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SUMMARY 

The Coa l inga  F i e l d  i s  l o c a t e d  on t h e  n o r t h e r n  end of t h e  San Joaqu in  

V a l l e y  i n  C e n t r a l  C a l i f o r n i a .  The f i e l d  h a s  produced pr imary o i l  s i n c e  

1901. The l o s s  of s o l u t i o n  g a s  d u r i n g  t h e  e a r l y  pr imary y e a r s  of pro- 

d u c t i o n  h a s  i n c r e a s e d  t h e  v i s c o s i t y  of t h e  o i l .  A s  a r e s u l t ,  w a t e r f l o o d  

p r o j e c t s  i n  t h e  f i e l d  have been o n l y  m a r g i n a l l y  s u c c e s s f u l .  There  a p p e a r s  

t o  b e  a s i g n i f i c a n t  p o t e n t i a l  f o r  enchanced o i l  r e c o v e r y  pending t h e  develop- 

ment of m o b i l i t y  c o n t r o l  technology.  

The Coa l inga  Polymer Demonstra t ion P r o j e c t  h a s  been des igned  t o  t e s t  

polymer f l o o d i n g  a s  a n  enhanced w a t e r f l o o d i n g  t e c h n i q u e  t o  i n c r e a s e  o i l  

r e c o v e r y  th rough  w a t e r  d i sp lacement  m o b i l i t y  c o n t r o l .  T h i s  p r o j e c t  w i l l  

a l s o  p r o v i d e  a d i r e c t  comparison between w a t e r f l o o d i n g  and polymer f l o o d -  

i n g  i n  a  r e p r e s e n t a t i v e  p o r t i o n  of t h e  Temblor Zone I1 r e s e r v o i r  of t h e  

E a s t  Coa l inga  F i e l d .  The major o b j e c t i v e  of t h e  p r o j e c t  i s  t o  d e t e r m i n e  

i f  t h e  added expense  o f  polymer f l o o d i n g  o v e r  c o n v e n t i o n a l  w a t e r f l o o d i n g  

i s  economica l ly  j u s ~ i f i e d .  

The demons t ra t ion  p r o j e c t  h a s  been o r g a n i z e d  i n t o  f i v e  phases  which 

a r e :  (1) E v a l u a t i o n  Phase ,  ( 2 )  Development Phase ,  (3)  Wacer I n j e c t i o n  

Phase ,  (4 )  Polymer I n j e c t i o n  Phase ,  and (5) P r o d u c t i o n  Moni to r ing  Phase.  

F i e l d  t e s t i n g  and t h e  s e l e c t i o n  of t h e  p i l o t  s i t e  were completed d u r i n g  

t h e  E v a l u a t i o n  Phase.  The d r i l l i n g  of new w e l l s ,  t h e  r e c o n d i t i o n i n g  of 

w e l l s ,  and t h e  i n s t a l l a t i o n  of i n j e c t i o n  and p o r d u c t i o n  f a c i l i t i e s  were  

completed d u r i n g  t h e  Development Phase.  



The Water I n j e c t i o n  Phase  began i n  June ,  1976, w i t h  t h e  i n j e c t i o n  

o f  5,'400 b a r r e l s  p e r  day i n t o  f o u r  18-ac re  i n v e r t e d  f i v e - s p o t  i n j e c t i o n  

p a t t e r n s .  T h i s  w a t e r  i n j e c t i o n  c a s e  h a s  been main ta ined .  f o r  t h e  major  

I 

p o r t i o n  o f  t h i s  phase .  The a r e a  b e i n g  moni tored f o r  r e s p o n s e  a l s o  i n c l u d e s  

a n  u p d i p  a r e a  ( w i t h  no i n j e c t i o n  w e l l s )  because  of t h e  unconf ined n a t u r e  

o f  t h e  p r o j e c t .  During w a t e r  i n j e c t i o n ,  t h e  g r o s s  p r o d u c t i o n  r a t e  in -  

? 
c r e a s e d  from 1200  BD t o  2300 BD. The o i l  p r o d u c t i o n  r a t e  i n c r e a s e d - t o  a 

p l a t e a u  of approx imate ly  410 BD, an  i n c r e a s e  of approx imate ly  100 BD o v e r  

t h e  e s t i m a t e d  p r imary  r a t e .  The p r o d u c t i o n  r e s p o n s e  which h a s  been observed 

i s  s i g n i f i c a n t l y  lower  t h a n  t h e  o r i g i n a l  e s t i m a t e s .  

The Polymer I n j e c t i o n  Phase  began i n  May, 1978, and i s  expec ted  t o  

c o n t i n u e  f o r  a p p r o x i m a t e l y  two t o  t h r e e  y e a r s .  .The minimum t ime  r e q u i r e d  

t o  e v a l u a t e  t h e  polymer f l o o d  performance i s  t h e  p e r i o d  n e c e s s a r y  t o  e s t a b -  

l i s h  a  d e c r e a s i n g  w a t e r  c u t  t r e n d .  

The P r o d u c t i o n  Moni to r ing  Phase  w i l l  f o l l o w  and c o n s i s t  of one y e a r  

o f  d a t a  g a t h e r i n g  and r e p o r t i n g  t o  complete  t h e  demons t ra t ion  p r o j e c t .  Add- 

i t i o n a l  w a t e r  i n j e c t i o n  w i l l  f o l l o w  t h e  polymer s l u g  f o r  approx imate ly  e i g h t  

y e a r s .  The e v a l u a t i o n  of t h e  d e g r e e  of m o b i l i t y  c o n t r o l  a t t a i n e d  w i t h  t h e  

polymer w i l l  b e  made d u r i n g  t h i s  phase .  I f  t h e  demons t ra t ion  p ro . j ec t  i s  

s u c c e s s f u l ,  t h e  economics o f ' a  f u l l  s c a l e  expansion of t h i s  r e c o v e r y  p r o j e c t  

w i l l  be e v a l u a t e d .  



GEOLOGY 

'I'he Coal inga F i e l d  i s  l o c a t e d  on t h e  n o r t h e r n  end of r h e  San Joaqu in  ' 

V a l l e y  i n  C e n t r a l  C a l i f o r n i a  ( F i g u r e  1). The Polymer P i l o t  Area ,  S e c t i o n s  26 

and 2 7 ,  i s  l o c a t e d  on a  s o u t h e a s t e r l y  p lung ing  asymmet r ica l  a n t i c l i n e  ( F i g u r e  

2 ) .  The r e s e r v o i r  under  i n v e s t i g a t i o n  i s  t h e  Temblor Zone 11, which d i p s  1 3  

t o  14 d e g r e e s  t o  t h e  s o u t h e a s t  i n  t h e  p i l o t  a r e a ,  a s  shown on F i g u r e  3. The 

t o p  of Zone 11, d e s i g n a t e d  a s  t h e  Black S h a l e ,  i s  found' a t  d e p t h s  r a n g i n g  from 

1 ,900  f e e t  t o  2.,400 f e e t  w i t h i n  t h e  p i l o t  a r e a .  

The Temblor Zone I1 r e s e r v o i r  c o n s i s t s  of abou t  125 n e t  f e e t  of pay d i s -  

t r , i b u t e d  among t e n  sands  w i t h i n  a  350-foot g r o s s  i n t e r v a l .  There  a r e  t e n  

d i s t . i n c t  sand i n t e r v a l s ,  each of which c o n s i s t s  of s e v e r a l  sand s t r i n g e r s ,  a s  

shown by t h e  t y p e  l o g  on F i g u r e  4. Geo log ica l  c o n t r o l  does  n o t  pe rmi t  mapping 

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

p i l o t  a r e a .  The two upper  s a n d . i n t e r v a l s ,  E  and F, were d e p o s i t e d  i n  a mar ine  

d e l t a i c  environment and a r e  of f l o o d a b l e  q u a l i t y  o n l y  i n  t h e  p i l o t  a r e a .  The 

remaining sands  were d e p o s i t e d  i n  a nbnmarine a l l u v i a l  channe l  environment and 

w i l l  be rhe major  o b j e c t i v e  of ariy f u t u r e  expansluu.  

Outcrop e x c a v a t i o n  and s u b s u r f a c e  s t u d i e s  of t h e  a l l u v i a l  sands  i n  Zone 

I1 have e s t a b l i s h e d  t h e  d i r e c t i o n  of d e p o s i t i o n  from t h e . n o r t h w e s t  t o  s o u t h e a s t .  

Sand e o n f i n u i t y  can b e  expec ted  o v e r  l o n g  d i s t a n c e s  i n  t h e  d i r e c t i o n  of s t r e a m  

f low.  But ,  c2ay d r a p e s  o r  s h a l e  d e p o s i t s  which formed a s  t h e  c h a n n e l s  a c c r e t -  

ed i n  a  n o r t h e a s t e r l y  d i r e c t i o n  can s e r i o u s l y  d i s r u p t  sand c o n t i n u i t y .  These 

i n t e r c h a n n e l  c l a y  d r a p e s  and channe l  boundar ies  a r e  b a r r i e r s  t o  f l u i d  f low,  

and have had a  pronounced e f f e c t  on t h e  pr imary and w a t e r f l o o d  performance 

w i t h i n  t h e  p i l o t  a r e a .  Barriers e i t h e r  i d e n t i f i e d  o r  i n f e r r e d  i n  t h e  major 



sand  i n t e r v a l s  a r e  shown on F i g u r e s  5  t o  13.  No sand b a r r i e r s  have been 

i n f e r r e d  i n  e i t h e r  t h e  E/F o r  G sand i n t e r v a l s .  Barrier "C", a l s o  shown 
C 

on F i g u r e s  5 t o  1 3 ,  i s  a n  e s t a b l i s h e d  impermeable b a r r i e r  n o t  r e l a t e d  t o  

t h e  d e p o s i t i o n a l  g e n e s i s .  T h i s  b a r r i e r  is  b e l i e v e d  t o  be  caused by cement- 

e d  f r a c t u r e s  which are comple te ly  s e a l i n g  ( 2 ) .  

A d e t a i l e d  d i s c u s s i o n  of t h e  g e o l o g i c  h i s t o r y  and sed imenta ry  g e n e s i s  

o f  t h e  ~ e m b l o r  f o r m a t i o n  Zone I1 is  c o n t a i n e d  i n  t h e  p r e v i o u s  a n n u a l  

r e p o r t s  ( 1 , 2 ) .  

PETROPHYSICAL 

The p e t r o p h y s i c a l  d e s c r i p t i o n  of t h e  Temblor fo rmat ion  Zone I1 with-  

i n  t h e  p i l o t  a r e a ,  h a s  been updated.  The b a s i c  p e t r o p h y s i c a l  pa ramete rs  

e v a l u a t e d . f o r  each  o f  t h e  major sand i n t e r v a l s  were  p o r o s i t y ,  n e t  f e e t  of 

pe rmeable  sand ,  and f l u i d  s a t u r a t i o n s .  S i x t e e n  w e l l s ,  e a c h  of which c o n t a i n -  

e d  a complete  s u i t e  of l o g s ,  were i n c l u d e d  i n  t h e  e v a l u a t i o n .  I n  a d d i t i o n ,  

c o r e s  o b t a i n e d  from a number of t h o s e  w e l l s  were ana lyzed  and used t o  c a l i -  

b r a t e  t h e  l o g s .  

P o r o s i t y  - Dens i ty  a n d / o r  n e u t r o n  l o g s  w e r e  used i n  o b t a i n i n g  forma- 

, t i o n  p o r o s i t y .  The p o r o s i t y  of each  i n t e r v a l  was o b t a i n e d  by a v e r a g i n g  t h e  

p o r o s i t y  of t h e  sand s t r i n g e r s  which comprise  t h e  i n t e r v a l .  A m a t r i x  r o c k  

d e n s i t y  o f  2.65 grams p e r  c u b i c  c e n t i m e t e r  and a f l u i d  d e n s i t y  of 0.992 

grams p e r  c u b i c  c e n t i m e t e r  were used t o  c a l c u l a t e  t h e  p o r o s i t y  from t h e  

d e n s i t y  l o g s  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  ( s e e  T a b l e  1 f o r  nomenc la tu re ) :  

The c a l c u l a t e d  p o r o s i t i e s ,  t a b u l a t e d  i n  T a b l e  11, ranged i n  v a l u e  from 1 8  

t o  30.3 p e r c e n t .  

Gas S a t u r a t i o n  - The w e l l s  w i t h  b o t h  d e n s i t y  and n e u t r o n  l o g s  were 

e v a l u a t e d  f o r  d e s a t u r a t i o n  u s i n g  g a s  s a t u r a t i o n  c r o s s p l o t s .  Tab le  I11 



l i s t s  t h e  n e t  f e e t  and p e r c e n t a g e  of g a s  s a t u r a t i o n  i n  each  i n t e r v a l .  Near- 

l y  a l l  i n t e r v a l s  i n  t h e  upd ip  S e c t i o n  27 a r e a  were p a r t i a l l y  d e s a t u r a t e d ;  how- 

e v e r ,  d e s a t u r a t i o n  d i d  n o t  ex tend  i n t o  t h e  downdip S e c t i o n  26 a r e a .  

Water S a t u r a t i o n  - Water s a t u r a t i o n s  were c a l c u l a t e d  u s i n g  t h e  Waxman- 

Where: Rw 
Ro = 

I t RwBQv 

(Q ) w a s  determined f o r  each i n t e r v a l  from c o r e  a n a l y s e s .  v  

The t letermined v a l u e s  f o r  s h a l e  c o n t e n t  r ange  from 0.06 t o  0 .46 m i l l i e q u i v a -  

l e n t  p e r  m i l l i l i t e r  of p o r e  s p a c e  (Tab le  IV) .  The cementa t ion  (ma) and 

s a t u r a t i o n  (n*) exponent va$ues; ,of 1 .69  and 1 . 8 ,  r e s p e c t i v e l y ,  were a l s o  de-..  

t e rmined  from c o r e  a n a l y s e s .  

Format ion r e s i s t i v i t y  (R ) and p o r o s i t y  ( 0 ) of t h e  i n d i v i d u a l  i n t e r v a l s  
t 

were  o b t a i n e d  from l o g  measurements. Format ion w a t e r  r e s i s t i v i t y  (R ) was 
W 

de te rmined  from w a t e r  s a l i n i t y  a n a l y s e s  o f  produced w a t e r  samples  from t h e  

i n d i v i d u a l  o r  nearby  w e l l s .  The s a l i n i t y  of t h e  i n d i v i d u a l  i n t e r v a l s  w i t h i n  

a w e l l  a r e  assumed t o  be  e q u a l , - a s  t h e  p r o d u c t i o n  f l u i d s  a r e  commingled wi th-  

i n  t h e  w e l l b o r e .  The chemical  compos i t ion  of o r i g i n a l  f o r m a t i o n  w a t e r  h 3 ~  

been a l t e r e d  by dump-flooding which h a s  o c c u r r e d  i n  mechan ica l ly  d e f e c t i v e  

w e l l s  ( 1 , 2 ) .  A s  a r e s u l t ,  produced w a t e r  from Zone I1 v a r i e s  i n  s a l i n i t y  from 

2200 ppm t o  9000 ppm (Table  V). 

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

a n e t  t h i c k n e s s  weighted a v e r a g e  of t h e  sand s t r i n g e r s  which comprdse t h e  

i n t e r v a l .  Ta lbe  V I  i s  a t a b u l a t i o n  of t h e  c a l c u l a t e d  w a t e r  s a t u r a t i o n s ,  which . 

r a n g e  i n  v a l u e  from 12 t o  69 p e r c e n t .  The o v e r a l l  c a l c u l a t e d  a v e r a g e  w a t e r  

s a t u r a t i o n  w i t h i n  t h e  immediate p i l o t  a r e a  i s  41.9 p e r c e n t .  . T h i s  v a l u e  i s  h i g h e r  



than the previously assumed value of 35 percent, which will reduce the 

potential oil recovery from the pilot area. 

The water saturations were calculated using single or averaged 

value(s) of shale content, saturation exponent, cementation exponent and 

fbrmation water resistivity. 'As a result of the small sample size, the 

calculated water saturations have an associated degree of uncertainty. 

The sensitivity of the calculated water saturation to the shal content 

and formation water resistivity are shown on Figures 14 and 15, respectively. 

RESERVOIR ) 

P-V T Analysis - Surface oil samples were collected from two wells 

within the pilot area, 276-27 and 4-14-26. The samples were submitted for 
I 

P-V-T analyses to better define the oil properties within the Temblor for- 

mation Zone 11. The results from the analyses, pertinent to the numerical 

simulation, are listed on Table VII. A small amount of solution gas, approx- 

imately 10 cubic feet per barrel, was measured in the oil samples. The 

introduction of solution gas into the numerical simulation will effect the 

compressibility of the system. Also, the oil viscosity of the two samples 

were lower than indicated by previous measurements. (Wells 12-7-27, 99-27, 

and 295-27) Additional oil samples were.obtained from two pilot wells (Wells 

1-8-26 and 3-8-26) and from the stock tank and the viscosity of the oil measured 

(Figure 16). The estimated oil viscoisty of the gas free crude at reservoir 

temperature and atmospheric pressure has'been reduced from 25 cp to 20.4 .cp. 

Relative Permeability Endpoints - Endpoint permeabilities have been 

re-examined to include new core analyses measurements from Well 16-6-27. 

The measured.endpoint relative permeabilities from 34 samples have been 

grouped and analyzed according'to individual sand intervals (Table VIII). 

The average endpoint permeability values have been calculated, using an 

arithmetic average and a geometric average. The calculated permeabilities, 

using the geometric average, are slightly lower, and are believed to better 



approximate  t h e  behav ior  of a  he te rogeneous  sand i n t e r v a l  ( 3 ) .  A d d i t i o n a l  

d a t a  measurements a r e  planned f o r  c o r e  samples from w e l l  16-6-27. 

P e r m e a b i l i t y  v s  S a l i n i t y  - F r e s h  w a t e r  s e n s i t i v i t y  tests were conducted 

on c o r e  p l u g s ,  from t h e  G and H i n t e r v a l s  from Well 16-6-27. The purpose  
C X 

of t h e  t e s t s  was t o  de te rmine  t h e  s e n s i t i v i t y  of t h e  r e s e r v o i r  p e r m e a b i l i t y  

t o  t h e  s a l i n i t y  of t h e  i n j e c t e d  f l u i d .  T h i s  i s ' o f  p a r t i c u l a r  importance as ,- 

t h e r e  i s  an  i n s u f f i c i e n t  amount of produced b r i n e  a v a i l a b l e  i n  t h e  f i e l d  f o r  

a  . f u l l  s c a l e  expansion of t h e  p i l o t .  A s  a r e s u l t ,  t h e  u s e  o f  f r e s h  w a t e r  

i s  a l s o  be ing  t e s t e d  i n  t h e  p i l o t  a r e a  a l o n g  w i t h  a chemical  t r e a t m e n t  t o  

p r o t e c t  t h e  n e a r  w e l l b o r e  from f r e s h  w a t e r  damage ( 1 ) .  

Two methods were  used t o  r e p r e s e n t  p e r m e a b i l i t y . c h a n g e s  due t o  w a t e r  

and polymer f l o o d i n g  w i t h  f r e s h  w a t e r .  The s a l i n i t y  r e d u c t i o n  methods used 

shou ld  s i m u l a t e  t h e  s a l i n i t y  changes encounte red  i n  t h e  f l o o d i n g  p r o c e s s e s .  

P r i o r  t o  beg inn ing  s a l i n i t y  r e d u c t i o n ,  c o r e  p l u g s  were  reduced t o  r e s i d u a l  

o i l  s a t u r a t i o n  u s i n g  35,000 ppm b r i n e  a t  f low r a t e  of 1 . 3  f e e t  p e r  day.  T h i s  

f l o w  r a t e  cor responds  t o  t h e  l o w e s t  r a t e  t h a t  cou ld  be o b t a i n e d  w i t h  t h e  equip-  

ment used and approx imates  f l o w  r a t e s  expec ted  i n  t h e  r e s e r v o i r .  The f i r s t  

me.thod o f . s a l i n i t y  r e d u c t i o n  u t i l i z e d  s t e p  r a t e  changes ,  w i t h  a 24-hour f l o w  

p e r i o d  f o r  each  s a l i n i t y  s t e p .  T h i r t e e n  s t e p s ' w e r e  used t o  reduce  t h e  s a l i n i t y  

from 35,000 ppm t o  300 ppm. A r e v e r s a l  of t h e s e  s t e p s  t o  measure t h e  per-  

m e a v i l i t y  r e c o v e r y  was a l s o  fo l lowed .  The second method. of s a l i n i t y  r e d u c t i o n  

invo lved  t h e  c o n t i n u o u s  r e d u c t i o n  of s a l i n i t y  from 35,000 ppm t o  d i s t i l l e d  

w a t e r .  P e r m e a b i l i t y  measurements were c a l c u l a t e d  a t  v a r i o u s  p o i n t s  i n  t h e  

c y c l e .  

F i g u r e  1 7  d i s p l a y s  t h e  r e s u l t s  from b o t h  t e s t i n g  methods. Over 98 per-  

c e n t  of t h e  o r i g i n a l  p e r m e a b i l i t y  was l o s t  i n  t h e  sample t h a t  was s u b j e c t e d  

t o  t h e  s t e p  change.method. The major  p o r t i o n  of t h e  p e r m e a b i l i t y  l o s s  o c c u r r e d  



when t h e  s a l i n i t y  was reduced from 3000 t o  2000 ppm. Only a  s l i g h t  perme- 

a b i l i t y  recovery  w a s  observed when t h e  s a l i n i t y  was increased  back t o  35,000 

ppm. S imi l a r  pe rmeab i l i t y  l o s s e s  were observed us ing  t h e  cont inuous s a l i n i t y  

r e d u c t i o n  method. The major p o r t i o n  of t h e  pe rmeab i l i t y  l o s s  occurred when 

t h e  s a l i n i t y  was reduced from 1720 t o  1160 ppm. Fu r the r  t e s t s  a r e . p l a n n e d  

t o  determine i f  t h e  s a l i n i t y  a t  which t h e  ma jo r i t y  of t h e  pe rmeab i l i t y  

l o s s  occurs  i s  a  f u n c t i o n  of t h e  method of s a l i n i t y  r educ t ion  o r  t h e  

amount of t h e  c l a y  p r e s e n t .  



WATERFLOOD PERFORMANCE 

O v e r a l l  Performance - The p r o d u c t i o n  r e s p o n s e  t o  wa te r  

i n j e c t i o n  h a s  been s i g n i f i c a n t l y  lower t h a n  o r i g i n a l l y  f o r e c a s t .  The 

performance c u r v e  from t h e  immediate p i l o t  a r e a  i s  shown on F i g u r e  1 8 .  

The wate r  i n j e c t i o n  r a t e  h a s  been main ta ined  a t  5400 BD f o r  t h e  maj'or p o r t i o n  

o f  t h e  22 month wate r  i n j e c t i o n  p h a s e .  T h e  r a t e  was lowered i n  March, 

1978, i n  p r e p a r a t i o n  f o r  polymer i n j e c t i o n  which began i n  May, 1978. 

During t h e  w a t e r f l o o d  p e r i o d ,  t h e  g r o s s  p r o d u c t i o n  r a t e  g r a d u a l l y  i n -  

c r e a s e d  from a pr imary r a t e  of 1200 BD t o  a  r a t e  of 2300 BD. During t h e  

same p e r i o d ,  o i l  p r o d u c t i o n  r a t e  i n c r e a s e d  t o  a  p l a t e a u  of approx imate ly  

410 BD, a n  i n c r e a s e  of approx imate ly  100 BD over  t h e  e s t i m a t e d  pr imary 

rate.  A s h a r p  d e c l i n e  i n  o i l  ~ r o d L c t i o n  o,ccurred i n  March, 1 9 7 8 ,  when t h e  

i n j e c t i o n  r a t e  was decreased .  

I n j e c t i o n  Well Completions - A l l  f o u r  p i l o t  i n j e c t i o n  w e l l s  were 

completed w i t h  c a s i n g  cemented th rough  Zone 11, and t h e  major  sand i n t e r v a l s  

je t  p e r f o r a t e d .  Each sand i n t e r v a l  w a s  t r e a t e d  u s i n g  a n  o i l  w e t t i n g  t r e a t m e n t  

t o  p r o t e c t  t h e  f r e s h  wate r  s e n s i t i v e  f o r m a t i o n  c l a y s  from damage caused by 

f r e s h  wate r  i n j e c t i o n  ( 1 ) .  I n d i v i d u a l  i n t e r v a l s ,  i n  each i n j e c t i o n  w e l l ,  were 

s e l e c t i v e l y  s t i m u l a t e d  w i t h  mud a c i d  t o  o b t a i n  t h e  d e s i r e d  i n j e c t i o n  p r o f i l e .  

p r i o r  t o  beg inn ing  f u l l  s c a l e  wa te r  i n j e c t i o n .  

I n j e c t i o n  Well Performance - I n j e c t i o n  of f r e s h  w a t e r  i n t o  t h e  p i l o t  

w e l l s  began i n  June,  1976. I n  o r d e r  t o  moni to r  t h e  performance o f  t h e  i n j e c t i o n  

w e l l s ,  i n j e c t i o n  r a t e  and bottom h o l e  p r e s s u r e s  were c o n t i n u o u s l y  r e c o r d e d ,  

and i n j e c t i o n  p r o f i l e  s u r v e y s  p e r i o d i c a l l y  o b t a i n e d .  The o v e r a l l  i n j e c t i o n  

performance h a s  been good i n  e s s e n t i a l l y  a l l  r e s p e c t s .  The i n j e c t i o n  r a t e  was 



m a i n t a i n e d  a t  1350 b a r r e l s  p e r  day p e r  w e l l  d u r i n g  t h e  wa te r  i n j e c t i o n  phase ,  

w h i l e  i n j e c t i o n  p r e s s u r e  g r a d u a l l y  i n c r e a s e d .  The performance c u r v e s  f o r  t h e  

f o u r  i n j e c t i o n  w e l l s  a r e  shown i n  F i g u r e s  19 through 22. 

A summary of t h e  c u m u l a t i v e  i n j e c t i o n  i n t o  t h e  s i x  major sand i n t e r v a l s  

i n  e a c h  of t h e  f o u r  i n j e c t i o n  w e l l s  i s  g i v e n  on Tab le  I X .  The o v e r a l l  b a l a n c e  

of i n j e c t i o n ,  b o t h  by i n d i v i d u a l  w e l l  and by sand i n t e r v a l ,  h a s  been w i t h i n ,  

a c c e p t a b l e  l i m i t s .  On a  movable p o r e  volume b a s i s ,  t h e  H i n t e r v a l  h a s  t aken  
X 

a  s i g n i f i c a n t l y  l a r g e r  volume o f ' i n j e c t i o n  t h a n  t h e  o t h e r  f i v e  i n t e r v a l s .  

P roduc ing  Well Complet ions  - Seven of t h e  n i n e  p a t t e r n  p roducers  
.- 

were  completed u s i n g  an open h o l e  ~ l n d ~ r r ~ a r n ~ r l  gravel.. pack. complet ion tc..c.hniquc.. 

A p r o t e c t i v e  c a s i n g  s t r i n g  was cemented a t  t h e  t o p  of Zone 11. The fo rmat ion  

was t h e n  underreamed and a l i n e r  g r a v e l  packed, a s  shown on F i g u r e  23. The 

two rema'ining p a t t e r n  p r o d u c e r s  and t h e  m a j o r i t y  of t h e  n o n p a t t e r n  p roducers  

w e r e  completed u s i n g  a s l o t t e d  l i n e r .  A p r o t e c t i v e  c a s i n g  s t r i n g  was cemented 

above  Zone 11. The f o r m a t i o n  was t h e n  d r i l l e d  through and a  s l o t t e d  l i n e r  

p l a c e d  a c r o s s  t h e  f o r m a t i o n ,  a s  shown on F i g u r e  24. 

P roduc ing  Well  Performance - The performance c u r v e s  of t h e  p a t t e r n  pro- 
. . . .  

d u c t i o n  w e l l s  a r e  shown on F i g u r e  25. The most pronounced r e s p o n s e  t o  wa te r -  

f l o o d i n g  h a s  been observed  i n  t h e  updip  w e l l s ,  and w e l l s  w i t h i n  t h e  i n t e r i o r  

o f  t h e  f i v e  s p o t  p a t t e r n s .  A m a j o r i t y  o f  t h e  upd ip  r e s p o m e  h a s . b e e n  n h s e r v ~ d  

i n  Wells 273-27, 274-27, and 276-27, which a r e  a d j a c e n t  t o  t h e  sou thwes t  p a t t e r n .  

The i n t e r i o r  w e l l s  which have  shown r e s p o n s e  are Wells  34-37, 58-27, and 92-27. 

The c e n t r a l  and downdip w e l l s  have shown l i t t l e  r e s p o n s e  t o  w a t e r f l o o d i n g .  

F i g u r e  26 i s  an  i s o b a r i c  map c o n s t r u c t e d  from p r e s s u r e  s u r v e y s  o b t a i n e d  

i n  t h e  p a t t e r n  p roduc ing  w e l l s .  The datum s e l e c t e d  f o r  constr1.1ction of t h e  

map was t h e  b a s e  of t h e  H i n t e r v a l .  The low p r e s s u r e s  observed i n  Wells 
W 

2858-27 and 3-11-26 i n d i c a t e  t h a t  a  f l o w  b a r r i e r  e x i s t s  i n  a  m a j o r i t y  of t h e  

s a n d  i n t e r v a l s  between t h e s e  w e l l s  and t h e  remainder  of t h e  p i l o t  a r e a .  



Production Well Treatments and Stimulations - All pattern producing 

wells, with the exception of 4-6-26, were subjected to an oil wetting 

treatment to protect the fresh water sensitive clays prior to initiating 

injection (1). 

Because response to waterflooding was slow, a majority of the wells 

were stimulated to remove or reduce suspected impairment. Two stimulation 

methods were attempted to treat for suspected bacterial debris and/or unhydrated 

polymer, associated with polymer in drilling fluid. A combination bacteria 

destruct and hydrochloric acid treatment failed to improve response in Wells 

14-7-27, 1-8-26 and 3-8-26. A sodium hypochlorite treatment, to oxidize 

suspected unhydrated polymer, also failed to improve response in Well 14-7-27. 

Mud acid treatments also failed to increase production. Conventional 

mud acid treatments were used in Wells 1-8-26 and 284-27, and deep pene- 

trating mud acid treatment was used in 3-11-26. 

The two' northern patte'rn producers, Wells 1-5-2 and 4-6-26, have pro- 

duced at high water rates since they were drilled in 1975. Two conventional 

cement squeeze operations were conducted in each well in an attempt to elimi- 

nate the extraneous water production. Recent inflow survey indicate that 

neither well is producing significant amounts of water at or near the casing 

shoe, although water production has not decreased. It is suspected that local- 

ized dump-flooding occurred in this area prior to the abandonment of older 

wells. 

Sampling Observation Well Completions - The .Sampling observation wells were 

completed with casing cemented through Z.one 11. Each well was then jet-perfor- 

ated in three individual five foot sand stringers to allow fluid sampling with- 

out distorting the reservoir flow patterns. Each of the intervals was then 

gravel packed using an inner liner and a liner jam-on packer for zonal iso- 

lation, Figure 27 is a schematic of one of the ~bseryation well completions. 
I 
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Sampling Observation Well Performance - Data from the sampling observation 

wells has not been as definitive as expected toward monitoring the flood per- 

formance. The low producing rates observed in many of the producing intervals 

indicates the producing zones may not be responding to water injection. In 

addition, adjacent zones within the same well often produce at similar rates 

and salinities, indicating zonal communication. A summary of the performance 

of the individual observation wells is a follows: 

Well 1-7-26 

F Sand - The production performance of this interval changed in ---- 
September, 1977. The production rate increased from 6 BDW to 14 

BDW, and the salinity decreased from 4700 ppm to 2400 ppm. This 

performance indicates the advance of a water bank into this interval. 

No oil production has been obtained from this interval. 

Gc Sand - The production performance of this zone has been erratic. 

The production rate and salinities have fluctuated between test periods. 

The well is currently producing 45 BDW with a salinity of 840 ppm, 

which is similar to the performance of the H interval. 
W 

Hw Sand - This interval watered out in August, 1976. The production 

rate has averaged 46 BDW, with a salinity of 600 ppm. 

Well 1-9-26 

F Sand - Because of the low production rates, this zone has not been 

sampled since June, 1977. 

Gc and Gd Sands - These zones are believed to be in communication 

based on similar production rates, salinities, and zonal pressures. 

A production inflow log run in June, 1977, indicated that a majority 

of the produced fluids were entering from the G sand. As a result, 
C 



t h e  p r o d u c t i o n  from b o t h  zones h a s  been commingled. The p r o d u c t i o n  

r a t e  has averaged 12 BDW and 1 BDO, w i t h  a  s a l i n i t y  of 1200 ppm. 

Well 15-8-27 

Gc Sand - A s  a  r e s u l t  of t h e  low p r o d u c t i o n  rates, t h i s  i n t e r v a l  was 

sampled o n l y  once d u r i n g  t h e  p a s t  y e a r .  The p r o d u c t i o n  r a t e  was 

1 BDW d u r i n g  May, 1978, w i t h  a s a l i n i t y  of 7700 ppm. T h i s  p roduc t ion  

r a t e  i s  similar t o  t h o s e  observed d u r i n g  p r e v i o u s  t e s t  p e r i o d s .  No 

w a t e r f l o o d  r e s p o n s e  h a s  been observed from t h i s  zone. 

Gd and Hw Sands - The p r o d u c t i o n  from b o t h  zones  was commingled i n  

December, 1977, as a  r e s u l t , o f  t h e  low p r o d u c t i o n  r a t e s .  P roduc t ion  

h a s  s i n c e  averaged 7  BDW and 4 BDO, w i t h  a  s a l i n i t y  of 10,000 ppm. 

No w a t e r f l o o d  r e s p o n s e  h a s  been observed from e i t h e r  zone. 

Well  16-7-26 

Gc Sand- Because o f  low p r o d u c t i o n  r a t e s ,  t h i s  i n t e r v a l  was sampled 

o n l y  once d u r i n g  t h e  p a s t  y e a r .  The p r o d u c t i o n  r a t e  was 1 BDW d u r i n g  

May, 1978, w i t h  a  s a l i n i t y  of 7700 ppm. T h i s  r a t e  and s a l i n i t y  a r e  

s imilar  t o  t h o s e  observed d u r i n g  p r e v i o u s  t e s t  p c r i o d s .  No water-  

f l o o d  r e s p o n s e  h a s  been observed from t h i s  zone. 

Hw Sand - The p r o d u c t i o n  r a t e  from t h i s  zone v a r i e d  from 1 t o  17  

BDW d u r i n g  t h e  p a s t  y e a r .  The s a l i n i t y  of t h e  produced w a t e r  a l s o  

v a r i e d  from 7900 t o  9300 ppm. The s a l i n i t y  f l u c t u a t i o n s  may be  in-  

d i c a t i v e  o f  mjnnr f l u i d  movements i n  t h i s  i n t e r v a l .  

Hx Sand - The p r o d u c t i o n  r a t e  from t h i s  i n t e r v a l  averaged 4 BDW, w h i l e  

t h e  s a l i n i t y  v a r i e d  from 6900 t o  8900 pprn d u r i n g  t h e  p a s t  y e a r .  The 

p r o d u c t i o n  from b o t h  zones h a s  been commingled. The p r o d u c t i o n  r a t e  

h a s  averaged 1 2  BDW and 1 BDO, w i t h  a  s a l i n i t y  of 1200 ppm. 



Logging O b s e r v a t i o n  Well  Completion - The l o g g i n g  o b s e r v a t i o n  w e l l ,  

16-6-27, was completed u s i n g  a  p r o t e c t i v e  s t r i n g  of c a s i n g  cemented above Zone 

11. A nonconduc t ive  f i b e r g l a s s  l i n e r  was cemented a c r o s s  Zone 11, a s  shown on 

F i g u r e  28. 

Logging O b s e r v a t i o n  Well  Performance - Well 16-6-27 i s  a  f o c a l  p o i n t  

t o  m o n i t o r  f l u i d  s a t u r a t i o n  changes  w i t h i n  t h e  r e s e r v o i r  as t h e  w a t e r f l o o d  and 

polymer f l o o d  p r o g r e s s .  R e s i s t i v i t y  l o g  d e v i c e s  have been run  p e r i o d i c a l l y  

t h r o u g h o u t  t h e  w a t e r f l o o d  phase .  No s i g n i f i c a n t  changes of r e s i s t i v i t y  have 

. o c c u r r e d  i n  any of t h e  s a n d s  w i t h i n  t h e  p a s t  y e a r ,  i n d i c a t i n g  a  l a c k  of water-  

f l o o d  response .  The l o g g i n g  f requency  h a s  been reduced t o  one r u n  p e r  month. 

R e s i s t i v i t y  changes ,  which, o c c u r r e d  d u r i n g  t h e  f i r s t  y e a r  of w a t e r f l o o d i n g ,  

were  documented i n  t h e  Second Annual Report  ( 2 ) .  



RESERVOIR S  I ~ ~ L A T I O N  

F u l l  S c a l e  P i l o t  S imula t ion  Model - A th ree -d imens iona l  numer ica l  

s i m u l a t o r  i s  b e i n g  used t o  model t h e  p r o j e c t  performance.  The g r i d  p a t t e r n  

s e l e c t e d  i s  v a r i a b l e  i n  t h e  h o r i z o n t a l  (x-y) and i n  t h e  v e r t i c a l  ( v a r i a b l e  

t h i c k n e s s )  d i r e c t i o n s ,  a s  shown on F i g u r e  29. The s i z e  of t h e  g r i d  b l o c k s  

i n  t h e  h o r i z o n t a l  p l a n e  v a r y  i n  dimensions  from 200' X 200' t o  600' X 1200 ' .  

The s m a l l e r  g r i d  b l o c k s  used i n  t h e  Immediate P i l o t  Area a s s u r e s  t h a t  o n l y  

one w e l l  i s  l o c a t e d  i n  a g r i d  b l o c k .  Wel ls  a r e  p laced  i n  t h e  c e n t e r  of t h e  

g r i d  b l o c k ,  r e g a r d l e s s  of t h e  a c t u a l  p o s i t i o n .  Larger  g r i d  b l o c k s  a r e  used 

o u t s i d e  t h e  Immediate P i l o t  Area,  a s  l e s s  d e f i n i t i o n  i s  r e q u i r e d .  Where more 

than  one producing w e l l  is  l o c a t e d  i n  a  g r i d  b l o c k ,  t h e  w e l l s  a r e  combined 

i n t o  one psuedo w e l l .  To model t h e  updip  a r e a  of h i g h  g a s  s a t u r a t i o n ,  i t  was 

n e c e s s a r y  t o  i n c l u d e  a  row of  l a r g e  g r i d  b l o c k s ,  n o t  shown on F i g u r e  29. 

The t e n  sand i n t e r v a l s  have been combined i n t o  s i x  l a y e r s  t o  s i m p l i f y  

t h e  s i m u l a t i o n .  The l a y e r s  be ing  used a r e  a s  f o l l o w s :  

Layer 

1 

Sand I n t e r v a l ( s 1  

E / F  Sands 

2 C Sand 
C .  

3 G Sand 
d  

4 X/Y/Hw Sands , 

H Sand 
X 

Js/J Sands v 

The minor X and Y sands  a r e  i n  sand-to-sand c o n t a c t  w i t h  t h e  major  H sand 
W 

i n  many p l a c e s  and were combined. The E and J sands  a r e  of l e s s e r  import -  
v  

nnce and have been combined w i t h  t h e  F and J s a n d s ,  r c s p c c t i v e l y .  
s 



The primary performance of t h e  p i l o t  a r e a  has  been s imula ted  u s ing  

t h i s  model. Areas w i t h i n  t h e  p i l o t  have, on primary product ion ,  produced 

anomalous amounts of water  which i s  be l i eved  t o  have been t h e  r e s u l t  of 

dump-flooding. To s i m u l a t e  t h i s  type  of performance, s i x  f i c t i t i o u s  water  

i n j e c t i o n  w e l l s  were inc luded  i n  t h e  model. The o v e r a l l  p re l iminary  match 

(F igu re  30) is  c l o s e ,  b u t  t o  match the.performance of key p r o j e c t  w e l l s ,  

- f u r t h e r  ad jus tments  of t h e  r e s e r v o i r  parameters  w i l l  be r equ i r ed .  Attempts 

t o  s i m u l a t e  t h e  water f lood  performance a r e  cont inu ing .  

S e n s i t i v i t y  Study - To a i d  i n  t h e  f u l l  s c a l e  s imu la t i on  s tudy ,  a  

s i n g l e  l a y e r  model was cons t ruc t ed  and used t o  determine t h e  s e n s i t i v i t y  of , 

v a r i o u s  key parameters  t o  a  water  i n j e c t i o n  process .  The phys i ca l  ,parameters ,  

used i n  t h e  model, were t y p i c a l  of t hose  used i n  t h e  l a r g e  three-dimensional  

model. 

To s i m p l i f y  t h e  problem, a l i q u i d - ' f i l l e d  system was used wi th  uniform 

o i l  and water  s a t u r a t i o n s .  The r e l a t i v e  pe rmeab i l i t y  curves  were expressed 

in .  terms of  a  s i n g l e  shape exponent parameter  a s  suggested by Hi ra sak i  ( 4 ) .  

The mode.1 was t i l t e d  1 3  degrees  and c o n s i s t e d  of a  downdip producer ,  an updip 

producer  and a n  i n j e c t i o n  well midway between t h e  two producers .  

A base  water f lood  c a s e  was e s t a b l i s h e d  us ing  t h e s e  assumed parameters .  

To de te rmine  t h e  s e n s i t i v i . t y  of v a r i o u s  parameters ,  t h e  assumptions used 

i n  t h e  base. c a s e  we.re he ld  cons t an t  and one parameter was v a r i e d a t  a  t i m e .  

The parameters  i n v e s t i g a t e d  were t h e  shapes of t h e  r e l a t i v e  permea'bil i ty '  

curve.s,  t h e  system c o m p r e s s i b i l i t y ,  o i l  v i s c o s i t y ,  a b s o l u t e  pe rmeab i l i t y ,  

we l lbo re  s k i n ,  and t h e  s t r e n g t h  of p a r t i a l  b a r r i e r s  between t h e  i n j e c t o r  and 

t h e  downdip producer .  

Two of t h e  v a r i a b l e s  i n v e s t i g a t e d  had a  marked e f f e c t  on o i l  r e c o v e r y ,  



per unit of injection. These were the shape of the relative permeability 

curves and the system compressibility. The shapes of the relative perme- 

ability curves were varied by changing the exponent used in the exponential 

equations. As shown on Figure.31, the oil recovery decreased as the value of 

the shape parameter was decreased. It is believed that the lower values of 

the shape parameter will approximate the average relative permeability curves 

resulting from individual layer heterogeneities. The system compressibility 

was varied by changing the rock compressibility to approximate various in-situ 

gas saturat5ons. As shown on Figure 32, larger rock compressibilities (higher 

gas saturation) resulted in lower oil recoveries. 

Reducing the formation permeability or increasing the wellbore skin 

increased the length of time required to complete the waterflood since the 

fluids did not move as readily. But for a unit of injection, there is little 

change in the unit of production. Increasing oil viscosity will result in a 

higher mobility ratio and a slightly lower recovery per unit of injection. 

For partial barriers to be effective in reducing recovery in a closed system, 

the ratio of restricted flow to unrestricted flow must approach 0.10 or less. 

The results from the sensitivity study will be used to adjust parameters in 

the full scale simulation model. 

Polymer Slug Design - The numerical model used to design the polymer 

slug is shown in Figure 33. As in the large simulation model, six non- 

communicating layers tilted at 13 degrees were modeled. In this model, the 

individual layers were assumed to be of constant thickness, ~ermeabilit~ and 

porosity. The thickness of each layer was based on the average thickness of 

the sand intervals in the four five-spot patterns in the pilot area. The 

permeability, porosity, and fluid saturations were based on petrophysical 



analyses discussed previously. As in the large simulation model, a large 

updip grid block in each of the layers was included to model the updip area 

of high gas saturation. Three production and two injection wells were located 

to approximate the-structural position of the pilot pattern production and 

injection wells. This model approximates, but is not, a true element of 

symmetry for the pilot. 

All simulation runs covered a period which began in 1972 and terminated 

in 1995. The waterflood.injection began in mid-1976. Injection rates were 

held constant at 1,350 barrels per,day per well and the producing wells were 

pressure or liquid constrained to net more 'than 900 barrels per day per well 

to approximate the performance of the pilot. The oil production performance 

for continued primary and waterflooding is shown on Figure 34. 

A polymer grading scheme was used in all simulated polymer displacement 

processes. The spearhead polymer slug was assumed to be 26.4 percent of the 

total slug size and was followed by four eql~all,y sized polymer grading steps. 

The adsorption of polymer onto the rock surface was assumed to be 3.2 micro- 

grams per gram. Polymer injection was assumed to start in mid-1978. 

To analyze the effect of slug size on'recovery, the viscosity of the 

spearhead was selected to yield a mobility ratio of 1.0. The s l ~ l g  size was 

varied from 0.26 to 1.03 polymer movable pore volumes (MPV) 
PF ' 

The results 

of the simulation runs are displayed on Figure 35. Incremental oil production 

of polymer flooding over waterflooding, as a function of slug size, is shown 

on Figure 36. The optimum slug size was determined to be approximately 0.5 

(Mpv) pF. The incremental benefit of increasing the slug size above optimum is 

small, whereas decreasing the slug size to less than optimum would result in 

significantly less oil recovery. 



The e f f e c t  of m o b i l i t y  r a t i o  on recovery  was a l s o  i n v e s t i g a t e d  u s i n g  

a  c o n s t a n t  s l u g  s i z e  of 0.50 (MPV)pF and v a r y i n g  t h e  m o b i l i t y  r a t i o s  from 0 .8  

t o  2.0. The r e s u l t s  from t h e  s i m u l a t i o n s  a r e  d i s p l a y e d  on F i g u r e  3 7 .  G r e a t e r  

peak responses  were  observed a t  e a r l i e r  t i m e s  as t h e  m o b i l i t y  r a t i o  was 

s u c c e s s i v e l y  reduced. The i n c r e m e n t a l  o i l  r e c o v e r y  of polymer f l o o d i n g  over  

w a t e r f l o o d i n g ,  as a f u n c t i o n  of m o b i l i t y  r a t i o ,  i s  shown on F i g u r e  38, A l -  

though t h e  optimum m o b i l i t y  r a t i o  a p p e a r s  t o  be  less t h a n  one,  t h e  i n j e c t i o n  

of a  more v i s c o u s  polymer would prolong t h e  f i e l d  t e s t .  For t h i s '  r e a s o n  ' the  

optimum m o b i l i t y  r a t i o  was s e l c t e d  t o  be  one. P e r t i n e n t  d a t a  from t h e  simu- 

l a t i o n  r u n s  a r e  l i s t e d  on Tab le  X. 

Based on t h e  r e s u l t s  from t h i s  model, a spearhead  v i s c o s i t y  of 5 .4  cen t -  

p o i s e  was s e l e c t e d  t o  b e g i n  i n j e c t i o n  i n t o  t h e  p i l o t  a r e a .  Th i s  v i s c o s i t y  w i l l  

y i e l d  a m o b i l i t y  r a t i o  of approx imate ly  1 .0 .  The number of g r a d i n g  s t e p s  

n e c e s s a r y  t o  o b t a i n  optimum recovery  w i l l  be  i n v e s t i g a t e d  f u r t h e r  u s i n g  t h i s  

model. The volume of each g r a d i n g  s t e p  w i l l  b e  based on t h e  r e s e r v o i r  volume 

b e i n g  swept,  which h a s  n o t  y e t  been de te rmined .  



POLYMER FACILITIES 

AND PRODUCT SPECIFICATIONS 

Kelco Xanflood (R)  Biopolymer h a s  been s e l e c t e d  f o r  u s e  i n  t h e  Coal inga 
' 

Polymer Demonstra t ion P r o j e c t .  The s e l e c t i o n  of t h e  polymer and t h e  d e s i g n  

of t h e  mixing and i n j e c t i o n  f a c i l i t i e s  were  d i s c u s s e d  i n  p r e v i o u s  annua l  

r e p o r t s  ( 1 ,  2 ) .  Ongoing l a b o r a t o r y  and f i e l d  t e s t i n g  have l e a d  t o  minor 

f a c i l i t y  m o d i f i c a t i o n s ,  t h e  e s t a b l i s h m e n t  of q u a l i t y  c o n t r o l  c r i t e r i a ,  and 

t h e  s e l e c t i o n  of a  b i o c i d e  f o r  t h e  p r o t e c t i o n  of t h e  polymer. 

Polymer C o n c e n t r a t e  Mixing F a c i l i t i e s  - A 500 g a l l o n  r e t e n t i o n  t a n k  was 

added downstream of t h e  polymer c o n c e n t r a t e  mixer t o  e l i m i n a t e  t h e  u s e  of 

t h e  mixer  as a  r e t e n t i o n  t a n k  ( F i g u r e  39) .  The a d d i t i o n  of t h i s  t a n k  doubles  

t h e  c a p a c i t y  of t h e  mixer ,  and more i m p o r t a n t l y  p r o v i d e s  a  polymer c o n c e n t r a t e  

r e s e r v e  volume shou ld  mixer  downtime o c c u r .  

The i n s t a l l a t i o n  of a n  a u t o m a t i c  l i q u i d  enzyme feed  system h a s  e l i m i n a t e d  

t h e  n e c e s s i t y  of manuai iy  add ing  t h e  enzyme t o  each b a t c h  of polymer concent-  
(R) 

r a t e .  The enzyme h a s  been changed from t h e  d r y  powder A l c a l a s e  6;0 t o  

l i q u i d  A l c a l a s e  (R) 1 . 9  f o r  e a s e  of h a n d l i n g .  

The s h e a r  a p p l i e d  t o  t h e  polymer c o n c e n t r a t e ,  downstream of t h e  r e t e n t i o n  

t a n k ,  h a s  been i n c r e a s e d  from 300 p s i g  t o  900 p s i g  p r e s s u r e  drop.  This.  in-  

c r e a s e  i n  s h e a r  h a s  r e s u l t e d  i n  a s l i g h t  i n c r e a s e  i n  f i l t e r a b i l i t y  of t h e  

polymer s o l u t i o n ,  w i t h o u t  a d e c r e a s e  i n  v i s c o s i t y .  

Blending F a c i l i t i e s  - The c o n t r o l  sys tem t o . p r o p o r t i o n  t h e  polymer 

c o n c e n t r a t e  and USBR w a t e r  h a s  been modi f i ed  t o  minimize v a r i a t i o n  of concen- 

t r a t i o n  of t h e  polymer s o l u t i o n .  The new p r o p o r t i o n i n g  c o n t r o l  d e v i c e  m e t e r s  

t h e  f l o w  r a t e s  o f  b o t h  t h e  blended polymer s o l u t i o n  and t h e  polymer c o n c e n t r a t e ,  



and a d j u s t s  t h e  f l o w  r a t e s  of t h e  r e s p e c t i v e  s t r e a m s  a s  r e q u i r e d .  An 

a l a r m  system h a s  been i n s t a l l e d  t h a t  w i l l  s h u t  down t h e  p l a n t  i f  t h e  d e s i r e d  

c o n c e n t r a t i o n  of  polymer s o l u t i o n  i s  n o t  produced.  

S t o r a g e  F a c i l i t i e s  - C i r c u l a t i o n  pumps were  added t o  each  of  t h e  f o u r  

500 b a r r e l  polymer s o l u t i o n  s t o r a g e  t a n k s  t o  minimize s t a g n a n t  a r e a s  i n  t h e  

t a n k s .  

P roduc t  V a r i a b i l i t y  - Produc t  v a r i a t i o n  between b a t c h  l o t s  r e c e i v e d  

from t h e  manufac tu re r  had been obse rved .  A s  a  r e s u l t ,  S h e l l  and t h e  man- 

u f a c t u r e r  have e s t a b l i s h e d  polymer t e s t i n g  s p e c i f i c a t i o n s  and t e s t i n g  pro- 

c e d u r e s  t o  a s s u r e  a c c e p t a b l e  p r o d u c t  q u a l i t y  p r i o r  t o  shipment .  A l l  b a t c h  

l o t s  a r e  now d r y  blended p r i o r  t o  packaging,  which w i l l  f u r t h e r  r e d u c e  pro- 

d u c t  v a r i a t i o n .  

B i o c i d e  S e l e c t i o n  - A c r o l e i n ( A q u a 1 i n  ( R ) )  h a s  been s e l e c t e d  f o r  u s e  a s  

t h e  b i o c i d e  f o r  t h e  p r o j e c t .  Based upon l a b o r a t o r y  t e s t s ,  t h i s  b i o c i d e  was 

found t o  b e  b o t h  c o m p a t i b l e  w i t h  t h e  polymer and s t a b l e  a t  t h e  e x i s t i n g  

r e s e r v o i r  t e m p e r a t u r e s  and p r e s s u r e s .  Core f low s t u d i e s  de te rmined  t h a t  

a d s o r p t i o n  o n t o  t h e  f o r m a t i o n  r o c k  and p a r t i t i o n i n g  i n t o  t h e  o i l  phase  

by t h e  b i o c i d e  were minimal.  A c r o l e i n  was a l s o  found t o  p r o t e c t  t h e  polymer 

under  s u r f a c e  c o n d i t i o n s  w h i l e  m a i n t a i n i n g  b i o c i d a l  a c t i v i t y .  

Pnlymer Produc t  S p e c i f i c a t i o n s  - Q u a l i t y  c o n t r o l  and m o n i t o r i n g  

s p e c i f i c a t i o n s  have been e s t a b l i s h e d  t o  m a i n t a i n  t h e  d e s i r e d  v i s c o s i t y  and 

p r e v e n t  impairment of  i n j e c t i o n  w e l l s .  The s p e c i f i c a t i o n s  c u r r e n t l y  used 

a r e  as f o l l o w s :  

1. 10-15 ppm e x c e s s  s u l f i t e  ups t ream of t h e  b i o c i d e  i n j e c t i o n  p o i n t .  

2 .  L e s s  t h a n  100 ppb d i s s o l v e d  oxygen. 

3 .  30 ppm a c t i v e  A c r o l e i n  b i o c i d e .  



4. Less  t h a n  0 . 5  ppm t o t a l  i r o n .  

5 .  V i s c o s i t y  of  polymer s o l u t i o n  w i t h i n  1 0  p e r c e n t  of t h o s e  shown 

on. F i g u r e  40. 

6. G r e a t e r  t h a n  2500 m i l l i l i t e r s  f i l t e r a b i l i t y . *  

* F i l t e r a b i l i t y  is  d e f i n e d  a s  t h e  f i l t r a t e  volume p a s s i n g  th rough  a  1 . 2  
micro'n ' M i l l i p o r e  membrane i n  f i v e  m i n u t e s  a t  a  p r e s s u r e  d i f f e r e n t i a l  of  
20 p s i .  
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TABLE I 
NOMENCLATURE 

SYMBOL 

B Equivalent  conductance o f  c l a y  counter  i ons ,  (l/equiv/ohm-m) 

C r Rock c o m p r e s s i b i l i t y ,  (volume/volume/psi) 

k o i  Permeabi l i ty  t o  o i l ,  (md) 

kro Re la t i ve  permeabi l i ty  t o  o i l  

krw Re la t i ve  pe rmeab i l i t y  t o  water  

kw Pe rmeab i l i t y  t o  wa te r ,  (md) 

m* Cementat i o n  exponent f o r  sha l y  salnds 

MPV Movable pore volume, ( b b l s )  

MR Mob i l i t y  Ra t io  

n* S a t u r a t i o n  exponent f o r  s h a l y  sands 

OOIP O r i g i n a l  o i l  i n  p l ace  

P-V-T Pressure-Volume-Temperature 

% Quant i ty  o f  c a t i o n  exchangeable c l a y  p r e s e n t ,  (meq/ml of pore space )  

R u R e s i s t i v i t y  of watcr  s a t u r a t c d  rock ,  (ohm-m) 

t Formation R e s i s t i v i t y ,  (ohm-m) 

Rw Format i o n  Water R e s i s t i v i t y ,  (ohm-m) 

S  S  Slug s i z e ,  ( b b l s )  

s o  O i l  s a t u r a t i o n ,  f r a c t i o n a l  pore volume 

Sor Res idua l  o i l  s a t u r a t i o n ,  f r a c t i o n a l  pore volume 

S w Water s a t u r a t i o n ,  f r a c t i o n a l  pore volume 

Swc Connate water  s a t u r a t i o n ,  f r a c t i o n a l  pore volume 

WFMO Waterflood movable o i l ,  ( b b l s )  

d P o r o s i t y ,  f r a c t i o n a l  bulk volume 

P Dens i ty ,  ( g / cc ) :  Pb = Bulk rock d e n s i t y :  P, = Matr ix  rock d e n s i t y :  
P, = F l u i d  d e n s i t y  



TABLE I1 
COALINGA POLYMER PILOT 

SUMMARY OF W G  CALCULATED POROSITIES* 
\ 

SAND INTERVAL 

WELLS E F Gc Gd X Y Hw Hx J s  J v  

AVERAGE 

* I n t e r v a l  p o r o s i t y  shown i s  a n e t  t h i c k n e s s  weighted average  of t h e  s t r i n g e r s  
c o m p r i s i n g  t h e  i n t e r v a l  



WELL 

10-26 
3-7-27 
12-7-27 
14-7-27 
15-6-27 
15-8-27 
15-9-27 
16-6-27 
16-7-27 
75-27 
256A-27 
285A-27 

TABLE I11 
COALINGA POLYMER PILOT 

SLMMARY OF LOG CALCULATED GAS SATURATIONS* 

(Net  F e e t  C o n t a i n i n g  D e s a t u r a t i o n  / I n - S i t u  Gas S a t u r a t i o n )  

* No d e s a t u r a t i o n  was o b s e r v e d  i n  t h e  f o l l o w i n g  w e l l s :  



TABLE IV 

COALINGA POLYMER PILOT 

SAND INTERVAL SHALE CONTENT MEASURED FROM CORE ANALYSIS 
( M i l l i e q u i v a l e n t s  p e r  m i l l i l i t e r  of p o r e  volume :I 

WELL SAND INTERVAL 

E F Gc Gd X Y Hw Hx 



C e n t r a l  

D o w n d i p  

TABLE V. 
COALINGA POLYMER P I L O T  

S A L I N I T Y  O F  PRODUCED WATER USED I N  LOG EVALUATION 

WELL S A L I N I T Y  

( P P ~ )  



TABLE V I  

A .  U P D I P  WELLS 

- COALINGA POLYMER P I L O T  
SUMMARY OF LOG CALCULATED WATER SATURATIONS 

\ 

SAND INTERVAL 

U P D I P  AVERAGE . 43  .33  . 2 2  .32  . 4 3  .39 . 4 1  . 5 2  .46 .40  

B. CENTRAL WELLS 

CENTRAL AVERAGE . 5 1  . 3 3  . 4 4  .48  . 6 0  .47 . 4 5  .54 .50  - 

C .  DOWNDIP WELLS 

,DOWNDIP AVERAGE .48 . 3 2  .35  .57 . 5 2  - . 30  .47 .46 . 5 5  



TABLE V I I  

COALINGA POLYMER PILOT 
P-V-T DATA SUMMARY 

D e p l e t i o n  Study Temperature ,  (OF) 

S a t u r a t i o n  P r e s s u r e ,  ( p s i a )  

C o m p r e s s i b i l i t y  06 R e s e r v o i r  O i l  @ 110'~ 
(Vol /Vol /Ps i  x 1 0  ) 

S p e c i f i c  G r a v i t y  o f  S a t u r a t e d  O i l  @ 110'~ .8450 .89 37 

V i s c o s i t y ,  c e n t i p o i s e  10.648(*) 

Format ion  Volume F a c t o r ,  (Bb l s /Bbl )  1.082. 1.068 

S o l u t i o n  Gas-Oil  Ra. t io  , (Cu.Ft . /BBL) 9 . 1  7 . 4  

0 * V i s c o s i t y  o f  g a s  f r e e  samples a t  a tmospher ic  p r e s s u r e  and 110 F was 12.512 CP. 

* *  V i s c o s i t y  o f  g a s  f r e e  samples a t  a . tmospher ic  p r e s s u r e  and 110'~ was 14.507 CP. 



TABLE VII I  

COALINGA POLYMER PILOT 

SUMMARY OF ENDPOINT PERMEABILITY DATA 
ARITHMETIC M E A N  

- - 
SAND ( S )  NO. SAMPLES SWC S W A T  SORW - KO1 A T  SWC KW AT SORW 

ALL DATA 3  4 . 3 8 2  , 7 6 2  3 3 9 . 0  1 1 6 . 1  

GEOMETRIC MEAN 

KO1 AT SWC K W  AT SORW 



T A B L E  IX 

CUMULATIVE INJECTION 
BY INTERVAL - 6 / 7 6  TO 2 / 7 8  

(M BBLS. )  

SAND WELL WELL WELL WELL 
2 -:9- 2 6 15-6-2 7 15-9-27 

TOTAL 
.INTERVAL 2,-7-26 . . 

INJECTION AS A 
PERCENTAGE. OF 
M O V A B L E  P O R E  
VOLUME (MPV'  

- - 
TOTAL 6 7  7. 5'9 7  7 7 0 '  7 6 7  3 0 8 2  

2 .  EXCLUDES 9 2 . 2 M  AND 1 7 9 . 4  M BARRELS OF INJECTION INTO THIEF SAND 
IN-WEiLLS 2 - 7 - 2 6  AND 2-9- RESPECTIVELY 

3 . .  E X C L U D E S  PORE VOLUME I N  2 - 7 - 2 6  PATTERN WHICH . . .  IS  NOT B E I N G .  . . .  

I N J E C T E D  . .. INTO BECAUSE OF A HI'GH WATER.SATURATION.  



T A B L E  X 

TOTAL P O R E  V O L U M E  9,1.69,000 BBLS. 

ORIGINAL OIL IN  PLACE 4 ,435 ,000  STB,' 
(001 P I '  

P R I M A R Y  R E C O V E R Y  1 , ,098,600 

<PERCENT O F  O O l P  24 .8% 

W A T E R F L . O O D  R E C O V E R Y  1 ,709 ,000  

PERCENT OF O O l P  3 8 .,5 % 

POLYMER 'FLOOD R E C O V E R Y  1, .944,000 

PERCENT OF O O l P  
(0 .5  MPV - .5.4 C P )  
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BUULDOZED OUTCROP 
STUDY AREAS 

P R O J E C T  LOCATION 
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COALINGA FIELD INDEX MAP 

POLYMER DEMONSTRATION PROJECT 
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FIGURE 4 
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FIGURE 1 4  

COALINGA POLYMER PILOT 
SENSITIVITY OF SHALE CONTENT ON LOG 

CALCULATED WATER SATURATION 
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FIGURE 15 

COALINGA POLYMER P I L O T  
S'EN'SITIVITY OF FORMATION WATER SALIN ITY  

ON LOG CALCULATED WATER SATURATION 

N* - 1.8 M *  - 1 . 6 9  
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F I G U R E  16  

COALINGA P O L Y M E R  P ILOT  

TEMPERATURE - O F  



FIGURE 17 

COALINGA POLYMER PILOT 
CORE P.ERMEABILITY. VS SALINITY 
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FIGURE 18 

C O A L I N G A  P O L Y M E R  
P I L O T  P E R F O R M A N C E  C U R V E  

I M M E D I A T E  P I L O T  A R E A  

ionn , ,  

CUT 



FIGURE 19 
INJECTION WELL CURVES - WELL 2-7-26 

FIGURE 20 

INJECTION WELL CURVES - WELL 2-9-26 





FIGURE 23 
PRODUCTION WELL SCHEMATIC 

WELL 1-8-26 
COALIFSGA POLYMER PILOT 
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FIGURE 24 

PRODUCTION WELL SCHEMATIC 
WELL 285-27 

COALINGA POLYMER PILOT 
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I018 
SEA 

TOP OF E SAND 
81814' 

BASE OF Jv SAND 
@ 2134' 

ICK FLOOR 
' ABOVE + 

LEVEL 

I 

5-1/2" 14 
1814' 

CEMENTED 
1 
I 

w / 100 SACKS I 

i I 
I I PERF'D 60 MESH 14 ROWS 

I I 2 1/2" SLOTS 6" CENTERS 

I I 1815'/ 2135' 
I I 
I I 
I I 
I I 

J 

T.b. 21-65' 







FIGURE 27 

SAMPLING OBSERVATION WELL SCHEMATIC 
1-7-26 

COALINGA POLYMER PILOT 

STINGER SHOE 

STINGER SHOE 

7" CASING CEMENTED 
TO SURFACE 



FIGURE 28 

LOGGING OBSERVATION WELL SCHEMATIC 
.WELL 16-6-27 

COALINGA POLYMER PILOT 
DERRICK FLOOR 

SEA L E V E L  
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RESPONSE 

FIGURE 29 

SIMULATION GRID 

E A S T  C O A L I N G A  F I E L D  
P O L Y M E R  PILOT A R E A  



FIGURE 30 

SIMULATION PRIMARY HISTORY MATCH 
COALINGA POLYMER PILOT 

WATER 

OIL - 



FIGURE 31 

S E N S I V I V I . T Y  S T U D Y  
WATERFLOOD PERFORMANCE, PREDICTION 

. VS RELATIVE PERMEABILITY SHAPE 
COALlNGA POL'iMER PILOT 

C A S E  
.50 

MOVEABLE PORE VOLUMES INJETED 
S =  Sw-Swc 

I -Swc - Sor 

( Swc = 0.35, Sor  =0.24) 



FIGURE 32 

S E N S I T I V I T Y  .STUDY 
WATERFLOOD PERFORMANCE PREDICTION 

VS ROCK COMPRESSIBILITY 
COALINGA POLYMER PILOT 

1 .o. 2.0 

MOV.EABLE PORE VOLUMES INJECTED 





FIGURE 34 

POLYMER SLUG DESIGN MODEL 
PRIMARY AND WATERFLOOD PREDICTIONS 

COAL~NGA POLYMER PILOT 
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FIGURE 3 5  

'POLYMER SLUG DESIGN MODEL 
POLYMER RECOVERY PREDICTION VS SLUG SIZE 

COLINGA POLYMER PILOT 
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F I G U R E  3 6  
P O L Y M E R  S L U G  D E S I G N  M O D E L  
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\ FIGURE 37 

POLYMER SLUG DESIGN MODEL 
POLYMER AEOVERY PREDICTION vs MOBILITY RATIO 

COLINGA POLYMER PILOT 
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FIGURE 3 8  

POLYMER SLUG DESIGN MODEL 
POLYMER INCREMENTAL RECOVERY PREDICTIONS 

VS MOBILITY RATIO' ' 

COALINGA POLYMER .PILOT 

M O B I L I T Y  R A T I O  
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FIGURE 39 
POLYMER MIXING AND INJECTING PLANT 



FIGURE 40 

VISCOSITY / SHEAR OF POLYMER SOLUTION 

COALINGA POLYMER PILOT 
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