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crs I. ABSTRACT 

V i s u a l  examinat ions  of microscopic  b e h a v i o r  of C02 f l o o d i n g  p r o c e s s e s  

were conducted u s i n g  a h i g h  p r e s s u r e  glass-bead packed t r a n s p a r e n t  f low t u b e .  

The a p p a r a t u s  and t e c h n i q u e s  developed have made i t  p o s s i b l e  t o  observe  t h e  

p h y s i c a l  phenomena of t h e  d isp lacement  of o i l  by C 0 2  under  b o t h  m i s c i b l e  

and immiscible  c o n d i t i o n s .  E f f e c t s  of C02 s l u g  s i z e  and format ion  d i p  on 

o i l  r e c o v e r y  were a l s o  i n v e s t i g a t e d .  The r e s u l t s  have been recorded  i n  a 

series of magnif ied c o l o r  photographs f o r  a f t e r - r u n  s t u d y  and i n t e r p r e t a t i o n .  

Four n a t u r a l  c r u d e  o i l s  r a n g i n g  from API g r a v i t i e s  of 15 t o  48 w e r e  

chosen f o r  d i sp lacement  tests. The m a j o r i t y  of t h e  tests w e r e  performed a t  

a t e m p e r a t u r e  of 120°F and p r e s s u r e s  from 1000 t o  2500 p s i .  

Three t y p e s  o f  d i sp lacement ,  namely, ( a )  immisc ib le ,  (b)  semi-miscible ,  

and ( c )  m i s c i b l e ,  were observed w i t h i n  t h e  t e s t i n g  p r e s s u r e  r a n g e .  Types 

( a )  and ( c )  have been w e l l  d e f i n e d  i n  t h e  l i t e r a t u r e .  Type (b)  is  a 

d i s p e r s i o n  p r o c e s s  i n  which o i l  i s  d i s i n t e g r a t e d  i n t o  micro-s ize  p a r t i c l e s  

and t r a n s p o r t e d  i n  t h e  C02 stream. More t h a n  one t y p e  o f  d i sp lacement  c o u l d  

e x i s t  s i m u l t a n e o u s l y  i n  a f l o o d i n g  system. 

A C02 s l u g  t h a t  i s  t o o  l a r g e  i s  w a s t e f u l  and can c a u s e  e a r l y  C02 break-  

through.  A s l u g  t h a t  is t o o  s m a l l  would a l l o w  t h e  t r a i l i n g  water t o  channel  

through t h e  o i l  bank and t h u s  d e g e n e r a t e  t o  an  o r d i n a r y  w a t e r f l o o d i n g ;  

n e v e r t h e l e s s ,  t h e  o i l  recovery  would b e  s i g n i f i c a n t l y  i n c r e a s e d  o v e r  t h a t  

ach ieved  by a s t r a i g h t  w a t e r f l o o d i n g .  

Recovery of r e s i d u a l  o i l  i n  a w a t e r f l o o d e d  area could  b e  accomplished by 

e i t h e r  semi-miscible  (wi thout  o i l  bank) o r  m i s c i b l e  d isp lacement .  O i l  

s w e l l i n g  a p p e a r s  t o  p l a y  a major  r o l e  i n  forming a n  o i l  bank. 

f looded  heavy o i l  r e s e r v o i r ,  t h e  c h a r a c t e r i s t i c s  of o i l  s w e l l i n g  i n  

I n  a water- 

v i i i  



con junc t ion  w i t h  v i s c o s i t y  r e d u c t i o n  cou ld  c r e a t e  f a v o r a b l e  c o n d i t i o n s  f o r  

C 0 2  p r o c e s s  i n c l u d i n g  w e l l  s t i m u l a t i o n .  

O i l  r ecove ry  can b e  i n c r e a s e d  c o n s i d e r a b l y  by down-dip C 0 2  d i sp lacemen t .  

The i n c r e a s e  is  d e r i v e d  p r i m a r i l y  by reducing  C 0 2  o v e r r i d e  and improvement 

i n  m i s c i b i l i t y .  

i x  



11. INTRODUCTION 

The u s e  of C02 f o r  o i l  r e c o v e r y  h a s  r e c e i v e d  much a t t e n t i o n  i n  enhanced 

o i l  recovery  (EOR) methods. Var ious  s t u d i e s  estimate t h a t  about  7 t o  2 1  

b i l l i o n  b a r r e l s  of o i l  can b e  produced u s i n g  C02 m i s c i b l e  method o u t  of an 

e s t i m a t e d  t o t a l  EOR p o t e n t i a l  of 18-52 b a r r e l s .  

p r o j e c t s  c u r r e n t l y  is  22,000 b a r r e l s / d a y  which a c c o u n t s  f o r  about  6% of t h e  

t o t a l  U.S. EOR p r o d u c t i o n  i n  1979.  

1 
O i l  p r o d u c t i o n  from C02 

2 

S i n c e  t h e  l a r g e s t  C 0 2  p r o j e c t  w a s  i n s t i t u t e d  a t  t h e  SACROC Uni t  o f  t h e  

K e l l y  Snyder f i e l d  i n  1972, t h e  number of f i e l d  C02 tests h a s  grown t o  twenty 

i n  1980. Some of t h e s e  p r o j e c t s  are commercial a p p l i c a t i o n s  such as SACROC, 

C r o s s e t t  and Twofreds, b u t  t h e  m a j o r i t y  are f i e l d  p i l o t  tests. The purpose 

of t h e s e  tests are t o  de te rmine  t h e  a p p l i c a b i l i t y  of C02 i n  heavy o i l  

recovery ,  low t e m p e r a t u r e  r e s e r v o i r s ,  h o t  and s t e e p  d i p  r e s e r v o i r s ,  e tc .  

Abundant d a t a  have  been o b t a i n e d  from t h e  f i e l d  C02 tests. I n  many cases, 

t h e  d a t a  are  d i f f i c u l t  t o  a n a l y z e  and t h e  i n t e r p r e t a t i o n s  are ambiguous 

because  of  t h e  compl ica ted  n a t u r e  of phase b e h a v i o r s  and r e s e r v o i r  c o n d i t i o n s .  

P r e d i c t e d  performance u s i n g  t h e  a v a i l a b l e  s i m u l a t i o n  models are n o t  r e l i a b l e  

because  t h e  i n t e r a c t i o n s  o f  C02-crude o i l  and t h e  d isp lacement  mechanisms are 

n o t  f u l l y  understood.  

From f i e l d  tests and l a b o r a t o r y  s t u d i e s ,  a number of  problems have  been 

i d e n t i f i e d .  Some of  t h e s e  problems are d i s c u s s e d  b r i e f l y  as f o l l o w s :  

1. Phase Behavior  o f  CO2-Oil Systems 

I n  t h e  CO2-oil recovery  system, t h e  composi t ions  of t h e  g a s  and 

l i q u i d  phases  are changed c o n s t a n t l y  due t o  d i s s o l v i n g  and e x t r a c t i n g  

c h a r a c t e r i s t i c s  o f  C 0 2 .  A t  c e r t a i n  c o n d i t i o n s ,  as many as f o u r  p h a s e s ,  

1 



i n c l u d i n g  two l i q u i d s ,  a g a s  and a s o l i d  are i n  e q ~ i l i b r i u m . ~  I n  a PVT c e l l ,  

t h e  s o l i d  p r e c i p i t a t e s  and t h e  l i q u i d s  t e n d  t o  s e g r e g a t e  because  of d e n s i t y  

c o n t r a s t s .  L i t t l e  i n f o r m a t i o n  h a s  been r e p o r t e d  on how t h e  m u l t i p l e  phase  

would a f f e c t  C02 i n j e c t i o n  and o i l  r e c o v e r y .  

2.  M i s c i b l e  P r e s s u r e  

P r e s e n t l y  t h e  p r e s s u r e  r e q u i r e d  f o r  m i s c i b l e  displacement  of  

o i l  by CO2 i s  most ly  determined by u s i n g  t h e  s l im- tube  r n e t h ~ d . ~  

method, t h e  m i s c i b l e  p r e s s u r e  i s  found i n d i r e c t l y  based upon o i l  r e c o v e r y  

e f f i c i e n c y .  Under r e s e r v o i r  c o n d i t i o n s ,  however, t h e  development o f  a m i s c i b l e  

zone i s  a l s o  a f f e c t e d  by o t h e r  parameters  i n c l u d i n g  g r a v i t y  o v e r r i d e ,  f o r m a t i o n  

d i p  and i n j e c t i o n  r a t e .  I n  a d d i t i o n ,  t h e  p r e s e n c e  of  minor components such 

as methane  o r  n i t r o g e n  can d r a s t i c a l l y  increase t h e  pressure  needed for 

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

i n  o i l  p r o d u c t i o n  and create o p e r a t i o n a l  problems. 

I n  t h i s  

3 .  Displacement  Mechanisms 

Although t h e  C 0 2  p r o c e s s  h a s  been e x t e n s i v e l y  a p p l i e d  i n  f i e l d  

tests,  t h e  n a t u r e  of  d i sp lacement  mechanisms have n o t  been f u l l y  understood.  

Homes5 h a s  r e p o r t e d  t h e  t y p e s  of  C02 f l o o d s  based  on r e c o v e r y  and hydrocarbon 

composi t ion measurements from s l im- tube  t e s t s .  These exper iments  i n v e s t i g a t e d  

t h e  composi t ion and e x t e n t  o f  t h e  t r a n s i t i o n  zone from t h e  e f f l u e n c e .  

However, t h e  i n t e r a c t i o n s  between C 0 2  and o i l  w i t h i n  t h e  sand-pack are n o t  

known. A l s o ,  t h e  mechanism of  c o n t i n u i n g  r e c o v e r y  of r e s i d u a l  o i l  behind  t h e  

m i s c i b l e  zone and t h e  e f f e c t s  of  a gaseous phase  on o i l  d i sp lacement  are 

r a r e l y  known w i t h  much c e r t a i n t y .  

2 



4 .  C 0 2  Channel l ing  and O v e r r i d i n g  

Although C 0 2  reduces  o i l  v i s c o s i t y  upon d i s s o l v i n g  i n  o i l ,  t h e  

v i s c o s i t y  r a t i o s  are s t i l l  u n f a v o r a b l e  c a u s i n g  premature  C02 breakthrough.  

Water and gas  i n j e c t i o n  (WAG) h a s  been used t o  reduce  t h e  c h a n n e l l i n g  e f f e c t  , 

however, t h e  i n j e c t e d  water o f t e n  would react w i t h  C02 and p r e v e n t  C 0 2  from 

c o n t a c t i n g  o i l .  T h i s  i n t e r f e r e n c e  would b e  f u r t h e r  aggrava ted  i n  a w a t e r f l o o d e d  

r e s e r v o i r .  

6 

I n - s i t u  foam h a s  been s t u d i e d  f o r  C 0 2  m o b i l i t y  c o n t r o l 7 ,  b u t  t h e  

problems of a b s o r p t i o n  and s t a b i l i t y  of foaming chemica ls  under r e s e r v o i r  

c o n d i t i o n s  w i l l  r e q u i r e  a l a r g e  amount of r e s e a r c h  work t o  b e  s o l v e d .  

C02 o v e r r i d e  a p p e a r s  t o  b e  a n o t h e r  d e t r i m e n t a l  f a c t o r  i n  reducing  

sweep e f f i c i e n c y .  Although t h e  d e n s i t y  c o n t a c t  between C 0 2  and r e s e r v o i r  o i l  

i s  s m a l l  compared t o  hydrocarbon gas  f l o o d i n g ,  t h e  g r a v i t y  o v e r r i d e  could  

s t i l l  b e  a s e r i o u s  problem c a u s i n g  e a r l y  C 0 2  b reakthrough e s p e c i a l l y  i n  a 

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

should  t h e  format ion  b e  s t e e p l y  i n c l i n e d .  N e v e r t h e l e s s ,  because  of t h e  complex 

phase change i n  t h e  C02-oil-water system, t h e  a c t u a l  d i sp lacement  mechanisms 

are still unproven. 

Down-dip C 0 2  d i sp lacement  would reduce  o v e r r i d e  

From t h e  above d i s c u s s i o n ,  i t  is a p p a r e n t  t h a t  t h e  C 0 2  p r o c e s s  is  s t i l l  

very  much i n  t h e  r e s e a r c h  phase  and some f a c e t s  are s p e c u l a t i v e .  Fundamental 

knowledge and u n d e r s t a n d i n g  of  t h e  C 0 2  disp lacement  p r o c e s s  are e s s e n t i a l  i n  

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

The r e s e a r c h  program a t  The U n i v e r s i t y  of Alabama i s  a microscopic  s t u d y  

of C02 disp lacement  mechanism. 

t a s k s  : 

T h i s  program w a s  planned t o  accomplish two 
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1. To c o n s t r u c t  a long,  t r a n s p a r e n t  h i g h  p r e s s u r e  l a b o r a t o r y  

f low model and t o  develop p rope r  i l l u m i n a t i o n  t echn iques  f o r  t a k i n g  d e t a i l e d  

photographs of o i l  r ecove ry  p r o c e s s e s  v i a  C 0 2  f l ood ing .  

2.  To conduct  C 0 2 / w a t e r  d i sp lacement  tests under v a r i o u s  c o n d i t i o n s  

i n c l u d i n g  m i s c i b l e  and immisc ib le  C02 f l o o d i n g s  performed as secondary  and 

t e r t i a r y  r ecove ry  modes. The r e s u l t s  from t h e  experiments  w i l l  be  p r e s e n t e d  

i n  a series of photographs so t h a t  t h e  f l o o d i n g  performance can b e  i n t e r p r e t e d  

i n  t e r m s  of phenomena observed i n  t h e  porous medium. 

A t  t h e  complet ion of t h e  p r o j e c t ,  u s e f u l  i n fo rma t ion  and new concep t s  

re la t ive  t o  C02-oil-water d i sp lacement  w i l l  b e  acqu i r ed .  

r e a l i s t i c  s o l u t i o n s  t o  t h e  e x i s t i n g  problems and a l s o  new areas of r e s e a r c h  

cou ld  be  i d e n t i f i e d .  

A s  a r e s u l t ,  

111. TASK 1 

C o n s t r u c t i o n  of  Hiph P r e s s u r e  
Transpa ren t  Flow Tube 

A. T ranspa ren t  Flow Tube 

The t r a n s p a r e n t  f low tube  i s  b a s i c a l l y  a h i g h  p r e s s u r e  l i q u i d  l e v e l  gage 

manufactured by Je rguson  Gage & Valve Company, Bur l ing ton ,  Massachuse t t s .  The 

f low tube  h a s  an  o v e r a l l  l e n g t h  of f i v e  f e e t  t o  w i t h s t a n d  a working p r e s s u r e  

of 4500 p s i  a t  120°F. A 316 s t a i n l e s s  s tee l  gage w a s  o r i g i n a l l y  o rde red ;  

however, due t o  unexpected d i f f i c u l t i e s ,  a carbon s t ee l  gage w a s  used i n  

o r d e r  t o  avo id  f u r t h e r  d e l a y  i n  d e l i v e r y .  

The f low tube  c o n s i s t s  of  f i v e  s e c t i o n s  w i t h  an  o v e r a l l  l e n g t h  of 152 

cm. Each s e c t i o n  has  two 1 .27  c m  by 25.7 cm g l a s s  “windows”, one on t h e  f r o n t  

and one on t h e  rear. The d i s t a n c e  between t h e  two g l a s s  windows i n  each 

Y 
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s e c t i o n  is  1 . 6 7  c m .  This  d i s t a n c e  proved t o o  wide to  r e t a i n  i t s  t r a n s p a r e n c y  

when i t  w a s  f i l l e d  w i t h  g l a s s  beads  and c r u d e  o i l .  The problem w a s  f i n a l l y  

r e s o l v e d  w i t h  t h e  i n s e r t i o n  of a s p e c i a l l y  made g l a s s  b a r  des igned  t o  reduce  

t h e  c l e a r a n c e  t o  2.2 mm as shown i n  F ig .  1. T h i s  f i n a l  c l e a r a n c e  w a s  adopted 

i n  o r d e r  t o  accommodate two l a y e r s  of g l a s s  beads  and s t i l l  p e r m i t  l i g h t  

p e n e t r a t i o n  f o r  v i s u a l  i n v e s t i g a t i o n  and photography. 

A f t e r  g l a s s e s  w e r e  i n s t a l l e d ,  t h e  b o l t s  of t h e  f low t u b e  w e r e  t i g h t e n e d  

up t o  40 i n / l b  u s i n g  a t o r q u e  wrench. 

p o s i t i o n  and t h e  c lear  g l a s s  beads  (1.00-0.84 mm) were poured s l o w l y  i n t o  t h e  

The f low t u b e  w a s  t h e n  set i n  a ve r t i ca l  

f low tube .  S l i g h t  t a p p i n g  w a s  needed t o  p r e v e n t  c l o g s  o f  g l a s s  beads  a t  the 

t i g h t  s p o t s .  A double- layered glass-bead pack w a s  formed as  expec ted ;  

however, s i n g l e - l a y e r  packing  w a s  a l s o  found i n  t h e  4 t h  and 5 t h  s e c t i o n s  o f  

t h e  f l o w  t u b e .  

The measured p o r o s i t y  of t h e  glass-bead pack w a s  52% compared t o  t h e  

i d e a l  35% had t h e  f low t u b e  been p e r f e c t l y  packed. The e x c e s s i v e l y  h i g h  

p o r o s i t y  w a s  p r i m a r i l y  a t t r i b u t a b l e  t o  t h e  s i n g l e - l a y e r  pack and t h e  l a r g e  

v o i d s  formed a l o n g  t h e  upper  edge of  t h e  f low t u b e .  The t o t a l  p o r e  volume 

w a s  47.8 c m  . 3 

The packed f low t u b e  was t e s t e d  up t o  a maximum p r e s s u r e  of 3500 p s i  a t  

room tempera ture  and h a s  performed s a t i s f a c t o r i l y  w i t h o u t  l e a k s  o r  mechanical  

t r o u b l e s .  The o n l y  problem so  f a r  encountered  h a s  been a bui ld-up of  f i l m  

on t h e  g l a s s  beads .  The brownish f i l m  n o t  o n l y  reduced l i g h t  i n t e n s i t y  b u t  

a l s o  obscured t h e  c o l o r  e f f e c t .  

Various s o l v e n t s  and c l e a n i n g  a g e n t s  w e r e  t e s t e d  f o r  removing t h e  f i l m .  

It w a s  found t h a t  a 2N c a u s t i c  s o l u t i o n  w a s  e f f e c t i v e  i n  l o o s e n i n g  t h e  f i l m  

c o a t i n g s  from t h e  g l a s s  beads  a f t e r  soaking  f o r  about  48 h o u r s .  The 

5 



Fig. 1. Sketch of Transparent Flow Tube 

Enlarged x-x cross-section 

x c l  

Five-Section Transparent Flow Tube 
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d i s i n t e g r a t e d  f i l m  w a s  t h e n  f l u s h e d  w i t h  h i g h  r a t e  water i n j e c t i o n .  

of C02 were r e q u i r e d  t o  p r o v i d e  s u r g e s  f o r  complete  removal of  t h e  f i l m s  

S q u i r t s  

from t h e  porous medium. 

T h i s  c l e a n i n g  r o u t i n e  w a s  r e q u i r e d  a f t e r  s i x  o r  seven  r u n s .  

t h a t  t h e  l i g h t  Penn-Grade and t h e  medium SACROC crude  o i l  had more f i l m  

problems t h a n  t h a t  of h e a v i e r  S l a u g h t e r  Estate crude .  

assume t h a t  t h e  same f i l m  would have p r e c i p i t a t e d  i n  t h e  r e s e r v o i r  rock  t h u s  

c a u s i n g  p l u g g i n g  problems. 

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

rock.  A s o l v e n t  i n  which t h e  f i l m  i s  d i s s o l v a b l e  would b e  most d e s i r a b l e  

f o r  u s e  i n  t h e  n a t u r a l  r o c k  m a t r i x .  

W e  found 

It is r e a s o n a b l e  t o  

The c a u s t i c  f l u s h i n g  method which h a s  been  used 

B .  MicroScoDe and Camera 

An American O p t i c a l  52 ML-1 microscope equipped w i t h  a 35-mm camera w a s  

used f o r  o b s e r v a t i o n s  and photographic  s t u d y .  The microscope h a s  a long  

working d i s t a n c e  of 8 i n c h e s  and f i v e  se lec t ive  m a g n i f i c a t i o n s  of  l o x ,  15x, 

20x, 30x, and 40x. Most of t h e  photographs were taken  from s e c t i o n s  1, 3 ,  

and 5 of  t h e  f low tube .  Normally m a g n i f i c a t i o n s  of  15x  and 20x w e r e  used f o r  

l a r g e  area coverage  and 40x f o r  d e t a i l e d  demonst ra t ions .  

w a s  one second. There i s  no a p e r t u r e  a d j u s t m e n t  on t h e  camera. 

The exposure  t i m e  

F i v e  u n i v e r s a l  microscope i l l u m i n a t o r s ,  one f o r  each window, w e r e  p l a c e d  

behind  t h e  t r a n s p a r e n t  tube .  The i l l u m i n a t o r  casts a l i g h t  s p o t  of 

approximate ly  2 c m  d i a m e t e r .  An e x t r a  i l l u m i n a t o r  w a s  p laced  a t  t h e  e n t r a n c e  

of  t h e  f i r s t  window t o  g i v e  views of e a r l y  a r r iva l  of  C02 f r o n t .  

Kodak V e r i c o l o r  T I  c o l o r  n e g a t i v e  f i l m  w a s  used i n i t i a l l y .  It w a s  l a t e r  

changed t o  high-speed Kodacolor 400. The l a t e r  gave b e t t e r  c o l o r  r e n d i t i o n  

a t  l o w  l i g h t i n g  c o n d i t i o n s .  Commercial s e r v i c e  w a s  used f o r  deve loping  and 

p r i n t i n g  . 
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C. Pumps 

A Ruska s i n g l e - c y l i n d e r  p r o p o r t i o n i n g  pump w a s  used f o r  water 
" 

disp lacement .  

pore  space  v e l o c i t y  of 101  f e e t l d a y .  

e i t h e r  water o r  C 0 2  i n j e c t i o n .  

The d i s c h a r g e  ra te  w a s  se t  a t  8 cm;'/hr cor responding  t o  a 

The d i s c h a r g e  can  b e  swi tched  t o  

A Milton-Roy Mini-Pump w a s  employed f o r  v a r i o u s  a u x i l i a r y  services 

i n c l u d i n g  sand pack c l e a n i n g  and r e s a t u r a t i o n .  

D. Cons tan t  Temperature  Chamber 

A 2'3" x 1'10" x 8' i n s u l a t e d  chamber w a s  f a b r i c a t e d  t o  c o n t a i n  t h e  

t r a n s p a r e n t  f low tube  and C 0 2  c e l l .  

h e a t e r  and c o n t r o l l e d  by a RFL t empera tu re  c o n t r o l l e r .  

The chamber w a s  hea t ed  u s i n g  a N a u t i l u s  

I n s u l a t e d  windows 

were used f o r  t empera tu re  s t a b i l i t y .  

v e s s e l  w i t h i  

E .  C02 Rod Cy l inde r  

The rod  c y l i n d e r  s e r v e s  as a t r a n s f e  which C 0 2  w a s  s t o r e d  

a t  t h e  d e s i r e d  p r e s s u r e  and t empera tu re .  I n  t h e  c y l i n d e r ,  t h e  C 0 2  w a s  

s e p a r a t e d  by a p i s t o n  t o  avo id  d i r e c t  c o n t a c t  w i t h  t h e  d r i v i n g  wa te r  d i scha rged  

from t h e  Ruska pump. 

f l a g  t o  i n d i c a t e  t h e  amount of  C02 t h a t  remained i n  t h e  c y l i n d e r .  

w a s  des igned  w i t h  a c a p a c i t y  of 210 cm3 and a working p r e s s u r e  of 4000 p s i .  

A rod  t o  which t h e  p i s t o n  i s  connected w a s  used as a 

The c y l i n d e r  

The h i g h  p r e s s u r e  v i s u a l  f l o o d i n g  sys tem i s  d iag rammat i ca l ly  shown i n  

F ig .  2 .  Photos  l a  and l b  e x h i b i t  t h e  t r a n p a r e n t  f low t u b e  and o t h e r  related 

i n s t a l l a t i o n s .  
. .. 
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I V .  TASK 2 

Conduct C O Z / W a t e r  Displacement T e s t s  

A .  S e l e c t i o n  of Crude O i l  

Four d i f f e r e n t  n a t u r a l  c r u d e  o i l s  w e r e  used f o r  C02 d isp lacement  tests. 

The p h y s i c a l  p r o p e r t i e s  of t h e s e  c r u d e  o i l s  are g iven  below: 

Crude O i l  - AP I V i s c o s i t y  @ 120°F 

Penn Grade 48' 1 . 4  cp 

SACROC: 4 1' 1 . 7  cp 

S l a u g h t e r  Estate  33O 3 . 9  cp  

Wilmington T a r  Zone 15' 27.3 cp  

A s  can be s e e n ,  t h e  s p e c i f i c  g r a v i t y  c o v e r s  a wide r a n g e  from l i g h t  

t o  heavy c r u d e  o i l .  A l l  t h e  samples  were s t a b i l i z e d  s t o c k  t a n k  o i l .  S o l u t i o n  

g a s  w a s  n o t  recombined f o r  t h e  C02 f l o o d i n g  t e s t s .  

The Penn Grade c r u d e  o i l  w a s  from Bradford F i e l d  Pennsylvania  s u p p l i e d  

by t h e  P e n n z o i l  Company. T h i s  c r u d e  o i l  h a s  a s t r a w  ye l low c o l o r  w i t h  good 

l i g h t  t r a n s m i s s i b i l i t y .  

The SACROC and S l a u g h t e r  Es ta te  c r u d e  o i l s  are  from West Texas provided 

by Chevron and Amoco r e s p e c t i v e l y .  Both o i l s  are b l a c k  and impermeable t o  

l i g h t .  The S l a u g h t e r  Estate  c r u d e  h a s  s t r o n g  odor  of H2S and i s  v i s c o u s  

a t  room tempera ture .  It shows c o l o r f u l  carmine red  o r  orange-yellow when 

mixed w i t h  C02. 

The Wilmington F i e l d  T a r  Zone c r u d e  o i l  w a s  provided by Champlin Petroleum 

Company. This  c r u d e  o i l  was used o n l y  f o r  C02-foam disp lacement  tes ts .  The 

f i e l d  h a s  been water f looded  and t h e  company is  now p r e p a r i n g  f o r  a l a r g e  

scale C 0 2  test i n  t h e  Tar Zone a t  Wilmington. 
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B. P r e p a r a t i o n  f o r  C 0 2  Flooding 

The glass-bead pack was c leaned  a f t e r  each  r u n  w i t h  t o l u e n e  t h e n  fo l lowed 

by i s o p r o p y l  a l c o h o l .  The c l e a n i n g  work w a s  conducted a t  room tempera ture  

and a tmospher ic  p r e s s u r e .  

Crude o i l  w a s  t h e n  i n j e c t e d  i n t o  t h e  w a t e r  s a t u r a t e d  pack a t  t h e  

d e s i r e d  f l o o d  tempera ture  and p r e s s u r e .  The amount of w a t e r  d i s p l a c e d  w a s  

measured and t h e  i r r e d u c i b l e  w a t e r  s a t u r a t i o n  w a s  determined by m a t e r i a l  

b a l a n c e  c a l c u l a t i o n .  A t  t h i s  p o i n t ,  t h e  t r a n s p a r e n t  f low t u b e  was ready  

f o r  secondary  C 0 2  f l o o d i n g  p r o c e s s .  

f l o o d i n g  b e  d e s i r e d ,  t h e  o i l  s a t u r a t e d  pack w a s  water f looded  down t o  

i r r e d u c i b l e  o i l  s a t u r a t i o n  b e f o r e  C 0 2  i n j e c t i o n  w a s  s t a r t e d .  

Should a t e r t i a r y  C 0 2  

The C 0 2  and 

water were i n j e c t e d  a t  a ra te  of 8 cm 3 /hour  u s i n g  t h e  Ruska pump. 

The C 0 2  used f o r  C 0 2  f l o o d s  h a s  a p u r i t y  of 99.8%. I t  w a s  c o n t a i n e d  i n  

a 1 .54  f t 3  s tee l  c y l i n d e r  equipped w i t h  an  e d u c t o r  t u b e .  

l i q u i d  CO2 i n  t h e  c y l i n d e r  w a s  830 p s i g  a t  room t e m p e r a t u r e .  The l i q u i d  

C 0 2  i n  t h e  l a r g e  c y l i n d e r  was t r a n s f e r r e d  t o  t h e  C 0 2  r o d - c y l i n d e r  i n  t h e  

t e m p e r a t u r e  b a t h  and compressed t o  t h e  d e s i r e d  p r e s s u r e  by pumping water 

i n t o  t h e  rod-cyl inder .  T a p  w a t e r  w a s  used f o r  s a t u r a t i o n  and i n j e c t i o n .  I n  

o r d e r  t o  i d e n t i f y  C 0 2  from water i n  t h e  glass-bead pack,  t h e  water w a s  dyed 

r e d  w i t h  food c o l o r .  It w a s  l a t e r  found,  however, t h a t  t h e  c o l o r  w a s  n o t  

s t a b l e  and comple te ly  faded away when c o n t a c t e d  w i t h  C 0 2 .  Also ,  t h e  dyed 

w a t e r  had an u n d e s i r a b l y  weak l i g h t  e f f e c t  and masked t h e  t r u e  c o l o r  of t h e  

c r u d e  o i l .  For t h e s e  r e a s o n s ,  t h e  u s e  of dyed w a t e r  w a s  d i s c o n t i n u e d  a f t e r  

s e v e r a l  Penn Grade o i l  r u n s .  

The p r e s s u r e  o f  t h e  
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C .  C 0 2  Flooding Tests 

The C 0 2  f l o o d i n g  tests were performed i n  t h e  f o l l o w i n g  sequences:  

( a )  S t r a i g h t  secondary C 0 2  f l o o d i n g  tests: Flooding 

p r e s s u r e  s t a r t e d  a t  500 p s i  and w a s  i n c r e a s e d  

i n  s t e p s  u n t i l  m i s c i b l e  d isp lacement  w a s  observed.  

Three o r  f o u r  r u n s  were u s u a l l y  r e q u i r e d .  

(b) Secondary C 0 2  s l u g  f l o o d i n g  tests: Four r u n s  w i t h  C 0 2  

s l u g s  of  0 .1 ,  0 . 2  and 0 .4  pore  volume (pv) were normal ly  

performed. 

p r e s s u r e  as determined i n  ( a ) .  

Displacements  were conducted a t  m i s c i b l e  

( c )  T e r t i a r y  C 0 2  s l u g  f l o o d i n g  tests:  C 0 2  s l u g s  and p r e s s u r e  

were s imilar  t o  secondary f l o o d i n g  tes ts .  

All t h e  f l o o d i n g  tests w e r e  run  a t  a tempera ture  of 120°F. 

1. S t r a i g h t  Secondary CC?  F looding  

A t o t a l  o f  n i n e  r u n s  w e r e  conducted u s i n g  Penn Grade, SACROC, 

and S l a u g h t e r  Es t a t e  c rude  o i l s .  The purpose of t h e  tes ts  w a s  t o  o b s e r v e  

t h e  i n t e r a c t i o n s  between C 0 2  and c r u d e  o i l s  a t  m i s c i b l e  and immiscible  

c o n d i t i o n s .  T e s t  r e s u l t s  are shown i n  Table  1 and p l o t t e d  i n  F i g .  3 .  

( a )  Immiscible  Displacement 

A t  t h e  p r e s s u r e s  of 500 p s i  and 1000 p s i ,  ( run  n o s .  PG-1 

and S A - l ) ,  both t h e  Penn Grade and SACROC o i l s  w e r e n o t m i s c i b l e  w i t h  C 0 2 .  

Gaseous C 0 2  w a s  o v e r r i d i n g  and f lowing  a l o n g  t h e  upper edge of t h e  Elow t u b e .  

A f t e r  an  i n i t i a l  s u r g e  of C 0 2  a t  t h e  i n l e t ,  some of t h e  o v e r r i d i n g  C 0 2  went 

i n t o  s o l u t i o n  i n  o i l  and connate  water.  T h i s  caused t h e  advancement of C 0 2  

t o  s low down o r  sometimes re t reat  due t o  o i l  expansion.  
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TABLE 1 

S t r a i g h t  Secondary C02 Flooding 
120°F 

P r e s  s u r e  O i l  Recovery 
p s i  % O I P  Crude Oil Run Number 

Penn-Gr ade 

SACROC 

S laugh te r  Estate  

PG-1 
PG-2 
PG-3 

SA-1 
SA- 2 
SA-3 

SE-1 
SE-2 
SE-3 

500 
1500 
2000 

1000 
1500 
2000 

1500 
2000 
2500 

33.50 
76.34 
81.32 

55.55 

82.27 
75.88 

50.48 
69.18 
72.62 
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B e s i d e s  moving h o r i z o n t a l l y ,  t h e  o v e r r i d i n g  C02 a l s o  encroached 

downward t o  form a teeth-shaped phase boundary w i t h  t h e  u n d e r l y i n g  c rude  

o i l .  F i g .  4 i s  a diagrammatic s k e t c h  i l l u s t r a t i n g  immiscible- type C02 

d isp lacement .  Photos  2a t o  2f show C02 o v e r r i d e  and C 0 2 - 0 i l  b o u n d a r i e s .  

A s  can be s e e n ,  t h e  SACROC o i l  changed from r e d d i s h  brown t o  y e l l o w  when 

s o l u t i o n  C02 w a s  i n c r e a s e d .  The r e s i d u a l  o i l  i n  t h e  C 0 2  invaded zone e x i s t e d  i n  

two forms:  ( a )  c l u s t e r s  o r  g l o b u l e s  occupying t h e  l a r g e  p o r e s ,  and (b)  

o i l  r i n g s  sur rounding  t h e  pendular  connate  w a t e r .  

O i l  r ecovery  w a s  33.5% of  OIP f o r  Penn Grade o i l  a t  500 p s i  

and 55.5% of OIP f o r  SACROC o i l  a t  1000 p s i .  T h i s  i s  t h e  lowes t  r e c o v e r y  

p e r c e n t a g e  compared t o  t h o s e  a t  h i g h e r  displacement  p r e s s u r e s .  The low 

r e c o v e r y  w a s  caused by C02 o v e r r i d e  and l a r g e  r e s i d u a l  o i l  s a t u r a t i o n .  

Though t h e  r e c o v e r i e s  from C02 f l o o d i n g  were low,  t h e  blowdown 

r e c o v e r y  accounted f o r  15.6% of OIP f o r  Penn Grade o i l  and 22.2% f o r  t h e  

SACROC o i l .  It w a s  observed t h a t  when t h e  system p r e s s u r e  w a s  b l e e d i n g  

down, g a s  bubbles  evolved v i g o r o u s l y  from t h e  r e s i d u a l  o i l .  A s  a r e s u l t ,  

s i g n i f i c a n t  amounts of  t h e  t r a p p e d  o i l  w a s  mobi l ized  by g a s  expansion and 

and recovered  d u r i n g  t h e  blowdown stage.  

The lowes t  f l o o d i n g  p r e s s u r e  f o r  t h e  S l a u g h t e r  Es t a t e  o i l  w a s  

1500 p s i .  A t  t h e  p r e s s u r e ,  immisc ib le  d isp lacement  as  d e s c r i b e d  above w a s  

observed i n  most of t h e  f l o w  t u b e .  A s m a l l  m i s c i b l e  m i x t u r e ,  however, w a s  

observed  i n  t h e  l a s t  s e c t i o n  of  t h e  f low t u b e .  I t  i s  n o t  known whether  a 

m i s c i b l e  d isp lacement  could  be developed should  t h e  f low t u b e  be l o n g e r .  

(b)  M i s c i b l e  Displacement 

M i s c i b l e  c o n d i t i o n  w a s  ach ieved  f o r  b o t h  Penn Grade and SACROC 

c r u d e  o i l s  when i n j e c t i o n  p r e s s u r e  w a s  i n c r e a s e d  t o  1500 p s i .  The m i s c i b l e  
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m i x t u r e  w a s  formed i n s t a n t l y  a t  t h e  i n l e t .  However, t h e  S l a u g h t e r  Estate 

crude  o i l  r e q u i r e d  a l o n g e r  d i s t a n c e  f o r  t h e  development of m i s c i b l e  zone. 

Penn-Grade c r u d e  o i l :  P r i o r  t o  C02 i n j e c t i o n ,  t h e  o i l  

s a t u r a t e d  pack showed t h a t  t h e  r e d  connate  water (dyed) w a s  e x i s t i n g  i n  

pendular  r i n g s .  

observed .  

Small  c l u s t e r s  of w a t e r  lodged i n  l a r g e  p o r e s  w e r e  a l s o  

A s  soon as C02 emerged a t  t h e  e n t r a n c e  of t h e  f low t u b e ,  t h e  

o i l  and w a t e r  c o l o r s  q u i c k l y  faded and no CO2-oil phase boundary could  b e  

observed n e a r  t h e  C02 f r o n t .  I n t e r e s t i n g l y ,  t h e  pendular  connate  water 

a l s o  became i n v i s i b l e  i n  t h e  m i s c i b l e  zone. 

The d i s a p p e a r a n c e  o f  connate  water may b e  e x p l a i n e d  i n  terms 

of  R e f l e c t o r y  Index. The R e f l e c t o r y  Index f o r  Penn-Grade c r u d e  o i l  w a s  1 . 4 5 7 ,  

t h a t  o f  water, 1 .332,  and t h a t  of  C02, 1.195. The h i g h e r  s o l u b i l i t y  o f  C02 

i n  o i l  t h a n  i n  water could  b r i n g  t h e  o i l  and water indexes  so c l o s e  as  t o  

o b s c u r e  t h e  phase  boundary. 

The CO2-oil m i s c i b l e  zone w a s  s h o r t  i n i t i a l l y ,  b u t  cont inued  

t o  expand w h i l e  C02 i n j e c t i o n  w a s  i n  p r o c e s s .  Meanwhile, t h e  c r u d e  o i l  ahead 

of t h e  m i s c i b l e  zone w a s  i n c r e a s i n g l y  a f f e c t e d  by C02 as evidenced by i t s  

f a d i n g  c o l o r .  The m i s c i b l e  f r o n t  advanced r a t h e r  uniformly.  N o  s e v e r e  

o v e r r i d e  w a s  observed a t  t h e  C02 f r o n t .  

After t h e  m i s c i b l e  f r o n t  had passed ,  t h e  pendular  connate  water 

A s  C02 re-emerged and t h e  r e s i d u a l  o i l  w a s  found i n  b o t h  r i n g s  and c l u s t e r s .  

i n j e c t i o n  w a s  cont inued ,  i t  w a s  observed t h a t  t h e  amount of r e s i d u a l  o i l  w a s  

d e c r e a s i n g  and t h e  c o l o r  w a s  g r a d u a l l y  changed from l i g h t  ye l low t o  d a r k  

brown. This w a s  p robably  caused by t h e  c o n t i n u o u s  l o s s  of  l i g h t  hydrocarbons 
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i n t o  t h e  subsequent  C 0 2  i n j e c t i o n .  

c o n t r i b u t e  i n  p a r t  t o  t h e  o i l  r e c o v e r y  a f t e r  C 0 2  b reakthrough.  Photos  

3a - 3c i l l u s t r a t e  t h e  i n i t i a l  c o n d i t i o n  b e f o r e  C 0 2  f l o o d i n g ,  t h e  m i s c i b l e  

zone, and t h e  r e s i d u a l  o i l  d i s t r i b u t i o n  a f t e r  C 0 2  f l o o d i n g .  

The r e d u c t i o n  of  r e s i d u a l  o i l  should  

The d i s t r i b u t i o n  o f  r e s i d u a l  o i l  i n  t h e  f low t u b e  w a s  

c h a r a c t e r i z e d  by h i g h  s a t u r a t i o n  a t  t h e  i n j e c t i o n  s i d e  and d e c r e a s i n g  

s a t u r a t i o n  toward t h e  o u t l e t .  T h i s  r e s u l t  w a s  i n  reverse o r d e r  t o  water- 

f l o o d i n g .  From v i s u a l  o b s e r v a t i o n ,  i t  w a s  n o t i c e d  t h a t  t h e  e f f e c t  of C 0 2  

w a s  extended beyond t h e  m i s c i b l e  f r o n t  and grew wider  w i t h  C 0 2  i n j e c t i o n .  

A s  t h i s  o c c u r r e d ,  t h e  o i l  c l o s e r  t o  t h e  o u t l e t  would have l o n g e r  time t o  

develop h i g h  q u a l i t y  m i s c i b i l i t y  and consequent ly ,  b e t t e r  d i sp lacement  

e f f i c i e n c y  . 
M i s c i b l e  d isp lacement  w a s  observed  f o r  b o t h  1500 p s i  and 2000 

p s i  r u n s ;  however, t h e  o i l  r e c o v e r y  a t  2000 p s i  w a s  5% h i g h e r  t h a n  t h a t  o f  

1500 p s i .  A n  examinat ion  of t h e  photographic  r e c o r d  (Photos  4a-b) h a s  

r e v e a l e d  t h a t  t h e  h i g h  p r e s s u r e  r u n s  c o n t a i n  more o i l  r i n g s  and less 

g a n g l i a  t y p e  r e s i d u a l  o i l  t h a n  t h o s e  a t  lower p r e s s u r e s .  These r e s u l t s  

i n d i c a t e  t h a t  t h e  h i g h e r  r e c o v e r y  e f f i c i e n c y  a t  2000 p s i  w a s  ach ieved  b y  

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

SACROC c r u d e  o i l :  The t r a n s i t i o n  zone f o r  t h e  SACROC o i l  w a s  

more c l e a r l y  v i s i b l e  t h a n  Penn-Grade o i l  because of b e t t e r  c o l o r  e f f e c t s .  

The c o l o r  i n  t h e  t r a n s i t i o n  zone changed smoothly from n e a r l y  c lear  i n  t h e  

C 0 2  r e g i o n ,  t o  ye l low red-brown, and ended w i t h  d a r k  brown i n  t h e  u n a f f e c t e d  

zone. Photos  5a-f show t h e  t r a n s i t i o n  zone and d i s t r i b u t i o n  o f  r e s i d u a l  o i l .  
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A t t e n t i o n  w a s  p a i d  t o  t h e  p o s s i b l e  c x i s t a n c e  of m u l t i p l e  phase 

m i x t u r e s  i n  t h e  t r a n s i t i o n  zone a s  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s . 8  

o b s e r v a t i o n s  showed t h a t  t h e r e  w a s  no c lear  i n d i c a t i o n  of two-lqiuid o r  C 0 2  

gas  i n  t h e  t r a n s i t i o n  zone. Layered l i q u i d  w a s  o c c a s i o n a l l y  observed  n e a r  

t h e  C 0 2  f r o n t .  However, t h i s  l a y e r e d  l i q u i d  w a s  l o c a l l y  developed and 

would v a n i s h  i n  a s h o r t  p e r i o d  of  t i m e .  Photos  6a-b show t h e  l a y e r e d  l i q u i d  

phenomenon. 

Our 

The u n r e c o v e r a b l e  r e s i d u a l  o i l ,  as d e s c r i b e d  p r e v i o u s l y ,  w a s  

i n  t h e  form of pendular  r i n g s  and c l u s t e r s  as  shown i n  Photo 4c.  I n  t h e  l a t e r  

s t a g e  o f  C 0 2  i n j e c t i o n ,  p r e c i p i t a t i o n  o f  c lear  t o  l i g h t  brownish l i q u i d  w a s  

observed on t h e  g l a s s  beads  and windows. The p r e c i p i t a t i o n  w a s  n o t  r e a d i l y  

s o l u b l e  i n  t o l u e n e  o r  water. It w a s  p robably  a wax material  e x t r a c t e d  from 

t h e  r e s i d u a l  o i l  which f e l l  o u t  from t h e  C 0 2  stream when i t  s t r u c k  t h e  s o l i d  

s u r f a c e .  The p h y s i c a l  views o f  t h e  p r e c i p i t a t i o n  are  shown i n  Photos  7a-b. 

Due t o  h i g h  p e r m e a b i l i t y  of t h e  glass-bead pack, t h e  f l u i d  f low 

w a s  l a r g e l y  c o n t r o l l e d  by g r a v i t y  f o r c e s ,  and t h e r e f o r e  s e v e r e  s e g r e g a t i o n  of  

m i s c i b l e  m i x t u r e  and c r u d e  o i l  o c c u r r e d .  The m i s c i b l e  m i x t u r e ,  because  of 

i t s  l i g h t  weight ,  tended t o  segregate and f l o w  a t  a r e l a t ive ly  h igher  v e l o c i t y  

i n  t h e  t r a n s v e r s e  d i r e c t i o n  t h a n  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  and,  as a 

r e s u l t ,  a n  i n c l i n e d  f r o n t  w a s  formed. The a n g l e  of t h e  i n c l i n a t i o n  became 

more a c u t e  as  t h e  t r a v e l i n g  d i s t a n c e  i n c r e a s e d .  These c h a r a c t e r i s t i c s  are  

d iagrammat ica l ly  ske tched  i n  F i g .  5. 

From v i s u a l  examinat ion,  t h e  f o r e  f r o n t  of t h e  t i l t e d  t r a n s i t i o n  

zone h a s  t h e  b e s t  q u a l i t y  of m i s c i b i l i t y  and e f f i c i e n t  o i l  d i sp lacement .  The 

m i s c i b i l i t y  w a s  d e t e r i o r a t e d  toward t h e  rear s i d e  of  t h e  f r o n t  l i n e ,  and i n  
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t h e  meantime, t h e  o i l  d i sp lacement  w a s  degenera ted  from m i s c i b l e  t y p e  t o  

s o - c a l l e d  semi-miscible  d isp lacement .  I n  t h e  p r o c e s s ,  C02 w a s  f i r s t  i n  

c o n t a c t  w i t h  o i l  and went i n t o  s o l u t i o n  i n  o i l .  When s o l u t i o n  C02 w a s  

i n c r e a s e d  t o  a c e r t a i n  p o i n t ,  numerous micro-s ize  s p h e r i c a l  p a r t i c l e s  

e r u p t e d  from t h e  o i l  s u r f a c e  and w e r e  c a r r i e d  away i n  t h e  C02 stream. The 

e r u p t i o n  s t a r t e d  w i t h  s t r o n g  t u r b u l e n c e  and t h e n  g r a d u a l l y  s e t t l e d  down 

u n t i l  most of  t h e  o i l  w a s  d i s p l a c e d .  T h i s  t y p e  of d i sp lacement  w a s  u s u a l l y  

observed i n  t h e  area behind  t h e  m i s c i b l e  zone. T y p i c a l  views of t h e  

d isp lacement  are  shown i n  F i g .  6 and Photos  8a-f.  

The t o t a l  o i l  r e c o v e r y  w a s  improved by 6.4% when i n j e c t i o n  

p r e s s u r e  w a s  i n c r e a s e d  from 1500 t o  2000 p s i .  The i n c r e m e n t a l  o i l  recovery ,  

based on  o b s e r v a t i o n s ,  w a s  l a r g e l y  due t o  d e c r e a s e  i n  C02 o v e r r i d e .  

S l a u g h t e r  Estate c r u d e  o i l :  The d isp lacement  phenomena w e r e  

s i m i l a r  t o  SACROC c r u d e  o i l .  The o n l y  d i f f e r e n c e  was t h a t  a l o n g e r  d i s t a n c e  

w a s  r e q u i r e d  f o r  t h e  development o f  t h e  m i s c i b l e  zone. A l s o ,  as a n t i c i p a t e d ,  

C02 s e g r e g a t i o n  and o v e r r i d e  w e r e  more severe t h a n  w i t h  t h e  o t h e r  two c r u d e  

o i l s .  

A t  t h e  i n j e c t i o n  p r e s s u r e  of 1500 p s i  ( S E - l ) ,  m i s c i b l e  zone 

w a s  n o t  developed u n t i l  t h e  C02 f r o n t  had t r a v e r s e d  415 of  t h e  f low t u b e ,  

t h u s ,  o n l y  1 / 5  o f  t h e  glass-bead pack w a s  m i s c i b l y  d i s p l a c e d .  

zone formed, however, w a s  o v e r r i d i n g  t h e  u n a f f e c t e d  o i l  zone and would b e  

q u i c k l y  d i s p l a c e d  by t h e  p u r s u i n g  C02. 

b e  o n l y  o f  t h e  semi-miscible  type .  Photos  9a-c i l l u s t r a t e  t h i s  t r a n s f o r m a t i o n .  

The m i s c i b l e  

A f t e r  t h a t ,  t h e  d isp lacement  would 

Displacements  a t  h i g h e r  p r e s s u r e s  of 2000 and 2500 p s i  (SE-2 

and SE-3) r e s u l t e d  i n  an  earlier development of m i s c i b l e  zone. M i s c i b l e  zone 
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Figure 6. Sketch of Semi-Miscible Displacement 

C02-Oil Contact oil SYelling O i l  Evaporation Oil Displaced 



w a s  found i n  t h e  t h i r d  window a t  2000 p s i  and i n  t h e  f i r s t  window a t  2500 

p s i .  O i l  r ecovery ,  as shown i n  T a b l e 1 , w a s  i n c r e a s e d  from 50.48% a t  1500 

p s i  t o  69.18% a t  2000 p s i  and 72.62% a t  2500 p s i .  

2. Secondary S l u g  C02 Flooding 

A l l  s l u g  C 0 2  d i sp lacement  tests w e r e  conducted a t  2000 p s i  and 120' 

F. Based on p r e v i o u s  s t r a i g h t  C02 f l o o d i n g  tests i n  (l), disp lacement  should  

have o c c u r r e d  a t  t h i s  p r e s s u r e  and tempera ture  c o n d i t i o n .  C02 s l u g s  of 0.1, 

0 .2 ,  and 0.4  pv w e r e  chosen f o r  t h e  tests. The f l o o d i n g  r e s u l t s  are  

summarized i n  Table  2 and p l o t t e d  i n  F i g s .  7-9. 

( a )  Penn-Grade c r u d e  o i l  

From F i g .  7 ,  i t  i s  a p p a r e n t  t h a t  o i l  r e c o v e r y  i n c r e a s e s  w i t h  

a l a r g e r  s l u g  s i z e .  S l u g s  l a r g e r  t h a n  0.4 pv would have no f u r t h e r  improvement 

i n  t o t a l  o i l  recovery .  

I n  t h e  s m a l l  s l u g  o i l  pv t es t ,  a l l  t h e  C02 i n j e c t e d  w a s  

d i s s o l v e d  i n  o i l  o r  connate  water. 

zone a f t e r  C02 s l u g  i n j e c t i o n  w a s  completed.  A f t e r  s w i t c h i n g  t o  water 

i n j e c t i o n ,  t h e  s o l u t i o n  C02 i n  t h e  f i r s t  window d i s p e r s e d  s t e a d i l y  through 

112 of  t h e  f low tube .  The d isp lacement  w a s  e s s e n t i a l l y  a n  o r d i n a r y  water- 

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

o b t a i n e d  i n  w a t e r f l o o d i n g .  

We found no C02 gas  phase i n  t h e  t r a n s i t i o n  

T r a n s i t i o n  zone w a s  observed  i n  t h e  0.2 and 0 .4  pv r u n s .  The 

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

i n  t h e  s t r a i g h t  C02 i n j e c t i o n .  

pendular  connate  water w a s  merged w i t h  t h e  i n j e c t i o n  w a t e r  and vanished  from 

A s  soon as water i n j e c t i o n  w a s  resumed, t h e  
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TABLE 2 

Secondary Slug C02 Flooding 
2000 p s i ,  120°F 

Crude O i l  Run Slug O i l  Recovery 
Number PV % OIP 

P enn-Gr ade 

SACROC 

PG-4 
PG-5 
PG-6 
PG-3 

SA-4 
SA-5 
S A 4  
SA-3 

S laugh te r  Estate SE-4 
SE-5 
SE-3 

0.1 
0 .2  
0.4 
1 .0  

0 .1  
0.2 
0 .4  
1.0  

0 .1  
0.2 
1.0 

50.79 
60.59 
81.45 
81.32 

58.25 
61.98 
72.36 
8 2 . 2 7  

58.00 
68.80 
72 .62  
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t h e  scene .  Also,  t h e  s u r r o u n d i n g  o i l  r i n g s  w e r e  c o l l a p s e d  and regrouped 

i n t o  s m a l l  c l u s t e r s  o r  g l o b u l e s  lodged i n  t h e  l a r g e  pores .  I n  s p i t e  of t h e  

d i s t u r b a n c e ,  t h e  r e s i d u a l  o i l  u n i t s  s t i l l  remained immobile. Photos  loa-b 

demonst ra te  t h e  t r a n s f o r m a t i o n  of  o i l  r i n g s  i n t o  c l u s t e r s  i n  t h e  water- 

f looded  area. 

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

C02 breakthrough changed from c lear  t o  t u r b i d .  

showed t h a t  t h e  water c o n t a i n e d  brownish emulsion p a r t i c l e s .  The o r i g i n s  

Microscopic  examinat ion  

of  t h i s  s u b s t a n c e  are now known. It i s  p o s s i b l e  t h a t  c e r t a i n  t y p e s  of  

m i s c i b l e  m i x t u r e  o f  C02, o i l  and water might have  been developed under  t h e  

i n j e c t i o n  p r e s s u r e  and tempera ture .  When p r e s s u r e  w a s  reduced t o  a tmospher ic ,  

t h e  o i l  phase w a s  s e p a r a t e d  o u t  i n  t h e  form of o i l - w a t e r  emulsion. 

(b)  SACROC c r u d e  o i l  

The d isp lacement  r e s u l t s  i n d i c a t e  t h a t  o i l  recovery  can  b e  

improved w i t h  i n c r e a s e d  C 0 2  s l u g  s i z e  up t o  0.4 pv. S lugs  l a r g e r  t h a n  0.4 

c o n t r i b u t e  l i t t l e  i n  a d d i t i o n a l  o i l  recovery .  Smal le r  s l u g s  of 0 . 1  and 0.2 

pv would r e c o v e r  less o i l  t h a n  t h a t  of 0.4 pv b u t  s t i l l  s i g n i f i c a n t l y  more 

t h a n  i n  s t r a i g h t  w a t e r f l o o d i n g .  

I n  t h e  s m a l l  s l u g  r u n  ( 0 . 1  pv) ,  t h e  i n j e c t e d  CO2 w a s  comple te ly  

s p e n t  i n  s o l u t i o n .  Because t h e r e  w a s  no C02 g a s  b u f f l e  zone between 

o i l  and i n j e c t e d  water ,  t h e  d isp lacement  w a s  p r a c t i c a l l y  a w a t e r - o i l  

immisc ib le  t y p e  and,  as a r e s u l t ,  a n  a p p r e c i a b l e  amount of C02-sa tura ted-o i l  

w a s  bypassed and t r a p p e d  i n  t h e  water f looded  zone. Photos  l la-c show t h i s  

r e s u l t .  
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( c )  S l a u g h t e r  Estate c r u d e  o i l  

I n  t h e  Penn-Grade and SACROC s l u g  C02 d isp lacement ,  t h e  

subsequent  water i n j e c t i o n  d i d  n o t  m o b i l i z e  r e s i d u a l  o i l  l e f t  behind  t h e  

m i s c i b l e  zone. I n  t h e  S l a u g h t e r  Estate o i l  tests,  as mentioned ear l ie r ,  

t h e  r e s i d u a l  o i l  i n  t h e  C02 f looded  zone w a s  c o n s i d e r a b l y  h i g h  because  of 

severe g r a v i t y  s e g r e g a t i o n .  For  t h i s  reason ,  t h e  water i n j e c t i o n  a f t e r  C02 

s l u g  showed some e f f e c t  i n  d i s p l a c i n g  r e s i d u a l  o i l  i n  t h e  C02 swept area. 

A s m a l l  o i l  bank w a s  observed a t  t h e  water f r o n t  and a n  i n c r e a s e  of o i l  

p r o d u c t i o n  w a s  n o t i c e d  a t  t h e  breakthrough of t h e  o i l  bank. 

3 .  T e r t i a r y  CO7 Displacement 

I n  t h e  t e r t i a r y  d isp lacement  tes ts ,  t h e  o i l  s a t u r a t e d  glass-bead 

pack w a s  f i r s t  water f looded  b e f o r e  C02 s l u g  w a s  i n j e c t e d .  Four s l u g  s i z e s ,  

0.1, 0 .2 ,  0 . 4 ,  and 1 . 0  pv w e r e  used f o r  t h e  tests. A l l  r u n s  w e r e  conducted 

a t  2000 p s i  and 120°F and t h e  r e s u l t s  a re  summarized i n  T a b l e  3 and p l o t t e d  

i n  F i g s .  7-9. 

( a )  Penn-Grade c r u d e  o i l  

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

t h e  middle  p a r t  of t h e  f l o w  t u b e .  The o i l  w a s  c o n f i n e d  i n  l a r g e  p o r e s  i n  t h e  

form of g a n g l i a  o r  g l o b u l e s .  

pack, t h e  C02 g a s  q u i c k l y  s e g r e g a t e d  and began o v e r r i d i n g  on t h e  t o p  of t h e  

f low tube .  Later,  t h e  h o r i z o n t a l  advancement of C02 slowed down and moved 

downward. 

A s  soon as t h e  C02 s l u g  e n t e r e d  t h e  glass-bead 

During t h e  encroachment of C02, some of t h e  r e s i d u a l  o i l  

d r o p l e t s  w e r e  i n  c o n t a c t  o r  surrounded by t h e  invading  C02. 

decolored  and t h e n  evapora ted  i n  numerous p a r t i c l e s  i n t o  C02. T h i s  p r o c e s s  

w a s  cont inued  u n t i l  t h e  r e s i d u a l  o i l  d r o p l e t  w a s  comple te ly  removed. Photos  

1 2 a - c  i l l u s t r a t e  t h i s  p r o c e s s .  

The o i l  w a s  f i r s t  

brs 
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TABLE 3 

T e r t i a r y  S l u g  C 0 2  F looding  
2000 p s i ,  120°F 

Crude O i l  Run Number Slug,  PV 
O i l  Recovery 

% OIP 

P enn- G r  ad e 

SACROC 

PG- 7 
PG-8 
PG-9 

PG-10 

SA- 7 
SA-8 
SA- 9 

SA- 10 

S l a u g h t e r  Estate  SE-6 
SE-7 
SE-8 

0 .1  
0.2 
0.4 
1 .0  

0 .1  
0 .2  
0.4 
1 . 0  

0.2 
0.4 
1.0 

7.71 
25.85 
30.71 
30.60 

14.93 
30.77 
40.15 
45.74 

13.50 
35.27 
34.90 
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Not a l l  t h e  r e s i d u a l  o i l  had  t h e  chance t o  b e  c o n t a c t e d  by 

C02 and e v e n t u a l l y  d i s p l a c e d .  Some of  t h e  r e s i d u a l  o i l  w a s  a f f e c t e d  by C02 

by d i f f u s i o n ,  b u t  w a s  s t i l l  e n c i r c l e d  by water and remained immobile. 

Unl ike  t h e  SACROC c r u d e  o i l ,  t h e r e  w a s  no o i l  bank bui ld-up 

d u r i n g  C02 i n j e c t i o n ,  b u t  t h e r e  w e r e  s m a l l  i n c r e a s e s  of o i l  s a t u r a t i o n  ahead 

of C02 s l u g .  The d isp lacement  w a s  t h e r e f o r e  p r i m a r i l y  a semi-miscible  t y p e .  

The p o s s i b l e  r e a s o n s  f o r  n o t  forming a n  o i l  bank are: (1) low r e s i d u a 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 ,  and (2 )  s e v e r e  o v e r r i d e  of o i l  by C02 due 

t o  d e n s i t y  c o n t a c t  r e l a t ive  t o  water. The f a s t  t r a n s p o r t  of o i l  on t h e  t o p  

o f  glass-bead pack l e s s e n e d  t h e  chance t o  form a n  o i l  bank. 

The 0 . 1  pv s l u g  case (SA-7) recovered  7.71% of OIP and 29.36% 

i n  blowdown. The r e l a t i o n s h i p  of low C02 f l o o d i n g  recovery  v e r s u s  h i g h  blowdown 

Product ionwas  found i n n e a r l y  all secondary and t e r t i a r y  d isp lacement  tests. 

The blowdown p r o c e s s  w a s  i n i t i a t e d  a f t e r  C02 i n j e c t i o n  had b e e n  concluded.  

The sys tem w a s  b l e d  down t o  atmosphere i n  about  f i v e  p r e s s u r e  s t e p s .  

Normally, s o l u t i o n  C02 would come o u t  from t h e  l i q u i d s  when p r e s s u r e  w a s  

b rought  down t o  about  800 p s i .  

t h e  g e o m e t r i c a l  p a t t e r n  of r e s i d u a l  o i l .  M o s t  of t h e  r i n g  t y p e  o i l  s a t u r a t i o n  

would b e  broken up and regrouped i n  i r r e g u l a r  shape .  Meanwhile, a p a r t  of 

t h e  r e s i d u a l  o i l  w a s  unlocked and recovered  w i t h  accompanying C 0 2 .  

The s t r o n g  s u r g e  of C02 g a s  would d i s t o r t  

(b)  SACROC c r u d e  o i l  

Displacement of r e s i d u a l  o i l  i n  t h e  w a t e r f l o o d e d  area w a s  c l e a r l y  

demonstrated i n  t h e  SACROC o i l  tests.  I n  t h e  1.0 pv r u n  ( S A - l o ) ,  i t  w a s  

observed t h a t  when C02 e n t e r e d  i n t o  t h e  f i r s t  s e c t i o n ,  water w a s  d i s p l a c e d  by 

C02 and t h u s  e f f e c t u a t i n g  c o n t a c t  and d isp lacement  of r e s i d u a l  o i l .  A f t e r  
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t h e  f i r s t  s e c t i o n  w a s  comple te ly  swept by C02, t h e  o r i g i n a l l y  h i g h  water 

s a t u r a t i o n  w a s  reduced t o  p e n d u l a r  u n i t s  and t h e  r e s i d u a l  o i l  w a s  t ransformed 

i n t o  c i r c u l a r  r i n g s .  

m i s c i b l e .  

The d isp lacement  a t  t h e  e a r l y  s t a g e  w a s  l a r g e l y  s e m i -  

Before  t h e  f i r s t  s e c t i o n  w a s  comple te ly  swept,  a n  i n c r e a s e  of 

o i l  s a t u r a t i o n  w a s  observed i n  t h e  second and t h i r d  s e c t i o n s .  Later, a s o l i d  

o i l  bank and a m i s c i b l e  zone were developed i n  t h e  t h i r d  s e c t i o n .  

of b o t h  t r a n s i t i o n  zones and o i l  bank w a s  expanding as t ravel  d i s t a n c e  

i n c r e a s e d .  

w a s  observed b u t  w a s  less severe t h a n  t h a t  observed  i n  t h e  Penn-Grade o i l  

d i sp lacement .  F i g .  10 and Photos  13a-c i l l u s t r a t e  t h e  procedure  i n  

deve loping  m i s c i b l e  zone and o i l  bank i n  a w a t e r f l o o d e d  zone. 

The s i z e  

G r a v i t y  s e g r e g a t i o n  of  t h e  l i g h t e r  m i s c i b l e  m i x t u r e  and o i l  bank 

I n  t h e  0.4 pv s l u g  t es t ,  t h e  CO2 s l u g  w a s  l a r g e  enough t o  

The d i s p l a c e  most r e c o v e r a b l e  o i l  b e f o r e  water i n j e c t i o n  w a s  i n i t i a t e d .  

water i n j e c t i o n ,  t h e r e f o r e ,  had l i t t l e  e f f e c t  on  t o t a l  o i l  recovery .  I n  t h e  

C02 f l o o d e d  area, t h e  water  i n j e c t i o n  would d i s p l a c e  C02 and b r e a k  up 

pendular  o i l  r i n g s .  

A s m a l l  o i l  bank w a s  formed i n  t h e  0 . 1  s l u g  r u n  (SA-7).  

Because t h e  s l u g  w a s  s o  s m a l l ,  t h e r e  w a s  n o t  enough f r e e  CO2 behind  t h e  

m i s c i b l e  zone t o  p r o t e c t  t h e  o i l  bank. A s  a r e s u l t ,  t h e  o i l  bank w a s  

c h a n n e l l e d  through by t h e  t r a i l i n g  water, l e a v i n g  l a r g e  amounts of 

u n r e c o v e r a b l e  o i l  i n  t h e  w a t e r  invaded zone. Photos  14a-c show t h e  water 

i n v a s i o n  and d i s i n t e g r a t e d  t r a n s i t i o n  zone. 

It s h o u l d  b e  mentioned t h a t  o i l  banks were developed i n  a l l  

r u n s  w i t h  d i f f e r e n t  s l u g  s i z e s .  Based on v i s u a l  o b s e r v a t i o n s ,  i t  i s  b e l i e v e d  
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t h a t  t h e  o i l  bank w a s  formed n o t  o n l y  by t h e  o i l  swept o u t  from t h e  f l o o d e d  

zone, b u t  a l s o  due t o  s w e l l i n g  of t h e  r e s i d u a l  o i l .  The s w e l l i n g  f a c t o r ,  

d e f i n e d  as t h e  r a t i o  of s w e l l e d  o i l  volume a t  s a t u r a t i o n  tempera ture  and 

p r e s s u r e  t o  o i l  volume w i t h o u t  C02, w a s l . 4 3  f o r  SACROC c r u d e  o i l .  The 

l a r g e  s w e l l i n g  f a c t o r  would i n c r e a s e  t h e  volume of  r e s i d u a l  o i l  b y  40% 

t h u s  promoting t h e  f o r m a t i o n  of  o i l  bank. The e f f e c t  of s w e l l i n g  on  o i l  

r e c o v e r y  would b e  more c r i t i c a l  when r e s i d u a l  o i l  s a t u r a t i o n  i s  h i g h ,  such 

as i n  water f looded  heavy o i l  r e s e r v o i r s .  The s w e l l i n g  c h a r a c t e r i s t i c s  w i l l  

b e  f u r t h e r  d i s c u s s e d  i n  t h e  Wilmington c r u d e  o i l  tests. 

(c )  S l a u g h t e r  Estate  c r u d e  o i l  

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

g a n g l i a .  The i n j e c t i o n  of C 0 2  would d i s p l a c e  w a t e r  and reduce the w a t e r  

s a t u r a t i o n  t o  p e n d u l a r  form o u t l i n e  b y  wide-rim o i l  r i n g s .  

I n c r e a s e  of o i l  s a t u r a t i o n  w a s  observed ahead of C02, b u t  t h e  

s i z e  of o i l  accumula t ion  w a s  small  compared t o  SACROC crude  o i l .  O i l  

d i sp lacement  w a s  e s s e n t i a l l y  immisc ib le  o r  semi-miscible  type .  An o v e r r i d i n g  

m i s c i b l e  m i x t u r e  w a s  o c c a s i o n a l l y  s e e n  a t  t h e  f r o n t  of C 0 2 .  Photos  15a-c 

demonst ra te  d i sp lacement  of r e s i d u a l  o i l  a f t e r  w a t e r f l o o d i n g .  

4 .  Temperature E f f e c t  on O i l  Recovery 

The m i s c i b l e  p r e s s u r e  i s  a f f e c t e d  by o i l  composi t ion  and r e s e r v o i r  

tempera ture .  

p r e s s u r e  would b e  i n c r e a s e d  by approximate ly  15 psi/'F over  a tempera ture  

r a n g e  from 95 t o  192OF. 

Y e l l i n g  and Metca l f4  have found t h a t  t h e  C 0 2  minimum m i s c i b l e  

I n  t h i s  r e p o r t ,  t h e  t e m p e r a t u r e  e f f e c t  on  recovery  w a s  s t u d i e d  a t  

75' and 120°F f o r  t h r e e  c r u d e  o i l  samples .  The r e s u l t s  are shown i n  T a b l e  4 .  
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TABLE 4 

Temperature  E f f e c t  on  C02 Displacement 

Crude Run Temperature P r e s s u r e  O i l  Recovery Oil Recovery Displacement 
O i l  N o .  O F  p s i  Breakthrough T o t a l  Type 

% OIP % OIP 

Penn- 
Grade PG-11 75 1500 39.01 (71.04) * M 

PG-2 120  1500 41.33 76.34 M 

SACROC SA- 11 75 1000 37.78 70.91 M 

SA-1 120  1000 32. 84 55.55 I 

S l a u g h t e r  
Estate SE-9 7 2  1500 33.58 64.07 I - M  

SE-1 120 1500 30.65 66.83 I - M  

* Oil Recovery d i d  not approach maximum 

M = M i s c i b l e  

I = Immiscible  
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For t h e  Penn-Grade c r u d e ,  C02 i n j e c t i o n  w a s  conducted a t  1500 p s i .  

V i s u a l  o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  d isp lacement  a t  75' and 120°F w e r e  

b o t h  m i s c i b l e .  

e q u a l .  

t h u s  i t  should  n o t  b e  used f o r  comparison w i t h  120°F r u n .  

The o i l  r e c o v e r i e s  a t  C02 breakthrough were a lmost  

The o i l  recovery  f o r  t h e  75'F run  d i d  n o t  approach i t s  maximum and 

The d isp lacement  tests f o r  t h e  SACROC o i l  were performed a t  1000 

The 120°F r u n  which w a s  d i s c u s s e d  ear l ie r  i n  t h i s  r e p o r t ,  w a s  i rmniscible .  p s i .  

A t  t h e  same p r e s s u r e ,  b u t  a t  t h e  lower t e m p e r a t u r e  of 75'F, t h e  d isp lacement  

became m i s c i b l e  i n  a l l  s e c t i o n s .  

compared t o  55.55% a t  120°F. 

The t o t a l  o i l  r e c o v e r y  w a s  70.91% a t  75'F 

The r e c o v e r i e s  f o r  S l a u g h t e r  Estate c r u d e  o i l  a t  72' and 120°F are 

f a i r l y  c l o s e  and t h e  d isp lacement  mechanisms are similar. The d isp lacement  

s t a r t e d  w i t h  immisc ib le  d isp lacement  i n  t h e  f i r s t  and second window and 

upgraded t o  semi-miscible  i n  t h e  t h i r d  window and f i n a l l y  t o  m i s c i b l e  on  t h e  

upper  p a r t  of t h e  f o u r t h  and f i f t h  windows. 

i n  b o t h  r u n s .  

S e v e r e  C02 o v e r r i d e  w a s  observed  

It i s  a p p a r e n t  from above d i s c u s s i o n s  t h a t  a lower tempera ture  

would r e d u c e  C02 m i s c i b l e  p r e s s u r e .  

have l i t t l e  e f f e c t  on t o t a l  o i l  recovery  should  t h e  d isp lacement  have been  

i n  m i s c i b l e  s ta te .  

On t h e  o t h e r  hand, t e m p e r a t u r e  would 

D. Down-Dip Displacement  T e s t  

1. Procedure  

To f a c i l i t a t e  down-dip C02 d isp lacement  (up-dip i n j e c t i o n ) ,  a 

s t e e l  s k i d  w a s  c o n s t r u c t e d  t o  s u p p o r t  t h e  f l o o d i n g  assembly c o n s i s t i n g  of 
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t r a n s p a r e n t  f low t u b e ,  c o n s t a n t  t e m p e r a t u r e  b a t h ,  and c o n t r o l  mani fo ld .  One 

end of t h e  s k i d  w a s  l i f t e d  by means o f  a c h a i n  b l o c k  anchored on  t h e  

c e i l i n g .  I n c l i n a t i o n  of t h e  s k i d  can b e  a d j u s t e d  by o p e r a t i n g  t h e  c h a i n  

b lock .  A p o r t a b l e  l i f t  j a c k  w a s  used t o  s u p p o r t  t h e  microscopic  camera s o  

t h a t  photographs can  b e  t a k e n  a t  d i f f e r e n t  p o s i t i o n s  a l o n g s i d e  t h e  i n c l i n e d  

f low tube .  The se t -up  of t h e  r e a r r a n g e d  system i s  shown i n  Photos  16a-b. 

S l a u g h t e r  Estate c r u d e  o i l  w a s  s e l e c t e d  f o r  t h e  test  because  

t h e  h i g h  v i s c o s i t y  of t h e  c r u d e  would show more c l e a r l y  t h e  e f f e c t  o f  

i n c l i n a t i o n  on C02 d isp lacement  e f f i c i e n c y .  Angles of i n c l i n a t i o n  were se t  

a t  30°, 1 5 O ,  and 0' ( h o r i z o n t a l ) .  

performed because  w e  found t h a t  t h e  g r a v i t a t i o n  o v e r r i d e  of C 0 2  w a s  comple te ly  

e l i m i n a t e d  a t  a n  a n g l e  of 30' and t h e  o i l  recovery  w a s  maximized up t o  92% 

OIP  a t  2000 p s i  and 120°F. 

Higher  a n g l e s  more t h a n  30' were n o t  

A l l  t h e  d isp lacements  conducted w e r e  secondary recovery .  

T e r t i a r y  r e c o v e r y  w a s  found t o  b e  d i f f i c u l t  t o  perform because  when w a t e r  

i n j e c t i o n  w a s  s topped ,  t h e  r e s i d u a l  o i l  w a s  a p t  t o  m i g r a t e  up-dip and 

accumulate  a t  one  end. T h i s  s i t u a t i o n  could  n o t  a l l o w  f o r  a n  a c c u r a t e  

e v a l u a t i o n  and, t h e r e f o r e ,  t h e  o r i g i n a l l y  planned t e r t i a r y  program w a s  n o t  

c a r r i e d  o u t .  

2. R e s u l t s  of Displacement and 
Microscopic  I n v e s t i g a t i o n  

The r e s u l t s  of t h e  C 0 2  d i sp lacement  as summarized i n  T a b l e  5 

and p l o t t e d  i n  F i g u r e  11 c l e a r l y  i n d i c a t e  t h a t  o i l  r e c o v e r y  i s  s i g n i f i c a n t l y  

a f f e c t e d  by d i p  a n g l e s .  Approximately 30% i n c r e a s e  o f  o i l  recovery  w a s  

o b t a i n e d  when changing h o r i z o n t a l  f l o o d i n g  t o  30' down-dip d isp lacement .  

T h i s  e f f e c t  w a s  n o t i c e d  a t  a l l  p r e s s u r e s  r a n g i n g  from 1000 t o  2000 p s i .  
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TABLE 5 

I 

R e s u l t s  of Down-Dip Displacement 
Wilmington Crude O i l ,  120°F 

Run No. P r e s s u r e  Dipping O i l  Recovery, % OIP 
p s i  Angle 

SE-9 

SE-10 

SE-11 

SE-1 

SE-12 

SE-13 

SE-2 

SE-14 

SE-15 

1000 

1000 

1000 

1500 

1500 

1500 

2000 

2000 

2000 

O0 

15' 

30' 

O0 

15O 

30° 

O0 

15' 

30' 

60.58 

72.72 

79.99 

66.83 

80.78 

89.78 

69.18 

80.31 

91.99 

I 
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From microscopic  o b s e r v a t i o n ,  i t  w a s  found t h a t  t h e  i n c r e a s e d  

o i l  recovery  by down-dip d isp lacement  w a s  ach ieved  from improvement of C02 

o v e r r i d e .  I n  t h e  2000 p s i  and 30' f l o o d i n g ,  m i s c i b l e  f r o n t  w a s  formed 

q u i c k l y  i n  t h e  f i r s t  s e c t i o n  of t h e  f low t u b e .  No CO2 o v e r r i d i n g  o r  g r a v i t y  

c h a n n e l l i n g  w a s  observed throughout  t h e  e n t i r e  f l o o d i n g  s e c t i o n s .  The 

m i s c i b l e  i n t e r v a l  w a s  narrow when i t  w a s  i n i t i a l l y  formed and widened as 

t r a v e l i n g  d i s t a n c e  i n c r e a s e d .  T h i s  performance w a s  i n  s h a r p  c o n t r a s t  w i t h  

t h a t  of h o r i z o n t a l  d i sp lacement  (SE-2) i n  which severe o v e r r i d e  and l a t e  

m i s c i b l e  zone development r e s u l t e d .  

The C02 swept area w a s  r e l a t i v e l y  c l e a n .  The r e s i d u a l  o i l  

w a s  i n  t h e  form of c l e a r l y  d e f i n e d  r i n g s .  Gangl ia  and c l u s t e r - t y p e  r e s i d u a l  

o i l  as observed i n  t h e  h o r i z o n t a l  d i sp lacement  w a s  n o t  found i n  t h i s  case. 

Photos  17a-c i l l u s t r a t e  m i s c i b l e  zone and o i l  r i n g s  i n  t h e  swept area. 

Microscopic  o b s e r v a t i o n  (40x) a l s o  r e v e a l e d  t h a t  t h e  m i s c i b l e  

t r a n s i t i o n  zone c o n t a i n e d  C02 and numerous d u s t - l i k e  o i l  p a r t i c l e s .  

p o p u l a t i o n  of o i l  p a r t i c l e s  were g r a d u a l l y  decreased  toward t h e  d i s p l a c i n g  

C02 phase b u t  i n c r e a s e d  r a p i d l y  toward t h e  o i l  bank s i d e .  

t o  t h e  t r a n s i t i o n  zone, t h e  o i l  h a s  a deep r e d  c o l o r  and changed t o  b l a c k  

i n  t h e  u n a f f e c t e d  zone. 

The 

Immediately n e x t  

Photos  18a-c and Photos  19a-c i l l u s t r a t e  d i sp lacement  sequence 

s i m i l a r  t o  Photos  17a-c, b u t  a t  lower p r e s s u r e s  of  1500 p s i  and 1000 p s i ,  

r e s p e c t i v e l y .  It  can b e  s e e n  i n  Photo 18b t h a t  t h e  mixing zone is  n o t  

p e r f e c t l y  homogeneous and t h e  r e s i d u a l  o i l  a p p e a r s  t o  b e  h i g h .  I n  t h e  1000 

p s i  run,  t h e  CO2 and c r u d e  o i l  are immisc ib le .  Photos  19b and 1 9 c  show C02- 

o i l  phase b o u n d a r i e s  and l a r g e  c l u s t e r s  of r e s i d u a l  o i l .  Comparing Photos  
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1 7 ,  18, and 1 9  one c a n  see t h e  d i f f e r e n c e s  of p r e s s u r e  e f f e c t  on m i s c i b i l i t y  

and o i l  recovery  a t  c o n d i t i o n s  w i t h o u t  g r a v i t y  s e g r e g a t i o n .  

A t  15' down-dip d i s p l a c e m e n t s ,  C02 o v e r r i d e  w a s  observed a t  

a l l  p r e s s u r e s .  Genera l ly ,  t h e  development of m i s c i b l e  zone w a s  de layed  

compared t o  30' f l o o d i n g s .  

and semi-miscible  a t  t h e  t r a i l i n g  f r o n t .  

o v e r r i d e  a t  15' down-dip, 2000 p s i  d i sp lacement .  

r e c e d i n g  C02 due t o  o i l  s w e l l i n g .  

s a t u r a t i o n  compared t o  t h e  30' case i n  Photo 17c .  

The d isp lacement  w a s  m i s c i b l e  a t  t h e  f o r e f r o n t  

Photos  20a-c i l l u s t r a t e  C 0 2  

Photo 20a shows t h e  

Photo 20c i n d i c a t e s  h i g h  r e s i d u a l  o i l  

E. C07 Foam Displacement 

Microscopic  s t u d y  of  C02 foam f l o o d i n g  w a s  conducted i n  c o o p e r a t i o n  

w i t h  D r .  John  T .  P a t t o n  of New Mexico S t a t e  U n i v e r s i t y .  The purpose  of t h e  

s t u d y  w a s  t o  examine v i s u a l l y  t h e  mechanism of C02-foam disp lacement  and t h e  

s t a b i l i t y  of t h e  C02 foam i n  porous media. 

The c r u d e  o i l  used f o r  t h e  test w a s  from t h e  T a r  Zone i n  t h e  

Wilmington F i e l d  i n  C a l i f o r n i a  provided  by t h e  Champlin Pe t ro leum Company. 

The c r u d e  o i l  i s  a n  a s p h a l t i c  t y p e  c o n t a i n i n g  a s m a l l  amount of g a s o l i n e  and 

l a r g e  amounts of h i g h  molecular-weight c y c l i c  compounds. .The o i l  h a s  a 

g r a v i t y  of 15.6' API and a v i s c o s i t y  of 27 cp  at, r e s e r v o i r  t e m p e r a t u r e s  of 

120°F. The f i e l d  i s  p r e s e n t l y  being water f looded .  

1. Procedure  

Two tests w e r e  conducted i n  o r d e r  t o  de te rmine  t h e  e f f e c t i v e n e s s  

The f i r s t  test w a s  a s t r a i g h t  C02 t e r t i a r y  d isp lacement  of C02-foam f l o o d i n g .  

w i t h o u t  u s i n g  foaming a g e n t .  I n  t h e  test ,  t h e  glass-bead pack w a s  f i r s t  

s a t u r a t e d  w i t h  Wilmington o i l ,  t h e n  thoroughly  w a t e r f l o o d e d  b e f o r e  C02 

i n j e c t i o n  w a s  i n i t i a t e d .  
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The f l o o d i n g  pack f o r  t h e  second test  w a s  p repared  i n  similar 

ways except  t h a t  t h e  sa l t  water used i n  w a t e r f l o o d i n g  w a s  t r e a t e d  w i t h  10% 

by weight  s u r f a c t a n t  foaming a g e n t  provided  by New Mexico S t a t e  U n i v e r s i t y .  

The b a s i c  concept  of t h e  CO2-foam p r o c e s s  is  t o  g e n e r a t e  foam spontaneous ly  

when i n j e c t e d  CO2 i s  mixed w i t h  f o r m a t i o n  water c o n t a i n i n g  foaming a g e n t .  

2 .  R e s u l t s  and Microscopic  O b s e r v a t i o n  

( a )  Run Foam 1 ( w i t h o u t  foaming a g e n t )  

S h o r t l y  a f t e r  C02 i n j e c t i o n  w a s  s t a r t e d ,  t h e  o i l  s a t u r a t i o n  

i n c r e a s e d  d r a s t i c a l l y  and,  i n  t h e  meantime, water w a s  e x p e l l e d  from t h e  

w a t e r f l o o d e d  area. The i n c r e a s e  of r e s i d u a l  o i l  s a t u r a t i o n  w a s  expec ted  

because  o f  s w e l l i n g  c h a r a c t e r i s t i c s  of  oil-C02 m i x t u r e ;  however, t h e  

magnitude of s w e l l i n g  w a s  s p e c t a c u l a r .  

D e s p i t e  t h e  i n c r e a s e  of r e s i d u a l  o i l  s a t u r a t i o n ,  d i sp lacement  

o f  o i l  w a s  i n e f f e c t i v e  due  t o  C02 o v e r r i d e .  

OIP as shown i n  F i g .  1 2 .  

The o i l  r e c o v e r y  w a s  20.75% of 

I n  o r d e r  t o  maximize t h e  o i l  r e c o v e r y ,  a second water- 

f l o o d i n g  w a s  conducted f o l l o w i n g  C 0 2  i n j e c t i o n .  

21.02% of OIP w a s  r e c o v e r e d .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  o i l  r e c o v e r y  

from t h e  second w a t e r f l o o d i n g  w a s  h i g h e r  t h a n  t h e  f i r s t .  The reduced o i l  

v i s c o s i t y  a f t e r  C02 i n j e c t i o n  w a s  p robably  c r e d i t a b l e  t o  t h e  improved 

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

A s  a r e s u l t ,  a n  a d d i t i o n a l  

Photo 21a shows t h e  o i l  and water s a t u r a t i o n s  a f t e r  t h e  

f i r s t  w a t e r f l o o d i n g .  Photo 21b i l l u s t r a t e s  CO2 o v e r r i d i n g  and s w e l l i n g  

r e s i d u a l  o i l .  Photo 21c shows t h e  reduced o i l  s a t u r a t i o n  a f t e r  t h e  second 

w a t e r f l o o d i n g .  
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(b)  Run Foam 2 (wi th  foaming a g e n t )  

High o i l  r ecove ry  up t o  33.58% of OIP w a s  o b t a i n e d  from 

t h e  i n i t i a l  w a t e r f l o o d i n g .  

r e s p o n s i b l e  f o r  t h e  h i g h  r ecove ry .  

of O I P  compared t o  20.75% i n  Foam 1. The poor C02 f l o o d i n g  performance can 

The s u r f a c t a n t  a d d i t i v e s  were a p p a r e n t l y  

O i l  r ecovery  from C02 i n j e c t i o n  w a s  17.75% 

b e  exp la ined  by two f a c t s :  (1) no foam w a s  gene ra t ed  because  t h e  water 

c o n t a i n i n g  foam agent  w a s  mos t ly  e x p e l l e d  as g r e s u l t  of o i l  expans ion ,  and 

( 2 )  t h e  C 0 2  w a s  o v e r r i d i n g  and w a s  t h e r e f o r e  prevented  from r e a c t i n g  w i t h  

t h e  unde r l ay ing  water ( s e e  Photo 22a) .  

Although i t  f a i l e d  from a s t a n d p o i n t  of C 0 2  foam f l o o d i n g ,  

t h e  second w a t e r f l o o d i n g  (wa te r  c o n t a i n i n g  s u r f a c t a n t )  recovered  as much as 

33.85% of OIP. 

and r e d u c t i o n  of s u r f a c e  t e n s i o n .  The r e s i d u a l  o i l ,  as shown i n  Photo 22b, 

The l a r g e  r ecove ry  a p p a r e n t l y  r e s u l t e d  from o i l  s w e l l i n g  

w a s  d i s p e r s e d  probably  due t o  s u r f a c t a n t  e f f e c t .  

4 4  



V. CONCLUSIONS 

Based o n  v i s u a l  o b s e r v a t i o n  and r e s u l t s  of microphotographic  s t u d y ,  t h e  

f o l l o w i n g  c o n c l u s i o n s  may b e  drawn : 

1. Three  t y p e s  of  C 0 2  d i sp lacement  o f  o i l  have been  observed ,  

namely, ( a )  immiscible ,  (b)  semi-miscible ,  and ( c )  m i s c i b l e .  

Types ( a )  and ( c )  have  been  w e l l  d e f i n e d  i n  t h e  l i t e r a t u r e .  

Displacement of  Type (b)  relies on d i s p e r s i o n  of micro-s ize  

o i l  p a r t i c l e s  i n t o  t h e  C 0 2  phase.  

d i sp lacement  could  e x i s t  s i m u l t a n e o u s l y  i n  a f l o o d i n g  system. 

I n c r e a s e  of p r e s s u r e  could enhance m i s c i b i l i t y  and reduce  

More t h a n  one  t y p e  of 

s e m i - m i s  c i b  1 e d is p l a c  ement . 
2 .  A p a r t  o f  r e s i d u a l  o i l  i n  t h e  C 0 2  swept zone can b e  recovered  

by e x t r a c t i o n  of t h e  subsequent  C 0 2  i n j e c t i o n .  

3 .  For t h e  f low model used i n  t h i s  s t u d y ,  s e v e r e  g r a v i t y  o v e r r i d e  

of  C 0 2  o r  CO2-oil  m i x t u r e  o c c u r r e d  i n  b o t h  immisc ib le  and 

m i s c i b l e  d i s p l a c e m e n t s .  Improvements on  o v e r r i d e  could  b e  

achieved  w i t h  i n c r e a s e d  i n j e c t i o n  p r e s s u r e .  

4 .  From microscopic  o b s e r v a t i o n s ,  t h e  t r a n s i t i o n  zone c o n s i s t s  of 

numerous moving o i l  p a r t i c l e s  i n  t h e  C 0 2  gas  stream. The 

number of o i l  p a r t i c l e s  i n c r e a s e s  r a p i d l y  from t h e  d i s p l a c i n g  

C 0 2  s i d e  t o  t h e  m i s c i b l e  m i x t u r e  on t h e  o i l  bank s i d e .  

s i z e  of t r a n s i t i o n  zone expands p r o p o r t i o n a l l y  t o  t h e  

The 

t r a v e l i n g  d i s t a n c e .  

5. There exists a n  optimum C 0 2  s l u g  s i z e .  A s l u g  t o o  l a r g e  would 

b e  w a s t e f u l  o r  p o s s i b l y  c a u s e  e a r l y  C 0 2  b reakthrough.  On t h e  
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o t h e r  hand, a s l u g  t o o  s m a l l  would c a u s e  water c h a n n e l l i n g  

through t h e  m i s c i b l e  zone and downgrade t h e  d isp lacement  t o  

a n  o r d i n a r y  w a t e r f l o o d i n g .  

6 .  A s m a l l  CO2 s l u g  (0 .1  pv f o r  t h e  experiment  conducted)  would 

improve o i l  r e c o v e r y  s u b s t a n t i a l l y  compared t o  a s t r a i g h t  

w a t e r f l o o d i n g .  A l s o ,  a l a r g e r  blowdown o i l  recovery  would 

normally b e  o b t a i n e d  f o r  a s m a l l  C02 s l u g .  

7 .  There  a r e  two t y p e s  of t e r t i a r y  recovery  p r o c e s s e s  b e i n g  

observed  : 

( a )  Semi-miscible d isp lacement :  The i n j e c t e d  CO2 would 

f i r s t  d i s p l a c e  water and t h e n  c o n t a c t  w i t h  t h e  immobile 

r e s i d u a l  o i l .  A f t e r  exchanging components of each o t h e r ,  

t h e  r e s i d u a l  o i l  would b e  evapora ted  i n  d u s t - l i k e  

p a r t i c l e s  and c a r r i e d  away i n  t h e  C 0 2  stream. 

bank i s  formed i n  t h e s e  p r o c e s s e s .  

No o i l  

(b)  M i s c i b l e  d isp lacement :  I n  t h i s  p r o c e s s ,  a s o l i d  o i l  

bank would b e  formed and d i s p l a c e d  m i s c i b l y  by CO2. 

R e s e r v o i r s  w i t h  h i g h  r e s i d u a l  o i l  s a t u r a t i o n  a n d / o r  

h i g h  s w e l l i n g  f a c t o r  are l i k e l y  t o  have t h i s  t y p e  of  

d i s p l a c e m e n t .  

8 .  G e n e r a l l y  lower t e m p e r a t u r e s  would promote C 0 2  m i s c i b i l i t y ;  

however, i f  p r e s s u r e s a r e w e l l  above m i s c i b l e  c o n d i t i o n ,  

t e m p e r a t u r e  would have  l i t t l e  e f f e c t  on o i l  recovery .  

O i l  r e c o v e r y  can  b e  i n c r e a s e d  c o n s i d e r a b l y  by down-dip CO2 

disp lacement .  The i n c r e a s e  is d e r i v e d  by r e d u c i n g  CO2 o v e r r i d e  

9 .  
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and improvement i n  d i s p l a c i n g  e f f i c i e n c y .  

10.  I n  a w a t e r f l o o d e d  heavy o i l  r e s e r v o i r ,  t h e  c h a r a c t e r i s t i c s  

of  o i l  s w e l l i n g  and v i s c o s i t y  r e d u c t i o n  would create f a v o r a b l e  

c o n d i t i o n s  f o r  w a t e r f l o o d i n g  o r  C02 s t i m u l a t i o n .  

I n - s i t u  o r  spontaneous C02-foam p r o c e s s  may n o t  b e  e f f e c t i v e  

should  excessive o i l  s w e l l i n g  t a k e  p l a c e .  

11. 
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Photo 2.  Immiscible C02 Displacement 
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Photo 5. M i s c i b l e  Zone and Res idua l  O i l  A f t e r  C 0 2  F looding  
SACROC Crude O i l  
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Photo 8. Semi-Miscible C02 Displacement 
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