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ABSTRACT

An e x p e r i m e n t a l  a p p a r a t u s  was s e t  up t o  d e t e r m i n e  which  

t h e o r y  e i t h e r  B u c k l e y - L e v e r e t t  o r  D i e t z  was most a c c u r a t e  in  

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

f o r  t h i c k  ( i . e .  t h e  t r a n s i t i o n  zone i s  s e v e r a l  t im e s  s m a l l e r  

th a n  t h e  f o r m a t i o n  t h i c k n e s s )  homogeneous s a n d s .

The D i e t z  t h e o r y  assumes a d i s t i n c t  i n t e r f a c e  be tween  

o i l  and w a t e r  due t o  g r a v i t y  s e g r e g a t i o n ,  w h e r e a s ,  t h e  B u c k l e y -  

L e v e r e t t  t h e o r y  assumes t h a t  t h e r e  i s  no movement p e r p e n d i c u l a r  

t o  t h e  d i r e c t i o n  o f  f lo w  and assumes u n i fo r m  w a t e r  s a t u r a t i o n  

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

W a t e r f l o o d s  were  c a r r i e d  o u t  a t  d i f f e r e n t  r a t e s  i n  a 6 f t  

l o n g ,  9 i n .  by 6 i n .  r e c t a n g u l a r  tu b e  packed  w i t h  10-20  mesh 

s a n d .  The w a t e r  s a t u r a t i o n  t h r o u g h o u t  t h e  sand  was r e c o r d e d  

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

m ents  a c r o s s  55 p a i r s  o f  e l e c t r o d e s .

The e x p e r i m e n t a l  r e s u l t s  show t h a t  g r a v i t y  t o n g u i n g  does  

o c c u r  and t h a t  n e i t h e r  t h e  D i e t z  n o r  th e  B u c k l e y - L e v e r e t t  t h e o r i e s  

were s a t i s f a c t o r y  u n d e r  t h e  r e s e r v o i r  c o n d i t i o n s  s i m u l a t e d  in  t h e  

e x p e r i m e n t s .  A t h e o r y  h a s  been d e v e lo p e d  which  d e s c r i b e s  t h e  

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

The t h e o r y  c o n s i s t s  o f  two a s s u m p t i o n s :

( i )  A p o r t i o n  o f  t h e  w a t e r  to n g u e  assumes t h a t  g r a v i t y  

f o r c e s  a r e  n e g l i g i b l e  and a r e  n o t  r a t e  s e n s i t i v e ,  and
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(2) The o t h e r  p o r t i o n  of  th e  tongue  assumes g r a v i t y  

f o r c e s  a r e  d om inan t  and hence  r a t e  s e n s i t i v e .

T h i s  t h e o r y  e x p l a i n s  why as t h e  i n j e c t i o n  r a t e  i n c r e a s e d  t h e  i n i t i a l  

o i l  r e c o v e r y  ( p e r  u n i t  p o re  volume i n j e c t e d )  i n c r e a s e d .

i v
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INTRODUCTION

W a t e r f l o o d i n g  i s  a p o p u l a r  s e c o n d a r y  r e c o v e r y  method. In  o r d e r  

t h a t  a r e a l i s t i c  economic e v a l u a t i o n  o f  a w a t e r f l o o d  p r o j e c t  can  be 

c a r r i e d  o u t  i t  i s  i m p o r t a n t  t h a t  th e  c o r r e c t  t h e o r y  i s  used to  

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

advance  t h e o r i e s  a r e  a v a i l a b l e ,  n am ely ,  t h e  B u c k l e y - L e v e r e t t  t h e o r y  

and t h e  D i e t z  t h e o r y .

1. B u c k l e y - L e v e r e t t  F r o n t a l  Advance Theory

L e v e r e t t  (19D1) d e v e lo p e d  th e  f r a c t i o n a l  f lo w  e q u a t i o n .  S t a r t i n g  

w i t h  D a r c y Ts law f o r  o i l  and w a t e r  he o b t a i n e d :

where f w = f r a c t i o n  of  w a t e r  in  t h e  f l o w i n g  s t r e a m  ( i . e  w a te r c u

K -  f o r m a t i o n  p e r m e a b i l i t y .

Kr o  = r e l a t i v e  p e r m e a b i l i t y

K0 = e f f e c t i v e  p e r m e a b i l i t y  t o  o i l

Kw = e f f e c t i v e  p e r m e a b i l i t y  t o  w a t e r

f*q = o i l  v i s c o s i t y

/*w = w a t e r  v i s c o s i t y

Ut  = t  o t a l  f l u i d  v e l o c i t y  (q t /A )

Pc = c a p i l l a r y  p r e s s u r e  = Po - Pw 

L = d i s t a n c e  a lo n g  d i r e c t i o n  o f  movement 

g = a c c e l e r a t i o n  due t o  g r a v i t y  

A£ = w a t e r - o i l  d e n s i t y  d i f f e r e n c e  = ^w ~ ^o 

= a n g l e  o f  f o r m a t i o n  d i p  t o  th e  h o r i z o n t a l

1 ^w Kq
Kw
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A l l  th e  f a c t o r s  n e c e s s a r y  t o  c a l c u l a t e  t h e  v a l u e  o f  f w a r e  

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

JPc. — ^Pq ^Sw 
&L £ l

A l th o u g h  £Pc can  be d e t e r m i n e d ,  ^Sw i s  n o t  a v a i l a b l e .  In  p r a c t i c e  
SSw & L

t h e  c a p i l l a r y  p r e s s u r e  te rm  i s  n e g l e c t e d .  T h i s  s i m p l i f i e s  e q u a t i o n  3 

t o

1 - K I<ro g A  S in  cA 
Ut

fw “  _____________________________

1 + /̂ vv Ko 
/*o Kw

F o r  a h o r i z o n t a l  s y s t e m :

1
fw =   TO

1 + £jd Kr o  
o Krw

B u ck ley  and L e v e r e t t  (19*42) d e r i v e d  t h e  f r o n t a l  advance

e q u a t i o n .  From t h e  m a t e r i a l  b a l a n c e  e q u a t i o n  th e y  d e r i v e d :

L = Wi / d f U  (5)
h<6 \dS J

where

Wf = c u m u l a t i v e  f l u i d  i n j e c t e d

L = t h e  t o t a l  d i s t a n c e  t h a t  a p l a n e  o f  c o n s t a n t  Sw

h a s  moved .

A = c r o s s - s e c t i o n a l  a r e a

d  = p o r o s i t y



U sin g  e q u a t i o n  (5) t h e  s a t u r a t i o n  d i s t r i b u t i o n  d u r i n g  a f l o o d  

can be c a l c u l a t e d .  The f r a c t i o n a l  f lo w  c u r v e s  ( e q u a t i o n  4) show 

t h a t  t h e r e  a r e  two w a t e r  s a t u r a t i o n s  h a v i n g  th e  same v a l u e  o f  

d f w/dSw. The r e s u l t  i s  t h e  w e l l -know n t r i p l e - v a l u e d  s a t u r a t i o n  

d i s t r i b u t i o n .

T e r w i l l i g e r  e t  a l  (1951) showed t h a t  by u s i n g  e q u a t i o n  (3) 

t h e  e x p e r i m e n t a l  r e s u l t s  a g re e d  w i t h  t h e o r y .  They a l s o  showed 

t h a t  by l a y i n g  a t a n g e n t  t o  t h e  f r a c t i o n a l  f lo w  c u r v e  from Sw 

o r i g i n a l  and fw e q u a l  z e r o  t h e y  c o u ld  d e f i n e  t h e  s a t u r a t i o n  a t  

t h e  u p s t r e a m  end o f  th e  s t a b i l i z e d  zo n e .  As a r e s u l t  t h e y  

d e v e lo p e d  t h e  c o n c e p t  o f  s t a b i l i z e d  and n o n - s t a b i l i z e d  z o n e s .  

S t a b i l i z e d  zone - s a t u r a t i o n  i n t e r v a l  where a l l  

p o i n t s  o f  s a t u r a t i o n  move a t  t h e  same r a t e .

N o n - S t a b i l i z e d  zone - s a t u r a t i o n  i n t e r v a l  where a l l  

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

Welge (1952) d e v e lo p e d  t h e  B u c k l e y - L e v e r e t t  work and d e r i v e d  

t h e  f o l l o w i n g  e q u a t i o n :

Sw - SW2 = Qi fo2  (6)

where

Sw = a v e r a g e  w a t e r  s a t u r a t i o n  (and hence  c u m u l a t i v e  o i l

p r o d u c t i o n  can  be c a l c u l a t e d ) ,  f r a c t i o n  p o re  vo lum e.  

Sw2 = w a t e r  s a t u r a t i o n  a t  t h e  p r o d u c i n g  end .

Qi = p o re  volumes  o f  c u m u l a t i v e  i n j e c t e d  f l u i d .

f 0 2  = f r a c t i o n  o f  o i l  f l o w i n g  a t  t h e  p r o d u c i n g  e n d .
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Welge a l s o  d e t e r m in e d  t h a t :

1
Qi = (7)

dSw/ Sw2

A f r a c t i o n a l  f lo w  c u r v e  ( f i g .  7) was c o n s t r u c t e d  u s i n g  

e q u a t i o n  (4) em p loy ing  t h e  model p r o p e r t i e s  and th e  e x p e r i m e n t a l l y  

d e r i v e d  r e l a t i v e  p e r m e a b i l i t y  c u r v e  ( f i g .  8 ) .  From e q u a t i o n s  (6) 

and (7) p l u s  t h e  f r a c t i o n a l  f lo w  c u r v e  c u m u l a t i v e  o i l  r e c o v e r e d  

( p e r c e n t  p o r e  volume) v e r s u s  c u m u l a t i v e  f l u i d  i n j e c t e d  ( p e r c e n t  

p o r e  volume) c u r v e s  were  c o n s t r u c t e d  ( f i g s .  10 ,  11,  12 and 1 3 ) .

The B u c k l e y - L e v e r e t t  p r e d i c t i o n s  d id  n o t  a g r e e  w i t h  th e  

e x p e r i m e n t a l  r e s u l t s  ( f i g s .  10 ,  11,  12 and 13) b e c a u s e  w i t h  t h e  

f o r m a t i o n  o f  a g r a v i t y  to n g u e  a s s u m p t io n  n o .  3 below was i n v a l i d a t e d .  

The a s s u m p t io n s  f o r  t h e  B u c k l e y - L e v e r e t t  f r o n t a l  advance  t h e o r y  

a r e  o u t l i n e d  be low :

1. I n c o m p r e s s i b l e  f l u i d s .

2.  R e s t r i c t e d  t o  two m o b i le  i m m i s c i b l e  f l u i d s .

y  3. N e t  f l u x  i n  one d i r e c t i o n  p a r a l l e l  t o  b e d d i n g  p l a n e .

4 .  Homogeneous f o r m a t i o n  in  one d i r e c t i o n .

5 .  N e g l e c t e d  c a p i l l a r y  p r e s s u r e .

6.  D a r c y Ts law a p p l i e s  - r e q u i r e s  r e l a t i v e  p e r m e a b i l i t y  d a t a .
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2. D i e t z  Theory

Whereas t h e  B u c k l e y - L e v e r e t t  t h e o r y  i s  c o n c e r n e d  w i t h  th e  

g ro w th  o f  t h e  t r a n s i t i o n  zone from th e  w a t e r  p h a se  t o  th e  o i l  

p h a se  d u r i n g  a w a t e r f l o o d ,  D i e t z  was c o n c e r n e d  w i t h  e d g e - w a t e r  

d r i v e  and c o n s i d e r e d  t h a t  th e  w a t e r  tongued  u n d e r  t h e  o i l .  The 

a s s u m p t io n s  made were as  f o l l o w s :

1. S h a rp  i n t e r f a c e  - no t r a n s i t i o n  zone from w a t e r  t o  o i l .

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

3. M o b i l i t y  r a t i o

Hq /  Kw i
Tw

4. C o n s t a n t  i n j e c t i o n  r a t e .

5.  I n c o m p r e s s i b l e  f l u i d s .

6.  C o n s t a n t  p r e s s u r e  d rop  o r  z e r o  p r e s s u r e  d ro p  a c r o s s  

t h e  o i l / w a t e r  i n t e r f a c e .

7.  D a r c y ’ s law a p p l i e s  - r e l a t i v e  p e r m e a b i l i t y  d a t a

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

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

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

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

In  o r d e r  t o  s o l v e  m a t h e m a t i c a l l y  th e  c o n t i n u i t y  e q u a t i o n ,  D ie t z

i g n o r e d  t h e  e f f e c t s  o f  g r a v i t y .
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The e q u a t i o n  f o r  t h e  sh ap e  of  th e  g r a v i t y  to n g u e  i s  :

x = aH Q_ (8)
[a~(H-h) + hp jzfe

where

x = d i s t a n c e  a l o n g  th e  b e d d i n g  p l a n e  

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

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

H = f o r m a t i o n  t h i c k n e s s

Q = c u m u l a t i v e  f l u i d  i n j e c t e d / u n i t  w i d t h

a = m o b i l i t y  r a t i o  kq\
V o  Kw/

s = d i f f e r e n c e  o f  s a t u r a t i o n  in  t h e  o i l - b e a r i n g  

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

d  = p o r o s i t y

he  = h e i g h t  o f  t h e  w a t e r  tongue  a t  t h e  p r o d u c i n g  end

a t  x = L, h  = he  and where L = l e n g t h  o f  t h e  box

from e q u a t i o n  (8)

Q = L [a CH-hel + h<j els
aH

o r  Q i n  p o re  volumes

Q = s [a(H-he3+he ] 2 (9)

The volume o f  o i l  r e c o v e r e d  i s  found by i n t e g r a t i n g  t h e  volume 

o f  t h e  w a t e r  t o n g u e .  From D i e t z  (1953) p a p e r ,  e q u a t i o n  32:
I'Ll

Qo = (p o re  volumes) = x c r e s t  he s - Qah ______ !_ n
HL ( 1 - a )  a (H - h e )+he  ;he

now xc r e s t  = QHLb’  a_
Hfs
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Qo “  Qa  ^ 6  Qa
H (1-

1 1 (1C)
(1 -a )  a ( I - h e )  + he

L‘ H H J

U sing  e q u a t i o n s  (9) and (10) f o r  v a l u e s  o f  he r a n g i n g  from 

0 t o  H c u m u l a t i v e  i n j e c t i o n  v e r s u s  c u m u l a t i v e  o i l  r e c o v e r e d  can 

be c a l c u l a t e d .  T h i s  was c a r r i e d  o u t  f o r  th e  model p r o p e r t i e s .

The r e s u l t s  a r e  shown in  f i g u r e s  10 t h r o u g h  13. I t  can  be s een  t h a t  

t h i s  form of  t h e  t h e o r y  d id  n o t  f i t  t h e  e x p e r i m e n t a l  r e s u l t s  v e r y  

w e l l .  An a p p ro x im a te  s o l u t i o n  t o  th e  c o n t i n u i t y  e q u a t i o n  was ! 

d e v e lo p e d  t o  t a k e  i n t o  a c c o u n t  th e  e f f e c t s  o f  g r a v i t y  f o r c e s .

In  summary, th e  D i e t z  t h e o r y  assumes a d i s t i n c t  i n t e r f a c e  

be tw een  o i l  and w a t e r  due t o  g r a v i t y  s e g r e g a t i o n ,  w hereas  th e  

B u c k l e y - L e v e r e t t  t h e o r y  assumes t h a t  t h e r e  i s  no movement 

p e r p e n d i c u l a r  t o  th e  d i r e c t i o n  o f  f lo w  and assumes un i fo rm  w a te r  

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

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

t o  B u c k l e y - L e v e r e t t  once a w e l l  b e g i n s  t o  c u t  w a t e r  r e m e d i a l  w orkover  

o p e r a t i o n s  w i l l  n o t  r e d u c e  w a t e r  i n t r u s i o n .  However,  sh o u ld  g r a v i t y  

t o n g u i n g  p ro v e  t o  be c o r r e c t  th e n  r e m e d i a l  w orkover  o p e r a t i o n s  

would r e d u c e  w a t e r  p r o d u c t i o n  and hence  r e d u c e  r e s e r v o i r  e n e r g y  

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

C r o e s , G.A. and Schw arz ,  N. (1955) c a r r i e d  o u t  a s e r i e s  o f  

e x p e r i m e n t a l  w a t e r f l o o d s  and e v a l u a t e d  th e  r e s u l t s  u s i n g  th e  B uck ley -  

L e v e r e t t  and D i e t z  t h e o r i e s .  A l th o u g h  th e  D i e t z  t h e o r y  was found 

to  be in  a g re em e n t  w i th  some of  t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  

B u c k l e y - L e v e r e t t  t h e o r y  was s u c c e s s f u l  in  c o r r e l a t i n g  a l l  th e



e x p e r i m e n t a l  r e s u l t s . -  T h i s  can  be e x p l a i n e d  by th e  f a c t  t h a t  th e y  

used  s m a l l  d i a m e t e r  c o r e s  ( t r a n s i t i o n  zone b e i n g  l a r g e r  t h a n  th e  

h e i g h t  o f  th e  c o r e ) , h i g h  f low  r a t e s  and t h e  f a c t  t h a t  t h e  D i e t z  j  

t h e o r y  assumed a u n i fo rm  c r o s s  s e c t i o n  which was n o t  t h e  c a s e  f o r !
i

a t u b e .

Hele-Shaw models  have  been  employed by r e s e a r c h e r s  and have  

c o n f i rm e d  th e  D i e t z  t h e o r y .  However t h i s  ty p e  o f  model i g n o r e s  

t h e  g row th  o f  th e  t r a n s i t i o n  zone from w a t e r  t o  o i l  which c o u ld  

c a u s e  a ’b a r r i e r T t o  t h e  w a t e r .  O th e r  v i s u a l  models  have  been  

employed and have  c o n f i rm e d  g r a v i t y  t o n g u i n g  o f  t h e  w a t e r  u n d e r  

t h e  o i l .  There  i s  no m e n t io n  in  t h e  l i t e r a t u r e  o f  w a t e r  s a t u r a t i o n  

m easu rem en ts  b e i n g  t a k e n  a t  t h e  w a t e r f l o o d  f r o n t  d u r i n g  a h o r i z o n t a l  

o i l / w a t e r f l o o d .

The e x p e r i m e n t a l  a p p a r a t u s  employed in  t h i s  t h e s i s  was d e s ig n e d  

t o  have  a s m a l l  t r a n s i t i o n  zone ( a p p r o x i m a t e l y  1/5 o f  t h e  he i g h t )  .

A r e c t a n g u l a r  box 6 f t  l o n g ,  9 in  h i g h  and 6 i n .  wide was c o n s t r u c t e d  

w i t h  \  i n .  p l e x i - g l a s s  ( l u c i t e )  and packed  w i t h  10-20 mesh Ottawa 

s a n d .  W a te r f lo o d  e x p e r i m e n t s  were c a r r i e d  o u t  a t  d i f f e r e n t  f l o w r a t e s .  

The w a t e r f l o o d  f r o n t  was t r a c k e d  by means o f  m e a s u r in g  th e  r e s i s t a n c e  

a c r o s s  5 5 - p a i r s  o f  e l e c t r o d e s  i n s t a l l e d  in  th e  box and t h e  r e s i s t a n c e  

r e a d i n g  b e i n g  c o n v e r t e d  to  w a t e r  s a t u r a t i o n .  The o i l  r e c o v e r i e s  and 

t h e  sh ap e  o f  th e  w a t e r f l o o d  f r o n t s  were compared as f u n c t i o n  o f  

c u m u l a t i v e  w a t e r  i n j e c t e d  f o r  e ac h  f l o w r a t e .  The w a t e r f f o o d s  were 

a l s o  e v a l u a t e d  e m ploy ing  th e  B u c k l e y - L e v e r e t t .  D i e t z  and t h e  a u t h o r ' s  

t h e o r i e s .  A l l  t e s t s  were  c o n d u c te d  w i t h  2 t o  3 p o re  volumes o f  

s a t u r a t e d  b r i n e  i n j e c t e d . -
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EXPERIMENTAL WORK

The e x p e r i m e n t a l  work c a r r i e d  o u t  in  t h i s  t h e s i s  w i l l  be 

d i s c u s s e d  u n d e r  t h e  h e a d i n g s  o f  E x p e r i m e n t a l  A p p a r a t u s ,  Model 

S c a l i n g ,  and E x p e r i m e n t a l  P r o c e d u r e .

E x p e r i m e n t a l  A p p a ra tu s

A r e c t a n g u l a r  box ,  6 f t  by 6 i n .  by 9 i n .  was made w i t h

H. i n .  t h i c k  p l e x i - g l a s s  ( l u c i t e ) . The j o i n t s  were  g lu e d  w i t h  

epoxy r e s i n  and screwed  e v e r y  4 i n .  ( f i g .  1 ) .  The e n d - p l a t e s  

( f i g .  2) were sc rewed  t o  f l a n g e s  a t  t h e  ends  o f  th e  box and 

s e a l e d  w i t h  r u b b e r  g a s k e t s .  The e n d - p l a t e s  were c o n s t r u c t e d  

w i t h  a d i f f u s e r  p l a t e  which  c o n s i s t e d  o f  a n e tw o r k  o f  70 1 /20  i n .  

d i a m e t e r  h o l e s ,  a h i n .  s p a c e r  p l a t e  and a h i n .  e n d - p l a t e ,  a l l  

g lu e d  t o g e t h e r  w i t h  epoxy r e s i n .  Th ree  3 /8  i n .  i n l e t s  p o s i t i o n e d  

t o p ,  c e n t e r  and bo t to m  were  i n s e r t e d  i n t o  t h e  e n d - p l a t e  to  

e l i m i n a t e  p o s s i b l e  end e f f e c t s  due to  t h e  p o s i t i o n i n g  o f  th e  

i n l e t s  and o u t l e t s .  Under p r e s s u r e  t h e  box l e a k e d  - f i b r e  g l a s s  

was ru n  a l o n g  th e  j o i n t s  and t h e  l e a k s  were s t o p p e d .  The box 

h a s  s a t i s f a c t o r i l y  h e l d  a p r e s s u r e  o f  8 p s i  ( g e n e r a l l y  e x p e r i m e n t s  

were  c a r r i e d  o u t  w i t h  p r e s s u r e s  l e s s  th a n  5 p s i )  .

The box was packed  w i t h  10-20 mesh Ot tawa sand in  s a t u r a t e d  

b r i n e .  I n i t i a l  e x p e r i m e n t s ,  u s i n g  a s h o r t  s e c t i o n  o f  t h e  box ,  

i n d i c a t e d  t h a t  f l u i d  f low ed  a l o n g  th e  s i d e s  o f  th e  box .  Sand was 

g lu e d  t o  t h e  s i d e s  o f  th e  box w i t h  c l e a r  r u b b e r  c em e n t .  Th is  

h a s  s a t i s f a c t o r i l y  s to p p e d  f lo w  a l o n g  t h e  s i d e s  o f  t h e  box .

9
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F i f t y - f i v e  p a i r s  o f  e l e c t r o d e s ,  5 p e r  column - a p p r o x i m a t e l y  

2 i n .  a p a r t  - a nd ,  11 columns  - 6 i n . a p a r t  - were i n s t a l l e d  to  

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

t h e  e l e c t r o d e s  were  1 /16  i n .  c o p p e r  w i r e  b u t  i n c o n s i s t e n t  r e s u l t s  

were  o b t a i n e d  due to  o i l  w e t t i n g  th e  c o p p e r  p r o b e s .  T h i s  p rob lem  

was s o l v e d  by g l u i n g  w i t h  s i l v e r  p a i n t  f e l t  pads  \\ i n .  by k i n .  

t o  t h e  c o p p e r  p r o b e s .  The f e l t  pads  were  i n i t i a l l y  soaked  in  

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

t h e  e l e c t r o d e s .

An a - c  s u p p l y  was used  to  measure  t h e  r e s i s t a n c e  a c r o s s  each  

p a i r  o f  e l e c t r o d e s .  The v o l t a g e  d rop  a c r o s s  eac h  p a i r  o f  e l e c t r o d e s  

a f t e r  b e i n g  r e c t i f i e d  t o  d i r e c t  c u r r e n t  was r e c o r d e d  on a 2 4 - p o i n t  

r e c o r d e r .  An e l e c t r i c a l  c i r c u i t  d iag ram  i s  shown a t  f i g u r e  3.  A 

s t e p p i n g  s w i t c h  sy s te m  ( f i g .  4) o p e r a t e d  by a s e p a r a t e  40-v  d -c  

s u p p l y ,  au tom ated  t h e  s w i t c h i n g  from one p a i r  o f  e l e c t r o d e s  t o  th e  

n e x t .  A f t e r  20 r e a d i n g s  t h e  r e c o r d e r  was a u t o m a t i c a l l y  c a l i b r a t e d  

w i t h  4 known r e s i s t a n c e s .  One c o m p le te  sweep o f  t h e  box took  a b o u t  

36 m i n u t e s .

The box weighed a p p r o x i m a t e l y  500 l b s  when f u l l  o f  b r i n e  and 

s a n d .  An A-frame and a b l o c k - a n d - t a c k l e  a r r a n g e m e n t  was employed 

t o  maneuver  t h e  box i n t o  p o s i t i o n .

The f l u i d  i n j e c t i o n  r a t e  was c o n t r o l l e d  by a Reeves  D up lex ,  

v a r i a b l e  r a t e ,  v a r i a b l e  s t r o k e  pump - t h e  o u t l e t  f i l t e r e d  by a 

1 .2 /*  f i l t e r .  The s e t  up o f  t h e  eq u ipm en t  i s  i l l u s t r a t e d  a t  f i g u r e  5.

The p r o p e r t i e s  o f  t h e  model  a r e  l i s t e d  i n  t a b l e  1.
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Model S c a l i n g

R ap o p o r t  and Leas (1953) made an i n v e s t i g a t i o n  o f  th e  

s t a b l i z e d  zone e f f e c t .  From b o t h  t h e o r e t i c a l  and e x p e r i m e n t a l  

c o n s i d e r a t i o n s  th e  te rm Lu/*w was found t o  be t h e  s c a l i n g  c o e f f i c i e n t  

t o  c h ec k  t h a t  l a b o r a t o r y  w a t e r f l o o d  e x p e r i m e n t s  a r e  s t a b i l i z e d  - 

where L = l e n g t h ,  cm, u = f l o w r a t e  p e r  u n i t  c r o s s - s e c t i o n a l  a r e a ,  

cm p e r  s e c ,  /*w = v i s c o s i t y  o f  w a t e r ,  c p .  A s c a l i n g  c o e f f i c i e n t  

g r e a t e r  th a n  1 .5  s i g n i f i e s  s t a b i l i t y .

I n  t h e  e x p e r i m e n t s  c o n d u c te d  t h i s  c r i t e r i a  was m e t .

I f  t h e  D i e t z  a s s u m p t io n s  a r e  assumed t o  f i t  t h e  r e s e r v o i r  

t h e  d i m e n s i o n l e s s  g ro u p s  t h a t  mus t  be  th e  same in  t h e  model and 

r e s e r v o i r  a r e  :

1. R a t i o  o f  l e n g t h  t o  t h i c k n e s s .  In  t h e  model t h i s  was 

1/ 8 .

2. Angle  o f  f o r m a t i o n  d i p .  In  t h e  model t h i s  was 0 .

3.  F l u i d  m o b i l i t y  r a t i o ky; ^ /*Q
/*w Ko

T h i s  was a p p r o x i m a t e l y

2 .8  - 5 .5  i n  t h e  m ode l .

R a t i o  o f  g r a v i t y  t o  v i s c o u s  f o r c e s (Cw ~ eo) .-Kid
U /  w

Th is  ra n g e d  from 2 .0  t o  2 0 .0  i n  th e  m ode l .

5 .  T r a n s i t i o n  zone mus t  be s m a l l e r  th a n  t h e  r e s e r v o i r  

t h i c k n e s s .  In  t h e  model t h e  t r a n s i t i o n  zone was 

a p p r o x i m a t e l y  1 /5  o f  th e  f o r m a t i o n  t h i c k n e s s  ( f i g .  6 ) .

6 .  A check  em ploy ing  a B u c k l e y - L e v e r e t t  ty p e  c a l c u l a t i o n  

u s i n g  m easured  r e l a t i v e  p e r m e a b i l i t y  c u r v e  f o r  th e  

r e s e r v o i r  t o  e n s u r e  t h a t  t h e  d i s p l a c e m e n t  o f  o i l  by
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w a t e r  p r o c e e d s  w i t h  l i t t l e  movement o f  o i l  b e h in d  t h e  

f l o o d  f r o n t .  Th is  was c o n f i rm e d  i n  t h e  model ( s e e  

f r a c t i o n a l  f lo w  c u r v e ,  f i g .  7 ) .
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E x p e r i m e n t a l  P r o c e d u r e

I n i t i a l  e x p e r i m e n t s  c o n d u c te d  on a s m a l l  s e c t i o n  o f  t h e  box

These  were c o n d u c te d  in  o r d e r  t o  d e t e r m i n e  th e  

f o l l o w i n g :

1. R e l a t i v e  p e r m e a b i l i t y  c u r v e s .

(a) Box was c l e a n e d .

(b) Sand was cemented  t o  t h e  s i d e s  o f  t h e  box w i t h  

c l e a r  r u b b e r  cem en t .

(c)  Box was packed  w i t h  10-20  mesh O t tawa sand in  

b r i n e .

(d) The p o r o s i t y  was d e t e r m in e d  by v o l u m e t r i c  method .

(e) D i s p l a c e d  b r i n e  w i th  2 p o r e  volumes  o f  r e f i n e d  c ru d e

o i l  w i t h  a v i s c o s i t y  o f  520 c p .

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

v o l u m e t r i c  m ethod .

(g) D i s p l a c e d  o i l  w i t h  b r i n e  r e c o r d i n g  volumes o f  o i l  

and w a t e r  p r o d u c e d .

(h) C a l c u l a t e d  r e l a t i v e  p e r m e a b i l i t y  u s i n g  t h e  method 

o f  C r o e s ,  G.A. and Schw arz ,  N. (1955) ( f i g .  8 ) .

2 .  C a l i b r a t i o n  o f  p r o b e s :

(a) Box was c l e a n e d .

(b) Sand was cem ented  t o  t h e  s i d e s  o f  t h e  box w i t h

c l e a r  r u b b e r  c em e n t .

(C) Box was packed  w i t h  10-20 mesh Ot tawa sand  i n  b r i n e .
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(d) Measured r e s i s t a n c e  a c r o s s  e ac h  p ro b e  a t  100 p e r c e n t

Sw-

(e) D i s p l a c e d  b r i n e  w i t h  2 p o re  volumes o f  r e f i n e d  c ru d e  

o i l  w i t h  a v i s c o s i t y  o f  520 cp .

( f )  Measured r e s i s t a n c e  a c r o s s  e a c h  p ro b e  a t  Swir r .

(g) D i s p l a c e d  o i l  w i th  b r i n e .  At v a r i o u s  t im e s  r e c o r d e d  

r e s i s t a n c e s  a c r o s s  p ro b e s  c o r r e s p o n d i n g  t o  an a v e r a g e  

w a t e r  s a t u r a t i o n  in  t h e  box as c a l c u l a t e d  v o l u m e t r i c a 1 1 \  .

The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  shown i n  f i g u r e  9 ,  anc 

i n d i c a t e  t h a t  a r e l a t i o n s h i p  o f  t h e  form shown be low i s  c o r r e c t .

Log Sw = M Log R + c o n s t a n t  

I n i t i a l l y  t h e  e l e c t r o d e s  were  1 /16  i n .  c o p p e r  w i r e  b u t  

i n c o n s i s t e n t  r e s u l t s  were o b t a i n e d  due t o  o i l  w e t t i n g  t h e  

c o p p e r  p r o b e s .  T h i s  p rob lem  was s o l v e d  by g l u i n g  w i t h  s i l v e r  

p a i n t  f e l t  pads  k i n . b y  -tf i n .  t o  t h e  c o p p e r  p r o b e s .  The f e l t  

pads  were  i n i t i a l l y  soaked  in  b r i n e  t h u s  e n s u r i n g  c a p i l l a r y  

c o n t i n u i t y  from t h e  sand th r o u g h  t h e  e l e c t r o d e s .

E x p e r im e n t s  c o n d u c te d  i n  f u l l  s i z e  box

The w a t e r f l o o d  e x p e r i m e n t s  were  c o n d u c te d  as  o u t l i n e d  in  

t h e  f o l l o w i n g  s t e p s  :

(a) Box was c l e a n e d .

(b) Sand was cemented  t o  t h e  s i d e s  o f  th e  box w i t h  c l e a r  r u b b e r  

c e m e n t .

(c) Box was packed w i t h  10-20 mesh Ottawa sand  i n  b r i n e .
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(d) The p o r o s i t y  was d e t e r m in e d  by v o l u m e t r i c  m e thod .

(e) The p e r m e a b i l i t y  t o  b r i n e  was m e a s u re d .  T h i s  was 

d e t e r m in e d  by m e a s u r i n g  th e  f l o w r a t e  and th e  p r e s s u r e  

d ro p  a c r o s s  t h e  bo x .  The p r e s s u r e  d rop  was m easu red  

w i t h  a manometer which  u t i l i z e d  th e  c i r c u l a t i n g  b r i n e  

as  t h e  m e a s u r i n g  f l u i d .

( f )  With  t h e  box in  a v e r t i c a l  p o s i t i o n ,  b r i n e  was d i s p l a c e d

w i t h  1'2 p o re  volumes o f  22 cp m i x t u r e  o f  g a s o l i n e  and

520 cp r e f i n e d  c r u d e  o i l  i n j e c t e d  a t  t h e  to p  o f  t h e  box .

(g) S w i r r  was d e t e r m i n e d  v o l u m e t r i c a l l y .

(h) P e r m e a b i l i t y  t o  o i l  a t  S w i r r  was d e t e r m i n e d  as  in  s t e p  ( e ) .

( i )  R e s i s t a n c e s  o f  a l l  55 p r o b e s  were  r e c o r d e d  a t  Sw ir r*

(3) The box was t h e n  p l a c e d  in  t h e  h o r i z o n t a l  p o s i t i o n .

(k) The c o n t a c t s  on t h e  s t e p p i n g  s w i t c h e s  were  c l e a n e d  and

t h e  r e c o r d e r  c h e c k e d .

( i )  Commenced w a t e r f l o o d .

(m) Pump was s t a r t e d  and a d j u s t e d  to  th e  d e s i r e d  r a t e .

O )  Recorded  f l o w r a t e  and volume o f  o i l  and w a t e r  p r o d u c e d .

(o) Recorded  i n l e t  and o u t l e t  p r e s s u r e s .

(p) S to p p ed  f Jo o d  a f t e r  2 \  t o  3 p o re  vo lu m es .

(q) Turned  box v e r t i c a l ,  w a i t e d  o v e r n i g h t .

( r )  D i s p l a c e d  r e m a i n i n g  o i l  w i t h  b r i n e ,  c a l c u l a t e d  S o i r r

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

(s )  Measured p e r m e a b i l i t y  t o  b r i n e  a t  S o i r r  as i n  s t e p  ( e ) .

( t )  D u r in g  t h e  f l o o d  t h e  v o l t a g e  d ro p  a c r o s s  t h e  p r o b e s  was 

r e c o r d e d  a u t o m a t i c a l l y .



The e x p e r i m e n t s  were r e p e a t e d  a t  d i f f e r e n t  r a t e s  o m i t t i n g  

t h e  s t e p s  c o n c e rn e d  w i t h  p e r m e a b i l i t y  m e a s u re m e n t s .

C a p i l l a r y  p r e s s u r e  m easurem ents  were t a k e n  from T h e s i s  T-1575 

by D.B. T i p p i e .  T h i s  d a t a  was a d j u s t e d  ( f i g .  6) by a f a c t o r  o f  

as  s u g g e s t e d  by t h e  L e v e r e t t  (1941) J - f u n c t i o n .

where

Kt a b s o l u t e  p e r m e a b i l i t y  o f  t h e  sand  employed by

D.B. T i p p i e

a b s o l u t e  p e r m e a b i l i t y  o f  t h e  sand  employed in



T-1S83

DISCUSSION OF EXPERIMENTAL RESULTS

I n t e r p r e t a t i o n  o f  Data

In  o r d e r  t o  i n t e r p r e t  t h e  r e a d i n g s  r e c o r d e d  on t h e  2 4 - p o i n t  

d - c  r e c o r d e r  a co m p u te r  p rogram was w r i t t e n .  The r e c o r d e d  d a t a  

was punched o n t o  c a r d s  and t h e  p rogram i n t e r p r e t e d  t h e  d a t a  as  

o u t l i n e d  b e lo w :

C a l c u l a t i o n  o f  C o n s t a n t s

(a) C a l i b r a t e  t h e  r e c o r d e r  u s i n g  t h e  4 known r e s i s t a n c e s  

a f t e r  e ac h  20 r e a d i n g s ,

R = a + b / ( r e a d i n g  + e) (1)

I t e r a t e  on c f o r  b e s t  s t r a i g h t  l i n e ,  

o o  C a l c u l a t e  t h e  c o n s t a n t s  f o r  e ac h  s e t  o f  e l e c t r o d e s  

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

w a t e r  s a t u r a t i o n s  a t  Soj[r r  and S w i r r .

Log Sw = d Log R + e (2)

where

R = r e s i s t a n c e

Sw = w a t e r  s a t u r a t i o n

I n i t i a l  e x p e r i m e n t s  on a s m a l l  s e c t i o n  o f  t h e  box showed 

t h a t  e q u a t i o n  (2) was c o r r e c t  ( s e e  f i g .  9 ) .

C a l c u l a t i o n  o f  W ater  S a t u r a t i o n

(a) C a l i b r a t e  r e c o r d e r  ( e q u a t i o n  1 ) .

(b) C a l c u l a t e  r e s i s t a n c e  and th e n  Sw ( e q u a t i o n  2 ) .

17
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(c) S to r e  onto  d i s c  f i l e s  Sw and the tim e the  r e a d in g  

was tak en .

(d) I n t e r p o la t e  w ater  s a t u r a t io n  every  ^-hour a f t e r  

s t a r t  o f  f l o o d .

(e) P r in t  ou t w ater s a t u r a t io n  maps ev ery  V-hour.

The p r i n t - o u t s  are shown a t  p l o t s  1 - 1 6 .  The d ec im a l  

p o in t  r e p r e s e n t s  a p a ir  o f  p ro b e s .  The f i g u r e s  are  

th e  p e r c e n t  water s a t u r a t io n  c a l c u la t e d  f o r  each  

p a ir  o f  p r o b e s .  F lu id  i n j e c t i o n  i s  from l e f t  to  

r i g h t .



A uthor 's  Theory - Approximate S o l u t i o n  f o r  the Case Where

G r a v i t y  F o r c e s  a r e  S i g n i f i c a n t  in  a H o r i z o n t a l  W a te r f lo o d

Whereas t h e  B u c k l e y - L e v e r e t t  t h e o r y  i s  c o n c e rn e d  w i t h  t h e  

g row th  o f  t h e  t r a n s i t i o n  zone from th e  w a t e r  p h ase  t o  th e  o i l  

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

t o n g u i n g  u n d e r  t h e  o i l .

The a s s u m p t io n s  employed in  th e  t h e o r y  were  a f t e r  D i e t z ,  

a s  f o l l o w s  :

1. S h a rp  i n t e r f a c e  - no t r a n s i t i o n  zone from w a t e r  t o  o i l .

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

3 .  M o b i l i t y  r a t i o

4 .  C o n s t a n t  i n j e c t i o n  r a t e .

5 .  I n c o m p r e s s i b l e  f l u i d s .

6 . C o n s t a n t  p r e s s u r e  d rop  o r  z e r o  p r e s s u r e  d ro p  a c r o s s

t h e  o i l / w a t e r  i n t e r f a c e .

7 .  D a r c y Ts law a p p l i e s  - r e l a t i v e  p e r m e a b i l i t y  d a t a  i s  n o t

r e q u i r e d  f o r  th e  f u l l  r a n g e  o f  w a t e r  s a t u r a t i o n ;  however

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

i s  r e q u i r e d .

1
/^o



I t  can  be shown t h a t :

i f m  = $Po + A ? £ h  
Sx fx Jx

where

Pw = p r e s s u r e  i n  th e  w a t e r  p h ase

Po ,T " o i l

= d e n s i t y  d i f f e r e n c e  ((?w - £0) 

ih/&x = g r a d i e n t  o f  th e  o i l / w a t e r  i n t e r f a c e

Cv; = d e n s i t y  o f  th e  w a te r

?o = d e n s i t y  o f  th e  o i l

F o r  o i l  t o  f lo w

SPw >  A g f o
i  X t x

q 0  = W(H-h) Ko $Po 
/*o

qw — Kw S Pw 
/*w S x

where

q Q = o i l  f lo w  r a t e

qw = w a t e r  f lo w  r a t e

W = w i d t h  o f  t h e  f o r m a t i o n

from e q u a t i o n  (11) s u b s t i t u t i n g  f o r  $Pw/ £ x

qw = Wh Kji / i P f l  + & « i h ^
/*w \  Sx $x/

from e q u a t i o n  ( 1 2 ) s u b s t i t u t i n g  f o r  SPq
i  x
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q w = Wh K *  A i n  /"n + A  C ] b  \  ( 1 3 )
/>« l^ (H -h )  K0 W i x  J

t h e  c o n t i n u i t y  e q u a t i o n  i s

i qw = W/s i h  (14)
Sx i t

s u b s t i t u t i n g  e q u a t i o n  (13) i n t o  e q u a t i o n  (14)

i ( 1 / a  h qo + A(? h = sfe J h  (15)
$x V̂W (H-h) i x  J i t

E q u a t i o n  (15) h a s  been  s o lv e d  by D i e t z  f o r  t h e  c a s e  where

^h  * 0  i . e .  f o r  lo n g  t h i n  to n g u e s  and i s  p r o b a b l y  c o r r e c t  where
£x

i h  i s  s m a l l  and h  >0. However ,  where q o — >0 o r  where 1 / a ----- >0
i x

( su c h  as  in  t h e  c a s e  o f  a gas )  g r a v i t y  f o r c e s  a r e  do m in an t  and

e q u a t i o n  (15) r e d u c e s  t o

1 / l  A ? h  l h \  = / s  Jh  (16)
y~w &xJ  ^ t

E q u a t i o n  (16) h a s  b een  s o lv e d  by h y d r o l o g i s t  P o l u b a r i n o v a -

Kochina  (1962) f o r  w a t e r  f lo w  i n t o  an empty r e s e r v o i r .  I t  would

be i n t e r e s t i n g  t o  c a r r y  o u t  some e x p e r i m e n t s  where a i s  g r e a t e r

th a n  one .  However,  i n  o r d e r  t o  s o l v e  e q u a t i o n  (15) f o r  th e  c a s e

where  g r a v i t y  f o r c e s  become dom inan t  n e a r  t h e  f l u i d  i n j e c t i o n  end of

t h e  tongue  l e t  us assume t h a t  g r a v i t y  f o r c e s  a r e  n e g l i g i b l e  n e a r

t h e  p r o d u c i n g  end o f  t h e  t o n g u e .

H

n :  i
i '"v.. 1

. x - .  I
O IL i

VC;,„ i

h°  i ...

h 2  - 
WATER 1 h ,  ' \

x2

x
X. x + A x  * 1  X l + A x l  

t  t + A t
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C o n s i d e r  a p o s i t i o n  h ,  x on t h e  o i l / w a t e r  i n t e r f a c e

t h e  o i l  r a t e  i s  e q u a l  t o  t h e  shaded  volume swept  o u t  in  t ime A t *  

On i n s p e c t i o n  o f  th e  w a t e r  s a t u r a t i o n  maps ( see  p l o t s  1 - 1 6  

and p h o to g r a p h )  t h e  shape  o f  t h e  w a t e r  tongue  a p p e a r s  t o  be o f  t h e  

f o r m :

where A, B a r e  c o n s t a n t s .

Boundary c o n d i t i o n s  a r e

a t  x = 0 ,  h = H

a t  x = x i ,  h = 0

hence  e q u a t i o n  (17) becomes

qw, W ater  r a t e

a l s o

qw ~ hW K& Jjd 
^ w

(17)

(18)

volume o f  o i l  sw ep t  o u t  due t o  a change  Axp

i . e .

dh
x

from e q u a t i o n  (18)
H H
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now 1 (dQ̂  = dxi (H-h)A+1 f IQ')
Vffis W h  "dx iS T a+I

from e q u a t io n  (18)

d x j  = _H^
dx (H-h)A

s u b s t i t u t e  i n t o  e q u a t io n  (19)

J L  (tiQsi) = (H-h) (20)
Wjzfs \dx  y h A+l

now q 0  = / dQo ^ x fdx\ = Wefe (H-h) { dx \  =
V dx/  h \ d t/ h  A+l Vdt/h

W(H-h) Ko i £
/“o

a l s o  qw = / js_x j Wbsh = W h K& £_£
y J  h ^w $x

d i v i d i n g  and r e a r r a n g i n g  A+l = M

where  M = x = JL
Ko /''w 3

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

n e g l e c t e d  i s :

x = x l  (H -h)1'1- 1 (21)
HA

At t h e  p o i n t  where

^Pw = A C i h  , t h e  o i l  r a t e  i s  z e r o
Jx "5x

L e t  us assume t h a t  th e  s t e a d y  s t a t e  s o l u t i o n  o f  e q u a t i o n  (16)

i s  s u f f i c i e n t ,  which i s

h A 2ch = C o n s t a n t  = qw (equ .  (13) w i t h  q 0  = 0)
/*w £x

on i n t e g r a t i n g  s i n c e  q = qw

(h 0 2  - h 2 ) Kjj AC = qx ( 2 2 )
/*W W
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where h - h o a t x = 0 , q  = th e  i n j e c t i o n  r a t e .

E q u a t io n  (18) i s  employed u n t i l

SPw = A 6 j h  
Sx J*

and i h  (23)
WhKw Jx

from t h e r e o n  e q u a t i o n  ( 2 2 ) i s  assumed

now from e q u a t i o n  (18)

| h _  = hM' 1
Sx (M-l) x i  (H-h)M-2

s u b s t i t u t i n g  i n t o  e q u a t i o n  (23)

q/w =  HM-1_______________  (24)
WhA8 Kw (M-l) x i  (H-h)M-2

E q u a t io n  (24) i s  s o l v e d  f o r  h  = h 2 , x = x2 ( s e e  d i a g r a m ) .

from e q u a t i o n  (18)

x 2  = x i  (H-h 2 ) M _ 1
h M - i

from e q u a t i o n  ( 2 2 )

ho  = ( h 2 2  + x 2 q ) ^
W M  Ko

At b r e a k t h r o u g h  x i  = L and th e  volume o f  o i l  r e c o v e r e d  i s

found by i n t e g r a t i n g  th e  volume o f  t h e  w a t e r  t o n g u e .

Qo = 1 h dx + \ h dx
Wjefs cf X2

= 2 f hp^ - ih02 - x? q ^ 2 [ +
3 q  A w  L ' \  A e K w W  J  j

, u \ M/M-1 'x+ H ! x?H ( L - X 2)  + H ! x 2  -  L; M - 1  ( 25 )
; Li / t o - i  il\ ¥ /
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A f t e r  b r e a k t h r o u g h
H

ho OIL

WATER h 2 he+&he

0
. . . t ______
X2

he
L

O i l  swep t  o u t  (AQ0) due t o  a change  (Ahe) in  h e .

AQo = J ^  h dx j 
W^s | $ j

 1 ton = i
W s  Jhe ^he

h dx
h + A h e  6 heIf hdx!

1 °  1

L i s  = (jQn\
W x - L

X ( i h a \

= W(H-he)

> 
*

 
o 

o I p

Sx
(26)

W ate r  p r o d u c t i o n  r a t e  a t  x = L i s  q - /.(Qo j xI ( h P
Vhe/x=L V S t / x = L

= he Kj,, i P  
/*w

d i v i d i n g  e q u a t i o n  (27) by e q u a t i o n  (26)

(27)

q - SQo x ShP
She S t

SQo x l h a  
She J t

= he M 
(H-he )

and r e a r r a n g i n g

q = SQn x She / m hP 
$h£ T t  v"(H-he)

t  he

+ 1

/

q d t  ~ ( d Q0  ( M h P + l l d h e
J dhe lV(H-he ) J



T-1583 26

he!
Qt = Qo fhRM + (H-he))

0 I (H -h e)

Qo i s  c a l c u l a t e d  as f o l l o w s :

from e q u a t i o n  (18)

x = L fH-h1M~ 1  

(H -he)M -l

S i n c e  t h e  new b o unda ry  c o n d i t i o n s  a r e

a t  x = 0 ,  h  = H

a t  x = L, h = h e

as  b e f o r e  h 2  i s  d e t e r m in e d  by s o l v i n g

fl / «  = fH-he^ ' 1
h W &Tj(w L(M-1) (H-h ) M- 2

Qo mh
(H-he ) 2

dh,

and

x 2

h

L(H-h 2 ) M- 1
(H-he)M-l '

o = ( H2 2  + x 2  q /“w )'S
\  A<?KW J

Qo i s  determined by in t e g r a t in g  the volume of  the water 

tongue and

Qo = 2w A£K [hQ3 - ( h Q2 - x2 qAvV ^  H(L-X2 )
w I \  Kw w /  j

+ (H-he) x2 ‘M/M-l
1 /M - l

- L M-l
M

The i n t e g r a l  i n  e q u a t i o n  (28) can be e v a l u a t e d  e m p lo y in g  t h e  

t r a p e z o i d a l  r u l e  and Qo i s  d e t e r m in e d  from e q u a t i o n  ( 3 3 ) .

T o t a l  f l u i d  i n j e c t e d  = Qt + Qob

where  Q0b = o i l  r e c o v e r e d  a t  b r e a k t h r o u g h  ( e q u a t i o n  25) .

(28)

(29)

(30)

(31)

(32)

(33)
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Appendix A f u r t h e r  d e v e lo p s  t h e  t h e o r y  t o  c o r r e c t  f o r  g r a v i t y  

a t  t h e  p r o d u c i n g  end o f  t h e  t o n g u e ,  and i t  i s  shown t h a t  i t  ha s  a 

n e g l i g i b l e  e f f e c t  on i t s  s h a p e .  However,  a t  low r a t e s ,  t h e  

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

t h e  w a t e r f l o o d  p e r fo rm a n c e  a c c u r a t e l y .

A c om pu te r  p rogram was w r i t t e n  t o  c a l c u l a t e  Q0  and Qt from

e q u a t i o n s  ( 3 3 )  and ( A6  ) f o r  v a l u e s  o f  h e r a n g i n g  from 0 t o  H

f o r  t h e  m o d e l .  The r e s u l t s  a r e  shown a t  f i g u r e s  10 t o  13.

Appendix  B i l l u s t r a t e s  how an e n g i n e e r  can  use  t h e s e  e q u a t i o n s

to  p r e d i c t  w a t e r f l o o d  p e r f o r m a n c e .
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D i s c u s s i o n  o f  th e  Shape o f  t h e  Water Tongue

I t  can  be s e e n  t h a t  th e  a u t h o r ’ s t h e o r y  f i t s  t h e  o b s e r v e d  

d a t a  s a t i s f a c t o r i l y .  The c a l c u l a t e d  s h ap e s  o f  t h e  w a t e r  to n g u e s  

a r e  p l o t t e d  i n  p l o t s  1,  4 ,  7 ,  10, 12,  13,  15 and 16. The 

a g re e m e n t  be tw een  t h e  c a l c u l a t e d  s h ap e s  and t h e  o b s e r v e d  as 

r e c o r d e d  on t h e  w a t e r  s a t u r a t i o n  maps i s  good.

The f i r s t  w a t e r f l o o d  e x p e r i m e n t  ( 4 / 5 t h  A p r i l  197 3) was used  

t o  d e t e r m i n e  t h e  e x p e r i m e n t a l  p r o c e d u r e  and t o  f a m i l i a r i z e  th e  

a u t h o r  w i t h  t h e  e q u ip m e n t .  T h i s  f l o o d  was c a r r i e d  o u t  w i t h  t h e  

i n l e t  and o u t l e t  p o s i t i o n e d  in  t h e  c e n t e r  o f  t h e  e n d - p l a t e s .

The re  was a d i s t i n c t  o i l / w a t e r  i n t e r f a c e  i n  t h e  e n d - p l a t e s  which 

c o r r e s p o n d e d  t o  t h e  o i l / w a t e r  i n t e r f a c e  i n  t h e  sand  p a c k .  On 

o b s e r v i n g  t h e  o i l / w a t e r  i n t e r f a c e  in  t h e  i n l e t  e n d - p l a t e ,  t h e  box 

was t u r n e d  v e r t i c a l  and l e f t  o v e r n i g h t  i n  an a t t e m p t  t o  o b t a i n  an 

i n i t i a l  v e r t i c a l  o i l / w a t e r  i n t e r f a c e .  However,  s h o r t l y  a f t e r  t h e  

s t a r t  o f  i n j e c t i o n  w i t h  t h e  box h o r i z o n t a l ,  an o i l / w a t e r  i n t e r f a c e  

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

e x p e r i m e n t s  were c a r r i e d  o u t  w i t h  z e r o  i n i t i a l  o i l / w a t e r  i n t e r f a c e .

I t  was t h o u g h t  t h a t  t h e  a p p e a r a n c e  o f  an o i l / w a t e r  i n t e r f a c e  in  t h e  

e n d - p l a t e s  was due t o  t h e  p o s i t i o n  o f  th e  i n l e t  and o u t l e t .  A l l  

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

a t  t h e  to p  o f  t h e  e n d - p l a t e  and t h e  o u t l e t s  p o s i t i o n e d  t o p ,  c e n t e r  

and b o t to m  o f  th e  e n d - p l a t e .  An o i l / w a t e r  i n t e r f a c e  in  b o t h  e n d - p l a t e -  

was s t i l l  o b s e r v e d ,  as would be e x p e c t e d  from th e  a u t h o r ’s t h e o r y .

The e f f e c t  o f  r a t e  on t h e  shape  o f  t h e  w a t e r  tongue  can  be 

s e e n  from th e  r e s u l t s  o f  t h e  f i r s t  f l o o d .  On r e d u c i n g  t h e  i n j e c t i o n
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r a t e  from 1 .5  to  0 .6 9  cu  f t / d a y ,  th e  g r a v i t y  c o n t r o l l e d  ( i . e .  

i n j e c t i o n  end) p o r t i o n  o f  t h e  tongue  re d u c ed  in  h e i g h t  and 

i n c r e a s e d  in  l e n g t h  and t h e  tongue  became e s s e n t i a l l y  h o r i z o n t a l  

( s e e  p l o t  5) and o i l  r e c o v e r y  was r e d u c e d  ( see  f i g .  1 0 ) .  T h i s  

was in  a g re e m e n t  w i t h  th e  a u t h o r ’s t h e o r y .  On i n c r e a s i n g  th e  

r a t e  to  9 .7  cu  f t / d a y  t h e  i n j e c t i o n  end o f  t h e  tongue  i n c r e a s e d  

i n  h e i g h t  and r e d u c e d  in  l e n g t h  ( s e e  p l o t  6 ) and t h e  o i l  r e c o v e r y  

was c o n s e q u e n t l y  i n c r e a s e d  ( see  f i g .  1 0 ) .  The sh ap e  o f  th e  tongue  

a t  t h e  p r o d u c i n g  end a p p ea re d  t o  be i n d e p e n d e n t  o f  r a t e  and in  

a g re em e n t  w i t h  t h e  t h e o r y .  These  phenomena, d i s c u s s e d  a b o v e ,  were 

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

The c o n t a c t s  on th e  s t e p p i n g  s w i t c h e s  were c l e a n e d  v e r y  

c a r e f u l l y  b e f o r e  e a c h  run  s i n c e  a change  i n  r e s i s t a n c e  o f  2  ohms 

a t  s a t u r a t i o n s  o f  a b o u t  80 p e r c e n t  c o r r e s p o n d s  t o  a change  in  

s a t u r a t i o n  o f  a p p r o x i m a t e l y  4 p e r c e n t  ( s e e  f i g .  9 ) .  The m easured  

w a t e r  s a t u r a t i o n  v a l u e s  a r e  a c c u r a t e  t o  w i t h i n  ^ '2 p e r c e n t  f o r  

low w a t e r  s a t u r a t i o n  r e a d i n g s  and i n c r e a s e  t o  a p p r o x i m a t e l y  * 5  p e r c e n  

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

A c l o s e r  s t u d y  o f  t h e  w a t e r  s a t u r a t i o n  maps shows t h a t  t h e  

t r a n s i t i o n  zone does  n o t  d e v e lo p  a t  a l l ,  i n d i c a t i n g  t h a t  a f t e r  

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

o i l / w a t e r  c o n t a c t  and w i t h  a lm o s t  p i s t o n - l i k e  d i s p l a c e m e n t .  S i n c e  

t h e  t r a n s i t i o n  zone i s  n o t  d e v e lo p e d  i t  i s  p o s s i b l e  t h a t  th e  

s t r e a m l i n e s  i n  t h e  w a t e r  tongue  a r e  b e n t  p a r a l l e l  w i t h  t h e  o i l / w a t e r  

c o n t a c t  due t o  t h e  p e r m e a b i l i t y  r e d u c t i o n  o f  b o t h  o i l  and w a t e r .
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A p o i n t  o f  i n t e r e s t  was t h a t  j u s t  b e f o r e  a p a i r  o f  p ro b e s  

changed  from low s a t u r a t i o n  t o  a h i g h  w a t e r  s a t u r a t i o n ,  th e  

w a t e r  s a t u r a t i o n  as  m easured  by t h e  p r o b e s  r e d u c ed  s l i g h t l y  

which  c o u ld  be due t o  o i l  moving v e r t i c a l l y  away from t h e  o i l /  

w a t e r  c o n t a c t .

One p o s s i b l e  s o u r c e  o f  e r r o r  i s  end e f f e c t s  c au s e d  by a 

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

ends  o f  t h e  m o d e l .  However s i n c e  a d i s t i n c t  i n t e r f a c e  was 

o b s e r v e d  in  t h e  e n d - p l a t e s  ( r e g a r d l e s s  o f  t h e  p o s i t i o n i n g  o f  

t h e  i n l e t s  and o u t l e t s )  c o r r e s p o n d i n g  to  t h e  o i l / w a t e r  c o n t a c t s  

in  t h e  sand pack  no s u ch  d i s c o n t i n u i t y  a r i s e s  and e r r o r s  due to  

end e f f e c t s  can  be e l i m i n a t e d .



CONCLUSIONS

The p u rp o s e  o f  t h i s  t h e s i s  was t o  compare e x p e r i m e n t a l l y  

t h e  D i e t z  and B u c k l e y - L e v e r e t t  f r o n t a l  advance  t h e o r i e s .  The 

f o l l o w i n g  c o n c l u s i o n s  can  be drawn from t h e  e x p e r i m e n t a l  

r e s u l t s .

1. Where g r a v i t y  f o r c e s  a r e  s i g n i f i c a n t  d u r i n g  a 

h o r i z o n t a l  o r  n e a r l y  h o r i z o n t a l  w a t e r f l o o d  t h e  n o rm a l  D i e t z  

t h e o r y  i s  u n s a t i s f a c t o r y .  By a ssum ing  t h a t  t h e  o i l  r a t e  was 

e q u a l  t o  th e  r a t e  a t  which  th e  o i l / w a t e r  c o n t a c t  sw e p t  o u t  o i l ,  

a d i f f e r e n t  t h e o r y  was d e v e lo p e d  t a k i n g  i n t o  a c c o u n t  g r a v i t y  

f o r c e s .  A l th o u g h  t h i s  was an a p p ro x im a te  s o l u t i o n  t o  th e  

c o n t i n u i t y  e q u a t i o n ,  th e  s o l u t i o n  a g re e d  s a t i s f a c t o r i l y  w i t h  

t h e  e x p e r i m e n t a l  d a t a .

2 .  I f  w a t e r  t o n g u i n g  in  h o r i z o n t a l  r e s e r v o i r s  o c c u r s  

t h e  B u c k l e y - L e v e r e t t  t h e o r y  i s  u n s a t i s f a c t o r y  in  p r e d i c t i n g  

w a t e r f l o o d  p e r f o r m a n c e .

3 .  Once a to n g u e  has  formed t h e  t r a n s i t i o n  zone does  n o t  

d e v e l o p  and o i l  i s  d i s p l a c e d  v e r t i c a l l y  n e a r  t h e  o i l / w a t e r  c o n t a c t  

w i t h  p i s t o n - l i k e  d i s p l a c e m e n t .

4 .  As t h e  i n j e c t i o n  r a t e  i n c r e a s e d  t h e  e f f e c t s  o f  g r a v i t y  

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

31
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APPENDIX A

C o r r e c t i o n  f o r  th e  e f f e c t s  o f  g r a v i t y  a t  t h e  p r o d u c i n g  end

o f  t h e  t o n g u e .

a t  x = L, h = he

q0 = d&a dhfc = W(H-he) - A e j h e )
dhe d t  Ao \ h x j

rearranging

dQp dhe + A ? i h  W (H-he ) Ko = W (H-he ) Kja j p w
dhe d t  Sx / 'o  Ao dx

a l s o  from e q u a t i o n  (27) i n  th e  t e x t

q - dQp dhp, = W he jPw
dhe d t  Aw

d i v i d i n g  e q u a t i o n  (A2) by e q u a t i o n  (Al) and r e a r r a n g i n g
t  /  \  he r~ ■»
C [ q  - WM^pShe Kq ) d t  = [ h PM+H-he 1 dOp dhe
(j V  r ° J  J  [ (H-he) j  dhe

(Al)

(A2)

i . e .  Qt - CheMAg She Kn Wdt
j  s* a >

h?  Qo MH  dh
) (H-he ) 2

he!
Qo(heM+(H,-he)

(H-he)

(A3)

now d a t
d t

s u b s t i t u t i n g  in to  equation (A3)

Qt ~ Qf  heM A  £  She KQ WdQt  
q U  Ao

= R.H.S (A4)

33
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u s i n g  th e  t r a p e z o i d a l  r u l e  
Qt

CheMAg She Kq WdQt = (Q,tn -Q tn - . l ) (Bn+Bn-1) + 
^ q Sx To 2

n - 1

(Q t i  - Q t i - l )  ( B i + B i - l )
---------------2--------------------  (A5)

i = l

where Bn = WMA£ h e K q  f She
/ v j  S x y n

from e q u a t i o n  (29) in  th e  t e x t  

Shp j = CH-he)
Sx J  n L (M-l)

s u b s t i t u t i n g  e q u a t i o n  (A5) i n t o  e q u a t i o n  (AM) and r e a r r a n g i r
n - 1

Qt (1-AB) = R .H .S.  + 2  ( Q t i  - Q t i - l )  ( B i + B i - l )  -
i = l

Qtn-1 AB (A6 )

where AB = (Bn + B n - l ) / 2 ,  R .H .S .  = r i g h t  hand s i d e  o f  (A3) 

T o t a l  f l u i d  i n j e c t e d  = Q t  + Qob

where  Qob = o i l  r e c o v e r e d  a t  b r e a k t h r o u g h  

I t  c an  be s een  t h a t  t h e  c o r r e c t i o n  f o r  g r a v i t y  e f f e c t s  depends  

m a i n l y  on AB.

now AB =a* WM A Z Kn_________ h e (H-he ) (A7)
L / * 0  q (M-l)

AB i s  0 a t  b o t h  he = 0 and he == H, t h e  maximum v a l u e  o f  AB i s  

a t  he = H / 2 .

F o r  f i e l d  u n i t s

a l l  d i s t a n c e s  in  f t  

q i n  cu  f t / d a y  

A £  in  gms/cc  

K0  i n  d a r c y s  

/*o i n  cp
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A B ^  2 .7 5  WMA£ Kq h e (H-he ) (A8 )
L Qq (M- 1)

u s i n g  th e  model p r o p e r t i e s  and f o r  M = 2 . 8 ,  q = 1 .5  cu f t / d a y .

( 1 s t  f l o o d )  ABmax =^0 .36

f o r  M = 5 .5  and q = 5 ,  10,  15 cu f t / d a y  r e s p e c t i v e l y

A B m a x 0 o0 4 3 , 0 . 0 2 2 , 0 .0 1 4  r e s p e c t i v e l y

I t  can  be s ee n  t h a t  a t  a h i g h  v a l u e  o f  M and q the  e f f e c t  o f  

g r a v i t y  i s  n e g l i g i b l e  b u t  a t  low v a l u e s  o f  M and q t h e  c o r r e c t i o n  

m us t  be made.

A c om pu te r  p rogram was w r i t t e n  to  c a l c u l a t e  Qo and Qt u s i n g  

e q u a t i o n s  (A6 ) and (33) . The r e s u l t s  compare  v e r y  w e l l  w i t h  t h e  

o b s e r v e d  d a t a  ( f i g s .  10 - 13) showing t h a t  th e  a p r i o r i  a s s u m p t i o n ,  

t h a t  th e  e f f e c t  o f  g r a v i t y  does  n o t  s i g n i f i c a n t l y  change  t h e  shape  

o f  t h e  w a t e r  tongue  a t  t h e  p r o d u c i n g  end ,w as  c o r r e c t .



APPENDIX B

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

1. B r e a k t h r o u g h

The t im e  when b r e a k t h r o u g h  o f  w a t e r  o c c u r s  i s  found by d i v i d i n g  

t h e  c u m u l a t i v e  o i l  p roduced  a t  b r e a k t h r o u g h  by t h e  i n j e c t i o n  r a t e .  

The c u m u l a t i v e  o i l  p roduced  i s  e s t i m a t e d  from e q u a t i o n  ( 2 5 ) .

i n s e r t i n g  f i e l d  u n i t s  where:

q = i n j e c t i o n  r a t e ,  cu f t / d a y

h e i g h t s ,  w i d t h ,  and l e n g t h s  a r e  i n  f t

Kw = e f f e c t i v e  p e r m e a b i l i t y  t o  w a t e r ,  d a r c y s

/*w = v i s c o s i t y  o f  w a t e r ,  cp

d e n s i ty  d i f f e r e n c e ,  gms/cc 

s = 1  - S o irr  - Swir r , f r a c t io n

p u t  C = q _______
2 .7 5  h t  KwW

we o b t a i n

b-2 i s  d e t e r m in e d  from e q u a t i o n  (24) p u t t i n g  x i  = L and 

i n s e r t i n g  f i e l d  u n i t s .  h2 i s  s o l v e d  in  e q u a t i o n  (B2)

(Bl)

_C
h 2

hm- i (B2)
(M-l) L (H-h2)M-2

L fH-hp) 1  
HM-1

(B3)

ho “ (h 2 2  + X2 C) 2 (B4)

36
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knowing X2  ( e q u a t i o n  B3) and

c a l c u l a t e d  f o r  e q u a t i o n  (Bl) .

Time f o r  b r e a k t h r o u g h  = Qo/q day

Example

f o r  M 5 .5

q = 5 cu  f t / d a y

H 0 .7 5  f t

W 0 . 5  f t

s 0 .7 6

L 6  f t

ef 0 .3 2

A e = 0 .3 6  gm s/cc

Kw = 170 d a r c y s

t*w = 2 . 0  cp

from e q u a t i o n  (B2 )

h 2 0 .3 7 6  f t

from e q u a t i o n  (B3)

X2  = 0 .2 6  f t .

from e q u a t i o n  (B4)

h Q = 0 .4 1 5  f t .

from e q u a t i o n  (Bl)

Qo = 0 .0 9 3 5  cu f t

Time o f  b r e a k t h r o u g h  = 0 . 0 9 3 5 / 5

= 0 .0187  days

= 28 min
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2. A f t e r  B r e a k t h r o u g h

In  a s i m i l a r  manner  as t h e  b r e a k t h r o u g h  c a l c u l a t i o n s  were 

c a r r i e d  o u t ,  c u m u l a t i v e  o i l  r e c o v e r e d  as a f u n c t i o n  o f  c u m u l a t i v e  

w a t e r  i n j e c t e d  can be e s t i m a t e d  u s i n g  e q u a t i o n  (A6 ) and e q u a t i o n  

(33) ( i n  t h e  t e x t ) . T h is  ha s  been c a r r i e d  o u t  f o r  t h e  w a t e r f l o o d  

2 6 th  A p r i l  1973 and i s  p l o t t e d  in  f i g u r e  11 in  t e rm s  o f  p o re  vo lu m es .  

The f o l l o w i n g  can  now be e s t i m a t e d  :

(a) O i l  p r o d u c t i o n  r a t e  as a f u n c t i o n  of  t ime

q0 = ( l - fw )q (B5)

where fw i s  t h e  w a t e r  c u t

now fw ~ 1  - dQp
dQt

(B6 )

dQp i s  the  g r a d i e n t  o f  t h e  c u r v e  i n  f i g u r e  11.  
dQt

s u b s t i t u t i n g  i n t o  e q u a t i o n  (B5)

9o = q (B7)
dQt

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

be e s t i m a t e d  from e q u a t i o n  (B7) and t h e  t im e  i s  found 

t  (days) = Qt/q  

0 0  Wate r p r o d u c t i o n  r a t e  as a f u n c t i o n  o f  t ime

9w “ fwq

from e q u a t i o n  (B6 )

q (B8)

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

be e s t i m a t e d  from e q u a t i o n  (B8 ) and t h e  t im e  i s

t  (days) = Qt/q (B9)
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(c) C u m u la t iv e  o i l  p r o d u c t i o n  as a f u n c t i o n  o f  t im e .

From f i g u r e  1 1 , Q0  i s  d e t e r m in e d  as a f u n c t i o n  o f  Qt 

and t im e  i s  found from e q u a t i o n  ( B 9 ) .

(d) C u m u la t iv e  w a t e r  p r o d u c t i o n  as  a f u n c t i o n  o f  t ime

Qw = Qt - Qo (BIO)

From f i g u r e  11,  Qo and hence  Qw ( e q u a t i o n  BIO) i s  

d e t e r m i n e d  as a f u n c t i o n  o f  Qt and t im e  i s  found from 

e q u a t i o n  (B9) .

Example

F o r  th e  c o n d i t i o n s  o f  w a t e r f l o o d ,  2 6 th  A p r i l  1973,  th e  o i l  

p r o d u c t i o n  r a t e ,  t h e  w a t e r  p r o d u c t i o n  r a t e ,  t h e  c u m u l a t i v e  o i l  

p r o d u c t i o n ,  and t h e  c u m u l a t i v e  w a t e r  p r o d u c t i o n  were found as 

f u n c t i o n s  o f  t i m e .  The r e s u l t s  a r e  t a b u l a t e d  b e lo w :

Qt Time dQp 9o qw Qo Qw Water
cu  f t min dQt cu  f t / d cu f t / d cu  f t cu f t Cut

0 .0913 31 1 . 0 4 .2 5 0 . 0 0 .0 9 1 3 0 . 0 0 . 0

0 .2 8 1 95 0 .3 4 1.44 2 .8 1 0 .1 8 3 0 .0 9 8 0 . 6 6

0 .5 6 2 191 0 .2 0 5 0 .87 3 .38 0 .2 6 0 .3 0 2 0 .795

0 .8 4 3 287 0 .1 5 0 .6 4 3 .6 1 0 .3 1 0 .5 3 3 0 .8 5

1 .13 384 0 .1 2 4 0 .5 3 3 .72 0 .344 0 .786 0 .875

1 .4 476 0 .0795 0 .3 4 3 .9 1 0 .3 7 2 1 .128 0 .9205

1 .6 9 574 0 .0456 0 .19 4 .06 0 .386 1 .304 0 .9544

1.97 670 0 .0515 0 . 2 2 4 .03 0 .4 0 0 1.57 0.9485
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APPENDIX C - NOMENCLATURE

A = c r o s s - s e c t i o n a l  a r e a ,  sq cm

a = m o b i l i t y  r a t i o  Ko / V
/*D Kw

f o 2  = f r a c t i o n  o f  w a t e r  f l o w i n g  a t  p r o d u c i n g  f a c e

fw -  f r a c t i o n  o f  w a t e r  i n  t h e  f l o w i n g  s t r e a m
( i . e .  w a t e r c u t )

g = a c c e l e r a t i o n  due t o  g r a v i t y ,  cm p e r  sec  p e r  sec

H = f o r m a t i o n  t h i c k n e s s ,  cm

h = p e r p e n d i c u l a r  d i s t a n c e  from t h e  b o t to m  o f  th e
b e d d i n g  p l a n e  t o  t h e  o i l / w a t e r  i n t e r f a c e ,  cm

h 2  h e i g h t  o f  th e  w a t e r  tongue  a t  t h e  p o i n t  where
kPw = A ?  Sh , cm 
i x

h e = h e i g h t  o f  t h e  w a t e r  tongue  a t  t h e  p r o d u c i n g  f a c e ,  c r

K -  a b s o l u t e  p e r m e a b i l i t y ,  d a r c y

Ko = e f f e c t i v e  p e r m e a b i l i t y  t o  o i l  a t  i r r e d u c i b l e
w a t e r  s a t u r a t i o n ,  d a r c y

Kw = e f f e c t i v e  p e r m e a b i l i t y  t o  w a t e r  a t  i r r e d u c i b l e
o i l  s a t u r a t i o n ,  d a r c y

Kro = r e l a t i v e  p e r m e a b i l i t y  t o  o i l

L = l e n g t h  o f  th e  box, cm

M = m o b i l i t y  r a t i o  A> Kw = 1
K0  /Xi a

Pc = c a p i l l a r y  p r e s s u r e ,  atm

Po = p r e s s u r e  in  th e  o i l  p h a s e ,  atm

Pw = p r e s s u r e  in  t h e  w a t e r  p h a se ,  atm

40
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Qi = cumulative pore volumes of  f l u i d  in je c te d

Qo = cumulative o i l  product ion , cc

Qob = cumulative o i l  produced at  breakthrough, cc

Qw = cumulative water product ion ,  cc

Qt = cumulative f l u i d  i n j e c t e d ,  cc

Q = c u m u l a t i v e  f l u i d  i n j e c t e d  p e r  u n i t  w i d t h ,  sq  cm

q = i n j e c t i o n  r a t e ,  cc per sec

q0 = o i l  production ra te  , cc per sec

qw = water production r a t e ,  cc per sec

R = e l e c t r i c a l  r e s i s t a n c e  in ohms

R .H .S .  = r i g h t  hand s i d e  o f  p r e v i o u s  e q u a t i o n

s = 1 - Swirr - Soprr

Sw = water s a tu r a t io n ,  f r a c t io n

Sw2 “ water sa tu ra t io n  at  producing face-, f r a c t i o n

Swirr = i r r e d u c ib le  water s a tu r a t io n ,  f r a c t io n

Soprr = i r r e d u c ib le  o i l  s a tu r a t io n ,  f r a c t io n

U = t o t a l  f l u i d  v e l o c i t y  ( q / A ) , cm per sec

W = width of  formation ,  cm

o< = formation d ip ,  deg

£ = p a r t i a l  d e r iv a t iv e

= d e n s i ty  d i f f e r e n c e  (£w - £o) x 0 .0 0 0 9 6 8 ,  atm per cm

/'o = o i l  v i s c o s i t y ,  cp

Â w “ water v i s c o s i t y  , cp

?o = d e n s i t y ,  gm per cc

= water d e n s i ty  t gm per cc

d  = p o r o s i t y ,  f r a c t io n
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T-1583 FIGURE 2 93

DIAGRAM OF END PLATES
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FIGURE 3 

ELECTRICAL CIRCUIT DIAGRAM

4 -v  a -c  Supply  
1 KC/S

Probes from Box 

Diode

2000 ohms \
10 K,

\

\

.n

Recorder
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FIGURE 4 

STEPPING SWITCHES 

CIRCUIT DIAGRAM

P o s i t i o n s  1 to  24 on Recorder operated  by M icrosw itch
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TABLE 1

ROCK AND

O i l :

A l l

B r i n e :

Sand :

FLUID PROPERTIES

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

1 s t  F lood

o t h e r  F lo o d s

sp g r

V i s c o s i t y  =

sp g r

V i s c o s i t y  =

F u l l y  s a t u r a t e d  w i t h  s a l t .

0 .8 3 7  gms/cc  

9 .7  cp

0 .857  gms/cc  

2 2  cp

sp  g r  = 1 .195  gm s/cc

V i s c o s i t y  = 2 . 0  cp

S a l i n i t y  = 3 3 0 ,000  ppm

10 - 20 mesh Ot tawa sand

G ra in  d e n s i t y

P o r o s i t y

A b s o l u t e  p e r m e a b i l i t y
t o  b r i n e  = 390 d a r c i e s

C a p i l l a r y  p r e s s u r e  s e e  F i g .  6

The t r a n s i t i o n  zone was e s t i m a t e d  t o  be

a p p r o x i m a t e l y  2  i n .

= 2 . 6 6  gms/cc
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T a b le  1 ( c o n t i n u e d )

E s t i m a t e d  t o t a l  w e ig h t  o f  bo x ,  p l u s  s a n d ,  p l u s  b r i n e  = 500 l b s .

I r r e d u c i b l e  w a t e r  s a t u r a t i o n  = 3 -  11%

I r r e d u c i b l e  o i l  s a t u r a t i o n  = 21 -  23%

Pore  volume = 19 ,865  cc

A l l  m easu rem en ts  were t a k e n  a t  a room t e m p e r a t u r e  o f  72°F.



FIGURE 6

AIR/WATER CAPILLARY PRESSURE DATA 

(ADJUSTED DATA - FROM D.B. TIPPIE T-1575)

0 4 8 .12 IP 2(J

W ater  s a t u r a t i o n  (% Pore  Volume)



FIGURE 7

FRACTIONAL FLOW CURVE

; V i s c o s i t y
• r a t i o  (ao/^w) = 1 1  j  ■ ^

V i s c o s i t y  
r a t i o  K / ^ w )  = 5

WATER SATURATION (% Pore  Volume)
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FIGURE 8

RELATIVE PERM EABILITY DATA

WATER SATURATION (% o f  P o r e  V olum e)
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FIGURE 9

1000.

TVTICAL FELT-PAD 
ELECTRODE RESPONSE

>0  30  4 0  5 0  6 O 70

Water S a tu r a t io n  (% Pore Volume)
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TABLE 2

HORIZONTAL FLOOD 9/5TH APRIL 1973

Cumu la t i v e Cumu1 a t i v e * I n l e t *0 u t l e t
Date Time O i l B r in e Rate P r e s s u r e P r e s s u r e

Hrs :Mins Produced I n j e c t e d cu f t /
% Pore  VoL % Pore  Vol. day ps i ps i

9 /9 19 .35 13 .8 13.8
i

S t a r t  o f  Flood
f t IS .99 27 .9 28 .08 1.97 1 . 2 2 1 . 0
TT 16 .35 32 .2 35 .9 1 .60 1.32 1 . 1
f t 17 . 13 3 9 .8 91 .5 1 .61 - -

U 18 .30 3 8 .1 52 .95 1.55 1 . 2 2 1.25
n 19 .91 90 .5 63 .5 1 .31
r r 2 0 .51 92 .3 7 3 .6 1 .52
n 2 1 .30 93 .2 7 9 .2 1 .95

5 /9 1 0 .30 9 5 .9 131.9 0 .6 9
f t 1 0 .50 97 .6 151.6 9 .7 1 .82 1 .62
f t 1 2 . 2 0 5 9 .0 236 .5 9 .6

(See F i g u r e  10)

I n i t i a l  o i l  d i s p l a c e d  by b r i n e  w i t h  box in  v e r t i c a l  p o s i t i o n  = 13.8% PV 

( t o  o b t a i n  i n i t i a l  v e r t i c a l  o i l / w a t e r  i n t e r f a c e )

P o r o s i t y 32%

Pore  Volume = 19,865 ccs

A b s o l u t e  P e r m e a b i l i t y = 390 d a r c y s

K\  ̂ a t  Soppp = 170 d a r c y s

Ko = 300 d a r c y s

S w i r r = 1 1 %

S o p r r = 23%

V i s c o s i t y  o f  o i l = 9 .7  cp

V i s c o s i t y  o f  b r i n e = 2 . 0  cp

sp  g r  o f  b r i n e 1.195 gms/cc

sp  g r  o f  o i l =s 0 .837  gms/cc

* Measured w i t h  a p r e s s u r e  g a u g e ,  a c c u r a t e  t o  - 0 .0 2  p s i

V i s c o s i t y  m easu rem en ts  a c c u r a t e  to  - 3%
S p e c i f i c  g r a v i t y  m easu rem en ts  a c c u r a t e  t o  - 0 . 0 0 2  gms/cc
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FIGURE 10

HORIZONTAL FLOOD 4/5TH APRIL 1973 

VARIABLE RATES

MOBILITY RATIO = 0 . 3 5

O B u c k l e y - L e v e r e t t  Theory  

| □  D i e t z  Theory  

•  A u t h o r ’s Theory

X Observed

Rate  changed  t o  9 .7  cu f t / d a y

Ra te  changed  t o  0 .7  cu f t / d a y

1 .5  cu  f t / d a y

CUMULATIVE OIL RECOVERY (% Pore  Volumes)

1 -1  1 -  1 - M l  :h ' t  I '
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TABLE 3

HORIZONTAL FLOOD 26TH APRIL 197 3

55

Date Time 
H rs :M ins

C um ula t ive  
O i l  

Produced 
% Pore  V o l .

C u m u la t iv e  
B r in e  

I n j e c t e d  
% Pore  Vol.

Rate  
cu f t /  

day

* I n l e t
P r e s s u r e

ps i

*0 u t l e t
P r e s s u r e

ps i

26 /4 15.50
TT 16.22 14 .0 14.0 4 .55 1.35 0 .725
n 16 .50 19.55 24 .05 3.68 1.34 0 .93
n 17.50 30 .0 50 .7 4 .5 1 .26 0 .8 2
11 18 .50 36 .6 7 6 .4 4 .3 1 .175 0 .745
tt 19 .41 4 0 .6 9 8 .6 4 .4 1.05 0 .8 4
tt 2 0 .49 44 .7 127.1 4 .26 0 .965 0 .69
n 2 1 .40 47 .2 148 .6 4 .27
tt 2 2 .55 50 .25 180.0 4 .25 0 .952 0 .683
T1 2 3 .45 51 .8 201 .5 4 .33

2 7 /4 00 .3 0 52 .9 218 .5 3 .92

(See F i g u r e  11)

Average  I n j e c t i o n  R a te  = 4 .25  cu f t / d a y

P o r o s i t y

Pore  Volume

A b s o l u t e  P e r m e a b i l i t y

Kw s t  S o i r r

Kq 3 t  Swj_£>p

S w i r r

S o i r r

V i s c o s i t y  o f  o i l  

V i s c o s i t y  o f  b r i n e  

sp  g r  o f  b r i n e  

sp  g r  o f  o i l

32%

19,865 c c s  

390 d a rc y s  

170 d a r c y s  

340 d a r c y s  

4%

23%

2 2  cp 

2  cp

1.195 gms/cc 

0 .857  gms/cc

* Measured w ith  a manometer,  a ccu rate  to - 0 .0 0 5  p s i

V i s c o s i t y  measurements accu ra te  to  - 3%
S p e c i f i c  g r a v i t y  measurements a ccu rate  to  - 0 .0 0 2  gms/cc
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HORIZONTAL FLOOD 26TH APRIL 1973
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TABLE 4

HORIZONTAL FLOOD 30TH APRIL L973

Date Time 
Hrs :Mins

Cumula t i v e  
O i l  

Produced 
% Pore  Vol.

C u m u la t iv e  
B r in e  

I n j e c t e d  
% Pore  V ol .

Rate  
cu f t /  

day

* I n l e t
P r e s s u r e

p s i

*0 u t l e t  
P r e s s u r e

p s i

30 /4 17 .30
t t 17 .45 13.25 13.25 8 .95 2 .06 1 . 2 1
TT 18.30 32 .2 5 8 .8 1 0 . 2
TT 19. 15 - - - 1 .51 1 . 1
TT 19.30 44 .6 117.5 9 .9
TT 20 .3 0 5 1 .4 173 .0 9 .4 1.39 1 . 0 2
1 t 21 .30 - - - 1.25 0.984
TT 2 2 . 0 0 58 .4 25 0 .0 8 .5

(See F i g u r e  12)

A verage  I n j e c t i o n  R a te  = 9 .3  cu f t / d a y

Poros  i t y  

Pore  Volume 

A b s o l u t e  P e r m e a b i l i t y  

Kw a t  Soj_pjp

Ko a t  S ^ i r r

Swj[r r

S o i r r

V i s c o s i t y  o f  o i l  

V i s c o s i t y  of  b r i n e  

sp  g r  of  b r i n e  

sp  g r  o f  o i l

32%

19,865 c c s  

390 d a r c y s  

170 d a r c y s  

340 d a r c y s  

3%

23%

2 2  cp 

2 . 0  cp 

1.195 gms/cc  

00 .857  gms/cc

* Measured w i th  a manometer, a c cu ra te  to  - 0 .0 0 5  p s i

V i s c o s i t y  measurements accu ra te  to  - 3%
S p e c i f i c  g r a v i t y  measurements a c cu ra te  to  - 0 .002  gms/cc
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FIGURE 12

HORIZONTAL FLOOD 30TH APRIL 1973 

9 .3  cu  f t / d a y  

MOBILITY RATIO = 0 .1 8 2

G  B u c k l e y - L e v e r e t t  Theory '

□  D i e t z  Theory

9  A u t h o r ’s Theory  

X Observed

CUMULATIVE 01 RECOVERED (% Pore  Volume)
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TABLE 5

HORIZONTAL FLOOD 3RD MAY 1973

D ate Time 
H rs :M ins

C u m u la t iv e  
O i l  

Produced 
% Pore  V o l .

C u m u la t iv e  
B r i n e  

I n j e c t e d  
% Pore  V o l .

Rate  
cu f t /  

day

* I n l e t
P r e s s u r e

p s i

* O u t le  t  
P r e s s u r e

p s i

3 /5 12 .47
tt 12 .58 15 .0 15 .0 13.8
Tt 13 .18 27 .3 42 .9 19 .3
tt 13 .43 40 .3 8 4 .0 16 .6
Vf 14 .13 48 .5 131.6 16 .2
tt 15 .00 52 .4 207 .5 13 .4 1 .59 0 .87
Tt 15.47 6 2 .4 295 .0 16.6

(See F i g u r e  13)

A verage  I n j e c t i o n  R a te  = 15 .5  cu f t / d a y

Poros  i t y 32%

P ore  Volume = 19,865  cc s

A b s o l u t e  P e r m e a b i l i t y = 390 d a r c y s

Kw e t  So^jpp = 170 d a r c y s

Kq a t = 340 d a r c y s

S w i r r = 3%

S o i r r = 2 1 %

V i s c o s i t y  o f  o i l = 2 2  cp

V i s c o s i t y  o f  b r i n e = 2 . 0  cp

sp  g r  o f  b r i n e = 1.195 gms/cc

sp  g r  o f  o i l - 0 .857  gms/cc

* Measured w ith  a Manometer, a c cu ra t e  to  - 0 .0 0 5  p s i

V i s c o s i t y  measurements a c cu ra te  to  - 3%
S p e c i f i c  g r a v i t y  measurements a c cu ra te  to  - 0 .0 0 2  gms/cc
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FIGURE 14

PHOTOGRAPH OF GRAVITY TONGUE 

DURING WATERFLOOD 

2 6 th  A p r i l ,  1973
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