 1 2 .2 7
- 2 3 .0 0 308 3 1 .2 8 - 1 2 .0 6 .7 2 x lO " 4 1 2 .3 9

2 4 .2 0 308 3 1 .2 8 - 1 2 .0 6 .3 1 x l0 " 4 1 2 .4 1

2 4 .5 0 308 3 1 .2 8 — 1 1 .0 5 .9 0 x l0 " 4 1 2 .4 2

COO)

** P r o c e s s  2 
** P r o c e s s  4

A l k a l i n e  F lo o d .  
A lk a l i n e  F lo o d  w i th I n t e r m i t t e n t  N i t r o g e n  I n j e c t i o n ,



TABLE B-4 (Cont.)
EXPERIMENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR CATEGORY II

C o re # S a t .  B e f o re  
EOR P ro c Cum. PV 

I n j
A P /L S o r WOR

md
C ap . No PH

4 5 .7 0 0 308 2 5 .5 25 4 .6 2 . 5 1 x l O " 4 1 2 .3 8
4 7 .0 0 308 2 4 .9 58 3 .3 1 .5 8 x 1 0 ” ^ 1 2 .2 3

% 4 8 .2 0 308 2 4 .0 180 5 .5 2 .6 0 x 1 0 “ ^ 1 2 .3 0
4 9 .5 0 308 2 4 .0 420 3 .3 1 .7 6 x l0 " * 1 2 .3 5
2 1 .7 0 91 • 4 3 .5 16 0 .6 2 .0 1 x 1 0 " ^ 1 1 .6 1
2 2 .8 0 122 4 3 .1 100 0 .8 3 .8 7 x 1 0 " ^ ,1 2 .4 1
2 3 .9 0 152 4 2 .5 70 0 .9 6 .3 2 x 1 0 ” ^ 1 2 .1 7Ü . —OO # 00/0 

0 1 2 6 .3 0 274 3 8 .8 3 100 2 .1 1 .6 9 x 1 0 " * 1 2 . 3&
A S^ .= 4 6 .5 6 % 2 7 ,7 0 335 3 7 .9 1 155 2 .0 2 .6 6 x 1 0 " * 1 2 .4 3
D o rw i

2 8 .6 0 488 3 6 .2 8 200 2 -1 0 4 .1 0 x 1 0 " * 1 2 ,4 4
2 1 0 .1 0 594 3 6 .1 5 200 2 .0 0 4 .7 6 x 1 0 " * 1 2 .4 7
4 1 1 .4 0 153 3 4 .5 0 40 0 .4 6 1 .3 0 x l0 " S 1 2 .3 4
4 1 2 .9 0 305 3 4 .0 0 110 1 .4 0 7 .8 1 x lO " S 1 2 .3 9 .
4 1 4 .8 0 366 2 9 .4 0 30 1 .8 0 1 .2 2 x l0 ” * 1 2 .4 4
4 1 7 .1 0 400 2 5 .5 0 30 1 .5 0 1 .4 8 x 1 0 " * 1 2 .4 1

to



TABLE B-5
EXPERIMENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR CATEGORY III

C o re# S a t .  B e fo re  
EOR P ro c

Cum. PV 
I n j .

Ap / l

P s i / f t
" o r
%

WOR ■'w
md C ap . No. PH

S^^= 62 .20%
3 0 .6 0 70 4 7 .8 0 20 - - -

3 2 .0 0 70 4 0 .5 0 60 - - -

7 3 3 .2 0 70 3 8 .6 5 60 - - -

3 6 .3 0 70 3 8 .6 5 - - - -

3 7 .6 0 70 3 8 .6 5 - 3 .2 1 .2 2 x 1 0 - 3 -

3 0 .6 0 166 4 7 .5 0 40 - - -

3 1 .6 0 166 4 2 .0 0 30 - - -

SI ,= 6 9 .2 5 % 3 3 .0 0 166 4 0 .9 2 18 4 .2 - -

8
O x

S orw f= 4S '60% 5 4 .3 0 166 4 3 .2 0 20 - - -

5 5 .4 0 166 3 7 .0 0 29 - - -

5 6 .8 0 166 3 4 .6 2 45 - ■ - -

5 7 .9 0 166 3 4 .6 2 63 - 1 .3 5 x 1 0 -4 -

S ^^= 68 .03%
3 0 .6 0 138 4 1 .6 9 - 2 .0 2 .8 3 x 1 0 -5 1 2 .2 2

3 1 .6 0 216 4 1 .6 9 - 1 .4 3 .9 0 x 1 0 -5 1 2 .2 2
9

3 2 .8 0 315 4 1 .6 9 — 1 .8 7 .3 0 x 1 0 “ ^ 1 2 .3 5

3 3 .8 0 433 3 9 .2 9 25 1 .9 1 .2 9 x lO ~ 4 1 2 .1 8

ro
00



TABLE B-5 (cont.)

EXPERIMENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR CATEGORY I I I

C o re#
S a t .  B e fo re  

EOR P ro c
Cum. PV 

I n j .
A P/L

P s i / f t
" o r

% WOR md C ap . No. PH

9

3 6 .0 0 590 3 8 .0 0 53 2 .6 1 .4 5 x l0 "4 1 2 .4 2
5 6 .5 0 118 3 4 .7 0 33 0 .4 7 .8 0 x l 0 “ " 1 2 .3 3
5 7 .7 0 206 3 3 .5 0 40 0 .4 1 .4 5 x l0 " * 1 2 .4 5
5 8 .7 0 354 2 6 .8 5 10 1 .4 0 8 .2 0 x 1 0 -5 1 2 .4 1
5 9 .8 0 590 2 4 .2 0 12 1 .8 4 1 .6 1 x 1 0 * 4 1 2 .4 6
3 2 .0 0 134 4 1 .0 6 500 2 9 .0 6 .3 4 x 1 0 ” ^ 1 1 .1 7

• S ^=65.74% 3 3 .6 0 224 3 6 .1 0 66 — _ 1 2 .3 8
o l 3 5 .1 0 224 3 5 .7 2 50 — 1 2 .4 0

10 S orw f= 38 .07% 3 6 .5 0 224 3 4 .6 5 95 3 6 .0 1 .2 5 x 1 0 " " 1 2 .4 0
5 7 .8 0 171 3 6 .2 0 20 3 .2 1.03x10*4 7 .8 0
5 8 .6 0 179 3 3 .5 0 24 3 .7 1 .0 6 x 1 0 * 4 1 2 .1 7
5 9 .4 0 183 2 9 .2 0 31 3 ,5 3.88x10*4 1 1 .1 8
5 1 0 .4 0 224 2 5 .5 0 40 — — 1 1 .6 0

5 1 2 .0 0 224 2 4 .9 2 50 6 .6 2 .38x10 -4 1 2 .3 3

H»
to
(O

•*  P r o c e s s  3 ; 
■** P r o c e s s  5 ;

A l k a l i n e  F lo o d  w i th  A c id ic  O i l  S lu g  I n j e c t i o n ,  
A l k a l i n e - A c i d i c  O i l  S lu g - N i t r o g e n  I n j e c t i o n .



TABLE B-6

EXPERIMENTAL RESULTS OF CORE DISPLACEMENT TESTS FOR TEMP.=150° F

C o re #
S a t ,  B e f o re  

EOR P ro c
Cum. PV 

I n j .

A p / l

P s i / f t
®or

%
WOR .  w

md C ap . No PH

11
S .= 68 .77%  o l

1 2 .1 0 61 3 8 .7 5 33 1 8 .0 5 .9 9 x 1 0 “ ^ -
1 4 .4 0 122 3 7 .3 4 33 2 2 .0 1.33x10-4
1 6 .2 2 153 3 6 .6 0 67 2 8 .0 1.02x 10"4
1 9 .5 0 275 3 2 .0 0 37 4 8 .0 6.48x 10“4

12

S . .7 0 .8 7 %  O l

R 1 .1 0 48 4 3 .2 0 27 0 .3 5 4 .8 3 x 1 0 -6 9 .9 2
5 2 .8 0 73 3 5 .9 9 34 0 .3 7 5 .1 6 x 1 0 -6 1 1 .6 4

6 5 .4 0 101 3 3 .5 2 40 .4 6 4.60x10-5 1 2 .3 2
5 7 .2 0 121 3 2 .0 0 50 9 .2 0 2 .1 5 x 1 0 -4 1 2 .3 2

5 8 .0 0 193 3 1 .0 5 50 8 .7 7 3.28x10**4 1 2 .3 8

5 9 .8 0 435 2 8 .3 9 57 1 2 .9 1 .0 8 x 1 0 -3 1 2 .3 8

13
8 .= 68 .10%  o l

5orwf=40'46%

2 1 .3 0 55 4 0 .4 6 — 1 .5 1 .4 9 x 1 0 “ ° 1 0 .4 6

2 2 .6 0 110 3 8 .4 8 22 2 .5 4 .9 7 x 1 0 - ° 1 2 .2 0

2 4 .1 0 138 3 8 .0 0 250 2 .8 6 .9 9 x 1 0 -6 1 2 .1 5

2 6 .0 0 221 3 7 .6 0 50 1 .8 7 .0 4 x 1 0 -6 1 2 .1 8

4 6 .5 0 55 3 4 .1 8 12 0 .3 6 3 .5 6 x 1 0 -6 1 2 .0 0
4 8 .3 0 165 2 8 .4 2 33 0 .6 9 p .n f iV ih -6 1 2 .3 4

4 1 0 .0 0 225 2 6 .3 0 42 1 .8 4 7 .3 0 5 x 1 0 ^ 3 1 2 .2 8

4 1 2 .5 0 338 2 5 .4 0 80 2 .2 7 1 .3 6 x 1 0 -4 12.31.

wo

** P r o c e s s  1 : V/F/NF 
P r o c e s s  5 :  AF/OS/NF

P r o c e s s  2 : AF P r o c e s s  4 :  AF/NF


