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A b s t r a c t  

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

f l o w  p e r i o d  of  a D r i l l  S t e m  t e s t  i s  e x t e n d e d  t o  w e l l s  in 

r e s e r v o i r s  w i t h  d o u b l e  p o r o s i t y  b e h a v i o r .  

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

by f o r m i n g  two p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  m a t r i x  a n d  

f i s s u r e s .  The  m a t r i x  a c t s  a s  a s o u r c e ,  a n d  f i s s u r e s  c o n n e c t  w i t h  
I 

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

a r e  i n c l u d e d .  

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

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

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

An i n t e r p r e t a t i o n  me thod  b a s e d  on  t y p e  c u r v e  m a t c h i n g  1 8  

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

p r o v i d e  t h e  i n t e r p o r o s i t y  f l o w  p a r a m e t e r  A ,  a n d  s t o r a t i v i t y  r a t i p  

w ,  i n  a d d i t i o n  t o  t r a n s m i s s i v i t y ,  k h  , and  s k i n  e f f e c t ,  S. - 
u 
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1. I n t r o d u c t i o n  

The s l u g  t e s t  w a s  i n t r o d u c e d  i n  g r o u n d  wa te r  h y d r o l o g y  b$ 

F e r r i s  a n d  Knowles  i n  1954 .  An a n a l o g o u s  h e a t  c o n d u c t i o n  t e sq  

w a s  r e p o r t e d  by J a e g e r  ( 1 9 5 6 ) .  I n  1 9 6 7 ,  C o o p e r  e t  a l .  p r e s e n t e d  

a s o l u t i o n  f o r  a w e l l  o f  a f i n i t e  d i a m e t e r  a n d  showed  t h e  l i n e  

s o u r c e  a p p r o x i m a t i o n  of  F e r r i s  a n d  Knowles  t o  be  v a l i d  f o r  l a r g $  

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

J a e g e r  i n  1 9 5 6 .  Meir p r e s e n t e d  a n  a p p r o x i m a t e  a n a l y s i s  o f  t h d  

e q u i v a l e n t  DST p r o b l e m  i n  1970 .  

, 

I n  a s l u g  t e s t ,  a b a t c h  o f  f l u i d  i s  s u d d e n l y  r emoved  f r o ?  

( o r  a d d e d  t o )  t h e  s t a t i c  co lumn  o f  a w e l l b o r e .  The  t o o l  i d  
I 

a t t a c h e d  t o  t h e  d r i l l  s t em a n d  i s  l o w e r e d  t o  t h e  t e s t  i n t e r v a i  

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

d r i l l  p i p e .  

The s l u g  t e s t  p r o b l e m  i s  p o s e d  by a f o r m a t i o n  w i t h  4 

r e s e r v o i r  f l u i d  j u s t  t o  t h e  s u r f a c e  of  t h e  e a r t h .  The i n i t i a  "4 p r e s s u r e  w h i c h  i s ,  a t  m o s t ,  g r e a t  e n o u g h  t o  l i f t  a co lumn  

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

a c c u m u l a t i n g  f l u i d  i n  t h e  d r i l l  s t r i n g  i n c r e a s e s  t h e  b a c q  

p r e s s u r e .  

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

co lumn  i s  a s s u m e d  t o  b e  i n  s t a t i c  e q u i b i l i b r i u m  w i t h  w e l l  b o r d  

p r e s s u r e .  S i n c e  t h e  p r e s s u r e - t i m e  r e s p o n s e  i s  d e p e n d e n t  od 

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

p a r a m e t e r s  s u c h  as  t r a n s m i s s i v i t y  ( kh  ) a n d  s t o r a t l v i t y  ( + h c t ) ,  - 
u 
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o r  s k i n  e f f e c t .  S l u g  t e s t  f o r m u l a t i o n s  b a s e d  on l i q u i d  co lumn  

h e i g h t  a n d  t h o s e  b a s e d  on  b o t t o m  h o l e  p r e s s u r e  were  s e p a r a t e l y  

p r o p o s e d .  L i q u i d  co lumn  h e i g h t  i s  m e a s u r e d  i n  g r o u n d  wated. 

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

p e t r o l e u m  i n d u s t r y .  P r e s s u r e  a n d  l i q u i d  co lumn  h e i g h t  c a n  b e  

c h a n g e d  t h r o u g h  s t a t i o n a r y  co lumn  c a l c u l a t i o n s  ( S a l d a n a ,  1 9 8 3 ) .  
I 

I n  1 9 7 2 ,  Ramey a n d  A g a r w a l  p r e s e n t e d  a d e t a i l e d  d e r i v a t i o q  

f o r  t h e  DST p r o b l e m  w i t h  s k i n  e f f e c t .  T h e s e  a u t h o r s  o b t a i n e d  4 

s o l u t i o n  t o  t h e  p r o b l e m  i n  t h e  f o r m  o f  a n  i n v e r s i o n  i n t e g r a l  by 

L a p l a c e  t r a n s f o r m a t i o n .  T h i s  s o l u t i o n  w a s  o b t a i n e d  by d r a w i n g  a$ 

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

r e s i s t a n c e  ( s k i n  e f f e c t ) ,  p r e s e n t e d  by J a e g e r  i n  1 9 5 6 ,  

A p p l i c a t i o n s  were p r e s e n t e d  by v a n  P o o l l e n ,  and  Weber ( 1 9 7 0 ) ,  and  

K o h l h a a s  ( 1 9 7 2 )  f o r  t h e  DST p r o b l e m ,  b u t  w i t h o u t  a s k i n  e f f e c t .  

I 

Ramey, A g a r w a l  a n d  M a r t i n  ( 1 9 7 5 )  c o r r e l a t e d  t h e  s o l u t i o n  fozr 

a n d  
4 

t h e  DST p r o b l e m  u s i n g  a w e l l b o r e  s t o r a g e  c o e f f i c i e n t  

d i m e n s i o n l e s s  t i m e  b a s e d  on e f f e c t i v e  w e l l b o r e  r a d i u s ,  

t e c h n i q u e  u s e d  by E a r l o u g h e r  a n d  K e r s h  ( 1 9 7 4 )  i n  c o n v e n t i o n a  

w e l l  t e s t i n g .  A l t h o u g h  t h e  c o r r e l a t i o n  w a s  n o t  m a t h e m a t i c a l 1  1 
r i g o r o u s ,  i t  was f o u n d  t o  h o l d  w e l l  f o r  h i g h  v a l u e s  o f  C D e  2 s  

However ,  r e s u l t s  were p o o r  f o r  s m a l l  v a l u e s  of  C D e  2s . 
E x t e n s i v e  work  h a s  b e e n  d o n e  i n  r e c e n t  y e a r s  t o  e x p l a i n  t h q  

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

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

r e g i o n s  of  p r i m a r y  a n d  s e c o n d a r y  p o r o s i t y .  P r i m a r y  p o r o s i t y  i d  

synonymous  w i t h  t h e  m a t r i x  b l o c k  whose  p r o p e r t i e s  a r e  g o v e r n e d  by 

s e d i m e n t a t i o n ,  c e m e n t a t i o n  a n d  l i t h i f i c a t i o n  of  d e p o s i t s . ,  

I 

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

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

d o l o m a t i z a t i o n .  

The p r e s e n t  s t u d y  i s  c o n c e r n e d  w i t h  two s u c h  mediums,  on4  

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

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

a n d  f e e d s  o n l y  t o  t h e  f i s s u r e  medium. They  a r e  t e r m e d  two-t 

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

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

w e l l b o r e  e x h i b i t  t h e  same d o u b l e  p o r o s i t y  b e h a v i o r .  

4 

““1 W a r r e n  a n d  R o o t  ( 1 9 6 3 )  p o s e d  t h e  p r o b l e m  f o r  

r e s e r v o i r s .  They a s s u m e d  p s e u d o - s t e a d y  i n t e r p o r o s i t y  f l o w  a n  

showed  t h a t  t h e  i n t e r p o r o s i t y  f l o w  p a r a m e t e r ,  A, a n d  s t o r a t i v i t 3  

r a t i o ,  w ,  a r e  s u f f i c i e n t  t o  c h a r a c t e r i z e  t h e  f l o w  m o d e l ;  

E q u a t i o n s  f o r  t h e  m a t r i x  a n d  f i s s u r e s  were  f o r m u l a t e d  a n d  

c o m b i n e d  a s s u m i n g  e i t h e r  p s e u d o - s t e a d y  s t a t e  o r  t r a n s i e n d  
~ 

i n t e r p o r o s i t y  f l o w .  F l u i d  f l o w  f r o m  t h e  m a t r i x  t o  f i s s u r e s  u n d e d  

p s e u d o  s t e a d y  s t a t e  i s  g i v e n  by:  

..................... 1 - 1 )  
u 

T r a n s i e n t  f l o w  f r o m  t h e  m a t r i x  t o  f i s s u r e s  i s  a s sumed  t o  b e  

g o v e r n e d  by t h e  e q u a t i o n :  

2 1 3 P m  
v pm =-  

‘m a t  
...............( 1- 2 1  

T h i s  a p p r o a c h  w a s  f i r s t  p r e s e n t e d  by d e  Swaan ( 1 9 7 6 ) .  I 

- 3 -  



V a r i o u s  m a t r i x  g e o m e t r i e s  ( s l a b  a n d  s p h e r e )  were c o n s i d e r e d .  

A d e t a i l e d  d e r i v a t i o n  f o r  a s l a b  s h a p e  i s  g i v e n  i n  A p p e n d i x  A :  

R e s u l t s  p r e s e n t e d  c a n  b e  u s e d  b o t h  f o r  s l a b  a n d  s p h e r i c a l l y 4  

s h a p e d  m a t r i x  b l o c k s .  

I 

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

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

i n n e r  b o u n d a r y  c o n d i t i o n s  o f  a s t e a d y - s t a t e  p r e s s u r e  d r o $  

o c c u r i n g  a t  t h e  s a n d  f a c e  ( s k i n  e f f e c t ) ,  a n d  a w e l l b o r e  s t o r a g h  

e f f e c t .  

A f o r m a l  s o l u t i o n  s h o w i n g  w e l l b o r e  p r e s s u r e  as a f u n c t i o n  o f  

two f u n c t i o n a l  g r o u p s  CDe2S a n d  t D / C D  f o r  a homogenous  case  i s  

p r e s e n t e d  in t h i s  s t u d y .  Type  c u r v e s  b a s e d  on e i t h e r  p s e u d o-  

- s t e a d y  s t a t e  o r  t r a n s i e n t  i n t e r p o r o s i t y  f l o w  a r e  p r e s e n t e d  

s e p a r a t e l y .  The  p r e s s u r e  b e h a v i o r  of  a d o u b l e - p o r o s i t y  r e s e r v o i 4  

i s  c h a r a c t e r i z e d  a n d  p e r t i n e n t  p a r a m e t e r s  e v a l u a t e d .  

- 4 -  



I .- - 

2. S t a t e m e n t  Of P r o b l e m  

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

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

2 . 1 .  A s s u m p t i o n s  

I n  A p p e n d i x  A ,  a mass b a l a n c e  i s  made c o n s i d e r i n g  t h e  

r e s e r v o i r  a s  a c o n t i n u u m .  The  s m a l l e s t  i n c r e m e n t a l  vo lume  i s  o f  

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

p o r o s i t y  . 
The f o l l o w i n g  a s s u m p t i o n s  a r e  made i n  f o r m i n g  t h e  

m a t h e m a t i c a l  mode l :  

( 1 )  A l l  f l o w  i s  s i n g l e  p h a s e  a n d  d e s c r i b e d  

by  D a r c y ' s  l a w .  

( 2 )  G r a v i t a t i o n a l  f o r c e s  a r e  n e g l i g i b l e  and  

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

( 3 )  The f i s s u r e  p e r m e a b i l i t y  i s  c o n s t a n t  and  

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

t h a n  t h e  p e r m e a b i l i t y  of  t h e  m a t r i x  b l o c k s .  

( 4 )  Rock c o m p r e s s i b i l i t i e s  a r e  c o n s t a n t  a n d  

i n d e p e n d e n t  of  p r e s s u r e  i n  t h e  o t h e r  medium. 

( 5 )  The r e s e r v o i r  i s  o f  i n f i n i t e  l a t e r a l  e x t e n t  

w i t h  c l o s e d  t o p  and  b o t t o m .  

-5-  



2 . 2 .  P r o b l e m  D e s c r i p t i o n  

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

f i s s u r e  medium: 

2 
k f  v Pf ( $ V c t t )  a P f  - - - - -  q . . . . . . . . . . . . . e . . . . . . * (  2- 1 )  
P a t  

w h e r e :  

$ i s  t h e  t r u e  p o r o s i t y  ( r a t i o  o f  p o r e  vo lume  i n  a g i v e i  

medium t o  t h e  vo lume  of  t h i s  medium) ,  , 

V i s  t h e  r a t i o  of  t h e  vo lume of a g i v e n  medium t o  t h f  

t o t a l  v o l u m e ,  

q i s  t h e  vo lume  o f  f l u i d  f l o w i n g  f r o m  t h e  m a t r i x  i n t 6  

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

F o r  a S l u g  t e s t ,  t h e r e  i s  no  f l o w  a t  t h e  s u r f a c e  a n d  t h e  

f l o w  coming  f r o m  t h e  s a n d  f a c e  c h a n g e s  t h e  l i q u i d  l e v e l  in t h e  

w e l l b o r e ,  g i v e n  by:  

C d ( P i -  p W f )  27rk h r a p f  
. . . . . . e . . . (  2- 2 )  (- ar ) r =  r W 

- - 
d t  P 

- 6 -  



where: 

2 

c =*rp .................... .........(2-3$ 
P A  

gC 
I 

I 

Pressure drop at the sand face is considered by using the Hurst 

(1953), and van Everdingen (1953) dimensionless skin factor: 

rS ap I ....................... 2 - 4 )  r =r 
W 

P"f = Pf- f l  
ar 

A s  an initial condition, the reservoir is assumed to have 
I 

I 

uniform pressure distribution: 

Pf (r,t=O) = Pi ................................ ( 2 - 5 )  

The reservoir is considered as infinite acting throughout 

the test duration, a suitable condition for a short duratioh 

test. 

- 7 -  



/ I  _-  

Wellbore pressure is assumed initially to be equal to gas 

column pressure or cushion pressure: 

2 . 3 .  Formulation In Dimensionless Groups 

Equations 2- 1  to 2- 7  completely describe the slug test, 

neglecting frictional and inertial effects, 

This problem can be posed in terms of dimensionlesb 

variables as follows: 

Equation f o r  fissures: 

2 2 
q 

+ -  prW ......*..**( 2 - 8 ) ;  
a 'fD + aPfD - - -  aPfd 

ar D r D D  ar kf (Pi-Po) I 

Initial conditions: 

- 8 -  



'wfD (t,=O) = 1 

outer boundary condition: 

...............................(2-10) 

. . . . . . . . .* . . . . . .* .(2-11) 

Inner boundary conditions: 

= (- aPfDl ..........................**..(2-12) 'D aPwfD 

ar, rD=l 

) 3 .:I i 
= [ P f D  - ( aPfD .................... (2-113) 

D D ar 'wfD 

where dimensionless quantities are defined as: 

- 'i - pf 
pi - Po 

- 
'fD 

-9- 



I I1 - -  

e 

..(2-15) - - pi 'm 

p i  - P o  

.............................. mD 

................................ 2-116) 

k , t  

r 
r =  
D 
- 
r 
W 

C 
c =  .............. . ( 2 - 1 9 )  

2 
kf =w A =  

m k 
.......................... 2-2 j l )  
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w h e r e  "a" i s  t h e  i n t e r p o r o s i t y  s h a p e  f a c t o r ,  d e f i n e d  by W a r r e n  

a n d  R o o t  ( 1 9 5 6 )  a s "  

* * * * * * * . ( 2 - 2 2 )  4 n (n+2) 
1 

..................... a =  

w h e r e  "n" i s  t h e  number o f  n o r m a l  s u b s e t s  of  f i s s u r e s ,  and  "1" I,s 

a c h a r a c t e r i s t i c  d i m e n s i o n  of  t h e  m a t r i x .  

The  e x p r e s s i o n  o f  q i n  Eq.(2-8) i s  d e p e n d e n t  upon  t h e  n a t u n e  

o f  t h e  i n t e r p o r o s i t y  f l o w  r e g i m e .  F o r  t h e  p s e u d o - s t e a d y  s t a c e  
I 

i n t e r p o r o s i t y  f l o w  a s s u m p t i o n ,  i n  L a p l a c e  s p a c e :  i 

- ( 1 - w )  u 

( 1 - w )  u + xc 
........( 2-23) 'fD 

D 
[ 

- a k m  ( P i  - P o )  
q =  

P 

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

d i m e n s i o n l e s s  t i m e  b a s e d  on  t o t a l  s t o r a t i v i t y .  

Unde r  t h e  t r a n s i e n t  f l o w  a s s u m p t i o n ,  f o r  s l a b -  s h a p e d  m a t r l l x  

b l o c k s :  

- 4 km P f D ( P i  - P )  3 (1-w) u h 1 2 ( 1 - 0 )  u 
I( 2-24) m 

2 q =  t a n  - - 
h X C D  m 2 

h 2 P  m 'D 

-11- 



A d e t a i l e d  d e r i v a t i o n  of a l l  p r e v i o u s  e q u a t i o n s  i s  p r e s e n t e d  

i n  Appendix A .  S o l u t i o n  o f  t h e  problem i s  a c h i e v e d  by u s i n g  

Laplace  t r a n s f o r m a t i o n  w i t h  numer ica l  i n v e r s i o n .  D e t a i l s  a r e  

g i v e n  i n  Appendix B .  

- 1 2 -  



3 .  T V D e  c u r v e  f o r  S l u e  t e s t i n g  i n  a R e s e r v o i r  

W i t h  D o u b l e - P o r o s i t y  B e h a v i o r  

I n  t h e  f o l l o w i n g  s e c t i o n  w e  c o n s i d e r  u s e f u l  l i m i t i n g  formls 

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

3.1 L i m i t i n g  f o r m s  

A s  shown i n  A p p e n d i x  B, t h e  L a p l a c e  t r a n s f o r m  o f  thle 

p r e s s u r e  r e s p o n s e  of  a w e l l  i n  d o u b l e - p o r o s i t y  r e s e r v o i r  i s  g i v e p  

by Eq.(B-ll). 

w h e r e  "u" i s  t h e  L a p l a c e  v a r i a b l e  b a s e d  u p o n  t h e  d i m e n s i o n l e s g  

t i m e - w e l l b o r e  s t o r a g e  r a t i o ,  w h i c h  i s  i n d e p e n d e n t  of  s t o r a t i v i t y ,  

a n d  i s  g i v e n  by:  

-13- 



The f u n c t i o n  f ( u )  f o r  p s e u d o - s t e a d y  i n t e r p o r o s i t y  f l o w  i n  

L a p l a c e  s p a c e  i s  g i v e n  by:  

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

f l o w , t h e  f u n c t i o n  f ( u )  i s  g i v e n  by:  

C D  x ( 1 - w )  3 ( 1 - w )  u 

f ( u )  = [ w + t a n h  ] . . . . . . . . . . . ( 3 - 4 )  

‘D 3 u  

As i n d i c a t e d  i n  A p p e n d i x  B ,  d i m e n s i o n l e s s  w e l l b o r e  p r e s s u r e 1  

f o r  a l l  p r a c t i c a l  p u r p o s e s ,  c a n  b e  r e p r e s e n t e d  by: 

1 - = ..................... ...(3-5b 
‘wfD 2s -1 2 (CD)f+me u +  Rn - 

e u f ( u )  

w h e r e  y=O.5778......, E u l e r  ‘ s  c o n s t a n t  

- 1 4-  



The f u n c t i o n  f ( u )  f o r  p s e u d o- s t e a d y  s t a t e  a n d  t r a n s i e n t  

i n t e r p o r o s i t y  f l o w  h a v e  t h e  same l i m i t s  f o r  e a r l y  a n d  l a t e  t i m e 6  

( D e r u y c k  e t  a l . ,  1 9 8 2 ) .  H e n c e ,  t h e  same s e t  of  e q u a t i o n s  c a n  

r e p r e s e n t  t h e  e a r l y  a n d  l a t e  t i m e  b e h a v i o r  f o r  b o t h  i n t e r p o r o s i t k  

f l o w  r e g i m e s .  

The  l i m i t i n g  f o r m s  of Eq. 3-5 a r e  o b t a i n e d  f r o m  t h e  

a p p r o x i m a t i o n  o f  f u n c t i o n  f ( u )  a t  e a r l y ,  i n t e r m e d i a t e  a n d  l a t e  

t i m e s .  

3 . 1 . 1  E a r l y  T i m e s  

-f 0 ,  o r  u +  m 
t D  

c D  

The  f u n c t i o n  f ( u )  b o t h  f o r  p s e u d o - s t e a d y  s t a t e  a n d  t r a n s i e n t  

i n t e r p o r o s i t y  f l o w  a p p r o a c h e s  w :  

f ( u )  +. w 

T h u s :  

1 
- .................( 2 + 7 )  

- - 
’wfD 2 s  -1 

u +  R n v  (‘D)f+me 

e ’  u w  

-15-  



w h i c h  c a n  be  e x p r e s s e d  a s :  

u +  Rn - Y U e 

w h e r e  C D f  r e p r e s e n t s  t h e  d i m e n s i o n l e s s  s t o r a g e  c o e f f i c i e n t  b a s e d  

on  t h e  s t o r a t i v i t y  o f  f i s s u r e s  o n l y .  

3 .1 .2  L a t e  T i m e s  

t 
, o r  u + O  D - + m  

c D  

The  f u n c t i o n  f ( u )  f o r  t h e  two f l o w  r e g i m e s  a p p r o a c h e s  u n i t y :  

f ( u )  -f 1 

a n d  E q .  3-5 b e c o m e s :  

.................. ( 3 - 9 )  
Z S  -1 ( 'D ) f +me  2 W L U  

u +  Rn - v 
e '  U 

-16-  



I n  f a c t ,  E q s .  3- 8 a n d  3-9 a r e  t h e  same, e x c e p t  t h a t  f o r  

e a r l y  t i m e s ,  t h e  w e l l b o r e  s t o r a g e  c o e f f i c i e n t  i s  b a s e d  on f i s s u r e  

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

f i s s u r e  a n d  m a t r i x  s t o r a t i v i t y .  

The b e h a v i o r  a t  e a r l y  a n d  l a t e  t i m e s  i s  t h a t  of  a 

homogeneous  r e s e r v o i r ,  a n d  c o r r e s p o n d s  t o  two d i f f e r e n t  c u r v e s  00 

t h e  t y p e  c u r v e s  i n t r o d u c e d  by Ramey e t  a l .  ( 1 9 7 5 ) .  

The  p r e s s u r e  s o l u t i o n  i n  L a p l a c e  s p a c e ,  E q s .  3-7 a n d  3- 8 ,  

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

f u n c t i o n  o f  o n l y  two g r o u p s :  CDe2S,  a n d  t D / C D ,  a s  s u g g e s t e d  by 

Ramey e t  a l .  ( 1 9 7 5 ) .  However ,  a s  shown i n  A p p e n d i x  B ,  t h i s  

a p p r o x i m a t i o n  h o l d s  o n l y  f o r  s m a l l  a r g u m e n t s  of  t h e  Besse l  

f u n c t i o n s ,  a n d  d o e s  n o t  n e c c e s a r i l y  h o l d  f o r  sma l l  v a l u e s  of C D e  

When t h e  a p p r o x i m a t e  f o r m  i s  i n v e r t e d  u s i n g  t h e  S t e h f e s e  

a l g o r i t h m  ( 1 9 7 0 ) ,  f o r  N=16,  i n  d o u b l e  p r e c i s i o n  a r i t h m e t i c ,  

The e x a c t  

f o r m  o f  t h e  p r e s s u r e  r e s p o n s e ,  E q .  3- 1,  w a s  a l s o  t e s t e d  f o r  s m a l l  

v a l u e s  o f  CDe2’ by t a k i n g  s e p a r a t e l y  l a r g e  v a l u e s  o f  C D  a n d  

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

were  f o u n d .  G r i n g a r t e n ,  e t  a l e  ( 1 9 7 9 ) ,  e x p l a i n e d  t h a t  a n e g a t i v e  

s k i n  e f f e c t  g e n e r a t e s  e n e r g y  i n  t h e  p o r o u s  medium, and  makes t h e  

f l o w  e q u a t i o n  u n s t a b l e .  A l l  c u r v e s  c o r r e s p o n d i n g  t o  CDe2’<104 

were t h e r e f o r e  e v a l u a t e d  u s i n g  d i m e n s i o n l e s s  w e l l b o r e  s t o r a g e  

c o e f f i c i e n t s  a n d  d i m e n s i o n l e s s  t i m e s  b a s e d  on  a n  e f f e c t i v e  

w e l l b o r e  r a d i u s .  

d e v i a t i o n s  were n o t i c e d  b e l o w  a v a l u e  o f  CDe2’<10 4 . 

-17-  



3 .1 .3  I n t e r m e d i a t e  T i m e s  ( P s e u d o- S t e a d y  S t a t e  M o d e l )  

1 [ x a u  a-  w , w ( l ]  

F o r  t h i s  r a n g e ,  t h e  f u n c t i o n  f ( u )  b e c o m e s :  

'D f ( u )  = 
U 

T h u s :  

w h i c h  c a n  b e  i n v e r t e d  t o  r e a l  s p a c e :  

D 
t 

u = e  'wfD 

2 -1 

E q u a t i o n  3- 11 s u g g e s t s  t h a t  t h e  p r e s s u r e  r e s p o n s e  d e p e n d a  

on Xe -*' d u r i n g  i n t e r m e d i a t e  t i m e s .  

-18- 



3 .1 .4  I n t e r m e d i a t e  T i m e s  ( T r a n s i e n t  F l o w )  

[ A Q u  <?, 1 w < 11 

f o r  t h i s  r a n g e ,  f u n c t i o n  f ( u )  b e c o m e s :  

3 u  

E q u a t i o n  3-5 b e c o m e s :  

1 - - - ( 3- 1 2 )  
3 C  

'wfD 

1 - - - . . . (3- 13)  'wfD 
- 1  2 3 C D  e 2s 1/4 

- 2 s  
u +  Rn - 

e Y u Xe 

1 - - - 
2 f3 1/4 -1 'wfD 

-19- 
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w h e r e  B i s  d e f i n e d  a s  a t r a n s i e n t  i n t e r p o r o s i t y  f l o w  g r o u p .  F o r  

a s l a b - s h a p e d  m a t r i x ,  i t  i s  g i v e n  by:  

2 s  3 C D  e 

- 2s  X e  

F o r  s p h e r i c a l l y - s h a p e d  m a t r i x  b l o c k s ,  i t  i s  e q u a l  t o :  

2 s  3 C D  e 

- 2s  5 A e  

3.2 Type C u r v e  A n a l y s i s  ( P s e u d o- S t e a d y  S t a t e  

I n t e r p o r o s i t y  F low M o d e l )  

The p r o b l e m  o f  a S l u g  t e s t  i n  a t w o - p o r o s i t y  s y s t e m  c a n  

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

( 1 )  a s l u g  t e s t  i n  a homogeneous  r e s e r v o i r  a s  p r e s e n t e d  

by Ramey, e t  a l .  i n  1 9 7 5 ,  w i t h  s o l u t i o n s  g i v e n  by E q s .  3-7 a n d  

3-8 a n d  as shown i n  F i g s .  3 . 1 , 3 . 2  and  3 .3 ;  

(2) t h e  i n t e r p o r o s i t y  f l o w  e f f e c t  f o r  a d o u b l e - p o r o s i t y  

r e s e r v o i r  w i t h  a s  t h e  g o v e r n i n g  p a r a m e t e r .  S o l u t i o n  i$ 

g i v e n  by Eq. 3-11 a n d  i s  shown i n  F i g s .  3 . 4 ,  3 .5  and  3.6. 

The c o r r e s p o n d i n g  p r e s s u r e  r e s p o n s e  in a s l u g  t e s t  f o r  il 

w e l l  i n  d o u b l e - p o r o s i t y  r e s e r v o i r  i s  t h e r e f  o r e  s i m p l y  o b t a i n e d  by  

-20-  
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s u p e r p o s i n g  t h e  c u r v e s  o f  e a r l y  and  l a t e  ( h o m o g e n e o u s )  b e h a v i o r  

a n d  t r a n s i e n t  ( t w o - p o r o s i t y )  b e h a v i o r  a n d  i s  p r e s e n t e d  in F i g s .  

3 . 7 ,  3 . 8  and  3 . 9  

A t y p i c a l  r e s u l t  f o r  w e l l b o r e  p r e s s u r e  i n  a t w o - p o r o s i t y  

r e s e r v o i r  i s  g i v e n  i n  F i g s .  3 . 1 0  a n d  3.11. A t  e a r l y  t i m e s ,  

p r o d u c t i o n  comes f r o m  t h e  f i s s u r e  s y s t e m  w i t h  C D = C D f .  A s  t h e  

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

C D e 2 ’  c u r v e  and  f o l l o w s  Xe’2S c u r v e ,  u n t i l  p r o d u c i o n  comes f r o m  

t h e  e n t i r e  s y s t e m .  A t  t h i s  s t a g e ,  p r e s s u r e  f o l l o w s  a new C D e  2 8  

w i t h  C D = C D f + m ,  b e l o w  t h e  f i r s t  o n e .  

Assuming  ( $ h c t )  and  t h e  w e l l b o r e  s t o r a g e  c o e f f i c i e n t  ( C )  

a r e  known,  a s e m i l o g  o r  a l o g - l o g  t y p e  c u r v e  a n a l y s i s  of p r e s s u r e  

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

b e  o b t a i n e d  f r o m  t h e  t i m e  m a t c h ,  s k i n  f a c t o r ( S )  f r o m  C D e 2 ’  m a t c h ,  

X f r o m  Ae-2S m a t c h ,  and  s t o r a t i v i t y  r a t i o  w f r o m  t h e  r a t i o  of t h e  

C D e 2 ‘  v a l u e  of  l a s t  c u r v e  t o  t h e  C D e 2 ’  v a l u e  of  t h e  f i r s t  c u r v e ?  

D e t e r m i n a t i o n  o f  w i s  n o t  a l w a y s  p o s s i b l e ,  s p e c i a l l y  wheb 

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

3 . 3  Type  C u r v e  A n a l y s i s  ( T r a n s i e n t  Mode l  I n t e r p o r o s t y  F l o w  

M o d e l )  

A s  f o r  t h e  p s e u d o - s t e a d y  s t a t e  i n t e r p o r o s i t y  m o d e l ,  t h e  

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

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

r e g i m e s :  a t  e a r l y  t i m e s ,  t h e r e  i s  a homogeneous  s y s t e m  b e h a v i o r  

- 27 - 
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w i t h  o n l y  f i s s u r e s  c o n t r i b u t i n g  t o  t h e  s y s t e m  as  r e p r e s e n t e d  by 

Eq. 3- 8 .  A t  i n t e r m e d i a t e  t i m e s ,  a t r a n s i t i o n  o c c u r s  a n d  t h e  

m a t r i x  c o n t r i b u t e s  p r o g r e s s i v e l y .  Reslponse i s  d e s c r i b e d  by o n e  

o f  t h e  B c u r v e s  i n  F i g s .  3 . 1 2 ,  3 . 1 3  and  3 . 1 4 .  A t  l a t e  t i m e s ,  t h k  

b e h a v i o r  i s  a g a i n  homogeneous  w i t h  b o t h  m a t r i x  and  f i s s u r e l s  

c o n t r i b u t i n g .  A t y p i c a l  t w o - p o r o s i t y  c a s e  w i t h  t h e  t r a n s i e n l t  

f l o w  a s s u m p t i o n  i s  p o r t r a y e d  i n  F i g .  3 . 1 5 .  

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

o b t a i n e d  by s u p e r p o s i n g  c u r v e s  o f  F i g s .  3 . 1 ,  3 . 2  and  3 . 3  a n b  

F i g s .  3 . 1 2 ,  3 . 1 3  and  3 . 1 4 ,  r e s p e c t i v e l y .  They  a r e  p r e s e n t e d  i h  

F i g s .  3 . 1 6 ,  3 . 1 7  and  3 . 1 8 .  

A s e m i - l o g  o r  a l o g - l o g  t y p e  c u r v e  a n a l y s i s  b a s e d  on c u r v e s  

g i v e n  i n  F i g s  3 . 1 6 , 3 . 1 7  and  3 . 1 8  c a n  b e  u s e d  t o  e v a l u a t b  

r e s e r v o i r  p a r a m e t e r s  i n  t h e  same way a s  f o r  t h e  p s e u d o- s t e a d y  

s t a t e  m o d e l .  Howeve r ,  d u r i n g  t h e  t r a n s i t i o n  p e r i o d ,  p r e s s u r e  

f o l l o w s  a c u r v e  c o r r e s p o n d i n g  t o  some ft v a l u e .  D e t e r m i n a t i o n  OF 

t h e  i n t e r p o r o s i t y  f l o w  p a r a m e t e r  A, t h e r e f o r e ,  r e q u i r e p  

a d d i t i o n a l  k n o w l e d g e  a b o u t  t h e  g e o m e t r y  of  t h e  m a t r i x  b l o c k s c  

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

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

( D e r u y u c k  e t  a l . ,  1 9 8 2 ) .  

3 . 4  P s e u d o- S t e a d y  S t a t e  Mode l  as c o m p a r e d  t o  t h e  T r a n s i e n k  

I n t e r p o r o s i t y  F low Model  

B o t h  t h e  p s e u d o - s t e a d y  s t a t e  and  t r a n s i e n t  m o d e l s  y i e l d s  t h e  

same f l o w  p a t t e r n :  f i s s u r e - h o m o g e n e o u s  a t  e a r l y  t i m e s ,  t r a n s i t i o b  

a t  i n t e r m e d i a t e  t i m e s ,  and  t o t a l - h o m o g e n e o u s  a t  l a t e  t imes.  

- 3 3  - 
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The p r i n c i p a l  d i f f e r e n c e  b e t w e e n  t h e  two m o d e l s  i s  t h e  s h a p e  

a n d  d u r a t i o n  o f  t h e  t r a n s i t i o n  c u r v e .  The d i f f e r e n c e  i s  mo#e 

p r o n o u n c e d  on t h e  l e f t  s i d e  o f  t h e  t y p e  c u r v e .  T h a t  i s ,  f d r  

l a r g e  v a l u e s  o f  Ae'2S T r a n s i t i o n  c u r v e s  f o r  t h e  p s e u d o - s t e a d y  

s t a t e  m o d e l  i n  t h i s  r a n g e  o f  t i m e  a r e  s t e e p e r  t h a n  f o r  t I e 

t r a n s i e n t  i n t e r p o r o s i t y  f l o w  m o d e l .  T h i s  f a c t  c a u s e s  tHe 

t r a n s i t i o n  d u r a t i o n  t o  b e  s h o r t e r  t h a n  f o r  t h e  t r a n s i e n t  i n t e x j -  

p o r o s i t y  f l o w  m o d e l .  A l s o ,  t h e  t r a n s i t i o n  f r o m  t h e  e a r l y  arld 

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

mode l .  

I 

I 

F o r  smal le r  v a l u e s  of  Ae-2S, t h e  p r e s s u r e  r e s p o n s e  of t h e s e  

two m o d e l s  becomes  a l m o s t  i d e n t i c a l ,  as i s  shown i n  F i g .  3 .19  

- 4 1  - 
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R e s u l t s  And I n t e r p r e t a t i o n  

The p r e s s u r e  r e s p o n s e  of  a w e l l  i n  a d o u b l e - p o r o s i t y  

r e s e r v o i r  d u r i n g  a s l u g  t e s t  i s  g i v e n  by  Eq. B - 1 1 .  P r e s s u T e  

r e s p o n s e  i s  d e p e n d e n t  upon  f o u r  p a r a m e t e r s :  C D ,  S ,  A,and 9.1. 

S e v e r a l  r u n s  were made i n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  of  e a t h  

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

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

d i s t i n g u i s h a b l e  f r o m  t h o s e  of a homogeneous  r e s e r v o i r .  P r e s s u l t e  

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

s i m i l a r  way t o  a g i v e n  c h a n g e  i n  pa rame te r s  w and  A .  The e f f e Q t  

o f  a c h a n g e  of  e a c h  p a r a m e t e r  on  p r e s s u r e  r e s p o n s e  i s  t h e r e f o q e  

shown on t h e  p s e u d o- s t e a d y  s t a t e  m o d e l .  

I 

4 . 1  E f f e c t  o f  C D  I 

E f f e c t  o f  t h e  g r o u p  C D e 2 ’  c a n  b e  a n a l y z e d ,  i n s t e a d  of  C d ,  

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

e f f e c t i v e  w e l l b o r e  r a d i u s  f o r  low v a l u e s  of  C D .  F o r  v a l u e s  qf  

CDe2’>104 t h e  d i m e n s i o n l e s s  w e l l b o r e  s t o r a g e  c o e f f i c i e n t  a n d  s k i , n  

a f f e c t  t h e  s o l u t i o n s  as  o n e  g r o u p ,  as  shown by t h e  a p p r o x i m a t ( e  

f o r m  o f  t h e  p r e s s u r e  s o l u t i o n ,  Eq. 3-9. 

When i n v e r t e d  u s i n g  t h e  S t e h f e s t  a l g o r i t h m  ( 1 9 7 0 )  f o r  N=116 

i n  d o u b l e  p r e c i s i o n  a r i t h m e t i c ,  Eq. 3-9 g i v e s  t h e  same r e s u l t  als 

t h e  e x a c t  s o l u t i o n  t o  s i x  d e c i m a l  p l a c e s  f o r  C D e 2 ’  > l o 4 ,  t h e r e b i y  

e s t a b l i s h i n g  C D e 2 ’  a s  t h e  g o v e r n i n g  g r o u p .  U s i n g  N=12,  thle 

I 
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p r e s s u r e  s o l u t i o n  f o r  C D e 2 S > 1 0 0  c a n  be  o b t a i n e d .  F o r  v a l u e s  of  

CDe2’&1O0, t h e  a p p r o x i m a t e  f o r m  p r o v i d e s  v a l u e s  of  d i m e n s i o n l e s s  

p r e s s u r e s  g r e a t e r  t h a n  o n e ,  i n d i c a t i n g  p e r h a p s  t h a t  CDe2’ i s  nlot 

t h e  s o l e  g o v e r n i n g  g r o u p  f o r  v a l u e s  o f  CDe2SG100.  Cur  vles 

o b t a i n e d  w i t h  q u a n t i t i e s  b a s e d  on e f f e c t i v e  w e l l b o r e  r a d i u k ,  

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

I 

T w o- p o r o s i t y  e f f e c t s  a r e  l e s s  l i k e l y  t o  be  n o t i c e a b l e  f o r  

v a l u e s  of ~ ~ e ~ S > 1 0 ’ 5 .  C u r v e s  f o r  d i f f e r e n t  CDe2’  v a l u e s  a t e  

c l o s e ,  and  s m a l l  v a l u e s  of w&10-3 a n d  ;ie-2S<10’16 a r e  r e q u i r e d  t o  

h a v e  t h e  t w o - p o r o s i t y  e f f e c t s  i n  t h e  t i m e  r a n g e  of  i n t e r e s t .  

V a l u e s  f o r  w<10-3 c a n  be  f o u n d  i n  p r a c t i c e .  However ,  t h e  r a n g e  

o f  v a l u e s  f o r  Xe-2SG10 -15 a r e  f o u n d  l e s s  f r e q u e n t l y .  

4.2 E f f e c t  of S 

A n a l y s i s  of  r e s u l t s  show t h a t  t h e  p r e s e n c e  o f  t w o - p o r o s i t y  

e f f e c t s  i s  d e p e n d e n t  upon  a s u i t a b l e  c o m b i n a t i o n  of C D ,  X a n d  ru, 

a n d  i s  i n d e p e n d e n t  of  S .  T h i s  i s  s u p p o r t e d  by t h e  f a c t  t h a t  t b e  

t w o - p o r o s i t y  e f f e c t s  a r e  o b s e r v e d  when f u n c t i o n s  f ( u )  t a k e  v a l u e s  

f r o m  w t o  1 i n  t h e  t i m e  r a n g e  of  i n t e r e s t .  S i n c e  t h e  f u n c t i o n  

f (u) f o r  b o t h  p s e u d o - s t e a d y  s t a t e  a n d  t h e  t r a n s i e n t  i n t e r p o r o s i t / y  

f l o w  m o d e l  do  n o t  i n v o l v e  s k i n ,  t w o - p o r o s i t y  b e h a v i o r  is n q t  

a f f e c t e d  by S ( s k i n  f a c t o r ) .  A s  d e r i v e d  i n  A p p e n d i x  A ,  t d e  

f u n c t i o n  f ( u )  f o r  t h e  two i n t e r p o r o s i t y  m o d e l s  a r e :  

I 
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f o r  p s e u d o - s t e a d y  s t a t e  m o d e l :  

A ‘D 
w ( 1 - w )  + -- 

U 
f ( u )  = 4- 1 )  

A C  
D 

U 
( 1 - w )  + 

f o r  t r a n s i e n t  m o d e l  

F o r  v a l u e s  of  CDe2SS104 ,  s o l u t i o n s  were o b t a i n e d  u s i n g  C, 

a n d  t D  b a s e d  on e f f e c t i v e  w e l l b o r e  r a d i u s .  The i n t e r p o r o s i t l y  

f l o w  p a r a m e t e r  X may a l s o  b e  b a s e d  on e f f e c t i v e  w e l l b o r e  r a d i u s  

g i v i n g  Xe-2S, t h u s  k e e p i n g  t h e  f u n c t i o n  f ( u )  i n d e p e n d e n t  of s k i n ’ .  

4.3 E f e c t  o f  X 

The v a l u e  o f  Xe -2s d e t e r m i n e s  w h e t h e r  o r  n o t  p r e s s u r l e  

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

f r o m  a homogeneous  r e s e r v o i r .  E x a m i n i n g  t h e  f u n c t i o n  f ( u ) ,  e a r l l y  

t i m e  e f f e c t s  a r e  p r e s e n t  i n  t h e  t i m e  r a n g e  of  i n t e r e s t  o n l y  folr 

XSCD-1. F o r  X a n d  C D  b a s e d  on e f f e c t i v e  w e l l b o r e  r a d i u s ,  e a r l l y  

t i m e  e f f e c t s  a r e  o b s e r v e d  when: 

I 
I 

x ,-2% 1 / C D e  2s I 
I 
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T h i s  e x p r e s s i o n  s u g g e s t s  t h a t  f o r  Xe-2’) 1 /cD,  no  e a r l y  t ime 

e f f e c t s  a r e  s e e n .  

~ e - 2 ~ = 0 . 1  ( t o o  l a r g e ) ,  no  e a r l y  t i m e  e f f e c t s ( C D e 2 s = l ~ 1 2 >  a r p  

o b s e r v e d .  L a r g e  v a l u e s  o f  Xe -2s r e s u l t  i n  homogeneous  b e h a v i o h  

f o l l o w i n g  t h e  l a t e  t i m e  response(CDf+me2s=io10). 

F i g u r e  4 . 1  shows  t h a t  f o r  CDe2’=101’ a n d  

-2Sz10-15 I 

F i g u r e .  4.2 i n d i c a t e s  t h a t  f o r  CDe2S=1010 a n d  Xe b 

~ ( t o o  s m a l l )  n o  d o u b l e - p o r o s i t y  e f f e c t s  a r e  o b s e r v e d .  P r e s s u r e  

r e s p o n s e  i s  t h a t  of  a homogeneous  medium a l o n g  t h e  e a r l y  t i m f  

b e h a v i o r  ( C D e 2 S = 1 0 1 2 ) , f o r  w=O.Ol. 
I 

A l l  t h r e e  f l o w  r e g i m e s  a r e  o b s e r v e d  when:  

t T h i s  i s  shown i n  F i g .  4 . 3  f o r  CDe2’=101’, a n d  Xe-2S=10-111 

P r e s s u r e  f o l l o w s  t h e  e a r l y  t i m e  c u r v e  (CDfe2 ’=1012)  t o  t D / C D  i: 

0.5 .  The  m a t r i x  s t a r t s  t o  c o n t r i b u t e  a t  t h i s  s t a g e ,  and  t h e  

p r e s s u r e  f o l l o w s  t h e  t r a n s i t i o n  c u r v e .  A t  a b o u t  t D / C D = l O ,  t h e  

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

t i m e  c u r v e  ( C D f + m e 2 S = 1 ~ 1 0 ) .  

I 
I 

The t i m e  a t  w h i c h  t h e  m a t r i x  s t a r t s  c o n t r i b u t i n g  f o r  a f i x e d  

s t o r a t i v i t y  r a t i o  i s  d e p e n d e n t  u p o n  t h e  v a l u e  o f  Xe . Th$ 

b e g i n n i n g  of  t r a n s i t i o n  s h i f t s  t o  l a t e r  t imes  as Xe-2S d e c r e a s e s .  

F i g u r e .  4 .4  shows  t h e  e f f e c t  of  a d e c r e a s e  i n  Xe-2S f o r  a f i x e d  

-2s 

I 

s t o r a t i v i t y  r a t i o .  T h i s  r e s u l t  s u g g e s t s  t h a t  f o r  Xe -2s < < 1 / C D ,  

n o  l a t e - t i m e  e f f e c t s  a r e  o b s e r v e d .  T h i s  i s  c o n f i r m e d  by t h $  

s o l u t i o n  f o r  CDe2S=1010 a n d  X e - 2 S , p r e v i o u s l y  shown i n  F i g .  4.2. 
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4.3  E f f e c t  of w 

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

v a l u e  o f  t h e  g r o u p  i s  d e p i c t e d  i n  F i g .  4 .5 .  The m a t r i B  

s t a r t s  c o n t r i b u t i n g  much e a r l i e r  f o r  s m a l l e r  v a l u e s  o f  w. T,b 

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

t imes  f o r  s m a l l e r  v a l u e s  of w. 

F o r  v e r y  s m a l l  v a l u e s  of  s t o r a t i v i t y  r a t i o  W G ~ O ' ~ ,  t h a t  1 8  

when s t o r a t i v i t y  of  t h e  f i s s u r e  (+Vet), is v e r y  s m a l l  as c o m p a r e d  

t o  t h e  t o t a l  s t o r a t i v i t y  [ ( @ V C ~ ) ~ + ( @ V C ~ ) ~ ] ,  t h e  p r e s s u r e  f o l l o M 6  

t h e  t r a n s i t i o n  c u r v e  f r o m  t h e  v e r y  b e g i n n i n g .  No e a r l y  t i m k  

e f f e c t s  a r e  p r e s e n t  f o r  t h e  case  CDe2S=1 and  w = ~ O - ~ ,  as shown i n  

F i g .  4 .6 .  I t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  t h e  v a l u e s  of  w f a t -  

s u c h  cases  t h r o u g h  t h e  t y p e  c u r v e s  p r e s e n t e d .  On ly  a n  u p p e t  

l i m i t  o f  t h e  v a l u e  o f  w c a n  b e  e s t i m a t e d :  

w = C D f + m / C D f  (unknown b u t  g r e a t e r  t h e n  CDf+m) 

The t i m e  f o r  s t a b i l i z a t i o n  o f  p r e s s u r e  i n  t h e  m a t r i x  and  t h e  

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

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

t h e  v a l u e  o f  w, t h e  l a t e r  i s  t h e  b e g i n n i n g  of  t h e  l a t e  t ime 

e f f e c t s .  T h i s  i s  shown i n  F i g .  4 .7 .  T h i s  means t h a t  i t  t a k e $  

more  t i m e  f o r  p r e s s u r e  i n  t h e  m a t r i x  and  f i s s u r e s  t o  s t a b i l i z e  

when f i s s u r e  s t o r a t i v i t y  i s  much s m a l l e r  t h a n  t h e  m a t r i x  

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

c e r t a i n  t i m e  r a n g e s  shown i n  F i g .  4 .8 .  T h i s  i s  e x p l a i n e d  by t h e  

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

r a n g e  g i v e n  by ( D e r u y c k  e t  a l . ,  1 9 8 2 ) .  
I 

[ X < < u < < l / w ,  f o r  X < < l ]  

S m a l l e r  v a l u e s  o f  w r e s u l t s  i n  t h e  c o n t i n u a t i o n  of  t h e  

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

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

s t a g e s  of  t h e  t r a n s i t i o n  p e r i o d .  T h i s  e f f e c t  i s  d i m i n i s h e d  a s  

t h e  v a l u e  o f  o i n c r e a s e s .  I n  F i g .  4 . 9 ,  n o  s u c h  e f f e c t  a p p e a r s  

b e c a u s e  w = O . 5  i s  l a r g e ,  w h i c h  r e d u c e s  t h e  t r a n s i t i o n  d u r a t i o n  amd 

p r e s s u r e  d e p a r t s  f r o m  t h e  t r a n s i t i o n  c u r v e  b e f o r e  t h e  t r a n s i t i Q p  

c u r v e  f a l l s  b e l o w  t h e  l a t e  t ime  c u r v e  (CDe2’=1) .  T h i s  e f f e c t  i s  

n o t  o b s e r v e d  f o r  l a r g e  v a l u e s  o f  CDe2’,  f o r  i n s t a n c e  i n  F i g .  4.1’0 

w i t h  C D e 2 S = 1 0 1 0 ,  a s  t h e  t r a n s i t i o n  c u r v e s  c r o s s  t h e  l a t e  time 

c u r v e s  a t  r e l a t i v e l y  l a t e  t i m e s .  

I 
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5 .  C o n c l u s i o n s  

( 1 )  The f l o w i n g  p e r i o d  o f  a DST ( S l u g  t e s t )  i n  a t w o -  

p o r o s i t y  r e s e r v o i r  h a s  b e e n  m a t h e m a t i c a l l y  p o s e d .  A 

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

p r e s e n t e d .  

( 2 )  R e s u l t s  p r e s e n t e d  a r e  v a l i d  b o t h  f o r  f i s s u r e d  a n d  

l a y e r e d  r e s e r v o i r s .  

( 3 )  Type c u r v e s  b a s e d  on p s e u d o - s t e a d y  s t a t e  a n d  

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

( 4 )  F o r  e a c h  f l o w  r e g i m e  t h r e e  d i f f e r e n t  t y p e  c u r v e s  a r e  

p r e s e n t e d :  s e m i - l o g  F i g s .  3 . 7  a n d  3 . 1 6 ,  l o g - l o g  F i g $ .  

3 . 8  a n d  3 . 1 7 ,  a n d  d i f f e r e n t  l o g - l o g  F i g s .  3 . 9  a n d  

3 . 1 8 .  The s e m i - l o g  t y p e  c u r v e  i s  b e s t  when b o t h  

e a r l y  a n d  l a t e  t i m e  d a t a  i s  a v a i l a b l e  a n d  i s  t o  be  

g i v e n  e q u a l  w e i g h t .  L o g- l o g  c u r v e s  may b e  more  

if  e i t he r  ‘i O r  ‘0 a r e  u n c e r t a i n  o r  unknown.  

( 5 )  The p r e s s u r e  r e s p o n s e  f o r  t w o - p o r o s i t y  r e s e r v o i r s  i s  

i n d i s t i n g u i s h a b l e  f r o m  t h a t  o f  a h o m o g e n e o u s  

r e s e r v o i r  f o r  c e r t a i n  r a n g e s  of  v a l u e s  X a n d  w. 

( 6 )  The p s e u d o - s t e a d y  s t a t e  m o d e l  a n d  t r a n s i e n t  m o d e l s  

y i e l d  t h e  same f l o w  p a t t e r n :  f i s s u r e  h o m o g e n e o u s  a t  

e a r l y  t imes ,  t r a n s i t i o n  a t  i n t e r m e d i a t e  t i m e s ,  a n d  

t o t a l  s y s t e m  h o m o g e n e o u s  a t  l a t e  t i m e s .  
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( 7 )  The t r a n s i e n t  i n t e r p o r o s i t y  f l o w  m o d e l  p r o v i d e s  a 

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

l a r g e  v a l u e s  of  Xe-2S, a n d  d o e s  n o t  show a r e l a t i v e l y  

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

m o d e l .  The  p r e s s u r e  r e s p o n s e  f o r  s m a l l  v a l u e s  of  Xe - 2 s  

i s  a l m o s t  i d e n t i c a l  f o r  t h e  t h e  two f l o w  m o d e l s .  

( 8 )  A s e m i - l o g  o r  a :Log-log t y p e  c u r v e  m a t c h i n g  b a s e d  o n  

t h e  t y p e  c u r v e s  p r e s e n t e d  c a n  y i e l d  a l l  t h e  s y s t e m  

p e r t i n e n t  p a r a m e t e r s :  t r a n s m i s s i v i t y  ( k h / p )  f r o m  t h e  

t i m e  m a t c h ,  s k i n  ( S )  f r o m  C D e 2 S  m a t c h ,  i n t e r p o r o s i t y  

f l o w  p a r a m e t e r  ( A )  f r o m  Xe - 2 s  m a t c h ,  a n d  s t o r a t i v i t y  

r a t i o  ( w )  f r o m  t h e  r a t i o  o f  t h e  C D e 2 S  v a l u e  o f  t h e  

l a s t  c u r v e  t o  t h e  C D e 2 ’  v a l u e  of  t h e  f i r s t  c u r v e .  

( 9 )  A c o r r e l a t i o n  q u a n t i f y i n g  t h e  r a n g e  of  v a l u e s  o f  Ae-2S 

f o r  w h i c h  t h e  two  p o r o s i t y  e f f e c t s  a r e  o b s e r v e d  i s  

p r e s e n t e d .  

( 1 0 )  A f o r m a l  s o l u t i o n  s h o w i n g  CDe2’ a s  t h e  s o l e  g o v e r n i n g  

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

C 

'D ' 
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p m D  ' 
PwfD : 

qwb ' 
q s f  : 

r 

r w  

P *  r 

S 

t 

t o t a l  c o m p r e s s i b i l i t y ,  atm 

w e l l b o r e  s t o r a g e  c o n s t a n t ,  c c / a tm  

d i m e n s i o n l e s s  w e l l b o r e  s t o r a g e  c o n s t a n t  

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

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

m o d i f i e d  Bessel f u n c t i o n  of  s e c o n d  k i n d ,  o r d e r  z e r o  

m o d i f i e d  B e s s e l  f u n c t i o n  of  s e c o n d  k i n d ,  o r d e r  o n e  

p r e s s u r e  i n  t h e  f i s s u r e  medium on t h e  f o r m a t i o n  s i d e  

o f  t h e  s k i n  e f f e c t , a t m  

p r e s s u r e  i n  t h e  m a t r i x  medium,  atm 

p r e s s u r e  i n  t h e  f i s s u r e  medium w i t h i n  t h e  w e l l b o r e ,  a t m  

d i m e n s i o n l e s s  p r e s s u r e  d r o p  i n  t h e  f i s s u r e  medium on t h e  

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

d i m e n s i o n l e s s  p r e s s u r e  i n  t h e  m a t r i x  medium 

d i m e n s i o n l e s s  p r e s s u r e  d r o p  i n  t h e  f i s s u r e  medium 

w i t h i n  t h e  w e l l b o r e  

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

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

f l o w  f r o m  s a n d f a c e ,  c c / s e c  

r a d i a l  d i s t a n c e  f r o m  t h e  w e l l ,  c m  

r a d i u s  o f  t h e  w e l l b o r e ,  c m  

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

d i m e n s i o n l e s s  s k i n  f a c t o r  

t i m e ,  s e c  
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8. A p p e n d i x  A 

D e r i v a t i o n  Of C h a r  a c t  e r  i s t i  c Ea u a t  i o n  

W i t h  D o u b l e - P o r o s i t y  B e h a v i o r  

T h i s  d e r i v a t i o n  i s  f r o m  t h e  m o d e l  by W a r r e n  a n d  R o o t ( 1 9 5 6 ) ,  

a n d  i s  p r e s e n t e d  i n  d e t a i l  i n  D e r u y u c k  e t  a l .  ( 1 9 8 2 ) .  I t  

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

e l e m e n t  c o n t a i n i n g  b o t h  f i s s u r e s  and  m a t r i x .  E q u a t i o n s  s o  

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

t r a n s i e n t  i n t e r p o r o s i t y  f l o w  r e g i m e s .  

(A- 1) M a t e r i a l  B a l a n c e  

[Mass  r a t e  i n ] = [ M a s s  r a t e  o u t ] + [ M a s s  s t o r a g e  r a t e ] + S o u r c e  o r  S i b k  

..................... A- 1 )  

N e g l e c t i n g  g r a v i t a t i o n a l  f o r c e s ,  a n d  a s s u m i n g  D a r c y ' s  l a w  h o l d s  

f o r  a r a d i a l  s y s t e m  of  c o n s t a n t  t h i c k n e s s  f o r  f i s s u r e s :  

2nhk  pap  2 n r d r h a ( @ V ) p  
f f  2 n r h k  p a p  f f  

[ -  3 = [ -  -1 + ] - [ 2 n r h p q d r l  

!J ar P ar a t  

.................... A-2) 
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f o r  m a t r i x :  

2 n r h k f p a p  2 1 ~ r h k  p a p  2 1 ~ r d r h a ( + V )  p m m m  m 
[ -  ] = [ -  -1 + 1 + 2 n r d r h p q  

u ar u ar 

D i v i d i n g  a n d  r e a r r a n g i n g ,  w e  h a v e  f o r  t h e  f i s s u r e s :  

F o r  m a t r i x :  
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For a fluid of constant compressibility and assuming small 

pressure gradients, we have for the fissure medium: 

For the matrix medium: 

( A- 2 )  Derivation of characteris tic equation with pseudo-s teady 

state interporosity flow assumption 

The pseudo-steady state interporosity flow assumption can be 

expressed as: 
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A s s u m i n g  t h e  m a t r i x  p e r m e a b i l i t y  i s  l o w  a n d  t h e  l e f t  s i d e  of  

Eq.  ( A - 7 )  c a n  b e  n e g l e c t e d ,  y i e l d s :  

S u b s t i t u t i n g  f o r  q i n  E q .  ( A - 8 ) :  

E q u a t i o n  ( A- 1 0 )  c a n  b e  e x p r e s s e d  i n  d i m e n s i o n l e s s  f o r m ,  

u s i n g  d i m e n s i o n l e s s  p a r a m e t e r s  X a n d  w d e f i n e d  by W a r r e n  a n d  R o o t  

( 1 9 5 6 ) :  

( A- l o a )  
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M u l t i p l y i n g  b o t h  s i d e s  by t h e  d i m e n s i o n l e s s  s t o r a g e  c o e f f i c i e n t  

t o  c h a n g e  t h e  i n d e p e n d e n t  v a r i a b l e  f r o m  t D  t o  t D / C D ,  

w e  h a v e  : 

D i m e n s i o n l e s s  t i m e  a n d  w e l l b o r e  s t o r a g e  c o e f f i c i e n t  he re  a r e  

b a s e d  upon  t h e  t o t a l  f i s s u r e  a n d  m a t r i x  s t o r a t i v i t y .  

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

L a p l a c e  s p a c e  by t a k i n g  t h e  L a p l a c e  t r a n s f o r m  o f  E q .  ( A - 1 1 ) :  

D (1-w) + x c 

The  e q u a t i o n  f o r  f i s s u r e s ,  Eq. ( A - 6 ) ,  c a n  b e  w r i t t e n  i n  

d i m e n s i o n l e s s  f o r m  a s :  

2 
q .............( A - 1 3 )  !Jr w w c  a p  

t D  

2 
a 'fD + a P f D  - - D fD+ 

(P i -  P o )  a r D  D D  a (,I k f  * r ar  
D 
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T a k i n g  t h e  L a p l a c e  t r a n s f o r m  w e  h a v e :  

L 

D D D  c D  kf 
r d r  d r  

w h e r e :  

S u b s t i t u t i n g  f o r  d i m e n s i o n l e s s  p r e s s u r e s  i n  L a p l a c e  s p a c e ,  

i n t e r p o r o s i t y  f l o w  i s  g i v e n  by :  

a k ( P i -  P o )  (1-0) u 
m . . . . (A-16) [ 'fD 

- 
q =  

u ( 1 - w )  u + xc 
D 

S u b s t i t u t i n g  i n  Eq.(A-14), w e  h a v e :  

- 2 - 2- 

. (A-17) 'fD ( 1 - w )  u 
3 

( 1 - w )  u + h C D  
1 'fD + dPfD = -  wu 'fD + a k m r w  

D D D  cD kf  r d r  2 d r  
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w h i c h  c a n  be  s i m p l i f i e d  t o :  

2- 'fD + dPfD f ( u )  PfD- 
- 0  - 

c D  
r d r  2 

d r D  D D  

w h e r e  

w(1-w)u + xc 
D 

f ( u )  = 

(1 -w)u  + X C D  

E q u a t i o n  (A- 18)  i s  t h e  c h a r a c t e r i s t i c  e q u a t i o n  f o r  a d o u b l e -  

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

i n t e r p o r  o s i  t y  f l o w .  

( A - 3 )  D e r i v a t i o n  of  c h a r a c t e r i s t i c  e q u a t i o n  f o r  t r a n s i e n t  

i n t e r p o r o s i t y  f l o w  

The  d i m e n s i o n l e s s  e q u a t i o n  f o r  f i s s u r e s  i n  L a p l a c e  s p a c e  is 

g i v e n  by E q .  ( A- 1 4 ) :  

2 
d r D  r d r  D D  c D  kf  ( P i -  P o )  

- 7 3  - 



The f l u i d  f l o w  f r o m  m a t r i x  t o  f i s s u r e  i s  d e s c r i b e d  by :  

E q u a t i o n  (A-21) c a n  be  e x p r e s s e d  c o n s i d e r i n g  h o r i z o n t a l  s y m m e t r y  

f o r  t h e  m a t r i x ,  f o r  s l a b  s h a p e d  m a t r i x  b l o c k s :  

2 a Pm 1 a P m  
- =  

a t  2 
"m a Z  

w h e r e  " z "  i s  t h e  v e r t i c a l  c o o r d i n a t e .  

The b o u n d a r y  and  i n i t i a l  c o n d i t i o n s  t o  s o l v e  E q .  (A-22) a r e :  

m 
a Z  2 

h 
a t  z=- , f o r  a l l  t = o  a 'm 

Pm = Pf  a t  z = O ,  f o r  a l l  t 
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w h e r e  hm i s  t h e  t h i c k n e s s  of  a m a t r i x  b l o c k .  E q u a t i o n  (A- 21)  c a n  

b e  e x p r e s s e d  a s :  

w h i c h  c a n  b e  e x p r e s s e d  i n  terms o f  X a n d  w as :  

( 1 - 0 )  a 

A- 27) 

D L 

w h e r e  a i s  g i v e n  b y :  

4 n  ( n + 2 )  

1 
a =  

F o r  s l a b - s h a p e d  m a t r i x  b l o c k s ,  n = l ,  a n d  t h e  c h a r a c t e r i s t i c  

d i m e n s i o n  1 = h m 2  ( D e r y u c k  e t  a l . ,  1 9 8 2 ) .  

i n t o  L a p l a c e  s p a c e :  

T r a n s f o r m i n g  Eq. (A- 27)  

1 2  ( l - w )  u - - 
2 'm 

v2pm - 
h X C D  m 
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E q u a t i o n  ( A- 2 9 )  i s  a l i n e a r ,  h o m o g e n e o u s  e q u a t i o n  a n d  s o l u t i o n  

i s ,  S t r e l t s o v a  ( 1 9 8 2 ) :  

h 12 ( l - w )  u - 
- 4 2 

- 4 2 

C o s h  (> 
h X C D  m 2 

h 

- - 
P m  = P f  

1 2  ( l - w )  u 

h X C D  

- m C o s h  (- 
2 m 

The  i n t e r p o r o s i t y  f l o w  i s  d e f i n e d  i n  t h e  L a p l a c e  s p a c e  a s :  

The p r e s s u r e  g r a d i e n t  i s  g i v e n  by :  

- 
12 ( l - w )  u h :12 ( l - w )  u 

m 

2 2 t a n h  - - ’fD a? 
(A) = 

h X C D  m 
2 

m ‘D a z  z = o  h 

- 
- 4 km P f D  ( P i -  P J  3 ( 1 - w )  u 3 (1-0) u 
q =  t a n h  ( A- 3 2 )  

h m 2Ll  ‘D ‘D 
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E q u a t i o n  (A- 20)  t h e n  b e c o m e s :  

‘D kf r d r  D D  d r D L  A ‘D A ‘D 

w h i c h  can be e x p r e s s e d  i n  t h e  same f o r m  as t h a t  f o r  t h e  p s e u d o -  

s t e a d y  s t a t e  m o d e l :  

L 

d r D  

w h e r e :  

D 
r d r  

D ‘D 

C D  x ( 1 - w )  3 ( 1 - w )  u 
f ( u )  = w + t a n h  - 

3 u  ‘D 

- 0  (A- 39)  

( A - 4 )  D e r i v a t i o n  of  b o u n d a r y  c o n d i t i o n s  i n  L a p l a c e  s p a c e  
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F o r  a S l u g  t e s t  t h e r e  i s  n o  f l o w  a t  t h e  s u r f a c e ,  f l o w  c o m i n g  

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

T h i s  c a n  be  e x p r e s s e d  i n  d i m e n s i o n l e s s  f o r m  a s :  

2 T k f h  ( P i -  P o >  C D  d P w f D  

lJ d t D  

- - 
qwb 

The  s a n d  f l o w  r a t e  i s  g i v e n  b y :  

2 . r rkfrh  a p f  
P S f  = 1- -1 

ar r = r  
W lJ 

...................... A-38) 

i n  d i m e n s i o n l e s s  f o r m :  

2.rrkfh ( P i -  P f )  a P f D  

q S f =  - (---I ............. (A-39) 
ar, r := 1 D !J 

a s  t h e r e  i s  n o  f l o w  a t  t h e  s u r f a c e :  

'D aPwfD = I  a P f D l  

D 
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T a k i n g  t h e  L a p l a c e  t r a n s f o r m ,  w e  h a v e :  

( 'wfD 

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

H u r s t  a n d  E v e r d i n g e n  s k i n  f a c t o r :  

q s f p  

S 

F l o w  a t  t h e  s a n d  f a c e  i s  g i v e n  by :  

S u b s t i t u t i n g  i n  Eq. ( A - 4 4 ) :  

........ ( A - 4 5 )  
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t a k i n g  t h e  L a p l a c e  t r a n s f o r m :  

. ( A - 4 7 )  1 D ................ - 
- s  

'wfD= [ 'fD ar r D = l  

O u t e r  b o u n d a r y  c o n d i t i o n :  
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9 .  A p p e n d i x  B 

S o l u t i o n  o f  S l u g  t e s t  p r o b l e m  

i n  two p o r o s i t y  medium 

The  p r o b l e m  of t h e  s l u g  t e s t  c a n  now b e  p r e s e n t e d  i n  L a p l a c e  

s p a c e  a s :  

L 

c D  r d r  
d r D  D D  

( u  - P w f D -  1) = ( a P f D  ) 
r =1 

D D 
ar 

R i m i  t 
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Equation (B-1) is a modified Bessel equation of order zero, its 

solution is a linear combination of two Bessel functions: 

D L 

Here Io and KO are modified Bessel functions of order zero. 

Arbitrary constant A must be zero to satisfy the outer 

boundary condition, s o :  

D b 

Differentiating with respect to rD: 

D ar cD 

' K  r I D  
cD 
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S u b s t i t u t i n g  f o r  t h e  d i m e n s i o n l e s s  p r e s s u r e  g r a d i e n t  i n  E q .  (B-2): 

R e l a t i n g  t h e  d i m e n s i o n l e s s  p r e s s u r e  a t  

w e l l b o r e  p r e s s u r e  t h r o u g h  E q .  ( B - 3 ) :  

- 
= B  'wfD KO 

c D  c D  

S u b s t i t u t i n g  f o r  B a n d  r e a r r a n g i n g ,  w e  

i:he r e s e r v o i r  s i d e  t o  t h e  

h a v e  : 

(B-10) 

u f ( u )  u f ( u )  
K 1  C 

D 
u f ( u )  

+ 

c D  
C 

D 
K O  - - - 

- u f ( u )  + K 1  u E ( u )  
C 

D 
c K 1  + U  KO 

'wfD 

c D  c D  D 

.................( B-11) 
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E q u a t i o n  (B-11)  i s  t h e  s o l u t i o n  of  t h e  s l u g  t e s t  p r o b l e m  i n  

L a p l a c e  s p a c e .  T h i s  c a n  b e  a p p r o x i m a t e d  f o r  a l l  p r a c t i c a l  

p u r p o s e s  by t h e  l i m i t i n g  f o r m s  of t h e  Besse l  f u n c t i o n s .  F o r  

s m a l l  v a l u e s  o f  a r g u m e n t s  o f  Besse l  f u n c t i o n s :  

1 
K 1 ( z )  = - 

Z 

S u b s t i t u t i n g  E q s .  (B- 12)  a n d  (B- 13)  i n  i ( B - 1 1 ) :  
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which can be simplified: 

u + x  Rn - 
e u f ( u )  

where y =  0.5778. .. . . , ( E u l e r ' s  c o n s t a n t ) .  
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10. APPENDIX C 

COMPUTER PROGRAMS 
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-. 

I ,  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
/ f  
f f  

C 
C 
C 

C 
C 

THE FOLLOWING PROGRAH INVERTS THE SOLUTION OF 
TWO POROSITY SLUG TESTING INTO REAL SPACE USING 
THE STEHFEST ALGORITHIM. T H E  PROGRAM H A S  T H E  
THE SOLUTION FOR BOTH PSEUDO STEADY STATE AND 
TRANSIENT FLOW REGIMES. IT CAN BE USED TO 
DETERMINE THE EARLY AND LATE TIHE RESPONSE OF THE 
TWO REGIMES. 
REPONSE FOR T H E  TWO REGIMES. 
THE TRANSIENT INTERPOROSITY FLOW REGIME CAN ALSO 
BE OBTAINED. 
EACH CASE. 
ARE DOCUMENTED 

IT ALSO DETERHINES T H E  COMPLETE PRESSURE 
INTERMEDIATE R E P O N S E  F O R  

APPROPRATE EXPRESSION IS TO BE USED FOR 
EXPRESSION FOR EACH CASE ARE PROVIDED AND 

NOMENCLATURE 

BETA = TRANSIENT INTERPOROSITY FLOW GROUP 
CD= WELLBPRE STORAGE CONSTANT 
CD1 = CD*EXPC2S) 
DLAMDA = INTERPOROSITY FLOW PARAMETER 
FUN= WARREN AND ROOTS FUNCTIOH 

=1 FOR EARLY TIMES 
OMEGA = STORATIVITY RATIO 
P= SOLUTION IN THE LAPLACE SPACE 
S = SKIN FACTOR 
TDCD= DIMENSIONLESS TIME 

J O B  
EXEC WATFIV 

IMPLICIT REAL*8(A-H,O-Z) 
INTEGER S N  
DIMENSION G(251rH(25)rV(25) 
EXTERNAL BESKOIBESKlrDSQRT 
REAL*8 BESK0,BESKl 
TDCD=O.ODO 
N=16 
M = 2 5  
DLOGTH=O.69314718056DO 
CD=l. OD0 
S=O.DD 
DLAMDA=O,lODO 
OMEGA=O.lDO 
CDl=CD*DEXP(2.0DO*S) 
CDl=l.OD+O4 

BETA = lO.OD+lO 
WRITE(6r 100) CDlrCD,S,DLAMDArOREGA 

56 
C 

101 

CONTINUE 

IF(TDCD.GE.0.09DO) GO TO 101 
TDCD=TDCD+O.OlDO 
GO TO 50 
CONTINUE 
IF(TDCD.GE.U.gD0) G O  TO 102 
TDCD=TDCD+O.lODO 
GO T O  5 0  
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102 

103 

104 

5 0  
C 
C 
C 
C 

C 
C 
C 

10 

20 
30 

40 

7 5  
6 0  

70 
8 0  

C 
C 
C 
C 

CONT I H U E  
IF(TDCD.GE.09.0DO) GO TO 103 
TDCD=TDCD+l.ODO 
GO TO 50 
CONTINUE 
IF (TDCD.GE.99.0DO) GO TO 1 0 4  
TDCD=TDCD+lO.ODO 
GO TO 50 
CONTINUE 
TDCD=TDCD+iOD.ODO 
IF(TDCD.GT.1000.ODO) GO TO 7 9  
CONTINUE 

IF(H.EQ.N) GO TO 80 

CALCULATION OF V-ARRAY 

M = N  
G(l)=l.ODO 
HH=N/2 
DO i o  1 = 2 , ~  
G(I)=G(I-~)*DPLoAT(~) 
H(1)=2.0DO/G(NH-l) 
DO 30 I =28NH 
FI=DFLOAT(I) 

CONTINUE 
SN=2*(NH-NH/2*2 1- 1  
DO 70 I=l,N 
V(I)=O.ODO 
Kl=(I+l) /2 
K2=I 
IF(K2.GT.NHl K2=NH 

KK=2*K-I 
IF(KK.EQ.O.DO1 GO TO 40 
IF (1.EQ.K) GO TO 7 5  

GO TO 60 
V(I)= V(I)+ H(K)/ G(1-K) 
GO T O  60 
V(Il= V(I)+H(KI/G(KK) 
CONTINUE 
V(I)= SN* V(I) 
SN=-SN 
CONTINUE 
FA=O.DO 
A=DLOGTH/TDCD 

DO 60 K=K1,K2 

V(I)=V(I)+H(K)/(G(I-K)*G~~*K-~)) 

DO 90 I=l,N 
A R G =  DPLOAT(I)*A 

THIS IS T H E  EXPRESSION 0 . p  THE WARREN AND ROOTS 
FUNCTION F O R  PSEUDO STEAD'Y STATE INTERPOROSITY F LO W  
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C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
c149 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

9 0  

1 2 0  
1 0 0  

FUN= 1.ODO 

THIS IS THE EXACT SOLUTION OF THE SLUG TEST IN TWO 
POROSITY HEDIUM IN LAPLACE SPACE. VALUE OF 
THE FUNCTION 'FUN' USED IS ACCORDING TO 
THE REGIME FOR WHICH THE RESPONSE IS TO B E  
DETERMINED. 

P=(BESKO(DSQRT(ARG*FUN/CD))+S*DSQRT(ARG*FUN/CDl 
* *EESK1(DSQRT(ARG*FUN/CD)ll/(DSQRT(ARG*FUN/CD)* 
* EESK~(DSQRT(A~G*FUN/CD)I+ARG*(EESKO(DSQRT(ARG*~UN/CDl)+ 
* S*DSQRT(ARG*FUN/CD)*BESKl(DSQRT(ARG*FUN/CD)))) 

WRITE (6,149) FUN 
FORMAT(SXoD20.9) 

THIS IS THE APPROXINATION TO T H E  EXACT 
SOLUTION. THIS SOLUTION TREATS CD*EXP(2S) 
AS ONE GROUP. 

THIS THE EXPRESSION FOR THE 
RESPONSE FOR THE TRANSIENT MODEL. 
T O  BE USED WHEN 
IS T O  BE DETERMINED. 
INTERPOROSITY FLOW GROUP HAS T O  BE SPECIFIED 
I N  THIS CASE. 

INTERMEDIATE 
THIS IS 

INTERMEDIATE RESPONSE 
THE VALUE OF TRNSIENT 



I ,  
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