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INTRODUCTION

T h i s  d i s s e r t a t i o n  c o v e r s  th e  u se  and c o n s t r u c t i o n  o f  

a p o t e n t i o m e t r i c - m o d e l  f o r  s tudy  o f  e d g e - w a t e r  e n c r o a c h ­

ment i n t o  th e  T e n s l e e p  p o o l  o f  th e  South  Elk  B a s i n  O i l  

F i e l d .  The s tu d y  was made t o  t r y  to  e s t a b l i s h  th e  b e s t  p r o ­

d u c t i o n  r a t e  f o r  ea c h  w e l l  so  t h a t  th e  maximum amount o f  

o i l  can be r e c o v e r e d  by u se  o f  th e  n a t u r a l  w a ter  d r i v e .  As 

w i l l  be shown,  by v a r y i n g  t h e  r a t e  o f  p r o d u c t io n  in  two e x ­

p e r i m e n t s ,  th e  a r e a  swept  o u t  by t h e  w ater  d r i v e  1s d i f f e r e n t .

F i e l d  D ata

The T e n s l e e p  p o o l  has  a p p r o x im a t e ly  520 proven  p r o d u c ­

t i v e  a c r e s .  D eve lopm ent  t o  d a t e  has  o u t l i n e d  t h e  s t r u c t u r e ,  

e x c e p t  f o r  th e  s o u t h e a s t  end o f  th e  f i e l d .

The s t r u c t u r e  i s  a s m a l l  a n t i c l i n e  w i t h  about  3^1 f t  o f  

c l o s u r e  above th e  o i l - w a t e r  c o n t a c t ,  which i s  e s t i m a t e d  t o  be 

a t  a minus 2 3 0 0 - f t  e l e v a t i o n .  Average n e t  e f f e c t i v e  pay t h i c k ­

n e s s  i s  7 6 . 6  f t .  The T e n s l e e p  s e c t i o n  i s  d i v i d e d  i n t o  s e v e n  

zon es  which  are  s e p a r a t e d  by impermeable l im e  and sandy  

s e c t i o n s .  Zone B was used f o r  t h i s  t h e s i s  s t u d y ,  s i n c e  t h e r e  

was i n s u f f i c i e n t  t im e  f o r  t h e  s tudy  o f  t h e  o t h e r  s i x  z o n e s .



F o l l o w i n g  are  th e  w e ig h te d  a v e r a g e  r e s e r v o i r  c h a r a c t ­

e r i s t i c s  f o r  th e  T e n s l e e p  p o o l :

P o r o s i t y  ---------------------------------------  1 4 . 2 #

Average  p e r m e a b i l i t y  ----------------  190 md

I n i t i a l  datum p r e s s u r e  a t
minus 2155 f t  - — ------------------ — 2493 p s i

Connate  w a ter  s a t u r a t i o n  --------  1 5 . 7 #

R e s e r v o i r  t e m p e r a tu r e  --------------  154° F

I n i t i a l  f o r m a t io n  volume
f a c t o r -------------------------------------------  1 .0 7 2

I n i t i a l  o i l  v i s c o s i t y -------------- 2 . 4 6  cp

Gas in  s o l u t i o n  in  r e s e r v o i r
o i l  a t  i n i t i a l  c o n d i t i o n s  ------- 124 s td  cu f t / b b l

S a t u r a t i o n  p r e s s u r e  ------------------  753 p s i

The r e s e r v o i r  o r i g i n a l l y  c o n t a in e d  a t o t a l  o f  a p p r o x ­

i m a t e l y  3 9 , 8 3 0  a c r e - f t  o f  pay .  O r i g i n a l  s t o c k - t a n k  o i l

in  p l a c e  i s  e s t i m a t e d  t o  have been 3 4 , 4 5 0 , 0 0 0  b b l s  w i t h  

4 , 2 7 2  MMcf o f  s o l u t i o n  g a s .  A t o t a l  o f  1 , 6 0 1 , 4 1 0  b b l s  o f  

s t o c k - t a n k  o i l  and 194 MMcf o f  gas  has  been  produced up to  

December 1 ,  1949- The datum p r e s s u r e  has  d e c l i n e d  from th e  

o r i g i n a l  p r e s s u r e  o f  2493 p s i  t o  1930 p s i .  For ea c h  pound 

drop  i n  f o r m a t io n  p r e s s u r e ,  2 , 8 4 4  b b l s  o f  o i l  has  been  p r o ­

d u c e d .  The T e n s l e e p  r e s e r v o i r  has a w a te r  d r i v e  which should  

r e s u l t  in  an e s t i m a t e d  w a ter  i n f l u x  o f  2000  b b l s  per  day when 

t h e  r e s e r v o i r  p r e s s u r e  Is  1800 p s i ,  and p o s s i b l y  as  much as  

4000  b b l s  p er  day when t h e  r e s e r v o i r  p r e s s u r e  i s  1500 p s i .

The e s t i m a t e d  u l t i m a t e  r e c o v e r y  o f  th e  ta n k  o i l  i s  1 3 , 4 6 9 , 0 0 0
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b b l s  from t h e  p r o d u c t i v e  a r e a .

O b je c t  o f  I n v e s t l g a t I o n

The most  s i g n i f i c a n t  phase  o f  t h i s  s tu d y  c o n c e r n s  th e  

p r o d u c t i o n  r a t e  f o r  e a c h  w e l l  so t h a t  t h e  maximum amount o f  

o i l  In p l a c e  w i l l  be r e c o v e r e d .  To a c c o m p l i s h  t h i s  p u r p o s e ,  

s p e c i a l  equipment  had to  be b u i l t  f o r  th e  l a b o r a t o r y  s t u d y .  

The d e s c r i p t i o n  o f  t h i s  equipment  and I t s  u s e  i s  g i v e n  

l a t e r  i n  t h i s  t h e s i s .

A n oth er  phase  o f  t h i s  s tu d y  was t o  p l o t  an l s o b a r l c  

map o f  t h e  f i e l d  from th e  known p r e s s u r e  a t  e a c h  w e l l .

T h i s  p l o t  was made w i t h  t h e  equipment  used  f o r  th e  s tu d y  

o f  t h e  w a ter  en croachm ent  o f  th e  p o o l .

S p e c i a l  P h o t o g r a p h ic  Method

The maps o f  t h e  f l o o d  o u t l i n e  f o r  e a c h  e x p e r im e n t  are  

shown by a s im p le  p h o t o g r a p h ic  i l l u s t r a t i o n .  The o r i g i n a l  

map, which  i s  drawn d i r e c t l y  from th e  e l e c t r i c  f i e l d  in  th e  

m o d e l ,  i s  red u ced  in  s i z e  on t r a c i n g  p a p e r ,  and a p a t t e r n  

o f  t h e  r e m a in in g  o i l  in  p l a c e  i s  cu t  o u t  o f  b l a c k  p a p er .

The p a t t e r n  i s  p la c e d  under a map o f  t h e  f i e l d  and o v e r  a 

l i g h t  t a b l e ,  t h e n  a p i c t u r e  i s  t a k e n .  T h i s  method s a v e s  

c o n s i d e r a b l e  t im e  in  t h a t  o n ly  p a t t e r n s  w i l l  have t o  be 

drawn and cu t  o u t ,  and t h e  whole  f i e l d  p i c t u r e  w i l l  not  

have t o  be drawn f o r  e a c h  e x p e r i m e n t .  The r e s u l t a n t  p h o t o ­

graph  g i v e s  a more r e a l i s t i c  p i c t u r e  o f  th e  r e m a in in g  o i l  

and i t s  p o s i t i o n  in  th e  f o r m a t i o n .
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THEORY AND APPLICATIONS

The f lo w  o f  f l u i d s  th r o u g h  th e  porous  media which  

c o n s t i t u t e  t h e  underground f l u i d  r e s e r v o i r s  i s  o f  c o n ­

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

w a t e r ,  o i l ,  or  g a s  from t a p p i n g  t h e  s o u r c e s  depends  upon  

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

such  f l u i d s  be known i n  o r d e r  t h a t  th e  w e l l s  may be handled  

i n  t h e  most  a d v a n ta g e o u s  manner. I t  i s  w e l l  known t h a t  

t h e s e  underground porous  s t r a t a  are  n o t  homogeneous;  t h e r e ­

f o r e ,  no e x a c t  a n a l y s i s  may be made in  p r a c t i c e .

E x p e r im e n t s  i n d i c a t e  t h a t  a t  low v e l o c i t i e s ,  porous  

f lo w  i s  p u r e l y  v i s c o u s ,  w i t h  a g r a d u a l  t r a n s i t i o n  toward  

t u r b u l e n c e  as  t h e  v e l o c i t y  e x c e e d s  a c r i t i c a l  v a l u e  f o r  

t h e  p a r t i c u l a r  medium. However,  th e  p e r m e a b i l i t i e s  o f  

t h e  porous  media  e n c o u n t e r e d  u n d erg ro u n d ,  are  so  low t h a t  

any d e p a r t u r e  from p u r e l y  v i s c o u s  f lo w  i n v o l v e s  p r e s s u r e  

g r a d i e n t s  which  are  o u t  o f  t h e  range o r d i n a r i l y  e n c o u n t e r e d .  

Thus i n  t h e s e  p r o b le m s ,  i t  may be s a id  t h a t  t h e  f lo w  o f  

i n e l a s t i c  f l u i d s  o b ey s  D a r c y ’ s la w ,  th e  v e l o c i t y  b e i n g  

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

5
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H y d r a u l i c  Flow v s . E l e c t r i c a l  Current

The law s  g o v e r n i n g  th e  f lo w  o f  f l u i d s  th rou gh  porous  

media are  w e l l  known and are  d i s c u s s e d  In d e t a i l  by Muskat  

(pp 1 4 0 - 5 7 ? ,  1 9 3 7 ) .  S i n c e  t h e  m a th e m a t i c a l  s o l u t i o n  o f  

t h e s e  p r o b le m s ,  and t h e  problems In t h i s  t h e s i s ,  are  Im­

p o s s i b l e ,  two I d e a l i z e d  arrangem ents  o f  I n j e c t i o n  and e x ­

t r a c t i o n  were done t o  g i v e  an Idea  o f  t h e  a r e a  Invaded and 

t h e n  f o r  o n ly  t h e  s i m p l e s t  o f  boundary c o n d i t i o n s .  For a 

more c o m p l i c a t e d  c o n d i t i o n ,  such  as  w a te r  e n cr o a c h m e n t ,  

t h e  o n ly  p r a c t i c a l  approach  i s  th rou gh  t h e  u se  o f  a model  

on a reduced  s c a l e .  T h i s  model  need not  a c t u a l l y  employ  

porous  medium and a f l u i d .  As Muskat p o i n t e d  out  t h e r e  i s  

under c e r t a i n  a s s u m p t i o n s ,  an e x a c t  a n a lo g y  b e tw een  t h e  

f lo w  o f  f l u i d s  in  a porous  medium and t h e  f lo w  o f  e l e c t r i ­

c a l  c u r r e n t  in  a c o n d u c t i n g  body o f  s i m i l a r  g eo m e try .

I f  t h e  f o l l o w i n g  a s su m p t io n s  are  made,

1. p e r m e a b i l i t y  o f  th e  porous  medium i s  u n i ­
form th ro u g h  ou t  th e  r e s e r v o i r ,

2 .  r e l a t i v e  p e r m e a b i l i t y  e f f e c t s  are  n e g l e c t e d ,

3 . t h e  v i s c o s i t y  d i f f e r e n c e  o f  t h e  d r i v e n  and 
d r i v i n g  f l u i d s  i s  n e g l e c t e d ,

4 .  g r a v i t a t i o n a l  e f f e c t s  caused  by d i f f e r e n t  
d e n s i t y  o f  th e  two f l u i d s  are  n e g l e c t e d ,

5 .  c o m p r e s s i b i l i t y  o f  t h e  f l u i d s  i s  n e g l e c t e d ,  

t h e n  t h e  e l e c t r i c a l  a n a lo g y  o f  t h e  h y d r a u l i c  s y s t e m  i s  e s ­

t a b l i s h e d  w h e re in  e l e c t r i c a l  c u r r e n t s  p r o p o r t i o n a l  t o  th e  

encroachm ent  and t h e  e x t r a c t i o n  r a t e s  are  p a sse d  th ro u g h  a
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c o n d u c t in g  body by means o f  e l e c t r o d e s  f o r  w e l l s ,  and a 

copper  r i b b o n  e l e c t r o d e  f o r  th e  o i l - w a t e r  c o n t a c t .  Under  

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

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

i n  t h e  f i e l d ,  and th e  c u r r e n t  l i n e s  c o r re sp o n d  e x a c t l y  t o  

t h e  f lo w  l i n e s  in  t h e  f i e l d .  The s tu d y  o f  f l u i d  f l o w  in  

an o i l  f i e l d  i s  th u s  red u ced  t o  a s tu d y  o f  c u r r e n t  f lo w  

in  an e l e c t r i c a l  c o n d u c t o r  o f  the  same sh a p e .

B a s i c  E q u a t io n

As a l r e a d y  m e n t io n e d ,  t h e  d i r e c t i o n  o f  t h e  c u r r e n t  

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

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

a c t u a l  f i e l d ,  and t h e  p o t e n t i a l  g r a d i e n t  a t  any p o i n t  in  

t h e  p o o l  1s p r o p o r t i o n a l  t o  t h e  p r e s s u r e  g r a d i e n t  a t  th e  

c o r r e s p o n d i n g  p o i n t  in  th e  f i e l d .  Any e l e m e n t  o f  f l u i d  in  

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

t h e  p o o l .  The t r a n s i t  t im e  ( d t )  o f  an e l e m e n t  o r  p a r t i c l e  

o f  th e  f l u i d  from one p o i n t  t o  a n o t h e r  i s  p r o p o r t i o n a l  t o  

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

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

T h is  r e l a t i o n  can be shown as  f o l l o w s :

V e l o c i t y  o f  f lo w  s \ j  d x / d t

V e l o c i t y  o f  f lo w  i s  a l s o  d i r e c t l y  p r o p o r t i o n a l  
to  th e  p r e s s u r e  g r a d i e n t

T h e r e f o r e ,  d x / d t  r \ j  c ) p / J x

Prom t h i s  t h e  e x p r e s s i o n  f o r  t h e  t r a n s i t  t im e  
can be w r i t t e n

( d * /  c>p)
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From th e  d i s c u s s i o n  g i v e n  a b o v e ,  th e  e q u a t i o n  f o r  

t h e  t r a n s i t  t im e  a l o n g  a c u r r e n t  l i n e  in  th e  p o o l  can be 

w r i t t e n
( O x /  J v ) * d x  (v i s  v o l t a g e )

The problem  o f  mapping t h e  p r o g r e s s  o f  an i n t e r f a c e  

b e tw ee n  th e  d r i v i n g  and th e  d r i v e n  f l u i d s  i s  e s s e n t i a l l y  

t h e  problem o f  d e t e r m i n i n g  t h e s e  i n t e g r a l s  a l o n g  a l l  th e  

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

Example o f  A p p l l c a t i o n  o f  L i n e - I n t e g r a l  E q u a t io n

The h i g h  p r e c i s i o n  w i t h  which a measurement o f  t h e  

i n t e r f a c e  can be a c c o m p l i s h e d  i s  r e c o g n i z e d ,  but th e  method 

has n o t  been  employed e x t e n s i v e l y  b e c a u s e  th e  means f o r  

o b t a i n i n g  th e  i n t e g r a l  have been  t o o  l a b o r i o u s  f o r  a p r a c ­

t i c a l  a p p l i c a t i o n  (Wm. H u rst  and G. M. McCarty,  1 9 4 l ) .

H u rst  and McCarty Method: S t e p  1 .  The s y s t e m  o f
e q u l p o t e n t i a l s  i n  th e  c o n d u c t in g  model i s  mapped 
a g a i n s t  a s e t  o f  r e c t a n g u l a r  c o o r d i n a t e s  by means 
o f  a probe c o n n e c t e d  t o  a p o t e n t i o m e t e r .

S t e p  ? .  The l o c a t i o n  o f  th e  e q u l p o t e n t i a l s  i s  p l o t t e d  
a g a i n s t  a s i m i l a r  s y s t e m  o f  c o o r d i n a t e s  super im posed  
on a map o f  th e  f i e l d .

S t e p  3- The c u r r e n t  l i n e s  are  c o n s t r u c t e d  g r a p h i ­
c a l l y  by draw ing  a s y s t em  o f  c u r v e s  which  i n t e r s e c t  
th e  e q u l p o t e n t i a l s  a t  r i g h t  a n g l e s .

S t e p  4 .  From th e  r e s u l t i n g  map a c h a r t  i s  p l o t t e d  
f o r  e a c h  c u r r e n t  l i n e ,  show ing  t h e  e l e c t r i c a l  p o t e n ­
t i a l  as  a f u n c t i o n  o f  d i s t a n c e  a l o n g  c u r r e n t  l i n e .

v

x
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S t e p  5 .  Each cu rve  r e s u l t i n g  from s t e p  4 i s  d i f f e r ­
e n t i a t e d  g r a p h i c a l l y ,  and a new c h a r t  i s  p l o t t e d  f o r  
e a c h  c u r r e n t  l i n e  show ing  t h e  d e r i v a t i v e  o f  l e n g t h  
w i t h  r e s p e c t  t o  p o t e n t i a l  as  a f u n c t i o n  o f  d i s t a n c e  
a l o n g  t h e  c u r r e n t  l i n e .

S t e p  6 .  The a r e a  under  e a c h  cu rve  r e s u l t i n g  from  
s t e p  5 i s  i n t e g r a t e d  w i t h  a p l a n i m e t e r ,  and a new 
cu rv e  i s  drawn f o r  e a c h  c u r r e n t  l i n e  show ing  t h e  i n ­
t e g r a l  as a f u n c t i o n  o f  d i s t a n c e  a l o n g  t h e  f lo w  l i n e .  
The o r d i n a t e s  o f  t h i s  l a s t  curve  are  p r o p o r t i o n a l  t o  
t h e  t r a n s i t  t im e b e tw ee n  any two p o i n t s  read a lo n g  
t h e  a b s c i s s a .

The p l o t t i n g  and c a l c u l a t i o n  in  t h e  above s t e p s  f o r  

e a c h  c u r r e n t  l i n e  co u ld  consume many hours  o f  work, b e c a u s e  

i t  i s  p o s s i b l e  t o  have hundreds  o f  c u r r e n t  l i n e s  on e a ch  

map.

A c c o r d in g  t o  B. D. Lee (p 4 4 ,  1 9 4 8 ) ,  t h e  method can  

be s i m p l i f i e d  by u s i n g  a p a n to g r a p h  s w i v e l e d  a t  th e  c e n t e r ,  

w i t h  t h e  probe a t  one s i d e  and a marker a t  t h e  o t h e r .  With  

t h i s  p a n to g r a p h  th e  e q u l p o t e n t i a l s  are  p l o t t e d  d i r e c t l y  on 

t h e  map.

The draw ing  o f  c u r v e s  f o r  e a c h  c u r r e n t  l i n e  can be 

o m i t t e d  b e c a u s e  t h e  t r a n s i t  t im e a l o n g  a f lo w  l i n e  can  

be o b t a i n e d  from th e  d i f f e r e n c e  e q u a t i o n ,

A t ^ (  A x / a v ) A *  

p r o v i d i n g  A x i s  s m a l l  compared to  t h e  s i z e  o f  th e  c u r r e n t  

l i n e .  I f  ^ A v ’ s are  made t h e  same by c o n s t r u c t i n g  e q u i p o -  

t e n t i a l s  which d i f f e r  by o n e ,  th e n

A t  A ^ ( A x )2

o r ,  th e  t r a n s i t  t im e b e tw e en  s u c c e s s i v e  e q u l p o t e n t i a l s  i s  

p r o p o r t i o n a l  t o  th e  squ are  o f  th e  d i s t a n c e  be tw een  th e

e q u l p o t e n t i a l s .
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E x p l o r i n g  Foot  Method

Each s tu d y  i n v o l v e s  a c o n s i d e r a b l e  amount o f  t im e ,  

e v e n  by u s i n g  t h e  s i m p l i f i e d  method,  i n  mapping t h e  e q u i -  

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

th e  i n c r e m e n t a l  t r a n s i t  l i n e s  a lo n g  th e  f lo w  l i n e s ,  and 

t h e n  d e t e r m i n i n g  t h e  b o u n d a r ie s  o f  th e  invaded a r e a .

B .  D. Lee (p  5 8 ,  1 9 ^ 3 ) ,  s t a t e s  t h a t  t h e  f o u r - p r o b e  

a rra y  can r e p l a c e  t h e  s i n g l e  probe o f  th e  p o t e n t i o m e t e r ,  

and i s  used  t o  p l o t  s t r e a m l i n e s  ( f l o w  l i n e s )  d i r e c t l y .

S i n c e ,  t h e  s i n g l e  probe p l o t s  o n ly  th e  e q u l p o t e n t i a l s  l i n e s ,  

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

l i n e s ;  t h e r e f o r e  t h e  a c c u r a c y  i s  d ep en d e n t  upon th e  o p e r a ­

t o r .  By t h e  u s e  o f  t h e  f o u r - p r o b e  a r r a y ,  t h e  s t r e a m l i n e s  

a re  p l o t t e d  on t h e  f i e l d  map d i r e c t l y .

The arra y  i s  made by mounting f o u r  probes  in  a s m a l l  

s qu are  o f  p l a s t i c ,  w i t h  t h e  probes  p la c e d  a t  e a c h  c o r n e r

o f  th e  s q u a r e .  The d i a g o n a l  

s p a c i n g  o f  th e  p rob es  was made 

one c e n t i m e t e r  f o r  e a s e  o f  

c a l c u l a t i o n ,  as  w i l l  be shown.  

For very s m a l l  m o d e l s ,  th e  

d i a g o n a l  s p a c i n g  sho u ld  be l e s s  

f o r  g r e a t e r  a c c u r a c y .  T h ese  p ro b es  c o n s t i t u t e  an ’' e x p l o r ­

i n g  fo o t"  which  i s  p l a c e d  i n  t h e  c o n d u c t in g  p o o l ,  and are  

mounted so  t h a t  t h e y  t u r n  a l o n g  th e  v e r t i c a l  a x i s  th ro u g h  

one o f  th e  p r o b e s ,  such  as probe A i n  F i g u r e  1 .  A n u l l

Flow L in e

P o t e n t i a l  
. L in e

F ig u r e  1 .
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I n d i c a t o r  can be c o n n e c te d  betw een  C and D, and t h e  e n t i r e  

a r r a s  can be r o t a t e d  u n t i l  t h i s  I n d i c a t o r  r e g i s t e r s  zer o  

v o l t s .  In  t h i s  p o s i t i o n  th e  d i a g o n a l  AB I s  th e n  p e r p e n d i ­

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

I s  p la c e d  b e tw een  t h e  p ro b e s  A and B ,  t h e  p o t e n t i a l  g r a d i e n t  

can be r e a d .  U s i n g  t h e  d i f f e r e n c e  e q u a t i o n

A t ^ ( A  x ) 2/  a v

i t  w i l l  be r e a l i z e d  t h a t  In th e  s s s t e m  now d e s c r i b e d ,  a l l  

t h e  are  e q u a l  so  t h a t  t h e  t r a n s i t  t im e from A t o  B

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

b e tw e en  t h e  p o i n t s  A t o  B. S t r e a m l i n e s  are  p l o t t e d  w i t h  

t h e  I n c r e m e n t a l  t im e s  r e c o r d e d  as  th e  p l o t  I s  made.

The l s o c r o n a l  l i n e s  can be drawn th r o u g h  t h e  p o i n t s  

o f  e q u a l  sums o f  in c r em e n t  t i m e s .  T hese  l s o c r o n a l  l i n e s  

show t h e  p o s i t i o n s  o f  th e  o i l - w a t e r  c o n t a c t  as  t h e  w a ter  

in v a d e s  t h e  f i e l d .



LABORATORY APPARATUS

The a p p a r a tu s  used  in  t h e s e  e x p e r i m e n t s  c o n s i s t e d  o f  

a p l a s t i c  model  f o r  t h e  p o o l ,  w i t h  e l e c t r o d e s  f o r  t h e  w e l l s ,  

and a copper  band f o r  t h e  o i l - w a t e r  c o n t a c t .  A p l o t t e r  

w it h  a means o f  su p p o r t  f o r  t h e  f o u r - p r o b e  array  was made 

in  t h e  form o f  a l a r g e  T - s q u a r e ,  which  was movable a l o n g  

t h e  Y - a x i s .  The X - a x i s  o f  t h e  p l o t t e r  was movable b e tw ee n  

two grooved  s u p p o r t s ,  or g u i d e s ,  on th e  l a r g e  T - s q u a r e .  

P r o v i s i o n  i s  made f o r  t h e  f o u r - p r o b e  a rray  t o  be i n  th e  

p o o l  w h i l e  a t w o - f o o t  arra y  i s  su p p o rted  o v e r  a map o f  th e  

f i e l d .

An e l e c t r i c a l  p a n e l  board was b u i l t  f o r  f e e d i n g  th e  

p ro p er  v o l t a g e s  t o  th e  w e l l  e l e c t r o d e s  and t h e  co p p er  band.

A m eter  w i t h  a s w i t c h i n g  mechanism was used  w i t h  t h e  f o u r -  

probe arra y  to  make i t  e a s y  to  i n d i c a t e  n u l l s  on p rob es  C 

and D, and t o  read  p o t e n t i a l  g r a d i e n t s  b e tw een  p rob es  A 

and B .

P l o t t e r  C o n s t r u c t i o n

The p i c t u r e  o f  th e  p l o t t e r  i s  shown in  F ig u r e  2 .

The g u i d e s  f o r  t h e  c e n t e r  s l i d i n g  bar  are  grooved  and are

12
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FIGURE 2
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made w i t h  m eter  s t i c k s  and s h e e t  p l a s t i c .  I t  i s  im p o rta n t  

t h a t  th e  c e n t e r  bar  move e a s i l y  w i t h o u t  any s i d e  p l a y ;  

o t h e r w i s e  th e  f i e l d  l i n e s  in  t h e  p o o l  would n o t  be t h e  same 

as t h e  f i e l d  l i n e s  drawn on t h e  map. P la y  can be removed  

by p l a c i n g  on th e  s i d e  o f  th e  s l i d e r  a s t r i p  o f  s p r i n g  

s t e e l  which f i t s  i n s i d e  t h e  g r o o v e s  o f  th e  g u i d e s .  The 

g u i d e s  are  mounted on a r i g h t - a n g l e  su p p o r t  a t  one en d ,  

and b a l l - b e a r i n g  w h e e l s  on th e  o t h e r .  The r i g h t  a n g l e  

s u p p o r t ,  which s u p p o r t s  th e  g u i d e s ,  i s  made o f  p l a s t i c  and 

wood and i s  mounted on a r a i s e d  s i d e  o f  th e  p l o t t i n g  t a b l e .  

P r o v i s i o n  i s  made f o r  t h e  r i g h t - a n g l e  mount to  f i t  o v e r  a 

h e x a g o n a l  n u t ,  which  i n  tu r n  i s  mounted on a l o n g  th r ea d e d  

s c r e w .  R o t a t i o n  o f  th e  th r ea d e d  s c r e w ,  which moves t h e  

whole  p l o t t e r  a l o n g  t h e  Y - a x i s ,  i s  a c c o m p l i s h e d  by a g e a r  

t r a i n  box out  o f  a “G ib so n  G i r l  SOS t r a n s m i t t e r .  The g e a r  

t r a i n  makes i t  very  e a s y  t o  move, w i t h  very  f i n e  a d j u s t m e n t s ,  

th e  p o i n t s  in  th e  p o o l  and o v e r  t h e  f i e l d  map.

The c e n t e r  b a r ,  which s u p p o r t s  t h e  e x p l o r i n g  f o o t  and 

t h e  m a p -p lo t  t e r  f o o t ,  i s  made o f  l / 4 - i n .  s h e e t  p l a s t i c .  On 

one end o f  t h i s  bar i s  mounted a v e r t i c a l  s h a f t  which  

s u p p o r t s  th e  e x p l o r i n g  f o o t .  On t h e  o t h e r  end i s  mounted 

t h e  map p l o t t i n g  p o i n t s ,  which  are  a l s o  mounted on a v e r ­

t i c a l  s h a f t .  On e a c h  s h a f t  i s  a w orm -driven  g e a r  which  

i s  c o n n e c t e d  t o  a rou n d ,  3 / 8 - i n . ,  s o l i d  p l a s t i c  r o d .  The 

c e n t e r  bar  i s  moved on t h e  X - a x i s  by means o f  r a d i o - d i a l  

c a b l e .  The c a b l e  i s  a t t a c h e d  t o  e a c h  end o f  t h e  c e n t e r
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bar  and around a v e r n i e r  r a d i o  d i a l  f o r  e a s e  o f  X - a x i s  

ad j u s t m e n t s .

The whole  p l o t t e r  i s  sup p o r ted  o v e r  a l a r g e  s h e e t  o f  

p lyw ood .  One s i d e  o f  t h e  plywood s h e e t  i s  a r a i s e d  p l a t ­

form f o r  th e  f i e l d  map, and on t h e  o t h e r  s i d e  Is  a d e ­

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

P l a s t i c  P o o l  Model

The p l a s t i c  p o o l  i s  made o f  l / 8 - i n .  s h e e t  p l a s t i c .

The d ep th  o f  th e  p o o l  i s  d e ter m in ed  by t h e  a r e a  o f  th e  

f i e l d  t o  be p l o t t e d  and t h e  s i z e  o f  th e  e l e c t r o d e s .  I f  

t h e  e l e c t r o d e s  a re  l a r g e  in  d i a m e t e r ,  th e  d e p th  can be 

s m a l l  b e c a u s e  t h e  c o n t a c t  r e s i s t a n c e  b e tw e en  th e  e l e c t r o d e  

and t h e  l i q u i d  would be s m a l l .  For t h i s  s tu d y  t h e  d e p th

o f  th e  l i q u i d  was 3A - i n . ,  and t h e r e f o r e ,  th e  s i d e s  o f  th e

p l a s t i c  model was 1 l / 4 - l n .  d e e p .  E l e c t r o d e s ,  r e p r e s e n t ­

in g  t h e  e x t r a c t i o n  w e l l s  were made o f  l / 1 5 - i n .  d ia m e t e r  

co p p er  w ir e  t h a t  p a s s e d  th ro u g h  th e  model  b o t to m .  These  

e l e c t r o d e s  are  c a r e f u l l y  s e a l e d  i n t o  th e  tank t o  p r e v e n t  

l e a k a g e  o f  th e  e l e c t r o l y t e .  E l e c t r i c a l  c o n n e c t i o n s  can  

th en  be made t o  t h e  e l e c t r o d e s  on th e  u n d e r s i d e  o f  th e  

t a n k .  A cop p er  s t r i p  l / 4 - i n .  wide and l / 1 0 0 0 - i n .  t h i c k  

i s  used  f o r  t h e  o i l - w a t e r  c o n t a c t .  A w ire  i s  p a ssed  th ro u g h  

t h e  bottom  o f  t h e  ta n k  and s o l d e r e d  t o  th e  cop p er  s t r i p .

E l e c t r o l y t e

An e l e c t r o l y t e  o f  r e l a t i v e l y  low c o n d u c t i v i t y  i s



16

d e s i r a b l e  t o  m in im ize  th e  e f f e c t  o f  th e  c o n t a c t  r e s i s t a n c e  

b etw een  t h e  e l e c t r o d e s  and th e  e l e t r o l y t e .  The c o m p o s i ­

t i o n  o f  th e  e l e c t r o l y t e  used i s  as f o l l o w s :

S to c k  s o l u t i o n :

15 gm copper  s u l p h a t e  (an hyd rou s)
5 gm s u l p h u r i c  a c id  
5 gm e t h y l  a l c o h o l  

100 gm d i s t i l l e d  w a t e r

T h is  s t o c k  s o l u t i o n  i s  d i l u t e d  w i t h  d i s t i l l e d  w a te r  In

th e  r a t i o  o f  1 p a r t  s t o c k  s o l u t i o n  t o  50 p a r t s  w a t e r .

E l e c t r i c a l  C i r c u l t s  and Me te r s

P a n e l  B o a r d : The e l e c t r i c a l  c i r c u i t s ,  F ig u r e  3 , fo**

t h e  e x t r a c t i o n  w e l l s  and th e  o i l - w a t e r  c o n t a c t  were mounted 

on a p a n e l  b o a rd .  The c i r c u i t  d iagram shows a v o l t a g e  

r e g u l a t o r  on th e  in p u t  s i d e  o f  th e  6 0 - c y c l e  l i n e .  T h i s  

r e g u l a t i o n  1s n e c e s s a r y  b e c a u s e  a s l i g h t  v a r i a t i o n  o f  

v o l t a g e  on th e  e l e c t r o d e s  w i l l  ca u se  a s h i f t  in  th e  e q u i -  

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

e r r o r  1n th e  c a l c u l a t i o n  o f  th e  l s o c r o n a l  l i n e s .

F o u r - P r o b e - A r r a y  Sw* t c h : A d o ub l e  po l e  doub l e  throw

s w i t c h  was used  f o r  s w i t c h i n g  t h e  f o u r - p r o b e  a r r a y  from 

p ro b es  A and B t o  t h e  p r o b es  C and D. Very f l e x i b l e  w i r e  

i s  used  f o r  t h e s e  c o n n e c t i o n s  b e ca us e  t hey  have  t o  be 

mounted and c a r r i e d  by t h e  movable p l o t t e r .

N u l l  I n d l c a t o r : When th e  s i n g l e  probe o f  e q u i p o -

t e n t i a l  l i n e  measurements  or  th e  f o u r - p r o b e  f o r  f lo w  

l i n e  m easurements  i s  u s e d ,  n u l l s  on some ty p e  o f  a m eter
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must  be f ou nd .  B a r r i n g  p i c k u p  and phase  s h i f t s ,  t h i s  

minimum would have been  z e r o ,  bu t  i n  most  measu rement s  

t h i s  was se ldom r e a l i z e d .  To overcome t h i s  d i s a d v a n t a g e ,  

a  n u l l  i n d i c a t o r  was c o n s t r u c t e d  which could  have  t h r e s ­

ho ld  a d j u s t m e n t s  which were s e t  t o  remove t h e  r e s i d u a l  

v o l t a g e  e f f e c t  when a minimum was r e a c h e d .  The c i r c u i t  

d i a g r a m  o f  t h i s  n u l l  i n d i c a t o r  1s shown in  F i g u r e  5- By 

a d j u s t i n g  t h e  i n p u t  v o l t a g e  a g a i n s t  t h e  n e g a t i v e  p o t e n t i a l  

on t h e  g r i d  o f  t h e  second h a l f  o f  t h e  t ube  Vg, t h e  m e t e r  

w i l l  I n d i c a t e  a maximum r e a d i n g  f o r  a  minimum s i g n a l  i n ­

p u t  on t h e  g r i d  o f  t h e  f i r s t  s t a g e .

P o t e n t i a l  Grad i e n t  M e t e r : The m e t e r  used f o r  m ea su r ­

i n g  t h e  p o t e n t i a l  g r a d i e n t  be tween  t h e  p ro b es  A and B was 

a commerc i a l  e l e c t r o n i c  v o l t m e t e r  made by B a l l a n t l n e  

L a b o r a t o r i e s ,  Boon ton ,  New J e r s e y .  S p e c i f i c a t i o n s  o f  t h e  

m e t e r ,  Model 310 A, a r e  as  f o l l o w s :

V o l t a g e  r a n g e :  D i r e c t  r e a d i n g  f rom 100 m i c r o ­
v o l t s  t o  100 v o l t s  i n  6 decade  r a n g e s .

F requency  r a n g e :  10 cps t o  2 me f o r  v o l t a g e
m e a s u r e m e n t s .

I n p u t  lmpendance:  f .2 megohms a t  60 cp s .

Accu racy :  I n  r a n g e  100 m i c r o v o l t s  t o  100 v o l t s ,
3% from 10 cps t o  1 megacyc le  p e r  s e cond .

I t  i s  i m p o r t a n t  t o  u se  a m e t e r  w i t h  a  low v o l t a g e  

s c a l e  and a  h i g h  I np u t  impedance b e ca u se  very  s m a l l  v o l t ­

ages  a r e  e n c o u n t e r e d  when p o t e n t i a l  g r a d i e n t  measurements  

a r e  made .

C u r r e n t  M e t e r : The e l e c t r i c a l  p a n e l - b o a r d  c i r c u i t
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d i a g ra m  shows a  100-ohm r e s i s t o r  i s  in s e r i e s  w i t h  e a c h  

25 ,000-ohm v a r i a b l e  r e s i s t o r .  The c u r r e n t  t o  e ach  e l e c ­

t r o d e  can be measured  by r e a d i n g  t h e  v o l t a g e  a c r o s s  t h e  

100-ohm r e s i s t o r .  T h i s  v o l t a g e  i s  measured  w i t h  an e l e c ­

t r o n i c  v o l t m e t e r  which w i l l  no t  l oad  t h e  c i r c u i t  when 

p l a c e d  a c r o s s  t h e  r e s i s t o r .  Load ing  o f  a c i r c u i t  would 

cau se  t h e  c u r r e n t  i n  t h e  e l e c t r o d e  t o  be d i f f e r e n t  f rom 

t h a t  a c t u a l l y  in  t h e  c i r c u i t  when t h e  m e t e r  i s  removed.  

C u r r e n t  i n  an e l e c t r o d e  i s  found by m u l t i p l y i n g  t h e  

v o l t a g e  a c r o s s  t h e  100-ohm r e s i s t o r  by 10,  a  c a l c u l a t i o n  

which  g i v e s  t h e  c u r r e n t  i n  m i l l l a m p e r e s .



OPERATION OP EQUIPMENT

D i s c u s s i o n  i s  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h e  

o p e r a t i o n s  o f  p l o t t i n g  e q u i p o t e n t l a l  l i n e s  w i t h  t h e  s i n g l e  

p r o b e ,  and o f  p l o t t i n g  o f  c u r r e n t  l i n e s  w i t h  t h e  f o u r -  

p robe  a r r a y .

I n  o p e r a t i o n ,  i t  i s  i m p o r t a n t  t h a t  t h e  c u r r e n t  t o  

any e l e c t r o d e  be k e p t  low enough t o  avo id  f o r m a t i o n  o f  

gas  b u b b l e s  on t h e  e l e c t r o d e s .  Fo r m a t i o n  o f  b u b b l e s  

r a i s e s  t h e  c o n t a c t  r e s i s t a n c e  and c a u s e s  a s h i f t  o f  e q u i -  

p o t e n t i a l  l i n e s .  I n  t h e s e  e x p e r i m e n t s  t h e  maximum c u r r e n t  

used  on any one e l e c t r o d e  was n o t  l a r g e r  t h a n  25 ma. For  

t h e  s i z e  o f  t h e  e l e c t r o d e s  and t h e  e l e c t r o l y t e  c o n d u c t i v i t y ,  

i t  was found t h a t  30 ma p e r  e l e c t r o d e  cou ld  be t o l e r a t e d  

w i t h o u t  any e f f e c t  f rom gas  b u b b l i n g .

S i n g l e - P r o b e  P l o t t 1ng

C u r r e n t  t o  t h e  e l e c t r o d e s  was s u p p l i e d  from two f i l a ­

ment  t r a n s f o r m e r s ,  which  were wi red  i n  such  a manner t h a t  

110 v o l t s  on t h e  l i n e  s i d e  were i s o l a t e d  from t h e  110 v o l t s  

on t h e  l oad  s i d e .  A l l  e l e c t r o d e s  r e p r e s e n t i n g  p r o d u c i n g

21
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w e l l s  were co nn ec t ed  t h r o u g h  t h e  2 5 ,0 00 - an d  100-ohm 

r e s i s t o r s  t o  t h e  t r a n s f o r m e r .  The v o l t a g e  t o  e ac h  

e l e c t r o d e  was a d j u s t e d  t o  c o r r e s p o n d  t o  t h e  bo t t o m -  

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

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

i n  T a b l e  1.

T a b l e  1

11 No. BHP p a l V o l t a g e  on 
E l e c t r o d e

13 1800 0 . 0 0

8 1821 8 . 1 8

6 1836 14 .60

7 1346 18 . 60

9 1846 18 .60

14 1354 22 .0 0

10 1899 40 .0 0

12 1904 42 .00

4 1909 44 .00

1 1939 5 6 . 0 0
oa 1948 60 .0 0

A p o t e n t i o m e t e r ,  c o n s i s t i n g  o f  two decade  r e s i s t a n c e  

b o x e s ,  was t h e n  c on nec t ed  be tween  two e l e c t r o d e s .  I n  

p r a c t i c e  i t  i s  b e s t  t o  u se  t h e  e l e c t r o d e s  o f  maximum and 

minimum p o t e n t i a l ;  t h e r e f o r e  i n  t h i s  s t u dy  e l e c t r o d e s  

13 and 2 were u s e d .
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Probe  A on t h e  f o u r - p r o b e  a r r a y ,  w i t h  I t s  t i p  Im­

mersed In t h e  e l e c t r o l y t e ,  was used t o  e x p l o r e  t he  p o o l .

T h i s  p robe  was c o nn ec t e d  t o  t h e  I np u t  o f  a 6 0 - c y c l e  ba nd ­

pas s  a m p l i f i e r ,  ground p o t e n t i a l  s i d e  o f  which was co nn ec ­

t ed  t o  t h e  j u n c t i o n  o f  t h e  two decade  r e s i s t a n c e  b o x e s ,  

w i t h  t h e  sum o f  t h e  r e s i s t a n c e s  o f  t h e  two boxes  m a i n t a i n ­

ed c o n s t a n t l y  a t  6 , 0 0 0  ohms. By a d j u s t i n g  t h e  r a t i o  o f  t h e  

two b o x e s ,  t h e  p o t e n t i a l  o f  t h e i r  common p o i n t  was s e t  f o r  

t h e  p o t e n t i a l  o f  t h e  e q u i p o t e n t i a l  l i n e  t o  be p l o t t e d .  When 

t h e  p robe  1s p l a c e d  a t  a p o i n t  o f  p o t e n t i a l  e q u a l  t o  I t s  own 

p o t e n t i a l ,  t h e  i n p u t  s i g n a l  t o  t h e  n u l l  I n d i c a t o r  1s a t  a 

minimum. Once a p o i n t  i s  found i n  t h e  poo l  e q u a l  t o  t h i s  

p o t e n t i a l ,  a s h a r p - p r l c k  punch ,  mounted on t h e  t w o - f o o t  

a r r a y ,  was d e p r e s s e d  t o  mark a po^n t  on a s h e e t  o f  p a p e r  on 

t h e  map b o a r d .  The p robe  was t h e n  moved t o  o t h e r  n u l l  p o i n t s ,  

mark ing  t h e i r  p o s i t i o n s  on t h e  map u n t i l  s u f f i c i e n t  p o i n t s  

had been o b t a i n e d  t o  p e r m i t  c o n s t r u c t i o n  o f  t h e  e q u l p o t e n t i a l  

l i n e .  F i g u r e  6 shows t h e  r e s u l t  o f  a e q u i p o t e n t i a l  map f o r  

t h e  v a l u e s  g i v e n  i n  t h e  t a b l e  on page 2 f .

F o u r - P r o b e - A r r a y  P l o t t 1ng

C u r r e n t  t o  e ach  e l e c t r o d e  I s  a d j u s t e d  t o  r e p r e s e n t  t h e  

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

band ,  which r e p r e s e n t s  t h e  w a t e r  e n c r o a c h m e n t ,  I s  e q u a l  t o  

t h e  t o t a l  c u r r e n t  o f  t h e  11 p r o d u c i n g  w e l l s .  T h i s  co p p e r  

band was c on n ec t e d  t o  t h e  ze ro  s i d e  o f  t h e  i s o l a t i o n  t r a n s ­

fo rm er  .
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A f t e r  t h e  c u r r e n t s  have been  a d j u s t e d  t o  t h e  p r o p e r  

v a l u e s ,  a  map o f  t h e  f i e l d  I s  p l a c e d  on t h e  r a i s e d  p o r t i o n  

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

p e c t  t o  t h e  e l e c t r o d e s  In  t h e  p l a s t i c  p o o l .  The e x p l o r i n g

f o o t  I s  l owered  I n t o  t h e  c o n d u c t i n g  po o l  and p robe  A I s  

p l a c e d  a t  t h e  d e s i r e d  s t a r t i n g  p o i n t ,  which i s  some p o i n t

on t h e  c o p p e r  ba n d ,  o r  a p o i n t  on t h e  boundary  o f  a  p r e ­

v i o u s l y  i nvaded  a r e a .  The e x p l o r i n g  f o o t  Is  t h e n  r o t a t e d  

u n t i l  p r ob es  C and D a r e  on p o i n t s  o f  e q u i p o t e n t i a l , as  

shown by t h e  n u l l  i n d i c a t o r .  Probes  A and B a r e  t h e n  on 

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

r e c o r d e d  on t h e  map. The e x p l o r i n g  f o o t  I s  t h e n  moved 

so t h a t  p robe  A was made t o  occupy t h e  p r e v i o u s  p o s i t i o n  

o f  p robe  B,  and a new n u l l  and g r a d i e n t  r e a d .  A c u r r e n t  

l i n e  may t h u s  be f o l l o w e d  u n t i l  i t  t e r m i n a t e s  on a p r o ­

d u c i n g  w e l l .

The above p r o c e s s  was r e p e a t e d  f o r  many such  c u r r e n t  

l i n e s ,  and t h e  t o t a l  t r a n s i t  t ime  from t h e  s t a r t i n g  p o i n t  

t o  any p o i n t  on a c u r r e n t  l i n e  can be found by summat ion 

o f  t h e  i n c r e m e n t a l  t im es  d e t e r m i n e d  f o r  e ach  s t e p .  An 

I s o c r o n a l  l i n e  was t h e n  drawn t h r o u g h  t h e  p o i n t s  o f  e q u a l  

t i m e .  When t h e  i s o c r o n a l  l i n e  went t h r o u g h  o r  t ouched  a 

p r o d u c i n g  w e l l ,  t h a t  w e l l  was t u r n e d  o f f  and t h e  co ppe r  

band was t h e n  made t o  conform to  t h e  new p o s i t i o n  o f  t h e  

o i l - w a t e r  c o n t a c t .  Wi t ho u t  c h an g i ng  t h e  c u r r e n t s  t o  t h e  

r e m a i n i n g  e l e c t r o d e s ,  t h e  above s t e p s  were r e p e a t e d  u n t i l



a new i s o c r o n a l  l i n e  went t h r o u g h  a n o t h e r  p r o d u c i n g  w e l l .  

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

e x c e p t  t h e  l a s t  one ,  were t u r n e d  o f f .  The I s o c r o n a l  l i n e ,  

which  t h e n  p a s se d  t h r o u g h  t h e  l a s t  w e l l ,  gave t h e  o u t l i n e  

o f  t h e  r e m a i n i n g  o i l  l e f t  a t  t h e  t ime  w a t e r  was j u s t  b e ­

g i n n i n g  t o  be p roduced  by t h i s  l a s t  w e l l .  By v a r y i n g  t h e  

e x t r a c t i o n  r a t e s  f o r  t h e  p r o d u c i n g  w e l l s ,  i t  was p o s s i b l e  

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

t h e  r e s e r v o i r  a t  t h e  t ime  o f  b r e a k t h r o u g h  on t h e  l a s t  w e l l .

T r e a t m e n t  o f  Da t a

The d a t a  i n  T ab l e  2 on page P7 i s  f o r  one c u r r e n t  

l i n e ,  which e x i s t e d  be tween  t h e  c u r r e n t  s t r i p  and one 

e x t r a c t i o n  w e l l .  T h i s  t a b l e  shows t h e  method by which 

t h e  t o t a l  t ime t o  a p o i n t  on t h i s  c u r r e n t  l i n e  was foun d .  

O t h e r  d a t a  f o r  a l l  t h e  c u r r e n t  l i n e s  a r e  no t  g i v e n  be ca us e  

o f  t h e  numerous l i n e s  t h a t  were p l o t t e d .
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P o i n t s P o t e n t i a l
G r a d ie n t

t

1 - 2 0 . 0 4 1 2 4 . 4 0

? - 3 0 . 0 4 8 2 0 . 8 0

3 - 4 0 . 0 5 5 1 8 . 2 0

4 - 5 0 .0 6 6 , 1 5 . 1 5

5 - 6 0 . 0 7 9 1 2 . 6 7

6 - 7 0 . 0 9 1 1 1 . 0 0

7 - 8 0 .1 0 6 9 . 4 4

8 - 9 0 .1 2 6 7 . 9 4

9 -10 0 . 1 4 5 6 . 9 0

10 -11 0 . 1 7 8 5 .6 2

n -12 0 . 2 2 1 4 . 5 3

12-13 t i .3 0 6 3 . 2 7

1 3 -1 4 0 . 4 0 9 2 . 4 4

1 4 - 1 5 0 . 6 1 2 1 . 6 4

1 5 - 1 6 0 . 9 5 6 1 . 0 5

16-17 1 . 3 5 0 0 . 7 4

1 7 - 1 8 1 .9 6 0 0 . 5 1

t

2 4 . 4 0  

4 5 . 2 0

6 3 . 4 0  

7 8 . 5 5  

9 1 . 2 2

102 .22  

1 1 1 .6 6  

1 1 9 .6 0  

1 2 6 .5 0  

1 3 2 .1 2  

1 3 6 .6 5  

1 3 9 .9 2  

1 4 2 . 3 6  

1 4 4 . 0 0  

1 45 .0 5  

1 45 .7 9  

1 4 5 .3 0

T a b le  I I



RESULTS

F i g u r e  8 i s  a  p i c t u r e  o f  t h e  o i 1 - w a t e r  c o n t a c t  as 

d e t e r m i n e d  by w e l l s  d r i l l e d  i n t o  w a t e r  on t h e  boundary  

o f  t h e  f i e l d .  The r e s u l t s  g i v e n  by F i g u r e s  9 ,  10,  11,  

and 1? show t h e  e f f e c t i v e n e s s  o f  t h e  n a t u r a l  w a t e r  d r i v e  

i n  r e c o v e r i n g  t h e  maximum amount  o f  o i l  b e f o r e  w a t e r  i s  

p roduced  a t  t h e  f i n a l  w e l l  i n  t h e  f i e l d .  F i g u r e s  9 and 

10 show t h e  r e s u l t s  o f  t h e  d r i v e  by k e e p i n g  t h e  p r o d u c t ­

i on  from e a c h  w e l l  t h e  same.  F i g u r e s  11 and 12 show the  

r e s u l t s  o f  t h e  d r i v e  by a l l o w i n g  w e l l s  2 and 14 t o  p r o ­

duce  2 1 / 2  t i m e s  as  much a s  t h e  o t h e r s  and a l s o ,  by 

a l l o w i n g  w e l l s  2 and 14 t o  p roduce  u n t i l  100 p e r c e n t  

w a t e r  f lows  i n t o  t h e i r  w e l l  b o r e s .

The d r i v e  s t u d i e d  i s  e s s e n t i a l l y  a l i n e  t y p e ;  t h e r e ­

f o r e ,  an e x p e r i m e n t  was pe r fo rmed  t o  g i v e  a  g e n e r a l  i d e a  

o f  t h e  p a t t e r n  f o r  a  s i m p le  l i n e  d r i v e .

28
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T e a t  I_

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

The d r i v e  was a s t r a i g h t  co p p e r  s t r i p ,  and t h e  w e l l  was 

one e l e c t r o d e  w i th  a c u r r e n t  o f  10 ma b e i n g  produced from  

t h e  s t r a i g h t  co p p er  s t r i p .

F i g u r e  7 shows t h e  r e s u l t s  o f  t h i s  t e s t  a t  th e  t im e  

th e  in com in g  f l u i d ,  in  b l a c k ,  f i r s t  e n t e r e d  t h e  w e l l .
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T e s t  I I

F i g u r e  9 i s  a p i c t u r e  o f  an I n t e r m e d i a t e  p a t t e r n  

o f  t h e  o i l - w a t e r  c o n t a c t  d u r i n g  a t im e  when th e  p r o ­

d u c t i o n  from e a c h  w e l l  was t h e  same. For t h i s  t e s t  

t h e  p r o d u c t i o n  from e a c h  w e l l  was a d j u s t e d  to  10 ma.

F i g u r e  10 i s  t h e  f i n a l  p a t t e r n  o f  t h e  d r i v e  when 

t h e  l a s t  w e l l  j u s t  s t a r t e d  t o  produce w a t e r .  The p e r ­

c e n t a g e  o f  o i l  l e f t  a t  th e  t im e  o f  t h i s  "break: t h r o  ugh 

a t  w e l l  No. 6 i s  1 1 . 4  p e r c e n t .
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T e s t  I I I

F i g u r e  11 I s  a p i c t u r e  o f  an i n t e r m e d i a t e  o u t l i n e  

o f  t h e  o i l - w a t e r  c o n t a c t  when t h e  c u r r e n t s  i n  w e l l s  No.

2 and 14 were a d j u s t e d  t o  25 ma e a c h .  An o th e r  c o n d i t i o n  

imposed upon t h e  p r o d u c t i o n  was t o  a l l o w  w e l l s  2 and 14 

t o  p roduce  u n t i l  100 p e r c e n t  w a t e r  was e n t e r i n g  t h e i r  

w e l l  b o r e s .

F i g u r e  12 g i v e s  t h e  p i c t u r e  o f  t h e  o i l  i n  p l a c e  a t  

t h e  t ime  o f  b r e a k t h r o u g h  a t  t h e  l a s t  w e l l .  T h i s  l e a v e s  

2 . 7  p e r c e n t  o f  t h e  o r i g i n a l  o i l  i n  t h e  f o r m a t i o n ,  which 

means t h a t  more o i l  w i l l  be p roduced by t h e  n a t u r a l  

w a t e r  d r i v e .  The l ower  p e r c e n t a g e  o f  o i l  r e m a i n i n g  

d e m o n s t r a t e s  t h e  a d v a n t a g e  o f  ch an g in g  p r o d u c t i o n  r a t e s  

f o r  e ach  w e l l .
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RECOMMENDATIONS

I t  shou ld  n o t  be assumed by t h e  r e a d e r  o f  t h i s  

t h e s i s  t h a t  t h e  comple t e  p i c t u r e  o f  t h e  b e s t  way t o  

p roduce  t h e  Sou th  E lk  B a s i n  f i e l d  has  been  a c h i e v e d .

Many more t e s t s  should  be made by v a r y i n g  t h e  con­

d i t i o n s  o f  t h e  p r o d u c t i o n  o f  t h e  w e l l s ,  and by t a k i n g  

I n t o  a c c o u n t  t h e  p e r m e a b i l i t y  and sand t h i c k n e s s  changes  

t h r o u g h o u t  t h e  f i e l d .  Two ma jor  changes  In t h e  e q u i p ­

ment shou ld  be made t o  make t h e  s t udy  more a c c u r a t e :  a 

new p l a s t i c  model  shou ld  be c o n s t r u c t e d ,  and a d e v i c e  t o  

add t h e  sums o f  t h e  I n c r e m e n t a l  t im es  o f  t h e  segment s  o f  

t h e  f low l i n e s  as  t h ey  a r e  t r a c e d  shou ld  be p u r c h a s e d .

A new p l a s t i c  model  shou ld  be b u i l t  which t a k e s  I n t o  

a c c o u n t  t h e  p e r m e a b i l i t y  changes  In t h e  f i e l d .  Th i s  can 

be done by u s i n g  t h e  p e r m e a b i l i t y  g i v e n  by t h e  c o r e  d a t a  

f o r  e ac h  w e l l .  From t h i s  I n f o r m a t i o n  a map can be drawn 

showing t h e  l i n e s  o f  e q u a l  p e r m e a b i l i t y  t h r o u g h o u t  t h e  

f i e l d .  From t h e  I s o p a c  map o f  t h e  f i e l d  t he  t h i c k n e s s  o f  

t h e  sand c r o s s i n g  t h e  l i n e s  o f  e q u a l  p e r m e a b i l i t y  can  be 

d e t e r m i n e d .  The p r o d u c t  o f  t h e  t h i c k n e s s  and p e r m e a b i l i t y
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a t  any p o i n t  i n  t h e  f i e l d  can t h e n  be fo un d ,  and a new 

map can be d rawn ,  showing  l i n e s  o f  e q u a l  p r o d u c t s .  By 

t h e  use  o f  i n f o r m a t i o n  f rom t h i s  e q u a l  p r o d u c t  map, a 

model  can be c o n s t r u c t e d  so t h a t  t h e  d e p t h  o f  t h e  e l e c ­

t r o l y t e  would c o r r e s p o n d  t o  t h e  p r o d u c t  o f  t h e  pe rmea ­

b i l i t y  and sand t h i c k n e s s  a t  any p o i n t  1n t h e  f i e l d .

By t h e  U3e o f  t h i s  new model ,  more a c c u r a t e  f i n a l  r e ­

s u l t s  cou ld  be a t t a i n e d  b e c a u s e  t he  d e p t h  o f  t h e  e l e c ­

t r o l y t e  would c o r r e s p o n d  more c l o s e l y  t o  t h e  c o n d u c t i ­

v i t y  o f  t h e  f o r m a t i o n  as  i t  e x i s t s .

I f  t h e s e  two changes  were made,  a much b e t t e r  

p i c t u r e  o f  t h e  n a t u r a l  w a t e r  d r i v e  could  be p l o t t e d .  

Time consumed i n  c o n s t r u c t i o n  o f  t h e  equ ipmen t  d i d  n o t  

p e r m i t  t h e  a d d i t i o n a l  work t h a t  would be r e q u i r e d ,  bu t  

s i n c e  t h e  ma j o r  equ ipmen t  1s now a v a i l a b l e ,  i t  1s r e ­

commended t h a t  t h e  s t u d y  o f  t h e  f i e l d  be c o n t i n u e d .
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