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I .  S U M M A R Y  A N D  C O N C L U S I O N S  

P r e s e n t  d a y  s t i m u l a t i o n  t e c h n i q u e s  f o r  o i l  a n d  gas  

w e l l s  c a n  be  e x t e n d e d  a n d  u s e d  i n  l o ,wer  t e m p e r a t u r e  g e o t h e r m a l  

w e l l s .  The  e x t r e m e l y  h i g h - t e m p e r a t u r e  g e o t h e r m a l  w e l l s  

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

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

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

o f  t h e  f l u i d s ,  p r o p p a n t s  a n d  a d d i t i v e s .  The p o s s i b i l i t y  o f  

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

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

When g e o t h e r m a l  w e l l s  h a v e  3 0 0  t o  S O O O F  ( I 5 0  t o  2 6 O O C )  
b o t t o m - h o l e  t e m p e r a t u r e s ,  t w o  m e t h o d s  a p p e a r  t o  h a v e  d i r e c t  

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

1 .  H i g h - R a t e  W a t e r  F r a c  - a l o w  v i s c o s i t y  h i g h - - r a t e  

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

f l u i d  t o  t h e  f o r m a t i o n .  The c o o l  f l u i d  l e a k o f f  

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

a w o r t h w h i l e  s t i m u l a t i o n  t r e a t m e n t  w i t h  a h i g h -  

t e m p e r a t u r e  p r o p p a n t .  

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

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

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

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

( o f  p e r h a p s  f i v e  s t a g e s )  w i l l  i n i t i a t e  a new f r a c -  

t u r e  w i n g  a n d  may f i n d  new r e s e r v e s .  Good r e s u l t s  

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

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

may a l s o  be  e m p l o y e d  s i n c e  i t  p r o v i d e s  some a d d i t i o n a l  

s a f e t y  f a c t o r s  n o t  a v a i l a b l e  w i t h  c o n v e n t i o n a l  o r  

p l a n a r  f r a c  t r e a t m e n t s .  

2 .  K i e l  F r a c  - a p u l s e  f r a c  t e c h n i q u e  t h a t  u s e s  s l u g s  
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1 1 .  I N T R O D U C T I O N  

W e l l  s t i m u l a t i o n . t e c h n i q u e s  a r e  d e s i g n e d  to r e d u c e  t h e  

r e s t r i c t i o n s  to flow o r  p r e s s u r e  d r o p  f r o m  t h e  r e s e r v o i r  i n t o  

t h e  w e l l b o r e .  S u c c e s s f u l  well s t i m u l a t i o n  p e r m i t s  m o r e  r a p i d  

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

o f t e n ,  t h o u g h  n o t  a l w a y s ,  r e s u l t s  in g r e a t e r  u l t i m a t e  r e c o v e r y .  

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

t i o n  of s o m e  t y p e  o f  s t i m u l a t i o n  t e c h n i q u e .  T o d a y ,  m o r e  t h a n  

5 0  p e r c e n t  of t h e  w e l l s  n o w  b e i n g  c o m p l e t e d  will b e  a r t i f i c i a l l y  

s t i m u l a t e d  a t  s o m e  t i m e  d u r i n g  t h e i r  l i v e s .  T h e r e  a r e  s o m e  

s i t u a t i o n s  w h e r e  a r t i f i c i a l  s t i m u l a t i o n  of w e l l s  is u n n e c e s s a r y ,  

s u c h  a s  in h i g h l y  p e r m e a b l e  h o m o g e n e o u s  r e s e r v o i r s  c o n t a i n i n g  
low v i s c o s i t y  f l u i d s ;  h o w e v e r ,  r e s e r v o i r s  of t h i s  t y p e  a r e  in 

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

a c i d i z i n g  a r e  b y  f a r  t h e  m o s t  i m p o r t a n t  s t i m u l a t i o n  met,hods 

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

t e c h n i q u e s  a n d  s u r f a c e  a c t i v e  a g e n t s .  In t h i s  r e p o r t ,  V o l u m e  I :  

P h y s i c a l  a n d  M e c h a n i c a l  s t i m u l a t i o n  will e x c l u d e  c h e m i c a l  

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

T h e s e  will b e  s t u d i e d  i n  g r e a t  d e t a i l  in V o l u m e  I t :  C h e m i c a l  

S t i m u l a t i o n .  

,-- 

F r a c t u r i n g  of oil p r o d u c i n g  f o r m a t i o n s  w a s  f i r s t  a c c o m -  

p l i s h e d  a b o u t  1 9 0 0  w h e n  l i q u i d  a n d  l a t e r  s o l i d i f i e d  n i t r o -  

g l y c e r i n  w a s  u s e d  to s t i m u l a t e  w e l l s .  A l t h o u g h  t h e  h a z a r d s  

a s s o c i a t e d  w i t h  the u s e  o f  l i q u i d  e x p l o s i v e s  l i m i t e d  t h e i r  

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

s u c c e s s f u l  for oil well s h o o t i n g .  T h e  o b j e c t  of s h o o t i - n g  a 

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

oil. T h i s  s a m e  f r a c t u r i n g  p r i n c i p l e  w a s  soon a p p l i e d  w i t h  
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I e q u a l  e f f e c t i v e n e s s  t o  w a t e r  and  g a s  w e l l s .  E x t e n s i v e  

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

o p e r a t i o n s  n e c e s s a r y .  The e n l a r g e d  we1 l b o r e s  a n d  f r e q u e n t l y  

damaged w e l l  c a s i n g  p r e v e n t e d  s u b s e q u e n t  s e i e c t i v e  t r e a t m e n t  

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

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

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

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

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

w e l l  s h o o t i n g .  Some e x p e r i m e n t a t i o n  i s  g o i n g  o n  w i t h  t h e  u s e  

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

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

t e s t e d .  N e i t h e r  o f  t h e s e  p r o m i s e  a n y  economy o r  i n c r - e a s e  

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

r.2 

e n v i r o n m e n t a l  h a z a r d s .  

A r e c o g n i t i o n  o f  t h e  f l u i d  f r a c t u r i n g  phenomena was 

r e p o r t e d  i n  s q u e e z e  c e m e n t i n g  a s  e a r l y  a s  1 9 4 0 .  G e o l o q i c a l  

a n d  e n g i n e e r i n g  i n f o r m a t i o n  was p r e s e n t e d  t o  show t h a t  t h e  

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

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

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

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

t h e  h o l e .  F o r m a t i o n  f r a c t u r i n g  was als'o r e c o g n i z e d  a s  

. o c c u r r i n g  i n  w a t e r  i n j e c t i o n  w e l l s .  I n  t h e s e  e a r l i e s t  p a p e r s ,  

i t  was g e n e r a l l y  a s s u m e d  t h a t  h o r i z o n t a l  f r a c t u r e s  t o o k  p l a c e .  

I n  t h e L  f a l l  o f  1 9 4 8 ,  t h e  S t a n o l i n d  O i l  a n d  Gas Company,  

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

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

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

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

f o r m e d  a r e c o v e r a b l e  f l u i d  a c t i n g ' a s  a v e h i c l e  f o r  a s o l i d  

.i 3 



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

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

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

p r o p p i n g  a g e n t .  A f t e r  t h e  f o r m a t i o n  was f r a c t u r e d  and  t h e  

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

s o l u t i o n  w a s  t h e n  i n j e c t e d ,  w h i c h  a f t e r  a b o u t  2 4  h o u r s  w o u l d  

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

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

per rnanen t p r o p .  

I n i t i a l  f r a c t u r i n g  j o b s  c o n s i s t e d  o f  7 5 0  t o  1000  g a l l o n s  

o f  a g e l l e d  h y d r o c a r b o n  c o n t a i n i n g  a b o u t  1 / 2  p o u n d  o f  s a n d  p e r  

g a l l o n  pumped i n t o  t h e  f o r m a t i o n  a t  2 t o  5 b b l  p e r  m i - n u t e .  

H i g h - r a t e ,  h i g h - v o l u m e  j o b s  w e r e  n o t  v i s u a l i z e d  i n i t i a l l y .  

T o d a y ,  j o b s  h a v e  b e e n  r e p o r t e d  w h e r e  a v o l u m e  o f  o v e r  1 m i l l i o n  

g a l l o n s  was pumped i n t o  t h e  f o r m a t i o n  a t  r a t e s  e x c e e d i n g  5 0 0  b b l  

p e r  m i n u t e .  The  r a p i d  a c c e p t a n c e  o f  h y d r a u l i c  f r a c t u r i n g  c a n  -. 
be  e a s i l y  e x p l a i n e d  s i n c e  t h e  p a y o u t  i s  r a p i d  a n d  t h p ' w e l l b o r e  

a r e a  c a n  b e  c l e a r e d  o f  a n y  damaged z o n e .  Many f i e l d s - e x i s t  

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

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

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

I t  h a s  b e e n  e s t i m a t e d  t h a t  a b o u t  10 p e r c e n t  o f  a l l  r e c o v e r a b l e  

r e s e r v e s  i n  N o r t h  A m e r i c a  c a n  be  a t t r i b u t e d  t o  some t y p e  o f  

s t i m u l a t i o n .  

4 



I l l .  T Y P E S  O F  S T I M U L A T I O N  

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

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

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

a r e  v a r i a t i o n s  o f  t h e  b a s i c  s t i m u l a t i o n  t e c h n i q u e s .  T h e s e  a r e :  

H y d r a u l i c  F r a c t u r i n g ,  

T h e r m a l ,  

M e c h a n i c a l ,  J e t t i n g  a n d  D r a i n h o l e  D r i l l i n g ,  

E x p l o s i v e  and  I m p l o s i v e ,  a n d  

I n j e c t i o n  M e t h o d s .  

Some o f  t h e s e  w o r k  b e t t e r  t h a n  o t h e r s  a n d  some t e c h n i q u e s  seem 

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

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

s t i m u l a t i o n  o n  a p r i m a r y  c o n c e p t  b a s i s .  
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A .  H y d r a u l i c  F r a c t u r i n g  

/- 

Summary 

H y d t a u l  i c  f r a c t u r i n g  s t i m u l a t e s  we1 Is b y  c r a c k i n g  t h e  

f o r m a t i o n ' s  p l a n e  o f  w e a k n e s s  ( c a u s e d  b y  u n e q u a l  e a r t h  s t r e s s )  

w i t h  a h y d r a u l i c  o r  f l u i d  w e d g e .  Sand  i s  n o r m a l l y  pumped w i t h  

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

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

A f t e r  s h u t d o w n ,  t h e  f l u i d  i s  f l o w e d  o r  pumped o u t  a n d  t h e  s a n d  

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

f o r m a t i o n  t o  t h e  w e l l b o r e .  S t i m u l a t i o n  r a t i o s  u p  t o  10  a r e  

common w i t h  t h e  a v e r a g e  b e i n g  f r o m  two t o  t h r e e  t i m e s  t h e  

p r e s t i m u l a t i o n  p r ' o d u c t i o n  v a l u e .  

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

o n e  o f  t h e  m o s t  e f f e c t i v e  n e t  e n e r g y  g e n e r a t o r s .  F o r  e x a m p l e ,  

o n  a m e d i u m  t o  l a r g e  f r a c  j o b  u s i n g  2 0 , 0 0 0  H H P / h r ,  a o n e  

b a r r e l  p e r  d a y  o f  o i l  s t i m u l a t i o n  p a y s  b a c k  t h e  H H P  i n  o n l y  

5 d a y s .  W i t h  a m o r e  r e a l i s t i c  1 0  B O P D  s t i m u l a t i o n ,  o n l y  a 

f e w  h o u r s  a r e  r e q u i r e d  t o  p a y o u t .  E c o n o m i c  p a y o u t  t a k e s  

l o n g e r  b u t  g e n e r a l l y  9 0  d a y  p a y b a c k  i s  e x p e c t e d  b y  t h e  p r o d u c e r .  

B a s i c  C o n c e p t s  o f  H y d r a u l i c  F r a c t u r i n g  

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

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

i n t r o d u c t i o n  30 y e a r s  a g o .  In a h y d r a u l i c  f r a c t u r i n g  t r e a t -  

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

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

i n j e c t i o n  p r o d u c e s  a b u i l d u p  i n  w e l l b o r e  p r e s s u r e  u n t i l  a 

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

a n d  t e n s i l e  r o c k  s t r e n g t h  i s  r e a c h e d .  I n  a t  l e a s t  9 5 %  o f  a l l  

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

f a l l s ,  a v e r t i c a l  c r a c k  ( f r a c t u r e )  h a v i n g  a s h a p e  l i k e  t h a t  

shown i n  F i g u r e  1 1 1 - 1  w i l l  b e  f o r m e d .  C o n t i n u o u s  f l u i d  

i n j e c t i o n  i n c r e a s e s  t h e  f r a c t u r e  l e n g t h  a n d  w i d t h .  
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n k = FC2MATION 
P E &M EA 0 ! L I T  'I 

CONTRAST = F k F / k  

F i g u r e  I I I - 1 .  V e r t i c a l  F r a c - u r e  G e o m e t r y  

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

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

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

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

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

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

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

when s u b j e c t e d  t o  c o m p r e s s i v e  e a r t h  s t r e s s e s  ( c l o s u r e  s t r e s s e s ) .  
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T h e r e  a r e  t w o  ways  t h a t  a p r o p p e d  f r a c t u r e  c a n  p r o v i d e  

w e l l  s t i m u l a t i o n .  F i r s t ,  i n  a w e l l  t h a t  has  a z o n e  o f  f o r m a t i o n  

damage s u r r o u n d i n g  t h a t  w e l l b o r e  ( t h e  "a1 t e r e d "  z o n e  i n  F i g u r e  

lll-2), t h e  h i g h - c o n d u c t i v i t y  p a t h  p r o v i d e d  by  t h e  f r a c t u r e  

b y p a s s e s  t h e  damaged z o n e .  S i n c e  damaged z o n e s  a r e  g e n e r a l l y  

b e l i e v e d  t o  e x t e n d  o n l y  a few f e e t  i n t o  t h e  f o r m a t i o n ,  t h e  

r e q u i r e d  s i z e  o f  t h e  f r a c t u r e  i s  n o t  g r e a t .  The r e s u l t  o f  

b y p a s s i n g  t h e  damaged z o n e  may b e  a v e r y  l a r g e  s t i m u l a t i o n  r a t i o  

F i g u r e  1 1 1 - 2 .  R e s e r v o i r  M o d e l  S h o w i n g  A l t e r e d  Zone 

S e c o n d ,  i f  t h e  h i g h - c o n d u c t i v i t y  p a t h  e x t e n d s  f a r  i n t o  t h e  

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

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

p a t t e r n  ( F i g u r e  1 1 1 - 3 ) .  T h i s  new l i n e a r  f l o w  p a t t e r n  c a n  

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

w e l l ,  o v e r  a n d  a b o v e  a n y  b e n e f i t  r e a l i z e d  f r o m  b y p a s s i n g  n e a r -  

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

c h a n g e  i n  f l o w  p a t t e r n  i s  r e f e r r e d  t o  a s  b a s i c  s t i m u l a t i o n .  
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F i g u r e  1 1 1 - 3 .  F l u i d  F l o w  P a t t e r n  i n  F r a c t u r e d  W e l l s  

F i g u r e  1 1 1 - 4 .  I n c r e a s e s  i n  P r o d u c t i o n  f r o m  V e r t i c a l  F r a c t u r e s  
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F a c t o r s  C o n t r o l l i n g  P r o d u c t i v i t y  I n c r e a s e  

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

6 
p r o d u c e  d e p e n d s  on p a c k e d  f r a c t u r e  l e n g t h ,  r e s e r v o i r  p e r m e a b i l i t y  

and  f r a c t u r e  c o n d u c t i v i t y .  F i g u r e  1 1 1 - 4 ,  t h e  M c G u i r e - S i k o r a  

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

b e c a u s e  i t  shows t h e  r e l a t i o n s h i p  o f  t h e s e  q u a n t i t i e s .  The 

a b s c i s s a  o f  F i g u r e  1 1 1 - 4  i s  t h e  q u a n t i t y  W k f / k ,  w h e r e :  

W i s  t h e  a v e r a g e  f r a c t u r e  w i d t h ,  i n c h e s .  

k f  i s  t h e  p e r m e a b i l i t y  o f  t h e  p r o p p a n t  in t h e  
f r a c t u r e ,  md. 

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

Wkf i s  t h e  f r a c t u r e  c o n d u c t i v i t y ,  m d - i n c h e s .  

The  q u a n t i t y  W k f / k  h a s  u n i t s  o f  i n c h e s  a n d  i s  c a l l e d  t h e  

pekmenbiXity conXkaA2 o r  c o n d u c X i v i t y  COntkaAt .  On1 y i f t h e  

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

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

The o r d i n a t e  o f  F i g u r e  V I l - 4  i s  t h e  q u a n t i t y  J / J o ,  w h e r e  J 

i s  t h e  p r o d u c t i v i t y  i n d e x  a f t e r  f r a c t u r i n g  a n d  J o  i s  t h e  P I  

b e f o r e  f r a c t u r i n g .  J / Jo  i s  c a l l e d  t h e  P7 con$&abt  o r  A t i m u l a Z i o n  
R a t i o .  

The c u r v e s  i n  F i g u r e  1 1 1 - 4  a r e  shown f o r  d i f f e r e n t  v a l u e s  

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

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

F r a c t u r e  T r e a t m e n t  D e s i g n  

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

( i . e . ,  b a s i c  s t i r n u l a t i o n  o r  damage r e m o v a l ) ,  t h e  p r o b l e m  i s  t o  

d e t e r m i n e  how a f r a c t u r e  w i t h  t h e  d e s i r e d  c h a r a c t e r i s t i c s  c a n  

b e  c r e a t e d .  The p r o b l e m  i s  n o t  s i m p l e ;  many o f  t h e  m a j o r  
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v a r i a b l e s  s u c h  a s  f o r m a t i o n  r o c k  a n d  f o r m a t i o n  f l u i d  p r o p e r t i e s  

a r e  u n c o n t r o l l a b l e ,  a n d  in s o m e  c a s e s  a r e  n o t  e v e n  a c c u r a t e l y  

k n o w n .  O n e  d o e s ,  h o w e v e r ,  h a v e  c o n t r o l  o v e r  t h r e e  m a j o r  

f a c t o r s ,  T h e  v a r i a t i o n  of t h e s e  p a r a m e t e r s  f o r m  t h e  b a s i s  

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

i n  t h e  b i b l i o g r a p h y .  T h e s e  a r e :  

1 .  F r a c t u r i n g  F l u i d  - t y p e ,  v i s c o s i t y ,  f l u i d  loss 

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

2. I n j e c t i o n  R a t e .  

3. P r o p p a n t  - t y p e ,  size, v o l u m e .  

T h e s e  t h r e e  f a c t o r s  a l l o w  c o n s i d e r a b l e  f l e x i b i l i t y  i n  

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

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

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

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

to s t i m u l a t e  p r o b l e m  f o r m a t i o n s .  S o m e  o f  t h e  o l d e r  t e c h n i q u e s  

n o  l o n g e r  u s e d  o r  some n e w  o n e s  m a y  b e  a d a p t a b l e  to s o l v e  t h e  

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

E f f e c t  o f  Major D e s i g n  V a r i a b l e s  
T h e  p r o p p e d  w i d t h  a n d  l e n g t h  of a f r a c t u r e  a n d  t h e  

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

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

T h u s ,  w e  n e e d  t o  k n o w  how t h e  w i d t h  a n d  l e n g t h  of a f r a c t u r e  

a r e  a f f e c t e d  b y  t r e a t m e n t  d e s i g n ,  how p r o p p a n t s  a r e  d i 5 t r i b u t e d  

in the f r a c t u r e ,  a n d  t h e  p e r m e a b i , l i t y  of v a r i o u s  p r o p G a n t s .  
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Factors Affecting Fracture Geometry 
The geometry o f  a fracture is related to the fracture 6i 

f l u i d  efficiency which is defined a s  follows: 

Volume o f  Fracture Prpduced 
Volume of Fluid Injected Fluid Efficiency = 

Obviously, the higher the f l u i d  e f f i c i e n c y, the larger 

the fracture for a given volume of fluid injected. The fluid 

efficiency is related to loss o f  fluid into the formation 

through the fracture walls. This loss is related to several 

variables including time, formation permeability and porosity 

and the viscosities of both the fracturing fluid and the 
reservoir fluid. Several of these variables c a n  be c-ontrolled 
to affect the f l u i d  efficiency. In g e n e r a l ,  the fluid 
efficiency increases a s  fluid viscosity is increased and a s  
the amount of fluid-loss a d d i t i v e  is increased. Increasing 
the injection rate causes fluid efficiency to increase, but 
the f l u i d  efficiency a l w a y s  drops a s  
injected increases. T h e  effect of each of these variables o n  
fracture geometry will be discussed. T h e  following discussion 
pertains to a well having the following reservoir and f l u i d  
characteristics: 

the total amount of fluid 

Depth 5,000 ft 

Formation Thickness 20 f t  

Permea b i 1 i ty 10 md 

Sonic Travel T i m e  8 2  - sec/ft 

Poros i ty 20 percent 

Reservoir F l u i d  Viscosity 3 CP 
Reservo i r Pressure 2,000 psi 

(below bubble point). 

c 
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F r a c t u r e  F l u i d  P r o p e r t i e s  

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

i n  a much w i d e r  a n d  s l i g h t l y  l o n g e r  f r a c t u r e  a s  shown . i n  

F i g u r e  1 1 1 - 5 .  S i n c e  F i g u r e  1 1 1 - 5  p e r t a i n s  t o  a s e t  i n j e c t i o n  

v o l u m e  ( 1 5 0  b b l ) ,  t h e  f l u i d  e f f i c i e n c y  becomes g r e a t e r  a s  

v i s c o s i t y  i n c r e a s e s .  A v a i l a b l e  f r a c t u r e  f l u i d s  c o v e r i n g  a 

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

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

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

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

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

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

i l l u s t r a t e d  i n  F i g u r e  I 1 1 - 6 .  A s  a d d i t i v e  c o n c e n t r a t i ~ n  i s  

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

same p r o p o r t i o n .  The i n c r e a s e  i n  f r a c t u r e  s i z e  a l s o  shows 

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

( 1 5 0  b b l )  i s  i n v o l v e d .  T h i s  i s  t h e  r e s u l t  o f  t h e  w a l l s  o f  t h e  

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

The  e f f e c t  o f  i n j e c t i o n  r a t e  o n  f r a c t u r e  g e o e m e t r y  i s  

shown i n  F i g u r e  1 1 1 - 7 .  F r a c t u r e  d i m e n s i o n s  a f t e r  150 b a r r e l s  o f  

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

b e c a u s e  l e s s  t i m e  i s  a v a i l a b l e  f o r  f l u i d  l o s s  t o  t a k e  p l a c e  a t  

h i g h  r a t e s .  

T h e  w i d t h  a n d  l e n g t h  o f  a f r a c t u ’ r e  i n c r e a s e s  a s  t h e  v o l u m e  

o f  f l u i d  i n j e c t e d  i n c r e a s e s  a s  shown i n  F i g u r e  1 1 1 - 8 .  The  

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

v o l u m e  i n j e c t e d  g i v e s  a n  a p p r o x i m a t e  s t r a i g h t  l i n e .  T h i s  t r e n d  

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

i s  i n j e c t e d .  T h i s  i s  t o  b e  e x p e c t e d  s i n c e  t h e  a r e a  of; f l u i d  

l o s s  i n c r e a s e s  a s  d o e s  t h e  t i m e  f o r  f l u i d  l o s s  t o  t a k e  p l a c e .  
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E f f e c t  o f  F l u i d  V i s c o s i t y  o n  F r a c t u r e  G e o m e t r y  

F i g u r e  1 1 1 - 6 .  E f f e c t  o f  A d d i t i v e  C o n c e n t r a t i o n  on F r a c t u r e  
G e o m e t r y  
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R e s e r v o i r  a n d  F l u i d  P r o p e r t i e s  

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

f l u i d  e f f i c i e n c y  a n d  f r a c t u r e  g e o m e t r y  a r e  a f f e c t e d  b y  

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

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

r e s e r v o i r ,  T h u s ,  a n y  p a r a m e t e r  t h a t  makes r e s e r v o i r  f l u i d  move 

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

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

f l u i d  e f f i c i e n c y .  On t h e  o t h e r  h a n d ,  f a c t o r s  s u c h  a s  h i g h  

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

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

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

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

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

w i d e r  t h e  f r a c t u r e  w i l l  be. I n  g e n e r a l ,  s a n d s t o n e s  show t h e  

h i g h e s t  s o n i c  t r a v e l  t i m e s  r a n g i n g  f r o m  7 5  t o  95 p - s e c / f t  

w h i l e  d o l o m i t e s  show t h e  l o w e s t ,  4 5  t o  6 5  p - s e c / f t .  - S o n i c  

t r a v e l  t i m e s  f o r  l i m e s t o n e s  g e n e r a l l y  f a l l  i n  b e t w e e n  ' t h o s e  

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

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

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

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

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

t i m e s  t h e  f o r m a t i o n  d e p t h .  F r a c t u r e  g r a d i e n t s  r a n g e  f r o m  0 . 6  

t o  1 . 0  p s i  p e r  f o o t  a n d  a r e  g e n e r a l l y  l o w e r  f o r  s a n d s . t o n e s  a n d  

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

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

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

o b s e r v e d  i n  t h e  f i e l d .  I n  t h e  G u l f  C o a s t  a r e a ,  f r a c t u r e s  t e n d  

t o  p a r a l l e l  t h e  c o a s t  l i n e ,  w h i l e  i n  t h e  M i d - C o n t i n e n t  a r e a ,  

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

d i r e c t i o n .  
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F a c t o r s  A f f e c t i n g  t h e  Sand P a c k  

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

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

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

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

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

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

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

t o t a l  a m o u n t  o f  s a n d  i n j e c t e d .  The  s a n d  b a n k  h e i g h t  i s  l e s s  

f o r  h i g h e r  v i s c o s i t y  f l u i d s ,  a s  shown i n  T a b l e  1 w h i c h  c o m p a r e s  

s a n d  b a n k  g e o m e t r y  f o r  f l u i d s  w i t h  v i s c o s i t i e s  o f  5, S O ,  a n d  

5 0 0  c p .  H i g h  f l u i d  v i s c o s i t i e s  c a r r y  t h e  s a n d  f u r t h e r  a l o n g  

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

s a n d  b a n k .  F o r  t h e  SO0 c p  f l u i d ,  t h e  s a n d  b a n k  h e i g h t  r e m a i n s  

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

t o  t h e  a m o u n t  o f  s a n d  i n j e c t e d .  The  s a n d  b a n k  h e i g h t  a n d  

l e n g t h  b o t h  i n c r e a s e  a s  s a n d  v o l u m e  i n c r e a s e s  w i t h  a 59 c p  

f l u i d .  I n  t h e  c a s e  o f  t h e  5 c p  f l u i d ,  t h e  s a n d  b a n k  I - e n g t h  

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

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

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

- .  

I n  a d d i t i o n  t o  i t s  h e i g h t  a n d  l e n g t h ,  t h e  e f f e c t i v e n e s s  

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

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

o p e n  n e a r  t h e  w e l l b o r e .  F o r  t h i s  r e a s o n ,  we s t r o n g l y  u r g e  

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

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

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

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

o n  t h e  c l o s u r e  s t r e s s .  C l o s u r e  s t r e s s  i s  t h e  d i f f e r e n c e  



TABLE 1 

E F F E C T  OF VISCOSITY O N  S A N D B A N K  FORMATION 

Format ion P r o p e r t i e s  

Depth 
Th i cknes r; 
F r a c t u r e  Grad ien t  
Format i on  Permeabi 1 i t y  
Format ion P o r o s i t y  
I n j e c t i o n  Rate 
Sand Concentrat  i on  
Sand S ize  

Sandbank Pro f  i 1 e 

F r a c t u r e  F l u i d  W t  o f  Sand 
V i s c o s i t y ,  cp I n j e c t e d ,  l b  

5 6,850 
12,400 
18,000 
23,500 

50 

500 

6,850 
12,400 
18,000 
23,500 

6,850 
12,400 
18,000 
23,500 

5000 f t  
50 f t  

0.75 
2.0 md 
0.2 

10 bb l /m in  
3 l b / g a l  

8-12 mesh 

F r a c t u r e  Sandbank He igh t  
Wid th ,  i n  ( a t  w e l l ) ,  f t  

0.33 
0.36 
0.38 
0.41 

0.41 
0.44 
0.46 
0.48 

0.60 
0.63 
0.67 
0.71 

28.0 
40.7 
49.0 
49.1 

16.8 
21.7 
26.0 
30.3 

11.0 
1 1 . 7  
12.4 
13 .1  

Sandbank 
Length, f t  

70 
70 
70 
93 

90 

150 

70 
120 
1 5 5  
190 

b e t w e e n  r e s e r v o i r  p r e s s u r e  and  t h e  m i n i m u m  p r e s s u r e  r e q u i r e d  

t o  p r o d u c e  a f r a c t u r e .  

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

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

A l t h o u g h  l a r g e r  s a n d  s i z e s  p r o v i d e  h i g h e r  p e r m e a b i l i t i e s  a t  l o w  

t e m p e r a t u r e s  a t  c l o s u r e  s t r e s s e s  b e l o w  4 , 0 0 0  p s i ,  n o  b e n e f i t  i s  
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o b t a i n e d  f r o m  l a r g e r  s a n d s  a t  h i g h e r  c l o s u r e  s t r e s s e s .  H i g h e r  

t e m p e r a t u r e s  d e g r a d e  b o t h  s a n d  a n d  g l a s s  b e a d s .  G l a s s  b e a d s  

h a v e  b e e n  f o u n d  t o  n o t  b e  c o s t  e f f e c t i v e  and  h a v e  b e e n  d i s c o n -  

t i n u e d .  W h i l e  new p r o p p a n t s  l i k e  S u p e r  Sand ( a  r e s i n  c o a t e d  

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

s a n d  s t a r t s  t o  c r u s h  o r  when  e l e v a t e d  t e m p e r a t u r e s  a r e  

e n c o u n t e r e d .  

I 

I 

F r a c t u r  i n q  F 1  u i d s  

F r a c t u r i n g  F l u i d  C h a r a c t e r i s t i c s  

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

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

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

b e i n g  u s e d  i n c l u d e  w a t e r ,  s l i c k  w a t e r ,  g e l l e d  w a t e r ,  s u p e r  g e l s ,  

o i l - w a t e r  e m u l s i o n s  ( p o l y m u l s i o n s ) ,  l o w - v i s c o s i t y  o i l s ,  g e l l e d  

o i l s  a n d  h i g h - v i s c o s i t y  o i l  f l u i d s .  E a c h  o f  t h e s e  f l u i d s  w i l l  

I 

b e  d i s c u s s e d  i n  some d e t a i l  l a t e r  i n  t h i s  s e c t i o n .  An i d e a l  

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

A d e q u a t e  F l u i d - L o s s  C o n t r o l  

Low T u b u l a r  F r i c t i o n  L o s s  

H i g h  F r a c t u r e  F r i c t i o n  L O S S  

Good S a n d - C a r r y i n g  C a p a c i t y  

Low F o r m a t  i o n  P e r m e a b i  1 i t y  Damage 

Low F r a c t u r e  P e r m e a b i l i t y  Damage 

' Low c o s t  

S a f e  a n d  E a s y  t o  H a n d l e .  
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F l u i d - L o s s  C o n t r o l  

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

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

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

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

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

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

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

f l u i d  i n j e c t e d .  

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

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

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

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

v i s c o s i t y  d o e s  n o t  g i v e  a d e q u a t e  f l u i d - l o s s  control, we c a n  

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

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

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

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

f r a c t u r i n g  f l u i d .  

/ 

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

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

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

p o w d e r e d  l i m e s t o n e .  F o r  c r u d ' q  a n d  r e f i n e d  o i l s ,  A d o m i t e  M a r k  I I ,  

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

n o r m a l l y  u s e d .  

R e c e n t l y ,  o i l - s o l u b l e  p o l y m e r s  s u c h  a s  l n k o v a r  1 4 5  a n d  

H a l l i b u r t o n  F L - 3  h a v e  b e e n  i n t r o d u c e d  f o r  u s e  i n  w a t e r - b a s e  

f l u i d s .  T h e s e  a d d i t i v e s  h a v e  t h e  a d v a n t a g e  t h a t  t h e y  d i s s o l v e  

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

m u s t  b e  u s e d  i n  3 - 5  t i m e s  t h e  r e q u i r e d  c o n c e n t r a t i o n  o f  s i l i c a  

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

a r e  r e q u i r e d ,  t h e  common a d d i t i v e s  a r e  g e n e r a l l y  p r e f e r r e d .  

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

T u b u l j a r  F r i c t i o n  L o s s  

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

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

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

o f  t h e  t u b u l a r s .  P r e d i c t i o n  o f  t h e  f r i c t i o n  p r e s s u r e  loss for 
f l u i d s  s u c h  a s  w a t e r  a n d  o i l  i s  s i m p l e  s i n c e  t h e s e  f l u i d s  a r e  

N e w t o n i a n  ( ! . e . ,  t h e i r  v i s c o s i t y  i s  i n d e p e n d e n t  o f  s h e a r  r a t e ) .  

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

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

( g e n e r a l l y  p o l y m e r s )  t o  g i v e  a s l i c k ,  v i s c o u s ,  o r  g e l - l i k e  

t e x t u r e  t o  t h e  f l u i d .  T h e s e  a l t e r e d  f l u i d s  a r e  n o n - N e w t o n i a n ,  

; . e . ,  t h e  v i s c o s i t y  v a r i e s  w i t h  s h e a r  r a t e .  I n  g e n e r e l ,  m o s t  

n o n - N e w t o n i a n  f l u i d s  u s e d  a r e  s h e a r  t h i n n i n g ;  t h a t  i s ,  t h e  

f a s t e r  t h e y  a r e  s h e a r e d ,  pumped,  o r  a g i t a t e d ,  t h e  l o w e r  t h e  

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

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

The p a t e n t e d  S u p e r f r a c  p r o c e s s  p . r b v i d e s  a means f o r  i n j e c t i n g  

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

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

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

w h i c h  l u b r i c a t e s  t h e  o i l  a l o n g  t h e  t u b i n g .  U s i n g  t h i s  s y s t e m ,  

r e t i n e d  o i l s  w i t h  v i s c o s i t i e s  u p  t o  2 0 0 0  c p  h a v e  b e e n  i n j e c t e d  

a s  e a s i l y  a s  a n  e q u a l  v o l u m e  o f  w a t e r .  The o i l  i s  s a t u r a t e d  

w i t h  w a t e r  ( a b o u t  o n e - t h i r d  b y  v o l u m e )  w h i c h  c o n t a i n s ’ s u r f a c t a n t s  

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

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

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

s e p a r a t e l y  i n j e c t i n g  w a t e r .  
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F r i c t i o n  P r e s s u r e  D r o p  i n  t h e  F r a c t u r e  

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

6i 
r a t i o  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  p r e s s u r e  o f  f l u i d  - e n t e r i n g  

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

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

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

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

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

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

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

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

shown i n  T a b l e  2 .  T a b l e  2 p e r t a i n s  t o  f r a c t u r e s  i n  f a i r l y  

d e e p  w e l l s  ( 7 , 0 0 0  t o  1 0 , 0 0 0  f t ) .  Much w i d e r  f r a c t u r e - s  c a n  b e  

g e n e r a t e d  i n  s h a l l o w e r  w e 1 , l s .  

T A B L E  2 

TYPICAL FRACTURE WIDTH 

Gel l e d  Water - 0.10" - 0.2" 

Low-V iscos i ty  O i l  - 0 .2"  - 0.3" Water - 0.1511 - 0.2511 

Viscous O i l s  - 0.311 - o . s ~ i  
Polymuls ion - 0.3" - 0 . 6 1 1  
Super Gel - 0.4"  - 0.7" 

S a n d - C a r r y i n g  C a p a c i t y  

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

I. 

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

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

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

d i a m e t e r ,  p a r t i c l e  d e n s i t y ,  f l u i d  d e n s i t y ,  a n d  f l u i d  v i s c o s i t y .  
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F i g u r e  1 1 1 - 9  i l l u s t r a t e s  t h e  r e l a t i v e  s e t t l i n g  r a t e  o f  s a n d  

i n  v a r i o u s  N e w t o n i a n  f l u i d s ;  t h i s  f i g u r e  shows why a v i s c o u s  

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

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

F i g u r e  I 1 1 - 9 .  S i n g l e  P a r t i c l e  S e t t l i n g  V e l o c i t y  v e r s u s  
P a r t  i c 1 e 0 i ame t e r  
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Maximum s a n d  c o n c e n t r a t i o n s  a n d  s a n d  s i z e s  n o r m a l l y  pumped 

w i t h  v a r i o u s  f l u i d s  a r e  shown i n  T a b l e  3 .  

T A B L E  3 

t l A X I M U M  S A N D  C O N C E N T R A T I O N  I N  V A R I O U S  F L U I D S  

F l u i d  Type 

Wa t e  r 
S1 i c k  Water 
Gel 1 ed tJa t e r  
Super Gel 
Po lymuls ion  
Moderate V i scos i t y  Lease Crude 
H i  gh-V i scos i t y  O i  1 s 
H i g h - V i s c o s i t y  G e l l e d  Oils 

Max. Sand Conc. 
Lb/Ga 1 Sand S i z e  

2 - 3  
2 

4 -  - 5 
5 - 6  
4 - 5  
4 - 5  
5 - 6  
5 - 6  

20' - 40 
20 - 40 o r  10 - 20 
20 - 40 o f  10 - 20 
1 0  - 20 o r  8 - 12 
10 - 20 
20 - 40 o r  10 - 20 
10 - 20 o r  8 - 12  
1 0  - 20 o r  8 - 12 

B e s i d e s  c a r r y i n g  t h e  s a n d  t h r o u g h  t h e  s u r f a c e  e q u i p m e n t ,  

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

s o o n  i n  t h e  f r a c t u r e .  I n  g e n e r a l ,  l o w - g e l  c o n c e n t r a t i o n s  

( 2 0  l b s / 1 0 0 0  g a l s .  o r  l e s s )  a n d  l o w - v i s c o s i t y  o i l s  a l l o w  t o o  

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

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

g r o w t h  i n  l e n g t h  a s  m o r e  s a n d  i s  i n j e c t e d  ( s e e  T a b l e  1 ) .  H i g h -  

v i s c o s i t y  g e l l e d  w a t e r  ( 4 0  l b s / 1 0 0 0  g a l s .  o r  m o r e )  a n d  h i g h -  

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

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

v e r t i c a l l y  w i t h  t i m e .  

H i g h - v i s c o s i t y  o i l s  ( p  > 3 0 0  c p ) ,  c r o s s - l i n k e d  p o l y m e r  g e l s ,  

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

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

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

f r a c t u r e  s y s t e m .  T h i s  v e r y  s m a l l  f r a c t u r e  w i d t h  a f t e r  t h e  f r a c  

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

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

b e  made b y  d i v i d i n g  t h e  a v e r a g e  s a n d  c o n c e n t r a t i o n  i n  I b / g a l  

b y  1 5 .  F o r  e x a m p l e ,  i f  t h e  a v e r a g e  s a n d  c o n c e n t r a t i o n  was 

1 l b / g a l ,  t h e n  t h e  f i n a l  f r a c  w i d t h  w o u l d  b e  o n l y  1 / 1 5  o r  

6-2/3% o f  t h e  c a l c u l a t e d  d y n a m i c  w i d t h .  T h i s  i s  n o t  s u f f i c i e n t  

a n d  s h o u l d  b e  a ' r o i d e d  f o r  g e o t h e r m a l  w e l l s  o r  w e l l s  w i t h  h i g h  

f l o w  r a t e s .  

F o r m a t i o n  P e r m e a b i l i  t y  Damage 

Damage t o  t h e  f o r m a t i o n  may b e  c a u s e d  b y  f l u i d - l o s s  

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

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

p r e s e n t  i r i  o i l s .  

. 
L a b o r a t o r y  t e s t s  h a v e  shown t h a t  f o r m a t i o n  damage f r o m  

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

t o  60  p e r c e n t  i n  t h e  r e s e r v o i r  n e a r  t h e  f r a c t u r e  f a c e .  

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

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

d a m a g e  c a n  b e  s e v e r e .  I n  e x t r e m e l y  w a t e r - s e n s i t i v e  f o r m a t i o n s ,  

a w a t e r - b a s e d  f r a c t u r e  t r e a t m e n t  s h o u l d  n o t  b e  a t t e m p t e d .  I n  

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

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

s u c c e s s f u l  S u p e r  F r a c  j o b .  I n  e x t r e m e l y  w a t e r - s e n s i t i v e  a r e a s ,  

a S u p e r  F r a c  j o b  w i l l  r e q u i r e  a s a t u r a t e d  c a l c i u m  c h l o r . i d e  o r  

PO t a  s s i um c h 1 o r  i d e  b r i n e .  

I f  a r e s i d u a l  r e f i n e r y  o i l  i s  t o  b e  u s e d  a s  a f r a c t u r e  

f l u i d ,  i t  s h o u l d  h a v e  l o w  wax a n d  low a s p h a l t e n e  c o n t e n t .  E i t h e r  

I wax  o r  a s p h a l t e n e  m i g h t  f o r m  a f i l t e r  c a k e  w h i c h  i s  v e r y  

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

r e d u c i n g  t h e  d e g r e e  o f  s t i m u l a t i o n  p r o d u c e d  b y  t h e  t r e a t m e n t .  
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F o r t u n a t e l y ,  a reduction in m a t r i x  permeability adjacent 

to the fracture f a c e  does not restrict produition nearly a s  

much a s  a similar reduction in a radial flow system. In a radial 
s y s t e m ,  permeability reduction of 90 percent (k = 0.1 times 
native permeability) to a d e p t h  of o n l y  6 inches a t  the w e l l b o r e  
results in a productivity reduction o f  m o r e  than S O  percent. 
However, the same d e g r e e  and d e p t h  o f  d a m a g e  experienced in a 

fractured system w h e r e  flow is linear, reduces productivity by 

only 3 percent. 

Because o f  the linear flow into a f r a c t u r e ,  only e x t r e m e  

formation d a m a g e  or d a m a g e  extremely deep into the reservoir 
c a n  appreciably alter productivity in a fractured w e l l .  O f  the 

four mechanisms previously m e n t i o n e d ,  only injection o f  a high 

w a x  or a s p h a l t e n e  content o i l ,  o r  injection o f  fresh w a t e r  into 
a w a t e r - s e n s i t i v e  f o r m a t i o n ,  c a n  g i v e  d a m a g e  this severe. T h e r e -  

f o r e ,  we must remember to c h e c k  for formation sensitivity t o  

the w a t e r  and for w a x  o r  a s p h a l t e n e  c o n t e n t  o f  o i l s  before 
selecting a fracturing fluid. 

F r a c t u r e  Permeabi 1 i ty D a m a g e  
Fluid-loss a d d i t i v e s  a r e  c h o s e n  f o r  their ability to .plug 

a formation and restrict fluid flow from a fracture to the 
formation. Their plugging c h a r a c t e r i s t i c s  can a l s o  reduce the 

fracture permeability w h e n  t h e  well is returned to production. 

On the basis of laboratory tests, the following recommendations 
a r e  made: 

1 .  If fluid-loss additives (Adomite A q u a ,  Adomite 

Mark I 1  and silica flour) must b e  used w i t h  
20-40 m e s h ,  the following precaution should be 
taken. After f r a c t u r i n g ,  the we11 should be 

produced a t  a low rate to maintain the closure 

stress below 1,000 psi u n i t 1  the produced fluid 
volume equals the 1~0lume o f  fluid injected in 

the treatment. 
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l 2 .  I f  f l u i d - l o s s  a d d i t i v e s  a r e  u s e d  w i t h  1 0 - 2 0  mesh 

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

b e l o w  3 , 0 0 0  p s i  d u r i n g  w e l l  c l e a n u p .  

F l u i d  C o s t  

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

I 

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

I 

f l u i d  i n j e c t e d ,  i n  o r d e r  t o  t a k e  f l u i d  e f f i c i e n c y  i n t o  a c c o u n t .  

T y p i c a l  c o s t s  f o r  v a r i o u s  t y p e s  o f  f r a c t u r e  f l u i d s  w i l l  b e  

d i s c u s s e d  l a t e r .  A l s o ,  s m a l l  j o b s  c o s t  l e s s  money and s o m e t i m e s  

c a n  b e  q u i t e  c o s t  e f f e c t i v e  r e l a t i v e  t o  t h e  r e s u l t s .  

S a f e t y  

A l l  w a t e r - b a s e  and  m o s t  o i l - b a s e  f r a c t u r i n g  f l u i d s  a r e  

c o n s i d e r e d  s a f e  t o  h a n d l e ;  h o w e v e r ,  c a u t i o n  s h o u l d  be  e x e r c i s e d  

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

s a t e s ,  , o r  g e l  l e d  c o n d e n s a t e .  

T y p e s  o f  F r a c t u r i n g  F l u i d s  

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

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

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

t ido b i g b e s t  a d v a n t a g e s  o f  w a t e r - b a s e  f l u i d s .  H o w e v e r ,  w a t e r -  

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

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

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

c r u d e  o i l  t o  h e a v y  r e f i n e d  oils a n d  g e l l e d  o i l s .  I n  a d d i t i o r  

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

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

f l u i d s  a r e  d e f i n e d  b e l o w :  

I 
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Water. Plain ~ a t e r  is s e l d o m  used a s  a frac fluid because 

i t  h a s  high f l u i d  l o s s  and poor sand-Carrying properties. 
However, in s o m e  v e r y  low p e r m e a b i l i t y ,  high-pressure 

f o r m a t i o n s ,  and for special o r  small j o b s ,  plain water 

can be successfully used. 

S l i c k  Water. S l i c k  w a t e r  is m a d e  by adding s y n t h e t i c ,  

long-chain polymers to fresh o r  salty water. The 
addition o f  very small amounts of polymer results in 
the maximum benefit in terms of friction loss. F o r  

e x a m p l e ,  w a t e r  containing the o p t i m u m  concentration o f  

6 lb/1000 gal has less friction pressure loss than a 
gelled w a t e r  containing 40 lb/1000 gal. T h e  o n l y  a d v a n -  

tage t o  s l i c k  water is the reduction in friction pressure 

loss in the tubing. Sand-carrying ability is little 
better than plain w a t e r ,  and i t  will not c r e a t e  a w i d e  

fracture. 

Gelled Water. Fresh or salt w a t e r  c a n  be gelled by adding 
relatively large amounts o f  p o l y m e r ,  of the order:of 2 0  to 

40 lb/1000 gal. T h r e e  types o f  polymers a r e  commonly used: 

( 1 )  G u a r  g u m  is the m o s t  widely used. I t  is a natural 
product o f  the Guar plant. ( 2 )  P o l y a c r y l a m i d e  i s  a 

synthetic polymer w h i c h  has s o m e  d e s i r a b l e  properties. 
( 3 )  Hydroxyethyl C e l l u l o s e  ( H E C )  i s  a s t r a i g h t - c h a i n  
polymer w i t h  better h i g h - t e m p e r a t u r e  properties. G u a r  

g u m  i s  most effective a t  temperatures below Z O O O F ,  w h i l e  
polyacrylamide and H E C  can be used a t  somewhat higher 
temperatures. A chemical "breaker" is generally added to 

reduce the fluid viscosity in the reservoir after a f e w  

hours. Fluid-loss agents a r e  a l s o  used. Gelled water is 

by far the most w i d e l y  used f r a c t u r e  fluid becaus'e o f  its 

low c o s t  w h e r e  suitable water is available. A fdrmation 

s a m p l e  should be tested for the presence of swelling c l a y s  

before gelled w a t e r  is used. 

Crosslinked Polymer Gels. Very high viscosity gelled 
w a t e r ,  commonly called s u p e r  g e l s ,  c a n  be produced by 
crosslinking the polymer molecules in the gelled w a t e r s  
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d e s c r i b e d  o n  t h e  p r e v i o u s  p a g e .  C r o s s l i n k i n g  i s  

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

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

A l t h o u g h  t h e  s u p e r  g e l s  a p p e a r  t o  b e  p s e u d o s o l i d s ,  

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

l e s s  t h a n  t h a t  f o r  p l a i n  w a t e r .  No f l u i d - l o s s  a d d i t i v e s  

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

c r e a t i n g  v e r y  s i d e  f r a c t u r e s  a n d  h a v e  e x c e l l e n t  s a n d -  

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

c a n  r o u t i n e l y  c a r r y  l a r g e  p r o p p a n t  s i z e s .  F o r  t e m p e r a t u r e s  

i n  e x c e s s  o f  2 O O 0 F ,  p o l y a c r y l a r n i d e s  h a v e  s l i g h t l y  b e t t e r  

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

t h e i r  h i g h e r  c o s t s .  D e s p i t e  t h e i r  h i g h  p o t e n t i a - I ,  s u p e r  

g e l s  a r e  n o t  a l w a y s  b e s t .  T h e i r  u s e  h a s  b e e n  somewha t  

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

a n d  a l s o  t h e  c o n c e r n  f o r  q u i c k  c l e a n u p  w i t h  n o  damage.  

P o l y m e r  E m u l s i o n s .  A p o l y m e r  e m u l s i o n  ( E x x o n  P a t e n t )  i s  

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

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

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

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

much c h e a p e r  t h a n  a s u p e r  g e l .  The e m u l s i o n  i s  b r o k e n  b y  

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

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

L o w - V i s c o s i t y  O i l s  a n d  G e l l e d  O i l s .  C r u d e  o i l ,  when  u s e d  

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

( i f  t h e  o i l  i s  n o t  w a x y ) .  O i l  c a n  a l s o  c r e a t e  w i d e r  f r a c t u r e s  

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

c a r r y i n g  p r o p e r t i e s .  H i g h  f r i c t i o n  l o s s  i n  t u b i n g  l i m i t s  

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

de$ep,  l o w - p e r m e a b i l i t y  w e l l s  w h e r e  h i g h  i n j e c t i o n  r a t e s  a r e  

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

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

t u b i n g  a n d  b e t t e r  s a n d - c a r r y i n g  c h a r a c t e r i s t i c s .  . R e f i n e d  

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

f l u i d .  

c 
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F u l l - s c a l e ,  m a n - m a d e  thermal methods require large amounts 

o f  energy. W i t h . e s c a l a t i n g  e n e r g y  costs today, fewer oil w e l l s  
c a n  q u a l i f y  for thermal stimulation. Periodic treatments o f  hot 
solvents a r e  e f f e c t i v e  in o l d e r  oil w e l l s  w i t h  certain:types o f  

problems like paraffin or a s p h a l t e n e s .  
I 

9 .  Thermal 

Summary 
Thermal m e t h o d s  of stimulation a r e  attractive w h e n  a heavy 

oil reservoir is fairly shallow. W h e n  h e a t e d ,  the viscous oil 
loses o n e  half its viscosity for e v e r y  10°F rise in temperature; 

t h e r e f o r e ,  a t  a given reservoir pressure the flow rates will 
increase o r  be stimulated. W a t e r  viscosity is reduced by a 
factor o f  I O  w h e n  heated to 500OF o r  2 6 0 0 ~ .  In a s e n s e  the 
geothermal well h a s  already b e e n  thermally stimulated s i n c e  thermal 

effects f r o m  a large heat s o u r c e  s u c h  a s  magma o r  volcanic activity 
has heated the w a t e r  f r o m  its normal temperature to a much higher 
one. 

I t  s h o u l d  be noted that s i m i l a r  treatments o f  superheated 

w a t e r  may h a v e  applicability to remove w e l l b o r e  d a m a g e  d u e  to 
precipitation and s c a l e  deposits in geothermal wells and fields. 

lntroduct ion to Ther-mal Methods 
L a r g e  volumes o f  oil previously considered unrecoverable-- 

o r  a t  least uneconomic to recover--are n o w  considered a s  c a n d i -  
d a t e s  f o r  the t h r e e  m a i n  thermal processes: 6.feam d i d p l a c e m e n t ,  
atteam d. t imulaLLon,  and i n  h i a h  c o m b u s t i o n .  Although e x p e n s i v e ,  
these processes a r e  particularly a t t r a c t i v e  because the heavy 
c r u d e  reserves f o r  w h i c h  they a r e  s u i t a b l e  a r e  a l r e a d y  discovered 
and we11 defined. In North America a t  least, the conventional 

reserve-production r a t i o  has g o n e  d o w n  i n  the past f e w  y e a r s ,  

so  the recovery o f  these heavy c r u d e  reserves will be imperative. 

Thermal methods c a n  be divided into two rather general 

categories: d r i v e  and stimulation. The d k i u c  p t r o c e d d e h ,  steam 
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d i s p l a c e m e n t  a n d  i n  s i t u  c o m b u s t i o n ,  a r e  t h o s e  w h i c h  m a y  l e a d  

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

p r i m a r y  p r o d u c t i o n .  S t i m u L a i i o n  pkUCecS4e6 a r e  t h o s e  w h i c h  

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

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

t h e  e c o n o m i c  l i f e  of t h e  w e l l s .  

T h i s  d i s c u s s i o n  will b e  l i m i t e d  to t h e  m a j o r  d t i r n u t a t i o n  

t e c h n i q u e ,  c y c l i c  s t e a m  i n j e c t i o n  ( h u f f - a n d - p u f f ) .  In t h i s  

p r o c e s s ,  l a r g e  v o l u m e s  of s t e a m  a r e  i n j e c t e d  i n t o  a well, 
a f t e r  w h i c h  i t  i s  p l a c e d  b a c k  on  p r o d u c t i o n ,  o r  is s h u t  i n  

f o r  a f e w  d a y s  ("soaking") b e f o r e  b e i n g  r e t u r n e d  to p r o d u c t i o n .  

F o r  e x a m p l e ,  in a t y p i c a l  h u f f - a n d - p u f f  p r o c e s s  i n  C a l i f o r n i a ,  

6000 to 10,000 b b l s  o f  w a t e r  a s  s t e a m  a r e  i n j e c t e d  o v e r  a 

p e r i o d  of 5 to 8 d a y s  in a well t h a t  w a s  m a k i n g  10 B P D .  A f t e r  

i n j e c t i o n  o f  t h e  s t e a m ,  t h e  well i s  s h u t  i n  f o r  a f e w  d a y s  a n d  

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

oil p r o d u c t i o n  m a y  s o o n  r e a c h  100  B P D  a n d  t h e n  d e c l i n e -  to i t s  

o r i g i n a l  10 B P D  i n  f o u r  o r  f i v e  m o n t h s .  

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

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

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

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

r 

- P r i n c i p l e s  of S t e a m  S t i m u l a t i o n  

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

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

A s  t e m p e r a t u r e  is i n c r e a s e d ,  t h e  v i s c o s i t y  of a c r u d e  .oil m a y  

b e  m a r k e d l y  r e d u c e d  a n d ,  a s  s h o w n  in F i g u r e  111-10, t h e  r e d u c t i o n  
i s  m u c h  g r e a t e r  f o r  l o w - g r a v i t y  c r u d e  o i l s .  T h i s  e x p l a i n s  w h y  

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

d 
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F i g u r e  I 1 1 - 1 0 .  E f f e c t  o f  T e m p e r a t u r e  on L i q u i d  V i s c o s i t y  

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

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

r e d u c t i o n  i n  v i s c o s i t y  w i l l  r e s u l t  i n  a n  i n c r e a s e  in t h e  w e l l ' s  

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

p r o c e s s ,  t h e r e f o r e ,  i s  t o  g e t  t h ' e r m a l  e n e r g y  i n t o  t h e  f o r m a t i o n  

a n d  a l l o w  t h e  r o c k  t o  a c t  a s  a h e a t  e x c h a n g e r  a'nd p e r m i t  s t o r a g e  

o f  t h e  i n j e c t e d  h e a t .  T h i s  h e a t  may t h e n  b e  u s e d  e f f e c t i v e l y  t o  

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

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

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

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

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

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

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

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

T h e r m a l  S t i m u l a t i o n  a n d  Damage R e m o v a l .  

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

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

s i m p l i f i e d  r a d i a l  f l o w  m o d e l  shown i n  F i g u r e  i l l - 1 1 .  T h i s  

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

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

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

z o n e  ( r a d i u s  r e ,  p e r m e a b i l i t y  k )  e x t e n d i n g  t o  t h e  d r a i n a g e  r a d i u s ,  

b u t  i n  a d d i t i o n  i t  c o n t a i n s  a t h i r d  z o n e  ( r a d i u s  r h ,  p e r m e -  

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

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

o f  t h e  o i l  i n  t h e  " c o l d "  r e g i o n ,  pot. C a l c u l a t i o n  o f  t h e  

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

0.3 FT 

3 FT 

3C FT 

300 FT 

F i g u r e  I 1 1 - 1 1 .  S imp1  i f i e d  R a d i a l  F l o w  M o d e l  f o r  T h e r m a l  
S t i m u l a t i o n  Ca 1 c u  l a  t i o n s  
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v i s c 0 s i t . y  1 0 0 - f o l d  in t h e  h e a t e d  z o n e ,  i l l u s t r a t e s  t h e  

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

1 .  U n d e r  t h e  a s s u m e d  c o n d i t i o n s ,  w h i c h  r e p r e s e n t  

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

t i o n  r a t i o  is t h e  m a x i m u m  t h a t  c a n  b e  e x p e c t e d  

d u e  to a v i s c o s i t y  r e d u c t i o n  a l o n e  in a n  

undamaged r e s e r v o i r  for a 1 0 0 - f o l d  v i s c o s i t y  

r e d u c t  ion. 

2. In a damaged r e s e r v o i r ,  t h e  m a x i m u m  s t i m u l a t i o n  

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

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

r e m o v a l  a l o n e .  F o r  e x a m p l e ,  f o r  a m o d e r a t e l y  

d a m a g e d  w e l l  t h e  s t i m u l a t i o n  r a t i o  c a n  b e  11.8 
(4.0 x 2 . 9 4 ) .  E v e n  if t h e  d a m a g e  is n o t  r e m o v e d ,  

t h e  s t i m u l a t i o n  r a t i o  is n e a r l y  a s  h i g h  (10.3). 

I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  a l t h o u g h  t h e  

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

t h a n  f o r  t h e  c a s e  w h e r e  t h e  d a m a g e  is r e m o v e d ,  

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

t o  i t s  p r e - s t i m u l a t i o n  v a l u e  a s  t h e  r e s e r v o i r  

c o o l  s. 

D u r a t i o n  of i m p r o v e m e n t .  

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

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

is c o o l e d  in t i m e  b y  c o n d u c t i o n  to t h e  s u r r o u n d i n g s  a n d  b y  h e a t  

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

oil v i s c o s i t y  i n c r e a s e s ,  a n d  t h e  s t i m u . l a t i o n  e f f e c t ,  is d i m i n i s h e d .  

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

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

b u t  t h e  s t i m u l a t i o n  b e n e f i t s  f r o m  s u c c e e d i n g  t r e a t m e n t s  will 
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d e c r e a s e .  Much o f  t h e  f i e l d  e v i d e n c e  a c c u m u l a t e d  t o  d a t e  

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

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

i n  t h e  w e l l b o r e  r e g i o n .  The maximum n u m b e r  o f  t r e a t m e n t s  

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

a n o t h e r .  I n  some C a l i f o r n i a  f i e l d s  w h e r e  s t e a m  s t i m u l a t i o n  

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

b e e n  r u n  b e f o r e  a w e l l  c a n  n o  l o n g e r  b e  u s e d .  

C a l c u l a t i o n s  A r e  Used  t o  P r e d i c t  R e s u l t s .  

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

r e s e r v o i r s  c o n t a i n i n g  h e a v y  o i l s .  The e f f e c t s  o f  a g r e a t  many 

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

t i o n  t o  a p a r t i c u l a r  w e l l .  A c a l c u l a t i o n  p r o c e d u r e  w h i c h  makes 

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

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

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

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

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

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

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

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

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

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

s a n d s  s e p a r a t e d  by  u n p r o d u c t i v e  r o c k .  ~ 

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

i s  c a l c u l a t e d  by  r a d i a l  f l o w  e q u a t i o n s  w h i c h  a c c o u n t  f.br v i s c o s i t y  

r e d u c t i o n  i n  t h e  h e a t e d  a r e a .  The r e s p o n s e  ' o f  s u c c e e d i n g  c y c l e s  

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

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

Many f a c t o r s  t o  b e  c o n s i d e r e d  when s e l e c t i n g  a t h e r m a l  

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

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

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

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

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

p r e s e n t e d  i n  F i g u r e s  i l l - 1 2  t h r o u g h  1 6  ( t h e  r e s e r v o i r  a n d  

i n j e c t i o n  d a t a  u s e d  f o r  t h e s e  f i g u r e s  a r e  g i v e n  i n  T a b l e s  4 a n d  

5 ) .  The inckemental  o i L / b t e a r n  X t a t i o  was s e l e c t e d  a s  t h e  p r i m a r y  

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

r e l a t e d  t o  t h e  e c o n o m i c s  o f  t h e  p r o c e s s .  The  i n c r e m e n t a l  o i l /  

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

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

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

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

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

F i g u r e  1 1 1 - 1 2 .  E f f e c t  o f  S k i n  F a c t o r  o n  C a l c u l a t e d  i n c r e m e n t a l  
O i l / S t e a m  R a t i o  

, 
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F i g u r e  1 1 1 - 1 5 .  T h e o r e t i c a l  P r e d i c t i o n  o f  I n c r e m e n t a l  
O i l / S t e a m  R a t i o  v s .  S t e a m  I n j e c t e d  

4.a 
a' 
: 

4! 

0 

4.0  

2 3.2 
0 

2 e 2.4 

: 
6 
a 
z .a 

r 

w l  

1.6 
c 
Y 

Y 

z 

P 
V 

0 
0 loo IC0 4 0 0  5 0 0  

m,I , /h  - M LB STEAM/FI Of CROSS INTERVAL 

F i g u r e  111-16. T h e o r e t i c a l  P r e d i c t i o n  o f  I n c r e m e n t a l  
O i l / S t e a m  R a t i o  v s .  S t e a m  I n j e c t e d  
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T A B L E  4 

S T E A M  S T I M U L A T I O N  T E S T  A N D  C A L C U L A T I O N  D A T A  

Reservoir Characteristics 

Depth, ft 
Section Thickness, ft 
Net Sand Thickness, ft 
Number o f  Sands 
Reservoir Tempera ture, OF 
Oil Viscosity, c p  

at TR 
at 30OOF 

Skin Factor 
Effective Well Radius, f t f i  

P res t i mu 1 a t i on 

Oil Rate, B / D  
Oil Productivity Index, bpd/psi 
WOR, bbl/bbl 
GOR, scf/bbl 

Stimulation 

Steam Injected, MM lb 

Well A 
(Fig. 111-3) 

1250 
400 
400 

1 
100 

2000 
9 

0-1 00 
0.181 

10 
0.1 

0.029 
63 

3.0 
We 1 1 head- 1 n j ec t ion Su rface Cond i t ions : 

Pressure, p s i g  290 
Temperature, O F  420 
Steam Qual i t y ,  dim 0.8 

Injection Time, days 7 
Shut-in Time, days 3 

. ,  

\#le 1 1 B 
( F i g .  1 1 1 - 4 )  

3000 
200 

67 
6 

100 

0.5-1000 
0.08-6 

0-5 
0.00176 

Well C 
( f i g .  1 1 1 - 5 )  

3740 
I 088 

234  
18 

120 

133 
8 
0 

0.00176 

300 99 
t .o 0 . 3  
1 . o  0 .57  
1000 6 00 

40.  1 6 . 6  

780 770 
5 20 5 .8  

0 . 9 5  0.95 
B O  5s  

4 5 
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TABLE S 

CALCULATION B A S E S  F O R  F I G U R E S  1 1 1 - 1 2  T H R O U G H  1 1 1 - 1 6  

O r i g i n a l  Reservo i r  Temperature, O F  

O r i g i n a l  Reservo i r  O i l  V i s c o s i t y ,  cp 

O i l  G r a v i t y ,  O A P l  

O i l  S p e c i f i c  Heat, B t u / l b  O F  

Format ion Thermal D i f f u s i v i t y ,  f t Z / D  

Format ion Thermal C o n d u c t i v i t y ,  B t u / D / f t  O F  

Sand/Shal e Rat io 

Average I n d i v i d u a l  Sand Thickness, f t 

Format i o n  Depth/Sect i o n  Thickness R A t  i o  

E f f e c t i v e  Well  Radius, f t  

E f f e c t i v e  Dra inage Radius,  f t  

Normal Producing Bottom-Hole Pressure,  p s i a  

S t a t i c  Format ion Pressure,  p s i a  

Producing Gas-Oi Raio,  s c f / b b l  

Shut- in Time Fol owing I n j e c t i o n ,  days 

125 

70 

16.5 

0.482 

0.632 

24 .O 

0.5 

13 

14 .6  

0 . 2 5  

1000 

300 

1000 

500 

3 
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E f f e c t  o f  S k i n  Damage 

A s  a l r e a d y  i l l u s t r a t e d  i n  F i g u r e  1 1 1 - 1 2 ,  i t  i s  a p p a r e n t  

t h a t  t h e  a m o u n t  o f  a h i n  damage p r e s e n t  i n  a w e l l  p r i o r  t o  

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

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

t r u e  e v e n  i f  no damage r e m o v a l  i s  o b t a i n e d ,  a l t h o u g h  t h e  s t i m u -  

l a t i o n  b e n e f i t s  a r e  g r e a t e r  when t h e  damage i s  r e m o v e d .  

c 

F i g u r e  1 1 1 - 1 4  shows t h e  e f f e c t  o f  s k i n  damage o n  t h e  

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

t y p i c a l  C a l i f o r n i a  w e l l  ( W e l l  A ) .  T h e s e  r e s u l t s  a r e  b a s e d  o n  

t h e  a s s u m p t i o n s  t h a t  n o  damage was r e m o v e d  b y  t h e  s t e a m .  C a l c u -  

l a t i o n s  w e r e  made a s s u m i n g  s k i n  f a c t o r s  r a n g i n g  f r o m  o t o  6 0 .  

F i g u r e  1 1 1 - 1 6  shows t h a t  t h e  c a l c u l a t e d  i n c r e m e n t a l  o i l / s t e a m  

r a t i o  i n c r e a s e s  s i g n i f i c a n t l y  a s  s k i n  f a c t o r  i n c r e a s e s  o v e r  t h i s  

r a n g e .  

E f f e c t  o f  C o l d  Oil V i s c o s i t y  

F o r  a g i v e n  t e m p e r a t u r e  r i s e ,  t h e  v i a c o h i 2 t y  /reduc.ttion o f  a 

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

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

w i l l  be  s m a l l e r ,  t h e  lower t h e  o r i g i n a l  o i l  v i s c o s t i y .  The 

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

r a t i o  i s  shown i n  F i g u r e  1 1 1 - 1 3 .  The r e s u l t s  show m o r e  t h a n  a 

t w o - f o l d  i n c r e a s e  i n  i n c r e m e n t a l  o i l  r e c o v e r e d  f o r  a 1000  c p  o i l  

a s  c o m p a r e d  w i t h  a 1 c p  o i l  f o r  t h e  same a m o u n t  o f  s t e a m ,  

E f f e c t  o f  S a n d / S h a l e  R a t i o  

The e f f e c t  o f  t h e  sand/6hak!e x a t i a  o n  t h e  i n c r e m e n t a l  

o i l / s t e a m  r a t i o  f o r  a c y c l e  i s  d e p i c t e d  i n  F i g u r e  1 1 1 - 1 4 .  The 

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

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

i n c r e m e n t a l  o i l / s t e a m  r a t i o  a s  t h e  s a n d / s h a l e  r a t i o  d e c r e a s e s  

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

s h a l e s .  The  i n c r e m e n t a l  o i l / s t e a m  r a t i o s  f o r  s t i m u l a t i o n  j o b s  

o n  t w o  w e l l s  i n  t h e  same r e s e r v o i r  a r e  shown i n  F i g u r e  1 1 1 - 1 4 .  

T h e  w e l l s  a r e  s i m i l a r  e x c e p t  f o r  t h e i r  s a n d / s h a l e  r a t i o s  ( d a t a  

f o r  W e l l  C i s  shown i n  T a b l e  4 ) .  The  s a n d / s h a l e  r a t i o  f o r  W e l l  

D was  much  h i g h e r  t h a n  t h a t  f o r  W e l l  C w h i c h  l a r g e l y  e x p l a i n s  

t h e  m o r e  f a v o r a b l e  r e s p o n s e  b y  W e l l  D .  

A l o w  s a n d / s h a l e  r a t i o  i s  p r o b a b l y  t h e  e x p l a n a t i o n  f o r  

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

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

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

s e c t i o n .  F o r  e x a m p l e ,  a w e l l  t h a t  h a d  t w o  1 0 0 - f t  s a n d s  s e p a r a t e d .  

b y  800  f t  o f  s h a l e  w o u l d  r e s p o n d  t o  s t e a m  s t i m u l a t i o n  m o r e  

f a v o r a b l y  t h a n  a w e l l  t h a t  h a d  t w e n t y  s a n d s  e a c h  a v e r a g i n g  1 0 - f t  

t h i c k  s e p a r a t e d  b y  4 2  f t  o f  s h a l e  e v e n  t h o u g h  b o t h  w e l l s  w o u l d  

h a v e  t h e  same g r o s s  a n d  n e t ' s a n d  t h i c k n e s s  a n d  t h e  same o v e r a l l  

s a n d / s h a l e  r a t i o .  The t w o  s a n d s  w o u l d  l o s e  much l e s s  t h a n  t h e  

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

E f f e c t  of  P r e - s t i m u l a t i o n  W a t e r / O i l  R a t i o ,  O i l  P r o d u c t i o n  

R a t e  a n d  R a t e  o f  S t e a m  i n j e c t i o n  

T h e  e f f e c t s  o f  p&e-aXi rnuea t ion  w a t e & / o i t  h a t t i o ,  oie 
ptoduction &raze and haze 06 ateam i n j e c t i o n  a r e  shown i n  

F i g u r e s  1 1 1 - 1 5  a n d  1 1 1 - 1 6  ( d a t a  a r e  g i v e n  i n  T a b l e S ) .  O i l  

p r o d u c t i o n  r a t e s  a n d  s t e a m  i n j e c t i o n  v o l u m e s  a r e  shownr on a p e r  

f o o t  o f  g r o s s  t h i c k n e s s  b a s i s . .  The  e f f e c t  o f  a h i g h  p r e - s t i m u -  

l a t i o n  w a t ' e r / o i l  r a t i o  i s  g r e a t e s t  a t  t h e  h i g h e r  o i l  p r o d u c i n g  
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r a t e s .  T h i s  c a n  b e  s e e n  b y  c o m p a r i n g  F i g u r e  1 1 1 - 1 6  w i t h  

F i g u r e  1 1 1 - 1 5 .  The  i n c r e m e n t a l  o i l / s t e a n  r a t i o  a l s o  shows a 

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

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

An e x p l a n a t i o n  f o r  t h e  b e t t e r  r e s p o n s e  f o r  h i g h e r  o i l  r a t e  

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

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

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

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

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

w a t e r / o i l  r a t i o  r e s u l t s  i n  a h i g h  r a t e  o f  e n e r g y  r e m o v a l  a s  

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

E f f e c t  o f  P r o c e s s  C o n t r o l  V a r i a b l e s  

The 4Zteam injection & a t e  s h o u l d  b e  a s  h i g h  a s  possible w h i l e  

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

f r a c t u r e  l e v e l .  H i g h  r a t e s  p r o v i d e  t w o  b e n e f i t s :  f i r s t ,  w e l l b o r e  

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

a n d  s e c o n d ,  a g i v e n  a m o u n t  o f  e n e r g y  c a n  b e  i n j e c t e d  i n  a s h o r t e r  

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

w e l l  i s  b e i n g  s t e a m e d .  The  l a t t e r  b e n e f i t  i s  m a g n i f i e d  i n  

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

I t  s h o u l d  b e  n o t e d  i n  F i g u r e s  1 1 1 - 1 3  a n d  1 1 1 - 1 4  t h a t  a s  

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

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

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

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

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

f o l l o w i n g  f a c t o r s :  ( I )  i n c r e a s e d  h e a t  l o s s e s  a s s o c i a L e d  w i t h  

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

h i g h e r  e n e r g y  i n p u t s ,  ( 2 )  i n c r e a s e d  l o s t  p r o d u c t i o n  a s  t h e  
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l e n g t h  o f  t h e  i n j e c t i o n  p e r i o d  i s  i n c r e a s e d ,  ( 3 )  a l o w e r  r a t e  

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

h e a t e d  r a d i u s  becomes r e l a t i v e l y  l a r g e ,  a n d  ( 4 )  a d i m i . n i s h i n g  

i n c r e m e n t a l  b e n e f i t  t o  t h e  p r o d u c t i v i t y  i n d e x  by  f u r t h e r  

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

The bach-p&eAAuhing o f  a w e l l  e a r l y  i n  t h e  p r o d u c t i o n  p h a s e  

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

i n c r e a s e s  i n  t h e  c u m u l a t i v e  o i l  p r o d u c e d  a t  c y c l e  e n d .  B a c k -  

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

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

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

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

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

b y  t h e  c o l u m n  o f  l i q u i d  t h a t  w i l l  e x i s t  a b o v e  t h e  pump when pump 

c a p a c i t i e s  a r e  r a t e  1 i m i  t i n g .  

T h e o r e t i c a l l y ,  t h e  o p t i m u m  p r o g r a m  o f  b a c k - p r e s s u r i n g  a 

w e l l  w o u l d  be o n e  i n  w h i c h  t h e  p r o d u c i n g  b o t t o m - h o l e  p r e s s u r e  i s  

m a i n t a i n e d  s l i g h t l y  a b o v e  t.he s a t u r a t i o n  p r e s s u r e  f o r  s t e a m  a t  

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

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

t h e  p r o d u c e d  w a t e r  t o  s t e a m .  

Eva1 ua t i n g  S team S t i m u l a  t i 'on  P r o s p e c t s  

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

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

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

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

b e  s u p p l e m e n t e d  b y  a m o r e  ca r ' e fu .1  s t u d y  o f  t h e  p h y s i c a l  r e s e r v o i r  

a n d  f l u i d  p a ' r a m e t e r s  a n d  t h e i r  p r o b a b l e  b e h a v i o r  d u r i n g  and a f t e r  

t h e  s t i m u l a t i o n .  
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The o p t i m u m  c r i t e r i a  a r e :  

1 .  C,tude g u v i t y  L e a b  ttlzarz 1 5 0  A P T .  Steam s t i m u l a t i o n  

h a s  b e e n  a p p l i e d  t o  o i l s  r a n g i n g  f r o m  1 0  t o  40° A P I ;  

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

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

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

o f  h e a t  o n  v i s c o s i  t y .  

2 .  O i l  ba.tuhaXion 0 6  at l e a a t  1 2 0 0  bbllacke-62. R e s e r v o i r s  

b e i n g  s t i m u l a t e d  a t  p r e s e n t  r a n g e  f r o m  6 0 0  t o  2 0 0 0  b b l /  

a c r e  f t .  

3 .  R ~ Q t k v ~ i k  p ~ k ~ b i . t t y  (rrorn 1 0 - 3 0 % .  The  g r e a t e r  t h e  p o r o s i t y  

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

4 .  Net h a n d  t h i c k n e b a  0 6  a t  Leaa t  5 0  b e e t .  W i t h  t h i c k e r  

s a n d s ,  t h e  r a t i o  o f  s u r f a c e  a r e a  a c r o s s  wh ich :  v e r t i c a l  

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

i n g  t h i s  c r i t e r i a  i s  t h e  p r e f e r e n c e  f o r  a h i g h  s a n d /  

s h a l e  t o  m i n i m i z e  h e a t  l o s s e s  t o  t h e  s h a l e .  E x c e s s i v e  

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

5. R ~ a e t t v a i ~ z  dcpzh  l e a b  .than 3 0 0 0  b e e x .  R e s e r v o i r s  f r o m  

4 0  t o  8 0 0 0  f e e t  d e e p  h a v e  b e e n  t h e r m a l l y  s t i m u l a t e d .  

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

~ ~ h i c h  may b e  a p p l i e d  w i t h o u t  c a u s i n g  f r a c t u r e s ,  The  

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

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

s t e a m  i s  3 2 1 1  p s i g ,  a b o v e  w h i c h  s a t u r a t e d  s t e a m  c a n n o t  

e x i s t  a n d  s u p e r h e a t  t e m p e r a t u r e s  become e x t r e m e l y  h i g h ,  

r e q u i r i n g  s p e c i a l  e q u i p m e n t .  



6 .  Lctu p/ toducing i o a t e t - o L L  k a t i o .  B e c a u s e  o f  i t s  h i g h  

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

e n e r g y  w h i c h  w o u l d  o t h e r w i s e  b e  c o n t r i b u t i n g  - t o  t h e  

r e d u c t i o n  o f  o i l  v i s c o s i t y .  

7. S u 6 6 i c i e n t  heh e t v o i h  phehbukc .  An o b v  i o u s  , b u t  

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

l i k e  a l l  s t i m u l a t i o n  t e c h n i q u e s ,  d o e s  n o t  c r e a t e  a n y  

new r e s e r v o i r  p r e s s u r e ;  " d e a d "  r e s e r v o i  r s  c a n n o t  b e  

s t i mu 1 a t e d  . 

8 .  H i g h  p k e - h t i m u L a t i o n  p t o d u c t i o n  t a t t e .  I n j e c t  i o n  

c y c l e s  a r e  s h o r t e r  a n d  h e a t  l o s s e s  t o  s h a l e s  a r e  

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

i' 9. L a t g e  h k i i z  ( a c t a t .  A s  p r e v i o u s l y  d i s c u s s e d ,  

s t i m u l a t i o n  o f  damaged w e l l s  c a n  r e s u l t  i n  d r a m a t i c  

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

r e m o v e d .  I f  damage i s  r e m o v e d ,  t h e  w e l l  w i l l  

p r o d u c e  a t  r a t e s  a.bove t h e  p r e - s t e a m  r a t e  e v e n  

a f t e r  t h e  h e a t  h a s  d i s s i p a t e d .  

1 0 .  Good  mechan ica l  c o n d i t i o n  0 6  t h e  w e l l .  T u b i n g ,  

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

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

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

some f i ' e l d s  t o  s t o p  a c c e l e r a t e d  s a n d  p r o d u c t i o n .  
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W a t e r  S u p p l y  a n d  T ;ea tmen t  

A s u c c e s s f u l  a n d  e c o n o m i c a l  s t e a m  r e c o v e r y  p r o j e c t  n e e d s  

a n  a d e q u a t e  w a t e r  s u p p l y  t h a t  d o e s  n o t  r e q u i r e  e x c e s s i - v e  

t r e a t i n g .  B e f o r e  p l a n n i n g  a l a r g e  s t e a m  g e n e r a t o r ,  t h e  

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

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

a g e n t s  a n d  pH a d j u s t i n g  c h e m i c a l s  s h o u l d  b e  s t u d i e d  t o  b e  

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

S team G e n e r a  t o r s  

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

p r e f e r r e d  b e c a u s e ,  s i n c e  o n l y  a b o u t  8 0 %  o f  t h e  w a t e r  i s  

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

s o l i d s  c o n t e n t .  A l s o ,  t h e  o n c e - t h r o u g h  u n i t s  d o  n o t  u s e  

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

d o  n o t  r e q u i r e  b l o w d o w n .  M o s t  common s i z e s  now b e i n g  u s e d  a r e  

i n  t h e  1 0 , 0 0 0 , 0 0 0  t o  2 2 , 0 0 0 , 0 0 0  B T U / h o u r  r a n g e .  R e c e n t l y ,  

s e v e r a l  u n i t s  o f  1 0 0 , 0 0 0 , 0 0 0  B T U / h o u r  a n d  e v e n  l a r g e r  h a v e  

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

s t e a m .  

F u e l  S u p p l y  a n d  B u r n e r s  

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

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

i n  b y  p i p e l i n e  o r  t a n k  t r u c k ,  o r  l e a s e  c r u d e  may b e  u s e d .  

A l t h o u g h  o i l  is c h e a p e r  o n  a B T U  b a s i s  i n  m o s t  p l a c e s ,  g a s  

r e q u i r e s  a l o w e r  e q u i p m e n t  i n v e s t m e n t  a n d  l e s s  m a i n t e n a n c e .  

Gas d o e s  n o t  r e q u i r e  s t o r a g e  t a n k s ,  f u e l  p r e h e a t e r s ,  f u e l  

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

The  c o s t  o f  o i l  b u r n e r s  and  a u x i l i a r i e s  r u n s  a b o u t  l O - 1 5 %  m o r e  

t h a n  g a s  b u r n e r s .  

S u r f a c e  T r a n s m i s s i o n  L i n e s  

L i n e s  m u s t  b e  s i z e d  a n d  i n s u l a t e d  t o  m i n i m i z e  b o t h  h e a t  

6 loss a n d  p r e s s u r e  d r o p  o f  t h e  h i g h - p r e s s u r e ,  h i g h - t e m p e r a t u r e  

s t e a m .  E x p a n s i o n  l o o p s  a n d / o r  j o i n t s  w i l l  b e  r e q u i r e d .  
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W e l l h e a d s  and W e l l h e a d  C o n n e c t i o n s  

The f o l l o w i n g  s p e c i a l  p r o v i s i o n s  mus t  be made i n  r e g a r d  

t o  we1 1 heads :  

1 .  U n l e s s  a l l  d e v i c e s  t o  compensa te  f o r  p i p e  e x p a n s i o n  

a r e  p l a c e d  downho le ,  w e l l h e a d s  mus t  c o n t a i n  sl i d i n g  

s e a l s  f o r  p i p e  movement.  

2 .  F l o w  l i n e s  o r  s team i n j e c t i o n  l i n e s  mus t  be  f l e x i b l e  

a t  t h e  C h r i s t m a s  t r e e  c o n n e c t i o n .  

3 .  A l l o w a n c e  mus t  be made f o r  p r e s s u r e  c a p a c i t y  

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

4 .  We1 1 w o r k o v e r s  r e q u l r e  s p e c i a l  h i g h - t e m p e r a t u r e  

b l o w o u t  p r e v e n t e r s .  

Downho le  Equ ipmen t  and Hea t  Losses  

Two f a c t o r s  d e s e r v i n g  s e r i o u s  c o n s i d e r a t i o n  i n  t h e  d e s i g n  

o f  w e l l  c o m p l e t j o n s  f o r  u s e  i n  a s team i n j e c t i o n  o p e r a t i o n  a r e  

w e t t b o t r e  hea.2 l o & & e b  and c u i n g  t e m p e & ~ W ~ e h .  O b v i o u s l y ,  t h e  

h e a t  l o s s e s  be tween  t h e  s u r f a c e  and t h e  i n j e c t i o n  i n t e r v a l  c a n  

h a v e  a t remendous  i n f l u e n c e  on t h e  e f f i c i e n c y  of a s team 

i n j e c t i o n  p r o c e s s .  C a s i n g  f a i l u r e  r e s u l t i n g  f r o m  a n  e x c e s s i v e  

t e m p e r a t u r e  I n c r e a s e  has  been o n e  o f  t h e  m a j o r  p r o b l e m s  

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

The c a l c u l a t i o n  o f  t h e  w e l l b o r e  h e a t  l o s s e s  and c a s i n g  

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

a k n o w l e d g e  o f  t h e  p r e s s u r e  and t e m p e r a t u r e  d i s t r i b u t i o n  I n  

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

methods  a r e  a v a i l a b l e  f o r  t h e  e s t i m a t i o n  o f  w e l l b o r e  h e a t  

l o s s e s .  The r e s u l t s  o f  h e a t  loss c a l c u l a t i o n s  f o r  v a r i o u s  

w e l l b o r e  c o n d i t i o n s  and f o r  a w i d e  r a n g e  o f  I n j e c t i o n  r a t e s  
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a n d  t i m e s  a r e  s u m m a r i z e d  b e l o w :  

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

i n j e c t i o n  d o w n  a w e 1  l b o r e .  

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

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

a f t e r  ( F i g u r e  111-17). 

3. T h e  i n s t a n t a n e o u s  p e r c e n t  h e a t  l o s s  i n c r e a s e s  

r a p i d l y  w i t h  d e c r e a s i n g  i n j e c t i o n  r a t e s  ( F i g u r e  1 \ 1 - 1 8 ) .  

4. S i g n i f i c a n t  r e d u c t i o n s  in b o t h  t h e  h e a t  l o s s e s  a n d  

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

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

p a i n t i n g  t h e  t u b i n g  ( F i g u r e  111-19). 

Faitutea 0 6  c a a i n g  h a v e  o c c u r r e d  m o s t l y  in o l d  w e l l s  w h e r e  

d e t e r i o r a t e d  c a s i n g  o r  poor  c e m e n t  j o b s  w e r e  p r e s e n t .  In 

a d d i t i o n  to s e t t i n g  t u b i n g  p a c k e r s  to r e d u c e  c a s i n g  p r e s s u r e  

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

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

c e m e n t i n g  of n e w  w e l l s  w i t h  h i g h - t e m p e r e a t u r e  c e m e n t ,  a n d  ( c )  

p r o p e r  p r o v i s i o n  f o r  e x p a n s i o n  a n d  c o n t r a c t i o n .  

T u b i n g  da.i.h/reA a r e  r a r e  b e c a u s e  t u b i n g  i s  u s u a l l y  r u n  i n  

g o o d  c o n d i t i o n  a n d  p r o v i s i o n  i s  m a d e  f o r  e x p a n s i o n ,  e i t h e r  b y  

a d o w n h o l e  e x p a n s i o n  j o i n t  o r  a s l i d i n g  w e l l h e a d  s e a l .  H i g h  

t e m p e r a t u r e  t h r e a d  c o m p o u n d  i s  u s e d .  



DEPfH - FEET 

F i g u r e  1 1 1 - 1 7 .  E f f e c t  o f  I n j e c t i o n  T i m e  a n d  D e p t h  o n  
P e r c e n t  H e a t  L o s s  

F i g u r e  1 1 1 - 1 8 .  E f f e c t  o f  I n j e c t i o n  R a t e  a n d  D e p t h  o n  
P e r c e n t  H e a t  L o s s  



F i g u r e  111-19 .  E f f e c t  o f  W e l l  C o m p l e t i o n  Me thod  and 
l n e j c t i o n  T ime o n  P e r c e n t  H e a t  L o s s  

Sand P r o b l e m s ,  P l u g g i n g ,  E m u l s i o n s  and C o r r o s i o n  

Some t h e r m a l  r e c o v e r y  p r o j e c t s  h a v e  been  abandoned 

b e c a u s e  o f  s e r i o u s  damage t o  t h e  w e l l  f r o m  band  pkoducX4on. 
A r e s i n - c o a t e d  s a n d ,  c a l l e d  Super  Sand, now p r o v i d e s  p e r m a n e n t  

p r o t e c t i o n  from sand p r o d u c t i o n  and l a r g e l y  r e p l a c e s  s l o t t e d  

l i n e r s ,  g r a v e l  p a c k i n g ,  and c e r a m i c  s c r e e n s  w h i c h  h a v e  been  

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

Steam s t i m u l a t i o n  has been r e p o r t e d  t o  be u n s u c c e s s f u l  i n  

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

p r e s e n t  t h e r e  i s  no remedy f o r  t h i s  p r o b l e m .  

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

t h e  p r o d u c i n g  zone c r e a t e s  ~ ~ ~ ~ . 4 ~ O f i h  t h a t  a r e  d i f f i c u l t  t o  b r e a k  

i n  many c a s e s .  These e m u l s i o n s  s h o u l d  be  b r o k e n  and r e s i d u e s  

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

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

o f  c r u d e ,  so e m u l s i o n  b r e a k i n g  e q u i p m e n t  or c h e m i c a l  s h o u l d  be 

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

t h e  c h a r a c t e r i s t i c s  o f  t h e  e m u l s i o n .  
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All o f  the cotr&ohiov t  problems normally experienced in 
oilfield production will be aggravated because o f  the increased 

temperatures; inhibitor treatment and careful alloy selection is 
required to m i n i m i z e  deterioration of d o w n h o l e  equipment. 

S a f  etv 
~~ 

Steam stimulation is a n  o p e r a t i o n  f o r  which oil field 

I supervisory personnel and labor a r e  not normally trained and 

w h i c h  involves equipment that c a n  explode o r  c a u s e  burns. 
Adherence to pressure vessel c o d e s ,  steam c o d e s ,  and the 
services of a competent safety engineer a r e  essential. 

Special training should b e  provided f o r  the handling of 
hot m e t a l s ,  hot o i l ,  and hot water. All w e l l s  should be 
considered a s  flowing w e l l s ,  s i n c e  a pumping well under high 
temperature may f l o w  ahead o f  hot fluid a t  any time. Steam 
lines subject to rapid c h a n g e  in f l o w  rates and temperatures 
may buckle and break. Steam lines not buried should be tied 
down securely. Special blowout preventers and a n  adjustable- 
height working platform o n  each well will be required. 
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C .  M e c h a n i c a l ,  J e t t i n g ,  a n d  D r a i n h o l e  D r i l l i n g  
/- 

S u m m a r y  

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

t u b i n g  a n d  p e r f o r a t i o n s .  E a r l y  p a t e n t - 1  i t e r a t u r e  s h o w s  t h e  
g r a d u a l  d e v e l o p m e n t  of s c r a t c h e r s ,  w i r e s ,  a\nd b r u s h e s  i n t o  

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

u s e d  t o d a y  f o r  well p l u g g i n g  a n d  s c a l e  d e p o s i t i o n  is a s w a b  

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

p r e s s u r e  s u r g e .  A n o t h e r  w a y  to t r e a t  t h e  p e r f o r a t i o n s  a n d  

t h e  n e a r - w e l l b o r e  r e g i o n  i s  w i t h  a j e t t i n g  tool w h i c h  s q u i r t s  

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

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

g e o t h e r m a l  well i s  t o  u s e  d r a i n h o l e  o r  s i d e t r a c k e d  d r i l l i n g  

m e t h o d s  n e a r  t h e  p r o d u c i n g  f o r m a t i o n .  T h i s  m a y  b e  e f f e c t i v e  

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

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

m a y  also p r e c l u d e  t h e  need for d r i l l i n g  a n e w  g e o t h e r m a l  w e l l ,  

S w a  b - a n d  - D  r o p  

S w a b - a n d - d r o p  is a n o v e l  m e t h o d  f o r  r e m o v i n g  p l u g g i n g  

m a t e r i a l s  f r o m  w e l l s .  T h e  t e c h n i q u e  e m p l o y s  a c a s i n g  s w a b  r u n  

o n  t u b i n g .  T h e  t u b i n g  is r e c i p r o c a t e d  t o  a l t e r n a t e l y  a p p l y  a 

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

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

A c i r c u l a t i n g  v a l v e  is p r o v i d e d  for p e r i o d i c a l l y  r e v e r s e  

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

t h e  v a c u u m - p r e s s u r e  s u r g e  c y c l e s ,  

T h e  t o o l ,  w h i c h  is i l l u s t r a t e d  i n  F i g u r e  1 1 1 - 2 0 , t a n  b e  

f a b r i c a t e d  f r o m  s t o c k  i t e m s .  A l t h o u g h  o r i g i n a l l y  d e s i g n e d  f o r  
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w a t e r - i n j e c t i o n  w e l l s ,  t h e  s w a b - a n d - d r o p  t e c h n i q u e  s h o u l d  w o r k  

o n  p r o d u c t i o n  w e l l s  t h a t  h a v e  s k i n  damage.  

The m a i n  o p e r a t i o n a l  p o i n t s  t o  b e  c o n s i d e r e d  a r e :  

1 .  E x t r e m e l y  h i g h - p r e s s u r e  s u r g e s  c a n  b e  g e n e r a t e d  d u r i n g  

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

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

2 .  The  r a t e  o f  r e c i p r o c a t i o n  w i l l  be  g o v e r n e d  b y  t h e  

r a t e  o f  i n f l u x  o f  r e s e r v o i r  f l u i d s .  T h i s  r a t e  i s  

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

b e  f a s t  e n o u g h  t o  c r e a t e  a l o w , p r e s s u r e  b e l o w  t h e  swab.  

The t u b i n g  i s  h e l d  i n  t h e  “up ! ‘  p o s i t i o n  l o n g  e n o u g h  

t o  a l l o w  f l u i d  t o  a c c u m u l a t e  below t h e  swab t o  g i v e  

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

3 .  T h e ,  t e n s i l e  l i m i t a t i o n s  o f  t h e  t u b i n g  s h o u l d  ’be 

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

4 .  The s e r v i c e  r i g  s h o u l d  be  c a p a b l e  o f  d r o p p i n g  t h e  

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

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

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

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

s t a r t i n g  t o  r e c i p r o c a t e  an’d a f t e r  t e n  o r  t w e l v e  

s w a b - a n d - d r o p  c y c l e s  a s  e x p e r i e n c e  d i c t a t e s .  The 

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

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

c o n t i n u e d  u n t i  1 t h e  r e t u r n s  . a r e  r e l a t i v e l y  c l - e a n .  
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6. S w a b - a n d - d r o p  t r e a t m e n t s  s h o u l d  b e  a t t e m p t e d  o n l y  

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

p l u g g i n g  p r o b l e m  e x i s t s .  

I 

Jet C l e a n i n g  a n d  A c i d i z i n g  

J e t t i n g  t e c h n i q u e s  c a n  a s s i s t  w e l l b o r e  c l e a n  u p  b y  a 

I 

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

r e a c t i o n s  a r e  a c c e l e r a t e d  b y  a g i t a t i o n ,  t h e  j e t t i n g  t e c h n i q u e  

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

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

r e m o v a l  s o l u t i o n s ,  p a r a f f i n  s o l v e n t s ,  a n d  s u r f a c t a n t s  in oil- 
b a s e  o r  w a t e r - b a s e  c a r r i e r s .  

T h e  tool is g e n e r a l l y  r u n  o n  t u b i n g  w i t h  two o r  t h r e e  j e t s  

o r i e n t e d  r a d i a l l y  in o n e  o r  two p l a n e s ,  A f t e r  i t  is r u n  i n ,  a 

b a l l  is d r o p p e d  t h a t  s e a t s  in t h e  b o t t o m  o f  t h e  tool. G e n e r a l l y ,  

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

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

in t h e  w e l l b o r e .  F i g u r e  I I 1 . - 2 1  i l l u s t r a t e s  t h e  j e t t i n g  g u n ,  a 

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

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

g u n  w h i c h  will s e a t  in a n i p p l e  l o c a t e d  a t  t h e  b o t t o m  o f  t u b i n g .  

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

d e t e r m i n e d  o n  t h e  b a s i s  of a l o g  o r  core a n a l y s i s .  D e p t h  c o n t r o l  

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

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

p i c k i n g  u p .  

5 7  
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A h o r i z o n t a l  p l a n e  c a n  b e  j e t t e d  b y  r o t a t i n g  t h e  t u b i n g  

w i t h  p o w e r  t o n g s  or a v e r t i c a l  p l a n e  c a n  b e  j e t t e d  by l o w e r i n g  

t h e  p i p e  in s h o r t  i n c r e m e n t s .  A S  d i s c u s s e d  in t h e  c h a p t e r  o n  

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

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

Acid j e t t i n g  is a g o o d  m e t h o d  o f  c l e a n i n g  u p  o p e n - h o l e  

i n t e r v a l s  a f t e r  o r i g i n a l  c o m p l e t i o n  a n d  for r e m o v i n g  s c a l e  

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

a n d  the f l u i d  u s e d ,  e i t h e r  a c i d s ,  s u r f a c t a n t s  in a c a r r i e r ,  or 

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

c 
I 

I 

A b k a 4 i j e . t  a n d  Hgdaa-je.t a r e  t h e  r e s p e c t i v e  Dowel1 a n d  

H a l l i b r u t o n  t r a d e  n a m e s  o f  t h e i r  tools. For s i n g l e ,  m o d e r a t e -  

v o l u m e  t r e a t m e n t s ,  j e t t i n g  tools c a n  b e  f r a b r i c a t e d  a t  a s m a l l  

c o s t  a n d  left o n  t h e  t u b i n g  t o  a v o i d  a n  e x t r a  t u b i n g  t r i p .  

D r a i n h o l e  D r i l l i n u  

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

to s t i m u l a t e  p r o d u c t i o n .  S e v e r a l  e l e c t r o l y t i c  m o d e l  s t u d i e s  

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

p r o d u c t i v i t y ,  P a r t i a l  r e s u l t s  of o n e  s u c h  s t u d y  a r e  i l l u s t r a t e d  
in F i g u r e  1 1 1 - 2 2 .  Note t h a t  f o r : d r a i n h o l e  l e n g t h s  o f  10 to 20 

p e r c e n t  o f  the d r a i n i n g  r a d i u s ,  p r o d u c t i v i t y  will b e  a p p r o x i m a t e l y  

d o u b l e d  if 2 to 4 d r a i n h o l e s  a r e  d r i l l e d .  

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

u s e d  f o r  d r a i n h o l e  d r i l l i n g .  The u n i q u e  a s p e c t  is a flexib’.. 

d r i l l  c o l l a r  f a b r i c a t e d  b y  c u t t i n g  a d r i l l  c o l l a r  c i r c u n f e r -  

e n t i a l l y  in a c l o v e r l e a f  p a t t e r n  e v e r y  e i s 8 t  to t w e l v e - : n c h e ! ; ,  

F i g u r e  I 11-23. 

59 



F i g u r e  1 1 1 - 2 2 .  E f f e c t  o f  D r a i n - h o l e  D r i l l i n g  on 
P r o d u c t i o n  C a p a c i t y  

60 



F i g u r e  1 1 1 - 2 3  

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

l a t e r a l l y .  C i r c u l a t i o n  is m a i n t a i n e d  t h r o u g h  a r u b b e r  h o s e  
i n s i d e  t h e  d r i l l  c o l l a r .  D e v i a t i o n  a s  h i g h  a s  90" c a n  b e  

r e a c h e d  w i t h i n  20 f t ,  a f t e r  w h i c h  t h e  b o r e h o l e  is e x t e n d e d  

h o r i z o n t a l l y  a s  f a r  a s  100 ft .  

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

W e s t  T e x a s ,  V e n e z u e l a ,  W e s t e r n  C a n a d a ,  a n d  S i c i l y .  T h e  s e r v i c e  

is o f f e r e d  b y  t h e  E a s t m a n  O i l  W e l l  S e r v i c i n g  C o m p a n y ;  C o n t i n e n t a l  

L a b o r a t o r y  Inc., B i l l i n g s ,  M o n t a n a ;  a n d  O i l w e l l  D r a i n h o l e  D r i l l i n g  

C o m p a n y ,  L o n g  B e a c h ,  C a l i f o r n i a .  
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W h e n  d r a i n h o l e  d r i l l i n g  is b e i n g  c o n s i d e r e d ,  a n  e x p e r i e n c e d ,  

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

o u t  a t  low r o t a r y  s p e e d  a n d  b i t  w e i g h t  to a v o i d  t w i s t i n g  off 
or s t i c k i n g  t h e  f l e x i b l e  p i p e .  The e q u i p m e n t  is e x t r e m e l y  

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

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

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

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

d e v i a t e d  d r i l l i n g .  T h e s e  m e t h o d s  n o  l o n g e r  r e q u i r e  low w e i g h t s  

a n d  s p e e d s  w i t h  t h e  s t a t e - o f - t h e - a r t  a d v a n c e s  In d o w n h o l e  m o t o r s .  

r 

. .  
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D. E x p l o s i v e  and Implosive 

Summa rv 

Wells d o  n o t  respond to explosives unless y o u  a r e  in 
"hard rock" s t r i p p e r  wells in the Appafachain region. Ex- 

plosives can s h o c k  and s o m e t i m e s  demolish the t u b i n g ,  
f o r m a t i o n ,  and the c e m e n t  j o b  w i t h  the results usually 
negative. F o r  g e o t h e r m a l ,  this i s  a n  extremely poor c h o i c e  

for s t i m u l a t i o n  s i n c e  it is d i f f i c u l t  to produce high flow 
rates f r o m  a rubblized zone. 

Better luck h a s  been o b t a i n e d  w i t h  a n  implosive tool w h e r e  

the tool loosens and removes particles and s o m e  plugging. This 
method has d i s a d v a n t a g e s ,  but in c o m b i n a t i o n  w i t h  o t h e r  devices 

and t r e a t m e n t s ,  t h e r e  a r e  s o m e  p o s s i b l e  applications of implosion 
treatments f o r  geothermal we1 1s. 

E x p l o s i v e  S t i m u l a t i o n  
S k U O t i f i g  a well involves loading and firing a n  e x p l o s i v e  

c h a r g e  placed in the w e l l b o r e  o p p o s i t e  a section o f  o i l - b e a r i n g  
o r  gas-bearing rock. T h e  p u r p o s e  of shooting is to increase 
production by enlarging the w e l l b o r e  and creating a z o n e  of 
fracturing in t h e  reservoir rock around the wellbore. 

T h e  original u s e  of explosives in w e l l s  is credited t o  

C o l .  E .  R. R o b e r t s ,  w h o  m a d e  a p p l i c a t i o n  f o r  a patent in 1864. 
The f i r s t  treatments w e r e  d o n e  w i t h  a black powder w h i c h  w a s  
replaced by liquid n i t r o g l y c e r i n  in the 1870's. Liquid nitro- 

g l y c e r i n  is still used a l t h o u g h  solidified n i t r o g l y c e i i n ,  
nitroglycerin g e l a t i n s ,  and 60 pe r c e n t  ammonia g e l a t i n  d y n a m i t e  
a r e  a l s o  used. M o r e  r e c e n t l y ,  the u s e  of nuclear explosives 

h a v e  been used experimentally in t h i c k ,  low permeability gas 

- 
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r e s e r v o i r s .  The  T a l l e y - F r a c  p r o c e s s  i s  s o m e t i m e s  u s e d  w h e r e  

a v i s c o u s  l i q u i d  e x p l o s i v e  i s  pumped i n t o  t h e  r o c k  m a t r i x  a n d  

d e t o n a t e d  t o  f o r m  a f r a c t u r e  n e t w o r k .  P r e s u m a b l y ,  t h e - r o c k  C 
w i l l  b e  s u f f i c i e n t l y  p u l v e r i z e d  t o  p r o p  i t s e l f .  U s u a l l y  t h e  

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

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

- 

E x p l o s i v e s  a r e  c r e d i t e d  w i t h  t h e  e c o n o m i c  d e v e l o p m e n t  o f  

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

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

e a r l y  1 9 3 0 ' s  a n d  h y d r a u l i c  f r a c t u r i n g  i n  t h e  l a t e  1 9 4 0 1 s ,  i t  

i s  s t i l l  t h e  p r i m e  m e t h o d  of  s t i m u l a t i n g  " h a r d  r o c k "  s t r i p p e r  

w e l l s  i n  t h e  A p p a l a c h i a n  a r e a .  

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

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

S e v e r a l  t h e o r e t i c a l  t r e a t m e n t s  o f  t h e  s u b j e c t  h a v e  b e e n  p r e -  

s e n t e d  a n d  a n u m b e r  o f  e x p i r i c a l  c o r r e l a t i o n s  h a v e  beerr: made t o  

a i d  i n  d e s i g n i n g  a t r e a t m e n t .  D e s p i t e  t h i s ,  t r e a t m e n t s  a r e  

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

u s e d  h a s  v a r i e d  f r o m  5 t o  200 q t s ;  t h e  s m a l l e r  s h o t s  a r e  u s e d  

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

s temmed w i t h  s a n d ,  w a t e r ,  o r  c e m e n t ,  a n d  some h a v e  b e e n  d e t o n a t e d  

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

h o l e ,  some s h o o t i n g  h a s  b e e n  d o n e  i n  c a s i n g  b e l o w  a c e m e n t  p l u g .  

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

a p p l  i c a b l e  a r e :  

1 .  A l i m e s t o n e ,  d o l o m i t e ,  o r  e x t r e m e l y  h a r d  we11 

c o n s o l  i d a t e d  s a n d s t o n e .  

2 .  A l o n g  o p e n - h o l e  c o m p l e t i o n  t o  a l l o w  t a m p i n g  w i t h i n  

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

f l u i d  s h o u l d  be  c o n t a i n e d  w i t h i n  t h e  o p e n - h o l e  

s e c t i o n  t o  a v o i d  damage t o  t h e  c a s i n g  s t r i n g . ;  

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

f o r  s e v e r a l  d a y s '  c l e a n o u t  t i m e  b y  b a i  1 i n g ,  

d r i l l i n g ,  o r  s w a b b i n g .  

4 .  G e n e r a l l y ,  t r e a t m e n t s  h a v e  b e e n  m o r e  e f f e c t i v e  

w h e r e  t h e r e  i s  some e v i d e n c e  o f  s k i n  damage.  

I mp l  o s  i o n  S t  i m u l a  t i o n  

B a k e r  O i l  T o o l s  I n c .  h a v e  a v a i l a b l e ,  a s  a s e r v i c e ,  a t o o l  

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

a p r o d u c i n g  s e c t i o n  b y  i m p l o s i o n .  The t o o l  i s  c a l l e d  a B a k e r  

M o d e l  F S t i m u l a t i o n  V a l v e  a n d  c a n  b e  r u n  o n  2 - 3 / 8  i n c h  o r  

2 - 7 / 8  i n c h  t u b i n g .  The t e c h n i q u e  was d e v e l o p e d  f o r  i n j e c t i o n  

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

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

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

c o n j u n c t i o n  w i t h  a p a c k e r .  The t u b i n g  i s  r u n  i n  t h e  h o l e ,  

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

. t he  v a l v e  i s  o p e n e d  b y  r o t a t i ' n g  t h e  t u b i n g .  The r a p i d  

a p p l i c a t i o n  o f  a' p r e s s u r e  d i f f e r e n t i a l  a n d  t h e  r e s u l t i n g  h i g h -  

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

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

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

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

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



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

m o r e  o f t e n  u s e d  a s  a s u b s t i t u t e  f o r  a swab t o  b r i n g  a well i n .  
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E .  I n j e c t i o n  M e t h o d s  

S u m m a r y  

To g e t  oil o u t  of w e l l s  a l m o s t  e v e r y  c o n c e i v a b l e  f l u i d  

h a s  b e e n  r e i n j e c t e d  b a c k  i n t o  t h e  w e l l s .  F l u i d s  t h a t  a r e  

s o l v e n t s  for s c a l e  o r  d e p o s i t i o n  a r e  c o m m o n l y  u s e d .  A l s o ,  

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

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

e f f e c t i v e  u s e  of t h e s e  s o l v e n t s  is w h e n  f l o w  r e s t r i c t i o n  (to 

m o r e  p e r m e a b l e  z o n e s )  is u s e d .  S o m e  t y p e  o f  s o l v e n t  i n j e c t i o n  

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

c a n  b e  s e l f - d e s t r u c t i v e  a n d  s e v e r e l y  l i m i t  flow r a t e s .  

S o l v e n t  o r  Oil I n j e c t i o n  

T h e r e  a r e  a n u m b e r  of s o l v e n t s  c o m m e r c i a l l y  a v a i l a b l e  

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

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

u s e d  t h a t  is a v a i l a b l e  f r o m  s e r v i c e  c o m p a n i e s  is cah6on b i b u L 5 i d e ;  
h o w e v e r ,  t h i s  a g e n t  is high1.y t o x i c  a n d  a l s o  f l a m m a b l e .  I t  is 

e x p e n s i v e  u n l e s s  p u r c h a s e d  in l a r g e  q u a n t i t i e s ,  a n d  w h e n  u s e d  

in l a r g e  q u a n t i t i e s  m a y  be o b j e c t i o n a b l e  to r e f i n e r s ,  a s  a r e  

c a r b o n  Z e t k a c h L o k i d e  o r  tetkach4oaoethyLene. If c h l o r i n a t e d  

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

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

c a t a l y s t s  if p r e s e n t  in t h e  c r u d e  oil. 

H i g h L y  ahomat i c  h e d i n e d  0 2 4  a r e  g o o d  s o l v e n t s  a n d  g e n e r a l l y  

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

m a t e r i a l s  m a y  b e  v a r i o u s l y  r e f e r r e d  t o  a s  h e a v y  ahornut ic  n a p t h a ,  
akomattic h o t v e n t ,  o r  ahomattic kydko6okmate .  G e n e r a l  l y - t h e s e  

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

T h e i r  e f f e c t i v e n e s s  m a y  be e n h a n c e d  by h e a t i n g  a n d  by a d d i t i o n  

of s u r f a c t a n t s .  
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L P G  a n d  o t h e r  l i g h t  h y d r o c a r b o n s  s u c h  a s  b u t a n e  a n d  p e n t a n e  

a r e  n o t  recommended f o r  t r e a t i n g  w e l l s  f o r  a s p h a l t  or wax 

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

c a u s e  p r e c i p i t a t i o n  or a s p h a l t e n e s  b y  s t r i p p i n g  p e p t i z i n g  

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

/-- 

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

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

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

o f  w e l l s  i n  some h i g h  p e r m e a b i l i t y  r e s e r v o i r s .  H o w e v e r ,  re- 

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

w e l l  damage,  p a r t i c u l a r l y  i f  t h e  i n j e c t e d  c r u d e  o i l  i s  b e l o w  

f o r m a t  i o n  t e m p e r a  t u  r e .  

I n  many a r e a s ,  l e a s e  c r u d e  i s  u s e d  t o  r e m o v e  a c c u m u l a t i o n s  

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

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

on g e t t i n g  t h e  h o t  o i l  i n  c o n t a c t  w i t h  t h e  wax d e p o s i t s -  d o w n h o l e .  

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

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

h e a t  e x c h a n g e r .  The a n n u l u s  f l u i d  may b e  e i t h e r  t r a n s f e r r i n g  

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

t u b i n g .  I f  t h e  w e l l  i s  t o o  d e e p  o r  t h e  f l u i d  v e l o c i t y  t o o  l o w ,  

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

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

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

p o i n t  o f  t h e  o i l .  

One o f  t h e  m o s t  s e v e r e  l i m i t a t i o n s  o f  i n j e c t i n g  e i t h e r  

s o l v e n t s  or o i l  t o  c o r r e c t  damage w i t h i n  t h e  f o r m a t i o n  : i s  i n  

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

r e q u i r e  t h e  u s e  o f  some z o n e  i s o l a t i o n  t e c h n i q u e  s u c h  as  b a l l  

s e a l e r s  or s t r a d d l e  p a c k e r s .  S i m p l y  " b u l l - h e a t i n g "  a s o l v e n t  or 
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o i l  i n t o  t h e  w e l l  o r  e v e n  s p o t t i n g  t h e  f l u i d  a c r o s s  t h e  

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

t r e a t e d .  I n  s u c h  i n s t a n c e s ,  t h e  m a j o r i t y  o f  t h e  i n j e c t e d  

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

p e r m e a b i l i t y  a n d  w i l l  b e  r e l a t i v e l y  i n e f f e c t i v e  i n  t h e  damage 

z o n e .  Zone i s o l a t i o n  i s  h e l p f u l  i n  r e s t r i c t i n g  t h e  e n t r y  o f  

t h e  t r e a t i n g  f l u i d  i n t o  t h e  z o n e s  r e q u i r i n g  t r e a t m e n t .  

T r e a t m e n t  o f  C l a y  S w e l l  i n g  Damage W i t h  n - H e x a n o l  

S e v e r e  p e r m e a b i l i t y  r e d u c t i o n s  c a n  o c c u r  when r e l a t i v e l y  

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

c o n t a c t s  c l a y - c o n t a i n i n g  f o r m a t i o n s .  The m o s t  common c l a y  

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

i l l i t e s .  O f  c o u r s e ,  m o n t m o r i l l o n i t e  c a n  c a u s e  s e v e r e  p e r m e -  

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

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

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

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

q u a l i t a t i v e  m a n n e r  b y  X - r a y  d i f f r a c t i o n .  I t  c a n  b e  a r g u e d  

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

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

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

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

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

t h e  p e r m e a b  i 1 i t y  . 

L a b o r a t o r y  a n d  f i e l d  t e s t s  h a v e  shown t h a t  n - h e x o n a l  

i n j e c t i o n  c a n  r e s t o r e  m o s t  o f  t h e  o r i g i n a l  p e r m e a b i  1 i t y  t o  

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

p a r t i a l l y  m i s c i b l e  s o l v e n t ,  n - h e x a n o l  r e m o v e s  t h e  w a t e r  f r o m  

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

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

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

G e o t h e r m a l  W e l l s  

Many p r e c i p i t a n t s  a n d  s c a l e  c a n  damage t h e  g e o t h e r m a l  h o t  

w a t e r  p r o d u c i n g  i n t e r v a l s .  Some s o l v e n t s  may be p a r t i c u l a r l y  

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

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

makeup  o f  t h e  s o u r c e  w a t e r .  Much a d d i t i o n a l  w o r k  i s  n e e d e d  i n  

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

u s e  t o d a y .  The m a j o r i t y  of  t h e s e  t e c h n i q u e s  i n v o l v e  t h e  
i n j e c t i o n  o f  f l u i d s  t o  p h y s i c a l  c r a c k  o r  p r e f e r e n t i a l l y  

a t t a c k  t h e  p r o d u c i n g  f o r m a t i o n .  T h e r e  i s  a g r e a t  v a r i a t i o n  
i n  t h e  t y p e s  o f  f l u i d  employed a n d  t h e  r a t e s  a t  which  t h e y  

a r e  i n j e c t e d .  The f l u i d s  nay  b e  t h i n  l i k e  w a t e r  o r  a c i d  o r  
v e r y  v i s c o u s  s i m i l a r  t o  c r o s s  l i n k e d  polymer  f l u i d s .  i-lany 

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

I 

A .  M a t r i x  o f  T e c h n i q u e s  

I 
i T a b l e  G l i s t s  1 4  d i f f e r e n t  t e c h n i q u e s  t h a t  a r e  now u s e d  

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

t e c h n i q u e s  a l t h o u g h  a c i d i z i n g  i s  a l s o  m e n t i o n e d .  A look  a t  
T a b l e  6 shows i n  t h e  f i r s t  column t h e  g e n e r i c  name f o r  t h e  

t r e a t m e n t  a n d  t h e n  g i v e s  a b r i e f  d e s c r i p t i o n  of  t h e  t r e a t -  
ment .  The m a t r i x  a B t e m p t s  t o  a n s w e r  s e v e r a l  q u e s t i o n s  a b o u t  
t h e  d i f f e r e n t  t r e a t m e n t s  s u c h  a s :  

I e m p h a s i s  i s  o n  t h e  p h y s i c a l  a n d  m e c h a n i c a l  s t i m u l a t i o n  1 

i 

I 

D o e s  i t  remove w e l l b o r e  damage? 
Doe; i t  p r o v i d e  r e s e r v o i r  s t i m u l a t i o n ?  

W h a t  a r e  i t  p h y s i c a l  f l u i d  p r o p e r t i e s ?  
I s  i t  u s e d  w i t h  a p r o p p a n t ?  

Are c h e m i c a l  e f f e c t s  i m p o r t a n t ?  

1 
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T a b l e  6 
M a t r i x  o f  S i r n u l a t i o n  T e c h n i q u e s  

a P0tenti.l 
Type of  

i t l n w l a t l m  Trsatmnt  

v i s c o s i t y .  Sand 
tarrying. and 

F l u l d  P r o p e r t i e l  

T y p e  
of  

P r o p p n t  
F l u i d  

Water has to be 
c a p a t i b l e .  

Formation 
u 

M i n i m 1  i f  
water  i s  c m -  
p a t i b l e  
W I f o ~ t i O n r .  

P my i des 
Rase rm i , 
St lmu 1.t ion 

SI ight .  because 
f rmture,  are 
tm s h o r t .  

Br lo f  
D e s c r l p t l m  
Of Treatment 

Planar Frac w i t h  w a t e r  
as the f l u i d .  ,and as 
the proppant. Usually 
high r a t e  jobs. 

+p I i cat ion 
IO teothe-l 

Rr,rrmi I< 

res.  i n  c e r t a i n  areas 
:o OvercDm we1 lbore 
lamage .educe by pressure scale and drop. to 

Chemical 
Effect, 

q i  n imal 

c-nts 

P l a i n  w a t e r  w i l l  not be as r i d c l y  used a s '  
gel led w a t e r  since i t  has no l i m i t  i n  safc ty  
factors. 

Usually sand 
at lo* Con- 
concentrat ions 
o f  up to 
I Ib1gal .  

poor to F a i r  

t ie l -Dendr i t ic  Frac Yes. Twice the 
average planar  
f racture.  

Good becaure o f  
rand slugs c a r r i  
a t  high turbule i  
r a t e r .  

res, for increased pro- 
i u c t i o n  fracture.  and 
f ractured zones. 

Good potent ia l  technique f o r  f ractured 
format i on5 . 

Water has to be 
compatible. 

Minimal i f  
w a t e r  i s  c m -  
p a t i b l e  
w l f o r m  t ions. 

Usually f i n e  
to 20140 m r h  
rand i n  slugs 
a t  high con- 
cent ra t ions  2 
to 8 I b l g a l .  

Usually sand 
.t IW to 
m d i m  con- 
centrat ions, 

sand. 
mybe * lug*  o f  

Pwnp i n I F l a r  back 
m u l t i p l e  stages to 
create branched f racture 
i n  formation. uses V ~ T I O U S  
f l u i d s  and proppants. 

Uses l a r  cycle f a t i q w  
of f o r m t i o n  to enhance 
fracturing. 

___c 
Water has to be 
c-at i b l e  . Minimal i f  

water i s  cm- 
p a t i b l e  
w 1 f o m t i o n r .  

f er .  f o r  increased p m -  
i u c t i o n  f ractures and 
f ractured zones. 

F a i r  to Good GoDd potent ia l  technique f o r  f ractured 
formations. 

;elled Frac Planar Frac using 
Polymer water and sand 

Yes. Size 
Semi  t i ve 

F a i r  to Good uater 
Analysis + 

Chcmistry. 
Polymr 

Water has to be 
canoat i b l e  

P o l y m r  debris 
can damage. 
check */core 
tests. 

f e r .  standard mthod.  tood potent ia l  i n  general geothermal m r k .  Sand usual Iy 
a t  la con- 
centrat ions 
I to 3 l b l g a l .  

Sand. Super 
Sand or Bauxi Q 
It any con- 
c e n t r a t i o n  
to 10 Ib1gal. 

Erorr- l inked 
Gel Frac 

Cross-l inked poiymrr 
to fully suspend sand 
or proppant i n  a planar 
f rac . 

Yes, Size 
Semi  t i ve 

Yate r  
Analysis + 
Polymer 
Chemi I t ry  . 

Water has to be 
compatible. 

Check for 
damage. cross- 
l i n k  breakage. 
p o l y m r  break- 
age. residue. 

res .  but tunperature 
r e n s i t i v i t y  m y  d e r a t e  and o r  minimize cost 

use.  

F a i r  potent ia l  In special geothermal w r k .  Excel l e n t  

Nitrogenlwater mixture  
w i t h  a foaming agent 
to c r e d i t  a planar 
f racture.  

Yes,  S i r e  
and r a t e  
sens i t ive 

Excel lent Sand at l o *  
average con- 
c e n t r a t i o n  be- 
cause rand 
only added t o  
l i q u i d .  

Surfectants 
have comple 
chemistry 

Water compatibl Minimal w i t h  
w a t e r  Schernirtr, 
checked. 

b, cost and temperature 
s e n s i t i v i t y  minimize 
ef fect  i vene is .  

Fom Frac Poor potential F c a u s e  m a j o r  a t t r i b u t e  o f  
quick clean up:'required. 

Emulsion Frac Polymer water  i n  o i l  
e m l s i o n  carry ing sand 
and other  proppant to 
make a nlanar frac. 

Excellent 
V i  scosi ty 
t a i l o r e d  to j o b  

canp I ex 
c o m p a t i b i l i t i e s  

Not under consideration f o r  geothermal. 
widely used i n  o i l  and gas wells. 

No. o i l  i s  not wanted 
i n  a geothermal w e l l .  

Sand. Super 
Sand or Bauxi Q 
*t a"y con- 
c e n t r a t i o n  to 
8 l b l g a l .  

Sand at la 
concent ra t ions 
(small sand 
to 20140 mesh). 

O i l ,  Water 
S surfactan 
chemistry 
check 

MininmI 
short-t ime 
f rac tu res .  
quick t r t m t  

Usually minimal 
i f  checked out 
thoroughly wi th  
r e * e w o i r .  

UsualIv minimal. Cml Frac Water c m a t i b l  Yes. high rates  g i v e  
gmd m r g i n  for error- 
Extend fracture i n t o  
rery  hot reservoir. 

High r a t e  w a t e r  or 
polymer frac to c r e a t e  
a planar w a t e r  f racture 
i n  a hot formation. 

Use of  a w h e r i v e  proppant 
to prevent sand mvement 
and loss o f  f rac ture  con- 
d u c t i v i t y  at high closure 
stress-~ses any f l u i d s  to 
make a planar f rac .  

F a i r  to Gmd G o d  w t e n t i a l  far long planar fracs i n  a l l  
types of g e o t h e m l  reservo i rs .  

Good. S i r e  
sand for j o b  

Super Sand - 
a cohesive 
proppant re- 
ta ins p e r m -  
a b i l i t y  under 
h igh closure. 

Minimal 
phenolic 
formaldchyd 
resin. 

Water c a o a t i b l  Minimal because 
no f i n e s  move- 
ment Super Sand 
i s  good d a n -  
hole f i l t e r .  

Yes. no sand f low back 
permanent s t imu tat ion. 

Super Sand Frac gel led Good potent ia l  and k i e l - d e n a r i t i c  i n  canbination f ractures w i t h  c m l .  

tech" iquer . 

Canplea technique may be required i n  
areas of  la data input. 

~~ 

h n d e d l d r a v i t r  Frac Use of various densi t ies 
o f  f l u i d s .  d l v t r t i n g  agents, 
spacers. and pmppant to 
control f r a c t u r e  v e r t i c a l  
he ight  and create a long 
Planar frac. 

F a i r  to Good Varies from 
*IO". Plast ic3 
to rand. %per 
Sand to 
Bauxi te and 
steel s h o t .  
Also d i u e r t -  
ing agents. 
spacers. 6 
sealant. 

Check heavy 
6 L t .  f l u i d  
because den 
s i t y  i s  d 
i f i e d  chemi 
cally-salts 
CtC. 

Check any 
f l u i d s  used. 

I "tent ional 
damge on top 
o r  b o t t a  of  
f racture.  

Possible, special 
s i t u a t i o n .  

Yes 
Height w n t r o l  

No P m r  to None &fore 6 A f t e r  
React ion. possible, but not I i k c i y  

HCL or HF 
extreme 

HCL. HF, o r  
Drganic ac i  
c x t  rem. 

-. - 
Possible and 
Temp. Ef fects  

Possible and 
Temp. Effect5. 

4atri.x Acidize 

k i d  Frac 

L a r  ra te  ac id  i n j e c t i o n  

High r a t e  a c i d  i n j e c t i o n  
to crea te  an unpropped 
planar f rac . 

High-Temperature e f f e c t s  u n k n m .  

High-Temperature e f f e c t s  unknon. Before 6 A f t e r  
reac t  ion. 

'osr ib le  i n  c e r t a i n  
appl icat ions.  

Usually only 
100 mesh sand 
la con- 
cent r a t  ions. 

Sand ac  
la con- 
centrat ions.  

zhemical I n h i b i t o r  I n j e c t i o n  of special 
chemicals 6 surfactants to 
control corrosion. i n h i b i t  
reactions and to I-r 
surface tension. 

~ 

Could have 
damage cap- 
a b i l i t y .  ck 

Potent ia l  and need unkn- at t h i s  tim. h y b e  required i n  
:er ta in  long-term reservo i r  production. for  

No. ""le*, 
l a rge  or com- 
b i n a t i o n  treat- 
ments. 

Yes i f  
a ~ d  la rge 
"OlUrrS 

F a i r  to P o o r  Each 
chemi ca I 
night have 
an e f f e c t .  

l l i n i r l  
but check 
any new 
f l u i d .  

Check overa l  I 
sys tem f o r  
c o m p a t i b i l i t y  

Yatcr  Cornparib Minimal by 
h igh ra te .  

Potent ia l  appears g o d .  needs m r e  
CYaIUlt im. 

:miisn F r r  I n j e c t i o n  o f  various 
f l u i d s  at h i g h  rates  to 
help clean d-ge and f i n e  
u y  from r l l b a r e .  Makes 
a p lanar  frac. 

Yes, may be necessary 
for maxi- f l a  cm- 
d i t i m s  and scale 
IC(Ip".I. 

F a i r  to pood. l a y  abrarir. 
proppan t 
mnter ia l  I IO 
4 Ib1g.l 
usual  con- 
ccntratlon. 



I s  f l u i d  c o n p a t i b i l i t y  a p rob lem?  
C a n  t h e  f o r m a t i o n  be  damaged by t h i s  t e c h n i q u e ?  
I s  i t  a p p l i c a b l e  t o  Geothermal  r e s e r v o i r s ?  

A t  t h e  e n d  o f  t h e  t a b l e  f o r  e a c h  t e c h n i q u e  comments a r e  
m a d e  o n  h o w  t h e  t e c h n i q u e  m i g h t  be a p p l i e d  t o  g e o t h e r m a l  
w e l l  s t i m u l a t i o n .  Over o n e - h a l f  o f  t h e s e  t e c h n i q u e s  nay 
be used  o n  g e o t h e r m a l  w e l l s ;  however ,  many more i n - d e p t h  
e x a m i n a t i o n s  o f  t h e  l i m i t s  o f  t h e s e  s y s t e m s  a s  we l l  a s  
f u r t h e r  e n g i n e e r i n g  d a t a  a n d  d e s i g n  i n p u t s  w i l l  have t o  
be  a p p l i e d  b e f o r e  one  o r  two o f  t h e s e  t e c h n i q u e s  w i l l  be 
a p p l i e d  t o  a n  a c t u a l  w e l l .  One i t e m  n o t  e x p l i c i t l y  c o v e r e d  
by t h e  m a t r i x  o f  p r o p e r t i e s  i s  t h a t  e a c h  g e o t h e r m a l  w e l l  
w i l l  h a v e  d i f f e r e n t  p r o b l e m s  a n d  c o m p l e x i t i e s .  Each we l l  
m i g h t  be c o m p l e t e d  d i f f e r e n t l y  a n d  t h e  t y p e  o f  f o r m a t i o n s  
w i l l  va ry  c o n s i d e r a b l y .  F o r  e x a m p l e ,  w h e n  t h e  p e r m e a b i l i t y  
i s  l o w ,  o n e  t y p e  o f  t r e a t m e n t  m i g h t  be  n e e d e d ,  a n d  when 
h i g h ,  a c o m p l e t e l y  d i f f e r e n t  t e c h n i q u e  w i l l  be r e q u i r e d .  

Each s e r v i c e  companies  h a s  a d i f f e r e n t  name f o r  m o s t  o f  

t h e s e  t e c h n i q u e s  l i s t e d  i n  T a b l e  6 .  :lany o f  t h e i r  names f o r  
t h e  t e c h n i q u e s  a r e  q u i t e  d e s c r i p t i v e  such  a s  " R i v e r f r a c o , "  
" H y r a f r a c @ , "  " S a n d f r a c @ , "  A c i d g e l  F r a c  a n d  V i s - o - f r a c .  When 
d i s c u s s i n g  any o f  t h e  t e c h n i q u e s  l i s t e d  i n  T a b l e  6 ,  you 
s h o u l d  a s c e r t a i n  w h a t  t h a t  p a r t i c u l a r  s e r v i c e  company c a l l s  
t h e i r  t e c h n i q u e  which matches  more c l o s e l y  t h e  c o n c e p t  t h a t  
you a r e  i n q u i r i n g  a b o u t .  

B .  O t h e r  Types o f  S t i r n u l . a t i o n  

T h e r e  a r e  many o t h e r  t y p e s  o f  s t i m u l a t i o n  t r e a t m e n t s  
v h i c h  p e o p l e  t a l k  a b o u t  o r  s u g g e s t  b u t  a r e  s e l d o m  if e v e r  
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u s e d .  Sone o f  t h e s e  f a r  o u t  i d e a s  may i n d e e d  be v a l u a b l e  
i n  o u r  c o n s i d e r a t i o n  o f  geo the rma l  w e l l s  s t i m u l a t i o n .  

1 .  Hot F l u i d  I n j e c t i o n  

blhere h o t  o i l  i s  i n j e c t e d  t o  c l e a n  u p  a n d  
s t i m u l a t e  o i l  w e l l s ,  very  h o t  w a t e r  o r  chemica l  
s o l u t i o n s  o t h e r  t h a n  a c i d  may d o  t h e  same t h i n g  

i n  g e o t h e r m a l  w e l l s .  S c a l e ,  p r e c i p i t a n t s  a n d  
f i n e s  c o u l d  p o t e n t i a l l y  be d i s s o l v e d  o r  d i s p l a c e d  
away f r o m  t h e  w e l l b o r e  w i t h o u t  damage t o  t h e  w e l l -  
b o r e ,  p i p e  o r  cement .  The t y p e  o f  f l u i d s  t o  be 
used i s  n o t  k n o w n  b u t  t h e r e  may be some s u r f a c e  
c h e m i s t r y  a d v a n t a g e s  t o  e i t h e r  h i g h  a n d  l o w  r a t e  
i n j e c t i o n  o f  al w a t e r  based  s y s t e m .  T h i s  w o u l d  

be a c a s e  o f  u s i n g  t h e  h o t  w a t e r  a n d  h i g h  

t e m p e r a t u r e s  a 1  r e a d y  t h e r e  t o  a d v a n t a g e .  FIew 
t o o l s  s h o u l d  be c o n s i d e r e d  where t h i s  might  be 
used as a g e n e r a l l y  used  t e c h n i q u e  i n  a p a r t i c u l a r  
a r e a .  

2 .  L i q u i d  a n d  S o l i d  E x p l o s i v e s  

I n  d e s p e r a t i o n ,  e x p l o s i v e s  have been used o n  
many o i l  a n d  g a s  w e l l s .  They work s w e l l  i n  h a r d  
rock c o u n t r y  where t h e  rock i s  e x t r e m e l y  s t r o n g  
a n d  t i g h t  t o  g a s  f lo r r  a n d  where a c a v e - i n  w i l l  n o t  
k i l l  t h e  w e l l .  U n f o r t u n a t e l y ,  e x p l o s i v e s  have h a d  
very  p o o r  r e s u l t s  i n  normal o i l  a n d  g a s  w e l l s  
which produce  from s a n d s t o n e ,  s o f t  o r  medium 
s t r e n g t h s  l i m e s t o n e  o r  f r o m  n a t u r a l l y  f r a c t b r e d  
f o r m a t i o n s .  U s u a l l y  t h e  w e l l b o r e  i s  b l o w n  t o  
p i e c e s  a n d  t h e  we l l  i s  choked c o m p l e t e l y  w i t h  
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d e b r i s ,  f i n e s  a n d  c o l l a p s e d  p i p e :  I t  i s  n o r n a l l y  
i m p o s s i b l e  t o  e v e r  g e t  a t o o l  b a c k  d o w n  t o  t h e  
f o r m a t i o n .  I n  a l m o s t  e v e r y  new e n e r g y  p r o j e c t  
such  a s  o i l  s h a l e ,  Devonian s h a l e  g a s  p r o d u c t i o n ,  
a n d  h o t  d r y  rock  e x p l o s i v e s  have  been t r i e d .  I n  
t h e  l a t t e r  c a s e  r o c k e t  p r o p e l l a n t  c h a r g e s  were  
e x p l o d e d  i n  t h e  g r a n i t e ,  h o t  d r y  r o c k .  The com- 
p l e t e  r e s u l t s  g a t h e r e d  u s i n g  q u i t e  s o p h i s t i c a t e d  
i n s t r u m e n t a t i o n  ( b y  L A S L )  showed no change  i n  

f r a c t u r e  s i z e ,  l e n g t h  o r  volume. I n  t h e  
C a l i f o r n i a  g e y s e r s ,  e x p l o s i v e s  have been p roposed  
a n d  w i l l  p r o b a b l y  be used  t o  t r y  a n d  s t i m u l a t e  t h e  
s t e a m  w e l l s  t h e r e .  I f  t h e  w e l l b o r e s  a r e  n o t  
d a m a g e d  s e v e r e l y  o r  d e s t r o y e d ,  s t i m u l a t i o n  i s  
p o s s i b l e .  However t h e  ou tcome ,  i t  w i l l  he c l o s e d  
w a t c h e d  by i n d u s t r y  a n d  t h e  Depar tment  of  Energy .  

The main drawback t o  e x p l o s i v e s  i s  t h e . f a c t  - 
t h a t  a l l  t h e  e n e r g y  i s  expended i n  m i c r o  o r . ' r n i l l i -  

s e c o n d s .  Because  o f  t h i s ,  t h e  g r e a t  mass  o f  rock  
t h a t  makes u p  t h e  f o r m a t i o n  d o e s  no t  have t i n e  t o  
move, a n d  r o c k  n o t  m o v e d  w i l l  be u n a f f e c t e d .  ;,lear 
w e l l b o r e  e f f e c t s  a r e  d e v a s t a t i n g  a n d  p u l v e r i z a t i o n  

o f  t h e  rock  i s  a p p a r e n t .  P u l v e r i z e d  r o c k  i s  
c a l l e d  f i n e s  a n d  d e f i n i t e l y  i s  n o t  d e s i r e d  n e a r  
t h e  w e l l b o r e .  T h e  e n e r g y  e f f i c i e n c y  o f  c r a c k i n g  
rock  by f r a c t u r i n g  i s  q u i t e  h i g h  compared t o  
e x p l o d i n g  i t  s i n c e  t h e  rock  c r a c k e d  by a h y d r a u l i c  
wedge i s  done s l o w l y  w i t h  t h e  rock  b r e a k i n g  i n  
t e n s i o n .  The e x p l o s i v e  e f f e c t  i s  v e r y  l o c a l i z e d  
a n d  i s  n o t  f e l t  u s u a l l y  o v e r  1 0  o r  2 0  f e e t  Laway 
f rom t h e  w e l l b o r e .  
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V .  S T I M U L A T I O ! 4  T E C H Y I Q U E S  F O R  G E O T H E R M A L  \ . ! E L L S  

A .  Nost P r o m i s i n g  T e c h n i q u e s  

T o  d a t e  t h e  most p r o m i s i n g  t e c h n i q u e s  f o r  g e n e r a l  u s e  
i n  s t i m u l a t i n g  h o t  w a t e r  geo the rma l  w e l l s  a r e  t h e  p l a n a r  
f r a c  u s i n g  v i s c o u s  polymer w a t e r ,  a p r o p p a n t  a n d  f l u i d  l o s s  
a d d i t i v e s  a n d  t h e  d e n d r i t i c  f r a c  u s i n g  h i g h e r  f l o w  r a t e s ,  
s l i c k  w a t e r ,  s l u g s  o f  p r o p p a n t  a n d  a s h u t - d o w n ,  f low-back  
t e c h n i q u e  t o  s t r e s s  t h e  f o r m a t i o n .  

1. P l a n a r  F r a c  

T h e  p l a n a r  f r a c  i s  o f f e r e d  by m o s t  s e r v i c e  
companies  under  v a r i o u s  names based  o n  t h e  t y p e  o f  
f l u i d  t o  be u s e d .  The polymer  f l u i d  c a n  be a 
c r o s s l i n k e d  o r  a n  u n c r o s s l i n k e d  sys t em w h i c h  
c a r r i e s  t h e  sand  o u t  i n t o  t h e  f r a c t u r e .  F l u i d  

c o s t s  w i l l  be q u i t e  i m p o r t a n t  t o  t h e  g e n e r a l  u s e  
o f  t h i s  t y p e  o f  t e c h n i q u e  s i n c e  l a r g e  volumes may 
be r e q u i r e d  t o  s t i m u l a t e  one o f  s e v e r a l  zones  i n  

a s i n g l e  geo the rma l  w e l l .  The use  o f  f l u i d  l o s s  
a d d i t i v e  w i l l  p r o b a b l y  be needed i n  l a r g e  
s e c t i o n s  t o  c r e a t e  a l a r g e  volume f r a c t u r e .  The 
p e r m e a b i l i t y  o f  t h e  p r o p p a n t  s h o u l d  be c o n s t a n t  
unde r  l o a d  a t  r e s e r v o i r  t e m p e r a t u r e  f o r  e x t e n d e d  
p e r i o d s  ( y e a r s ) .  The u s e  o f  l a r g e  c o o l i n g  p a d s  
o f  w a t e r  a n d  h igh  f l o w  r a t e s  w i l l  h e l p  keep t h e  
a v e r a g e  f r a c t u r e  t e m p e r a t u r e  we l l  below t h e  a c t u a l  
r e s e r v o i r  t e m p e r a t u r e .  T h i s  e f f e c t  i s  k n o w i  - as  
c o n v e c t i v e  h e a t  b l o c k a g e  a n d  keeps  t h e  f l u i d  i n  
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t h e  f r a c t u r e  c o o l  b y  f l u i d  l e a k o f f  t o  t h e  

f o r m a t i o n .  S i n c e  t h e  f r a c  j o b  o n l y  t a k e s  a f e w  

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

r e h e a t  a l l  o f  t h e  f l u i d  q u i c k l y  (.by c o n d u c t i o n ) .  

When t h e  w e l l  i s  r e t u r n e d  t o  p r o d u c t i o n ,  c o n v e c -  

t i o n  a n d  c o n d u c t i o n  h e a t  t r a n s f e r  q u i c k l y  h e z t  

u p  t h e  f r a c t u r e  z o n e  a n d  t h e  t e m p e r a t u r e  o f  t h e  

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

r e s e r v o i r  t e m p e r a t u r e .  

2 .  D e n d r i t i c  F r a c s  

A q u i t e  d i f f e r e n t  c o n c e p t  i s  u s e d  i n  

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

c a u s e s  b r a n c h  ( d e n d r i t i c )  f r a c t u r e s ,  d i v e r s i o n  a n d  

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

t e c h n i q u e s .  

T h e  K i e l  o r  D e n d r i t i c  F r a c t u r e  9 9  i s  u s u a l l y  

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

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

t r e a t m e n t .  A s l i c k  f l u i d  i s  u s e d  t o  m i n i m i z e  t h e  
t u b u l a r  f r i c t i o n  loss. S l u g s  o f  f i n e  a n d  c o a r s e  

s a n d  or  o t h e r  p r o p p a n . t s  a r e  u s e d  t h r o u g h o u t  t h e  
s e v e r a l  s t a g e s  o f  t h e  t r e a t m e n t .  A s  f e w  a s  t w o  o r  

a s  many a s  1 0  o r  2 0  s t a g e s  c o m p r i s e  t h e  K i e l  f r a c  

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

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

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

t h e n  a s l u g  o f  f i n e  s a n d ,  t h e n  a n o t h e r  p a d  - i o  
d i s p l a c e  t h e  f i n e  s a n d  o u t  i n t o  t h e  f o r m a t i o n ,  
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t h e n  a n o t h e r  s l u g  o f  f i n e  s a n d ,  a n o t h e r  c l e a r  
f l u i d  p a d ,  t h e n  a c o a r s e  sand  s l u g ,  c l e a r  f l u i d  
a n d  t h e n  a s h u t  down-flow back p e r i o d  w h i c h  a l l o w s  
t h e  f o r m a t i o n  t o  c l o s e  a n d  s t r e s s  or  s l o u g h  o f f  
s p a l l s  o f  f o r m a t i o n  m a t e r i a l .  A f t e r  a b r i e f  r e s t ,  
i n j e c t i o n  i s  r e s t a r t e d  a n d  t h e  s p a l l s  a r e  moved 
away f r o m  t h e  w e l l b o r e  t o  b l o c k  t h e  t i p  o f  t h e  
f r a c t u r e .  A g a i n ,  a s h o r t  s h u t  d o w n  a n d  p o s s i b l e  
f l o w  b a c k  p e r i o d  i s  used t o  f i n a l i z e  one s t a g e  o f  

t h e  Kiel  f r a c  t r e a t m e n t .  Th i s  s e q u e n c e  i s  
r e p e a t e d  a s  many t i m e s  as  d e s i g n e d  f o r  i n  t h e  
p a r t i c u l a r  r e s e r v o i r .  A f t e r  t h e  second s h u t  d o w n -  

f l o w  b a c k  p e r i o d ,  t h e  second s t a g e  c l e a r  f l u i d  p a d  
i s  i n j e c t e d .  T h i s  p a d  t r y s  t o  r e i n f l a t e  t h e  o l d  

f r a c t u r e .  S i n c e  t h e  j u n k  a n d  s p a l l s  have  been 
pushed t o  t h e  end o f  t h e  f i r s t  f r a c t u r e ,  i t  i s  
e f f e c t i v e l y  t e r m i n a t e d .  The new f r a c t u r e  i s  
f o r c e d  t o  go somewhere e l s e  whereve r  i t  b r e a k s  
d o w n  t h e  e a s i e s t .  The new f r a c t u r e  may f o l l o w  a 
m i n o r  j o i n t  ( n a t u r a l  f r a c t u r e )  sys t em o r  nay g r o w  
i n  a d i f f e r e n t  d i r e c t i o n  r e l a t i v e  t o  t h e  o r i g i n a l  
f r a c t u r e .  T h i s  i s  p o s s i b l e  s i n c e  t h e  f i r s t  
f r a c t u r e  changed t h e  o r i g i n a l  downhole s t r e s s  
s t a t e .  Accord ing  t o  Shuck47,  t h e  m i n i m u m  
h o r i z o n t a l  s t r e s s  can  be changed  o v e r  a d i s t a n c e  
o f  s e v e r a l  t h o u s a n d  f e e t  by a l a r g e  i n j e c t i o n  o r  
wedge o f  f l u i d .  U n f o r t u n a t e l y ,  we d o  not  k n o w  how 
t o  p r e d i c t  t h e  d i r e c t i o n  o f  change  or e x a c t l y  h o w  
t o  c o n t r o l  t h e  new d i r e c t i o n .  

O t h e r  b e n e f i t s  o f  t h e  Kie l  f r a c  a r e  t h - a t  - i t s  
f r e q u e n t  s h u t  downs a l l o w  a n y  broken  equipment  t o  
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be f i x e d  d u r i n g  2 s h u t  d o w n  p e r i o d .  Comnon 
p rob lems  a r e  l o s s  o f  s u c t i o n  l i n e ,  l e a k s ,  v a l v e  
f a i l u r e s ,  a n d  o u t  o f  f u e l .  I n  a new a r e a  many 
unknowns gove rn  t h e  opt inurn s t i m u l a t i o n  t e c h n i q u e ;  
t h e r e f o r e ,  t h e  f i r s t  t r e a t m e n t  i n  a new a r e a  
b r i n g s  f r e s h  i n f o r m a t i o n  i n t o  t h e  e n g i n e e r i n g  
d e s i g n  p r o c e s s  a n d  a l l o w s  a n o r e  o p t i m u m  t r e a t m e n t  
i n  t h e  n e x t  w e l l b o r e .  

B .  Cost C o n s i d e r a t i o n s  

The c o s t  o f  t h e  s t i m u l a t i o n  t r e a t m e n t  i s  q u i t e  
i m p o r t a n t  b e c a u s e  t h e  t e c h n o l o g y  depends  o n  t h e  a c t u a l  c o s t  
o f  p r o d u c i n g  h o t  w a t e r .  I f  t h e  o p t i m u m  s t i m u l a t i o n  
t e c h n i q u e  c o s t s  a few t e n t h s  o f  a c e n t  pe r  i n c r e a s e d  b a r r e l  
o f  p r o d u c t i o n  w i t h  l i t t l e  downs ide  r i s k ,  t h e n  i t  w i l l  be 
j u s t i f i a b l y  used  a t  e v e r y  o p p o r t u n i t y .  However, i f  t h e  c o s t  
i s  so h i g h  t h a t  no amount o f  i n c r e a s e d  p r o d u c t i o n  w i l l  p8y 
i t  o u t  t h e n  o t h e r  ways must be f o u n d  t o  keep t h e  w e l l s  
p r o d u c t i v e  - o r  e l s e  many a d d i t i o n a l  w e l l s  must be d r i l l e d .  

B a s i c a l l y  t h e  s t i m u l a t i o n  c o s t  c a n  b e  b r o k e n  down i n t o  

7 ma jo r  a r e a s  which a r e :  

\del 1 P r e p a r a t i o n  
S i t e  P r e p a r a t i o n  
P r e f r a c  T e s t i n g  a n d  Des ign  

Equipment R e n t a l  a n d  Fees  

. T r a n s p o r t  a t  i o n  
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M a t e r i a l  C o s t s  
F l u i d s  
P r o p p a n t s  
A d d i t i v e s  
Chemica l s  
T r a c e r s  

T e s t i n g  a n d  E v a l u a t i o n  

Each v i a b l e  t e c h n i q u e  t h a t  we c o n s i d e r  w i l l  be  compared 
o n  t h e  b a s i s  o f  equipinent  r e n t a l ,  t r a n s p o r t a t i o n  f e e s  a n d  
m a t e r i a l  c o s t s  s i n c e  t h e  o t h e r  c o s t s  a r e  we l l  s i t e  s p e c i f i c  
a n d  w i l l  be added  t o  any we l l  workove r .  

One t e c h n i q u e  may b e  more c o s t l y  b u t  have h i g h e r  

p o t e n t i a l  f o r  p r o d u c t i o n  i n c r e a s e .  T h i s  must b e  c o u n t e r  
weighed w i t h  a r i s k  f a c t o r  which e s t i m a t e s  h o w  l i k e l y  a 
f a i l u r e  i s  t o  o c c u r .  H i g h  r i s k ,  h i g h  c o s t  t e c h n i q u e s  a r e  
d e f i n i t e l y  no t  t h e  f i r s t  c h o i c e  o f  t h i s  e f f o r t  s i n c e  t h e  
c h a n g e  t o  go f o r w a r d  i n  t h i s  a r e a  o f  new t e c h n o l o g y  l a r g e l y  
depends  o n  w h a t  we l e a r n  a n d  w h a t  we d o  d u r i n g  t h e  i n i t i a l  
p h a s e  o f  t h e  we l l  s t i m u l a t i o n  p r o j e c t .  
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V I .  A R E A S  O F  N E E D E D  I i l V E S T I G A T I O f l  

Uhen c o n s i d e r i n g  t h e  a r e a s  o f  needed i n v e s t i g a t i o n ,  t h e  
p r i m a r y  i d e a  i s  w h a t  w i l l  h a v e  t h e  most e f f e c t  o n  
s t i m u l a t i o n  o f  t h e  geo the rma l  w e l l s .  Un les s  we can 
e c o n o m i c a l l y  i n t e r p r e t  t e c h n o l o g y  a n d  a p p l y  i t  w i s e l y  t o  t h e  
g e o t h e r m a l  a r e a  o f  e n e r g y  p r o d u c t i o n ,  a v a l u a b l e  e n e r g y  
r e s o u r c e  c o u l d  be l o s t  o r  d e l a y e d  from becoming a r e n e w a b l e  
r e s o u r c e .  

I n n o v a t i v e  t h i n k i n g  a n d  u n u s u a l  e x p e r i m e n t s  i n  t h e  l a b  
a r e  needed .  There a r e  s e v e r a l  a r e a s  where t h e  need  f o r  
a d d i t i o n a l  i n v e s t i g a t i o n  Is a p p a r e n t .  S o n e  s p e c i f i c  a r e a s  
i n v o l v e  f u r t h e r  t e s t i n g  b o t h  s h o r t  a n d  l o n g  t e r m  p r o p e r t i e s  
o f  a l l  c h e m i c a l s ,  f l u i d s ,  p r o p p a n t s ,  a n d  m a t e r i a l s  u sed  i n  
g e o t h e r m a l  w e l l s .  The i n t e r a c t i o n s  of  t h e  p h y s i c a l  
p r o p e r t i e s  versus  chemica l  p r o p e r t i e s  a s  a f f e c t e d  by  h igh  
t e m p e r a t u r e s  i s  n o t  we l l  u n d e r s t o o d  a n d  m u c h  f u r t h e r  t e s t i n g  
i s  r e q u i r e d .  

F u r t h e r  f i e l d  t e s t s  o n  w e l l s  w i t h  b o t h  s i m i l a r  a n d  
w i d e l y  v a r y i n g  p a r a m e t e r s  a r e  r e q u i r e d  i n  o u r  background o f  
knowledge.  T h e  geo the rma l  program n e e d s  t o  b e  b r o a d  b a s e d  

enough  t o  a l l o w  f o r  a s u b s t a n t i a l  n u m b e r  o f  f i e l d  t e s t s  a n d  
m u l t i p l e  t e s t s  i n  a r e a s  where i n f o r m a t i o n  can be r e c y c l e d  
a n d  a n  improved s t i m u l a t i o n  d e s i g n  c a n  be o p t i m i z e d .  

F i e l d  o b s e r v a t i o n ,  s u p e r v i s i o n ,  s a m p l i n g  a n d  t e s t i n g  
a r e  a l l  e s s e n t i a l  so t h a t  a l l  a v a i l a b l e  i n f o r m a t i o n  may b e  

g l e a n e d  from t h e  f i e l d  t e s t s .  The l a b o r a t o r y  p r o c e d d r e s  a n d  
t e s t  d i r e c t i o n s  can b e  m o d i f i e d  once  t h e  f i e l d  r e s u 1 t . s  p d i n t  
o u t  f u r t h e r  u n k n o w n  a r e a s  o r  i n t e r a c t i o n .  
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F i n a l l y ,  r a d i c a l  c h a n g e s  i n  d r i l l i n g  6 r  c o m p l e t i o n  nay 

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

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

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

c 
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V I  I. E ! i G I N E E R I N G  C A L C U L A T I O N S  F O R  V A R I O U S  T E C H f 4 I Q U E S  

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

be d i s c u s s e d  a n d  r e a s o n s  g i v e n  f o r  h o w ,  why, a n d  where t h e s e  
t o o l s  can be used  i n  t h e  d e s i g n  o f  d i f f e r e n t  s t i m u l a t i o n  
t r e a t m e n t s .  V a r i o u s  s e r v i c e  compan ies  w i l l  u se  s l i g h t l y  
d i f f e r e n t  t e c h n i q u e s  w i t h  s l i g h t l y  d i f f e r e n t  r e s u l t s .  

The i m p o r t a n t  p a r t  o f  t h e  d e s i g n  c a l c u l a t i o n s  i s  t h e  
a c t u a l  s c h e d u l i n g  o f  m a t e r i a l s  a n d  equ ipmen t  i n  a n  e f f i c i e n t  
manner t o  d o  t h e  j o b  i n t e n d e d .  T h i s  makes i t  sound e a s i e r  
t h a n  i t  a c t u a l l y  i s  s i n c e  t h e r e  a r e  1 2  r e s e r v o i r  p a r a m e t e r s  
t o  c o n s i d e r  a n d  6 c o n t r o l l a b l e  p a r a m e t e r s  which can b e  
v a r i e d  d u r i n g  t h e  t r e a t m e n t .  Le t  us f i r s t  t o o k  a t  t h e  
c o n t r o l l a b l e  p a r a m e t e r s .  These  a r e :  

F l u i d  Loss  C o n t r o l  

F l u i d  V i s c o s i t y  
F 1  u i d T e m p e r a t u r e  
P r o p p a n t  Concent  r a t  i o n  

. Flow R a t e  

. F l u i d  P r e s s u r e  

A t  any p h a s e  i n  t h e  t r e a t m e n t  t h e s e  c a n  be v a r i e d  o r  
changed .  The r e s e r v o i r  p a r a r n t e r s  i n v o l v e  i t s  per rneabi l  i t y ,  
p o r o s i t y ,  Youngs Modulus,  t e m p e r a t u r e ,  s o n i c  t r a v e l  t i m e ,  
t y p e  o f  f o r m a t i o n ,  p r e s s u r e ,  f l u i d  v i s c o s i t y ,  s t r e s s  
c o n d i t i o n s ,  a n d  o t h e r  c h a r a c t e r i s t i c s .  These  a r e  r e l a t i v e l y  
f i x e d  f o r  a g i v e n  t r e a t m e n t  a n d  a r e  t r e a t e d  a s  c o n s t a n t s  f o r  
c o n v e n t i o n a l  t r e a t m e n t s .  

I n  t h e  f o l l o w i n g  s e c t i o n s  t h e  p r o c e d u r e s  used  t o  keep  
t r a c k  o f  t h e s e  v a r i a b l e s  a n d  p l a n  o r  e n g i n e e r  t h e s e  

83 



d i f f e r e n t  t e c h n i q u e s  i s  d i s c u s s e d .  A genei-al  o u t l i n e  o f  a 
p r o c e d u r e  i s  g i v e n  a l t h o u g h  t h e  s p e c i f i c  w e l l s  may c a u s e  
some s l i g h t  v a r i a t i o n  i n  t h e  a c t u a l  e n g i n e e r i n g  d e s i g n .  

A .  P l a n a r  F r a c s  

Also c a l l e d  c o n v e n t i o n a l  h y d r a u l i c  f r a c t u r i n g ,  p l a n a r  
f r a c s  a r e  d e s i g n e d  w i t h  s e v e r a l  s t a n d a r d  p rograms  t o  
g e n e r a t e  dynamic f r a c t u r e  geomet ry .  These a r e  s p e c i f i e d  a s  
t h e  Howard a n d  F a s t 1 6 9 ,  Gee r t sma206 ,  o r  K r i s t i a n o v i c h  a n d  
E h e l t o v  209 s o l u t i o n s  t o  a p l a n a r  f r a c t u r e  g r o w t h  i n  a n  
i s o t r o p i c ,  e l a s t i c  media ( r o c k ) .  A l l  t h e  programs c o n s i d e r  
t h e  f l u i d  loss i n t e r a c t i o n  w i t h  rock  m e c h a n i c s ;  however ,  
o n l y  t h e  l a s t  o n e  e v a l u a t e s  t h e  f r i c t i o n  l o s s  i n  t h e  f r a c -  
t u r e  s i m u l t a n e o u s l y  w i t h  t h e  f r a c t u r e  g r o w t h  a n d  f l u i d  l o s s .  

None o f  t h e  a p p r o a c h e s  a l l o w  t h e  f l u i d  t o  change .  
t e m p e r a t u r e  i n  t h e  f r a c t u r e .  S i n c e  t h i s  a lways  happens  when 
i n j e c t i n g  a c o l d  f l u i d  i n t o  a h o t  f o r m a t i o n ,  i t  h a s  t o  b e  

c o n s i d e r e d .  The S i n c l a i r  207 a n d  W h i t s e t t  2 1 0  p a p e r s  show 
t h e  magn i tude  o f  t h e  e f f e c t  c a l l e d  c o n v e c t i v e  h e a t  b l o c k a g e  
b y  f l u i d  l e a k o f f .  For  t h i s  p r o j e c t  t h e  Geer t sma f r a c t u r e  
geometry  p r o g r a m  h a s  Seen combined w i t h  t h e  S i n c l a i r  h e a t  
t r a n s f e r  model t o  g i v e n  a v a r i a b l e  f r a c  f l u i d  t e m p e r a t u r e .  
Sample p r i n t o u t s  o n  t h i s  p r o g r a m  a r e  s h o w n  i n  F i g u r e  V I I - 1 .  

A f t e r  s e v e r a l  f l u i d  v i s c o s i t i e s  a n d  f l o w  r a t e s  have 
been t r i e d ,  a p a r t i c u l a r  f l u i d  i s  c h o s e n  t o  be used  a n d  a 
s c h e d u l e  o f  p r o p p a n t  a d d i t i o n  i s  s e t  u p  w h i c h  a l l o w s  f o r  
equipment  breakdown a n d  a d e q u a t e  p a d  volume t o  g e t  t h e  n i n -  
i m u m  c r a c k  w i d t h  a t  t h e  w e l l b o r e  t o  a l l o w  p r o p p a n t  t o  e n t e r .  
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F i g u r e  V I I - 1 .  F r a c  F l u i d  Coeff = 0 . 0 0 4  

I f  a n  a d e q u a t e  f l u i d  i s  n o t  f o u n d ,  f l u i d  l o s s  m a t e r i a l  i s  

added t o  e x i s t i n g  f l u i d s  which changes t h e  r a t e  o f  f l u i d  
l e a k o f f  i n t o  t h e  f o r m a t i o n  and a l l  t h e -  programs a r e  r e r u n  
u n t i l  a f e a s i b l e  one i s  f i n a l l y  found.  

C a l c u l a t i o n s  a r e  made f o r  t h e  a m o u n t  of horsepower a n d  
equipment t h a t  w i l l  be needed a n d  a l s o  t h e  p r e s s u r e  l i m i t s  
o n  t h e  w e l l h e a d ,  c a s i n g ,  a n d  p a c k e r s  t h a t  n i g h t  be used.  
F i n a l l y ,  c o s t  a n a l y s i s  i s  made t o  i d e n t i f y  h igh  c o s t  i t e m s  
a n d  'see i f  a d j u s t m e n t s  can be made t o  minimize o r  e1i:minate 
t h e s e .  

a 5  



B .  D e n d r i t i c  F r a c s  

The Kie l  F r a c  9 9  s t i m u l a t i o n  d e s i g n s  a r e  based  o n  

d i f f e r e n t  c o n s i d e r a t i o n s  a n d  a r e  d e s i g n e d  q u i t e  d i f f e r e n t l y  
t h a n  p l a n a r  f r a c s .  No p e r f e c t  t h e o r y  - e x i s t s  o n  which t o  
b a s e  t h e  a c t u a l  dynamic g e o m e t r y ;  t h e r e f o r e ,  c e r t a i n  
a s s u m p t i o n s  a r e  m a d e  a s  t o  w h a t  l e n g t h  o f  f r a c t u r e  i s  
needed .  T h i s  i s  based  o n  t h e  we l l  s p a c i n g  a n d  r e s e r v o i r  
p e r m e a b i l i t y .  Once t h i s  i s  e s t a b l i s h e d ,  t h e n  f i e l d  
e x p e r i e n c e  a n d  g o o d  judgment  i s  used t o  d e c i d e  w h a t  f l u i d  
e f f i c i e n c y  i s  a t t a i n a b l e  i n  t h e  p a r t i c u l a r  s i t u a t i o n .  Based 
o n  t h e  f l u i d  used  a f r a c  w i d t h  can be assumed a n d  a f r a c  
h e i g h t  c a n  be e s t i m a t e d  from t h e  we l l  l o g s .  W i t h  t h e s e  
p a r a m e t e r s  i t  i s  r e l a t i v e l y  e a s y  t o  d e s i g n  a f r a c t u r e  
t r e a t m e n t .  

The f o l l o w i n g  e q u a t i o n  is t h e n  u s e d  t o  c a l c u l a t e  t h e  
volume o f  each  s t a g e  o f  maybe 5 s t a g e s .  

Frac Volume = 2 ( F l u i d  Eff)(Frac Length)(Frac Width)(Frac Height) 

T h e n  t h e  f r a c  volume is s p l i t  i n t o  even i n c r e m e n t s  o f  p a d ,  
s a n d  s l u g s ,  a n d  c l e a r  f l u i d  i n j e c t i o n .  E x p e r i e n c e  g u i d e s  
most o f  t h e  d e s i g n s  i n t o  t h o s e  t h a t  have a g o o d  c h a n c e  o f  
s u c c e s s  a n d  t h o s e  w h i c h  s h o u l d  a c c o m p l i s h  t h e  s t i m u l a t i o n  
g o a l s  a n d  o b j e c t i v e s .  
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I X .  A P P E N D I X  

Treating Reports on Well Stimulation o f  High-Temperature Oil and Gas 
Wells. The interviews fo r  following wells were collected by A .  R .  
Sinclair with various service companies. 
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i i Y  DRAUL I C FRAC TREATIiEbITS 

cotvatu : Apache 

AREA: 

DEPTH : 16,000 - 18,000 f t .  

TEMPERATURE: 2 7 5  - 325°F 

INTERVAL : 20-40 f t .  

P E R M E A B I L I T Y :  . I  t o  .S md 

G A S ,  OIL, O R  O T H E R :  Gas 

Aii;,dj Tho L3,ib i 11 (Wcs I OC, I a001:1a, l c , ,d>)  

TYPE TREATMENT: 

VOLUME OF TREATMENT: 50,000 g a l .  

RATE: 12-1 5 8PM 
T Y P E  OF F L U I D :  Western ( T i  tan 3 )  and B . J .  ( K r y s t a l )  

T Y P E  OF PROPPANT: 

AMOUNT OF PROPPANT: S0,OOO Ibs. 

S i n t e r e d  B a u x i t e  and Super Sand 

AVG ( I b / g a l )  

SLUGS ? ( Y  o r  N) 
H I G H E S T  (Ib/gal) 

PRE FRAC T E S T I N G  ( Y  or  N): 

T Y P E  OF TEST:  S i m p l e  f low t e s t  t o  eva lua te  we11 

POST FRAC T E S T I N G  ( Y  o r  N ) :  

T Y P E  O F  TEST:  

' RESULTS:  2 t o  4 f a c t o r  improvenient i n  p r o d u c t i o n  

COMMENTS : - >  

F r a c t u r e  g r a d i e n t  . 3 3 - . 9 5  p s i / f t :  up t o  . 9 7  p s i / f t .  

Not u s i n g  guar based fluids anymore because these Fluids break down a t  

- Mentioned Dowel1 Y F  400 as a ncw high-temperature f l u i d .  

high temperature ( c t i a i i y c d  a y e a r  ago) 
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, 

I I Y D R A U L  i C F R A C  TREATHENTS ~- 

COMPANY: A R C 0  

AREA: S o u t h  Texas  ;: 

DEPTH : 

TEMPERATURE : 2 7 5 "  - 300°F 
I N T E  RVAL : 

PEAMEAB 1 L I TY : 

GAS, OIL, O R  O T H E R :  

T Y P E  TREATHENT:  

VOLUME OF TREATMENT: 

RATE : 

T Y P E  O F  FLUID: 

T Y P E  OF PROPPANT: S t a n d a r d  Hal! iburton F l u i d s  

AHOUNT OF PROPPANT: S i n t e r e d  B a u x i t e  

*cross 1 

- d e  1 ayed 

.me thana 

AVG (lb/gal) 

SLUGS 7 ( Y  or N) 

H I  GHEST ( 1 b/ga 1 ) 

nk gel  

r e t a  r d a t  ion 

a d d i t i v e  

PRE FRAC T E S T I N G  ( Y  or N): 

T Y P E  OF T E S T :  

POST FRAC T E S T I N G  ( Y  or N ) :  

N P E  OF T E S T :  

RESULTS : 



I i Y  DRAUL I C FRAC TREATIiEtdTS 

DEPTH : 16,000 - 18,000 f t .  

TEMPERATURE: 2 7 5  - 325°F 
I NTERVAL : 20-40 f t .  

P E R M E A B I L I T Y :  . I  t o  . 5  nd 

GAS, OIL ,  O R  OTHER: Gas 

TYPE TREATMENT: 

VOLUME OF TREATMENT: 50,000 g a t .  

RATE: 1 2 - 1  5 BPM 
TYPE OF FLUID: Western ( T i t a n  3)  and B.J.  ( K r y s t a l )  

TYPE OF PROPPANT: S i n t e r e d  B a u x i t e  and Super Sand 

AMOUNT OF PROPPANT: 50,000 I ~ S .  

AVG (lb/gal) 

S L U G S  ? ( Y  o r  N) 
H I  CHEST ( 1 b/gJ  1 ) 

PRE FRAC TESTING ( Y  o r  14): 

TYPE OF TEST: Simple f low t e s t  t o  e v a l u a t e  wel l  

POST FRAC TESTING ( Y  o r  N) : 
TYPE O F  TEST: 

RESULTS: 2 t o  4 f a c t o r  improvement i n  p r o d u c t i o n  

COMMENTS : 
F r a c t u r e  g r a d i e n t  . 9 3 - . 9 5  p s i / f t :  up t o  - 9 7  p s i / f t .  

Not u s i n g  guar based f l u i d s  anymore because these f l u i d s  break  down a t  

* I lent ioned Do~wc11 YF It00 a b  a new h igh- tempera ture  f l u i d .  

h i g h  Lenipcraturc (cliatiqcd J year   go) 

108 



/1- i \ 
Id 

COMPANY: 

AREA: 

DEPTH : 

TEMPERATURE : 

I N T E R V A L  : 

IIYDMUL 1 C F R A C  TREATMENTS 

ARC0 

South Texas ;: 

2 7 5 0  - 3 0 0 0 ~  

P E R M E A B I L I T Y :  

GAS, O I L ,  OR O T H E R :  

T Y P E  TREATHENT:  

VOLUME OF TREATMENT:  

RATE : 

T Y P E  OF FLUID: 

T Y P E  OF PROPPANT: StandJrd Hal! iburton F l u i d s  

AMOUNT OF PROPPANT: S i n  tered Bauxi te 
AVG (lb/gal) 

SLUGS 1 ( Y  o r  N) 
H I G H E S T  ( 1 b/ga I )  

* c r o s s  link gel 

-delayed retardation 
*methanal additive 

P R E  FAAC T E S T I N G  ( Y  or N): 

T Y P E  OF TEST: 

POST FRAC TESTING ( Y  o r  N) : 

T Y P E  OF TEST: 

RESULTS : 

COHHElfTS : 

;: Location and detsi Is c o n t i d c i ~ ~ i a l .  
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f fYDRAVL I C FllAC TRCATHCN I S 

( Z O N E  111) ( Z O N E  1 2 )  TYPE TREATHEHT: 

VOLUXE O F  TREATHENT: 4 I O , O O O  Ga 1 2 4 0 , 0 0 0  G a l  
RATE : 3 5  BPM 

T Y P E  OF FLU1 0: K r y s t a l  S O  + C02 K r y s t a l  5 0  + c 0 2  

T Y P E  OF PROPPANT: 2 0 - 4 0  O t t a w a  S a n d  O t t a w a  S a n d  

AHOIl:iT O F  PROPPA1iT: I , O ~ ~ . O O O  I b s ,  6 0 0 , 0 0 0  Ibs  
A V G  ( I b / g a l )  

SLUGS 1 ( Y  or r t )  

H I  CHEST ( 1 b/ga I )  

P R E  FRAC TESTl:iG ( Y  o r  14): 

TYPE CF TEST: 

POST FRAC TESTING ( Y  or :4) : 

M P E  O F  TEST: 

RESULTS : 

F r a c  L e n g t h  

. Z o n e  $ 1  1 , 0 0 0 '  

. Zone i ' 2  I,OOO' 
COHHENTS : 

. 4 0 0  M C F / D a y  ( b e f o r e )  

. 800  H C F / D a y  ( a f t e r )  
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COHPAf lY:  R e p o r t  b y  B J  H u g h e s  8 / 2 1 / 7 9  
k3EA : Frees tone i ouncy  , I ( C o t t o n  V a l l e y  L i m e )  

_. 

D E P T H  : 1 1 , 8 0 0 ~  - 1 1 , 5 9 0 '  
TEEPERATURE: 2 8 7 0 ~  

I N T E R V A L  : 2 1 0 '  
PERPEAI) I L I TY : 

G A S ,  OIL, O R  OTHER:  c a s  

TYPE TREATMENT: 

WOLUHE OF TREATKEt lT:  

RATE : 

TYPE OF F L U I D :  60,000 I b s  100 M e s h  

. 220,000 g a l s  S u p e r  K r y s t a l  6 0  + 1 0 %  M e t h a n o l  

. 100,000 g a 1 . s  K r y s t a l  5 0  + 5 %  M e l h a n o l  
1 5  B P M  

. 576,000 I b s  20-40 O t t a w a  S a n d  

. 192,000' l b s  2 0 - 4 0  S i n t e r e d  B a u x i t e  TYPE OF PPtOPPANT: 

kiYOUNT OF P ROPPAElT: 

AVG (lb/gal) 

SLUGS 7 ( Y  o r  N) 

HI C H E S T  ( 1 b/ga 1 )  

P R E  FRAC TESTItlC ( Y  or 14) :  

T Y P E  OF TEST: 

POST FRAC T E S T I N G  ( Y  o r  N ) :  

n P E  OF TEST: 

~~ - 

RESULTS : 
F r a c ' L e n g t h  - 1 , 0 0 0 '  

-- 
C O M E  NTS : 

. 200 I4CF/Day ( b e f o r e )  

. 1 , 1 0 0  M C F / D a y  ( a f l c r )  
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/-- 

COMPANY:  i ? e p o i - t  b y  B J  H u g h e s  8 / 2 1 / 7 9  

AREA: F r e e s t o n e  C o i i n l y ,  T e x a s  ( C o t t o n  V a l l e y  L i m e )  

DEPTH : 1 2 , 5 3 2  - 1 2 , 3 3 0 '  

TEHPEFUTURE: 300" F 
IIITERVAL : 1 7 2 '  

PERHEAB I L I TY : 

CAS,  OIL, O R  OTHER: Ga:; 

TYPE TREATHE NT; . 140 ,000  g a l  Super.  K r v s t a l  60 + 10% M e t h a n o l  
60 + 3% M e t h a n o l  

- . 80,000 g a l  K r y s t a l  ' 

V O L U H E  OF TREATMENT: 

RATE : 1 2  B P I 4  

TYPE OF FLUID:  
. 5 0 , 0 0 0  I b s  1 0 0  M e s h  S a n d  
~ 239,000 + \ b s  2 0 - 4 0  O t t J b J a  S a n d  TYPE O F  PROPPANT: 

MOUNT OF PROPPANT: . 289,000 I b s  20-40 B a u x i t e  

AVG ( l t / g a l )  

SLUGS 7 ( Y  o r  t.0 
H I  GHEST ( 1 b / g a  1 ) 

PP,E FRAC T E S f I t l C  ( Y  or H):  

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  t i)  : 

r Y P E  OF TEST: 

RESULTS : 
F r a c  L e n g t h  9 5 0 '  

- 
COpPXHTS : I 

. 1 , 0 0 0  NCF/Day ( b c  for  c )  

. 4 , 4 0 0  t lCF/Day ( a f t e r ) ,  
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COMPANY: Rcpor t  by  B J  Htiqhcs 8 / 2 1 / 7 9  
I \ R E A :  R u s k  C o u i l ~ y .  T e x a s  

DEPTH : 10,5031 
TEXPERATURE: 2 7 0 " ~  

INTERVAL: 300 I 

PERflEABlLlTY: 

GAS, O I L ,  O R  OTHER: 

--- 
TYPE TREATMENT: 

VCLUHE OF TREATfiENT: . 1 2 0 , 0 0 0  g a l  S u p e r  K r y s t a l  60 + C O 2  
a l  K r y s t a l  50  + C O 2  5 0 , 0 0 0  

RATE : 1 5  B P M  * 

TYPE OF PR0PPAt:T: . 2 7 0 , 0 0 0  
. 4 0 , 0 0 0 -  

TYPE OF FLUID: 

A.YOU:4T OF PROPPAIIT: 

AVC (lb/gal) 

SLUGS 'I ( Y  or  N) 

HIGHEST ( l b , ' . + l )  

b s  2 0 - 4 0  O t t a w a  S a n d  
bs  2 0 - 4 0  B a u x i t e  

PRE FRAC TESTING ( Y  or N) :  

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  N ) :  

N P E  OF TEST: 

RESULTS : 

. 1 , 1 0 0  p s i  

. 1 , 1 0 0  M C F / D a y  + 70 B B L S  H 2 0  p e r  U a y  

COHHENTS : 

F r a c  L e n g t h  - 1 , 0 5 0 '  
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COHPAFIY : f ? e p o r t  b y  B J  tliighes 8/21/79 
ARE A : C h e r o k e e  C o u n t y ,  T e x a s  

DEPTH: [ Z o n e  / / I ,  I0,UOI - I 0 , 8 5 0 ' ] [ Z ~ ) 1 1 ~  / 2 ,  1 0 , 4 3 7 ' 1  

TEHPERATURE: 2 8 0 °  F 

INTERVAL: [ z o l ~ c  i ! ]  1 8 ' 1  [Zone 1'12 S O ' ]  
PERHEAS 1 L I TY : 

G A S ,  O I L ,  O R  OTHER: 

- 
TYPE TREATHENT: Z O N E  4 ' 1  Z O N E  3 2  

VCtU:tE OF TREATMEfjT: 4 0 , 0 0 0  g j  I 5 1 4 0 , 0 0 0  g a l s  

RATE: 1 s  BPH 

TYPE OF FLUID: Super K r y s t a l  60 + Diesel + C02 Super K r y s t a l  60 + Diesel, + CO2 
TYPE OF PROPPANT: 20-40 Ottawa 20-40 S i n t e r e d  470,000 Ibs 20-40 O t t a w a  

x i  t e  5,500 I b s  Sintered Bauxi  AXOUNT OF PROPPANT!02 ,000 ' bs 1s , 0 0 0 ~ ~ ~ ~  
A V G  ( I b / g a l )  

SLUGS 7 ( Y  or  N)  

I4 I CHEST ( I b/ga 1 ) 

PRE FRAC TESTING ( Y  o r  N) :  

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  N): 
N P E  O F  TEST: 

RESULTS : 

~~ 

COI4HENTS : 
F r a c  Length  - [ Z o n e  ; / I ,  1,800'1 [Zone f 2 ,  1,800'1 
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By B.1 ti i irl l ics 8 / 2 1 / 7 9  

AREA:  F r c c s t o r i e  C o u n t y ,  T e x a s  ( T r a v i s  P e a k )  

CEPTH: 1 0 , 2 6 0 '  

TEMPERATURE : 2 6 0 O F 

I NTERVAL : 

PERXEABILITY: 

GAS,  O I L ,  O R  OTHER: 

TYPE T RE ATHE t4T : 

VOLUflE OF TREATMENT: 80,000 (JJ I s 

W T E :  1 2  B P f l  

TYPE OF FLUID: K I - Y s L ~ I  S O  

TYPE OF PAOPPANT: 2 0 - 4 0  Ottawa S a n d  

AHOUNT OF PROPPAtlT: 160, 0 0 0  1 b s  

AVG ( l b / g a l )  

SLUGS 1 ( Y  o r  N )  

H 1 GHEST ( 1 b/ga I )  

PRE FRAC TESTING ( Y  o r  1 1 ) :  

TYPE OF TEST: 

POST FRAC TESTING (Y o r  t i )  : 

TYPE O F  TEST: 

RESULTS : 

COHHENTS : 
. .  
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tiYD3AUL I C FRAC TRE?tTEE!iTS 

C 0 P,P A N  Y : R e p o r t  b y  BJ blugheS 8/21/79 
A R E A :  Rusl ,  C o u n t y ,  T e x a s  

DEPTH : 1 0 , 3 5 5  - 1 0 , 4 1 4  ' 
TEHPEWTURE: 2 6 2 ° F  

INTERVAL : 

PERHEABILITY: 

GAS, OIL,  OR O T H E R :  

TYPE TREATMENT; 

VOLUME OF TREATHENT: 

RATE: 1 4  BPM 

TYPE OF F L U I D :  
TYPE OF PROPfANT: 

AMOUNT OF PROPPAtJT: 

A V G  ( l b / g a l )  

SLUGS 7 ( Y  o r  N) 
H I  CHEST ( 1 b/ga 1 )  

. 20,000 gal K r y s t a l  30 + 5% Diesel 

. 120,000 ga l  Super K r y s t a l  60 

. 90,000 gal K r y s t a l  50 

. 9,025 gal Methanol  

. 7,518 g a l  Diesel 

20-40 Ottawa Sand 

587.500 I b s  

~ ~ ~~~ 

PRE FRAC TESTING ( Y  o r  t i ) :  

TYPE OF TEST: 

POST FRAC TESTItiC ( Y  o r  N) : 

TYPE OF TEST: 

- 
RESULTS : 

- 
COMMENTS : 
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HYDAAULI C FRAC TREATYEt ITS  

COMPANY: Report by BJ HuqAcS 8/21/79 
AREA:  Harrison County, Texas 

DEPTH : 9,950 - 10,036' 
Ttf lP E RATURE : 258" F 

I f4TE RVAL : 

p i  Rrxm I L I TY : 

G A S ,  OIL, OR OTHER: Gas 

. 215,000 g a l  Super Krystal 60 + 5% Diesel + 58 Methanol T Y P E  TREATHEIIT: 

VOLUME O F  TREATMENT: . 135,000 gal Krystal 60 + 5% Diesel + 53 Methanol 
RATE: 20 BPM 

TYPE O F  FLUID: 
T Y P E  OF PROPPAI4T: 20-40 Ottawa Sand 

AMOUNT OF PROPPANT: 985,000 I b s  

A V C  (Ib/gal) 

SLUGS 7 (Y or N) 

H I CHEST ( 1 b/ga I ) 

PRE FRAC TESTING ( Y  or N): 

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  N) : 

TYPE OF TEST: 

RESULTS : ... 

Frac  Length 1,000' 

COHflENTS : 

IO6 tlCF/Day ( b e f o r e )  
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~~ ~ 

COHPAtiY : Report by BJ Hughes (8121179) 

A!?EA: Panola  County, Texas 

DEPTH : 9 , 3 5 3 '  
TEHPERATURE: 2 4 3 " ~  
INlERVAL: 3521 

PERHEAB I L I TY : 

C A S ,  O I L ,  O R  OTHER: G~~ 

c 

TYPE TREATHEtIT: 

VOLUKE OF TREATHEIiT: ~ ~ O , O O O  g a l  

3 5  BPM 

TYPE OF F L U I D :  Krystal 50 

TYPE OF PROPPAIJT: 20-40 Ot ta:.ra Sand 
W'O UI'IT 0 F P RO P PiV.(T : 600,000 I b s  

A V C  ( l b / g a l )  

SLUGS ? ( Y  o r  N )  

HI CHEST ( 1 b/ga I )  

PRE FPAC TESTING (Y or N): 

TYPE OF TEST: 

POST FRAC TESTING (Y o r  1:): 

TYPE OF TEST: 

-- 
RESULTS : 

Frac  L e n g t h  900' 

-- 
COMMENTS : 

. New We1 1 

. 3.800 MCF/Day 
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HYCRA!JI,I C FR;\C TREATPEN1 S 

C 0 HP A N  Y : Report b y  BJ  Hughes 8/21/79 

ARE A : Ha r r i son C O u n  ~y , Texas 

DEPTH : 10,034 - 10,174' 

TEYPERATURE: 256" F 

INTERVAL : 2001 

P E . W E P ~ B I L I T Y  : 

G A S ,  OIL, O R  OTHER: Gas 

-- - - -- 
TYPE TREATMENT: . 20,000 gal  Super K r y s t a l  60 + Diesel 
VOLUHE OF TREATHEtJT:  . 45,000 031 K r y s t ' i l  50 + Dicscl 

RATE: 12 B P M  

TYPE OF FLUID:  

TYPE OF PROPPANT: 20-40 Ottawa Sand 

kP,GUNT OF PROPPAtdT: 219,400 Ibs 
AVC ( l b / g a I )  

SLUGS ? ( Y  o r  N) 

H I G H E S T  (lb/gsl) 

PRE F M C  T E S T I N G  ( Y  o r  N ) :  

TYPE OF TEST:  

POST FRAC TESTING ( Y  o r  N )  : 

TYPE O F  T E S T :  

RESULTS : 
I 

Frac L e n g t h  - 500 '  

135 t l C F / D a y  ( a f t e r )  
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H Y  5RI iVL I C F i i A C  TREATP,i:I.TS 

I 

I 

COMPAIIY: Report b y  BJ Hughes 8 / 2 1 / 7 9  

A R E A :  

DEPTH : 1 1 , 5 8 2  - 1 1 , 7 2 0 '  

Frees Lone Cuun t y  , TCXJS (COL ton Va 1 I c y  Sand) 

TEHPEPATURE: 2 7 3 O ~  

INTERVAL : 60 1 

PERHEABILITY: 

G A S ,  OIL, OR OTHER: 

I 

-- 
TYPE TREATHENT: 

VOLUME OF TREATHENT: 150,000 g a l  

RATE: I 18 BPH 

TYPE OF FLUID: Super Krystal 60 + Diesel 

TYPE OF PROPPANT: 20=40 OLtawa Sand 

AMOUNT OF PROPPANT: 3OO,OOO Ibs 
AVC (lb/gal) 

SLUGS 7 (Y or  N) 

HIGHEST (Ib/ys 1 )  

PRE FPAC TESfl t iC ( Y  o r  1 4 ) :  

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  t:) : 

TYPE OF TEST: 

RESULTS : 

Grac Length  1 , 2 0 0 '  

-___ -- 
COHHENTS: 

2,500 MCF/Day ( a f t e r )  
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HYDRAUL I C FRAC TREATMENTS 

CO HP AN Y : 

AREA: 

DErTH : 

TEMPERATURE : 

INTERVAL : 

PERHEABILITY 

R e p o r t  b y  B J  H u g h e s  8 / 2 1 / 7 9  

U p s h u r  C o u n t y ,  T e x a s  

1 1 , 7 9 0  - 1 1  , 8 2 8 '  

2 9 0 ° F  

1 7 '  

G A S ,  OIL, O R  OTHER: 

TYPE TREATMENT: , 2 0 , 0 0 0  g a l s  K r y s t a l  5 0  
VOLUME OF TREATHEHT: * 

RATE : 10 B P M  

TYPE OF FLUID: 

TYPE OF PROPPANT: 20-110 O t t a - w a  S a n d  

2 2  S t a - L i v e  A c i d  

AMOUNT OF PROPPANT: 5 ,000 1 b s  

A V G  ( 1  b / g a l )  

SLUGS 7 ( Y  o r  N) 

H I  CHEST ( 1 b/ga  1 )  

P R E  FRAC TESTlflC ( Y  o r  N):  

TYPE OF TEST: 

POST FRAC T E S T I N G  ( Y  o r  1 4 )  : 

TYPE OF TEST: 

RESULTS : 

COMMENTS : 
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cor.P,w : Cardinal Chemical 

A X A :  E l k  C i t y ,  Oklahoma 

DEPTH : 14 t o  16,000 f t .  

TEHP ERATURE : 280OF 

I I!TERVAL : Deep Morrow 100 + f t .  

PEP.YEABILITY: 0 . 2  md 

GAC,, O I L ,  O R  O i l l t R :  Gas 

-- -- 
TYPE TREATMENT: Small a n d  L a r g e  S a n d  Polymer Water  Frac 

VOL'J?lE OF TREATMENT: Hcd 

RATE : 10-15 BPM 

TYPE O F  F L U I D :  G e l l e d  Water 

TYPE OF PROPPANT: Small (100 m e s h )  a n d  2 0 / 4 0  S A n d ,  and S u p e r  Sand t a i l  i n  ( 2 0 / 4 0 )  

AEIOUNT O F  PROPPAIlT: 

AVG (Ib/gal) I to  2 I b / g a l  

SLUGS ? (Y o r  ii) NO. 
HIGHEST ( l b / g a l )  4 I b / g a l  

PRE FRAC TESTING ( Y  o r  N): 

TYPE OF TEST: No 

POST FRAC TESTING ( Y  o r  N )  : 

T Y P E  OF TEST: No 
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COHPANY: Card i i i ~  1 Chcni i ca 1 

AREA: West T e x a s  

DEPTH : 22,000 f t  

TEMPERATURE : 325 'F  

INTERVAL : - 100 - 200 f t .  

P E R M E A B I L I T Y  1 0. 1 nid 

GAS, O I L ,  CR O T H E R :  G a s  

T Y P E  TREATMEOT: Deep A c i d  Frac 

VOLLJ4E OF T R E A T Y X N T :  M e d  

RATE : 10-15 BPM 

T Y P E  OF F L U I D :  HCC 

T Y P E  OF PROPPAtJT: None 

AiYOUNT OF PROPPAIJT: 

A V G  ( I S / g a l )  0.0 
S L U G S  ? ( Y  or  11) 

I CHEST ( 1 b/ga 1 ) 

POST FEAC TESTING ( Y  o r  N) : 

T Y P E  OF TEST: N/A 
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HYDRAUL I C FRAC TREATMENTS' 

i 

COMPANY: C o a s t a l  S t a t e s  Gas 

AREA: Anadii rko Bas i n 

DEPTH : 1 5 , 2 7 3  f t .  
TEMPERATURE: 2 6 0 " ~  
I N T E R V A L  : 

T Y P E  TREATHENT: 

VOLUHE OF TREATMENT: G0,OOO g a l .  

RATE : 13 BPM (9,500 p s i  pump p r e s s u r e )  

TYPE OF FLU1 0: gel ed kerosene 

AMOUflT OF PROPPAIiT: 56,000 I b s .  

TYPE OF PROPPANT: 20-40 sand 

AVG ( l b / g a l )  

SLUGS 7 ( Y  o r  N )  

H I CHEST ( 1 b/go 1 ) 

PRE FRAC T E S T I N G  ( Y  or  N) :  

T Y P E  OF TEST:  

POST FRAC T E S T I N G  ( Y  or N )  : 

T Y P E  OF TEST:  

RESULTS : 

S i gn i f i can t improvement. 

COMMENTS : 

T r e a  t mcn t co r r e  c t c d s k i n d a m g e  p rob I ems . 
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HYDRAUL I C FRAC TREATPhENTS 

COMPANY Conoco 

A R E A :  E l  l e n b u r g e r  (\.lest T e x a s )  

DE P fH  : 20,300 f t  

TEMPERATURE: 350" - 4 0 0 ~  

I NTE RVAL : 

PERMEAB 1 L i T Y  : 

G A S ,  O I L ,  OR OTHER: 

~~~ 

TYPE TREATMENT: A c i d  F r a c  

VOLUME OF TREATMEMT: 40,000 gal 

RATE : 

TYPE OF FLUID: A c i d  

TYPE OF PRGPPANT: None 

AMOUNT OF PROPPANT: 

AVC ( l b l g a l )  

SLUGS 7 ( Y  or N) 

H I CHEST ( 1  b/ga 1 )  

PRE FRAC TESTING ( Y  or  N): 

TYPE OF TEST: 

POST FRAC TESTING ( Y  o r  N) : 

TYPE OF TEST: 

RESULTS : 

COMMENTS : 

Limestone Format ion 
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HYORAUL I C FRAC TREATMENTS 

COMPANY: 

AREA: 

DEPTH : 

Conoco 
Corpus Chr i s t i (Webb County) 

TEMPERATURE : 

I NTERVAL : 

PERMEAB I L I TY : 

2 SO" F ( h  i ghc s t ) 

G A S ,  OIL, OR OTHER: 

~~ ~~ ~ ~~~ ~~ 

TYPE TREATHENT: 

VOLUHE OF TREATMENT: 

I;::;:OF FLU1 0: 

TYPE OF PROPPANT: 20 - 40 mesh 

AHOUNT OF PROPPANT: 

Cross Link Gel (poly sachar idc derivative) 

AVG ( l b l g a l )  4 I b / g a l  

SLUGS ? ( Y  o r  N )  

HIGHEST (lb/gal) 6 - 8 Ib/gal 
~~ ~ 

PRE FRAC TESTING ( Y  or N): 

TYPE OF TEST: 

POST FRAC TESTING ( Y  or  14): 

TYPE OF TEST: 

. .  

RESULTS : 

COMMENTS : 

:: Not doing too many f r a c  jobs. 
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HYDRAUL I C FP.AC TREATHEtiTS 

COMPAf4Y: DOWC 1 1 

AREA: 

DEPTH : 

TEMP EPATURE : 400" F 

I NTERVAL : 

PERMEAB I L I T Y  : 

GAS,  OIL,  OR O T H E R :  

T Y P E  TREATMENT:  

VOLUME O F  TREATMENT:  

RATE : 

T Y P E  OF F L U I D :  Y F  400 S t r a t a f r a c  

T Y P E  OF PROPPANT: 

AHOUNT OF PROPPANT: 

AVG ( I  b / g a l )  

SLUGS 1 ( Y  or N) 

H I G H E S T  ( l b / g a l )  

PRE FRAC T E S T I N G  (Y or N ) :  

TYPE OF T E S T :  

POST FRAC T E S T I N G  ( Y  o r  N)  : 

T Y P E  OF TEST:  

~ 

RESULTS : 

COHf.\ENTS : 

:: Type of f l u i d  depends on fo rmat ion  c o n d i t i o n  and p e r m e a b i l i t y .  

<: Water might  b adequate i r i  t i g h t  fo rmat ion .  

'e': Mentioned e a r  i e r  mcc t inq  w i t h  p r o j e c t  tc'irn. 



COt4PAt4Y:  C X X O l l  

FIREA: E.  Texas D i v i s i o n  - H a i n e s v i l l c  Lime, Cotton V a l l e y  Lime 

DEPTH : 12,000 I'l 

INTERVAL : 100 f t .  CJI'OSS pay 

TEMPERATURE : 29OoF 

PERMEABILITY: 0.3 md 

G A S ,  OIL,  O R  O T H E R :  Gas 

TYPE TREATMENT: Versagel Polymer Water P lanar  Frac 

VOLUME O F  TREATKENT: 100.000 sal 
RATE : 12 BPM 

TYPE O F  FLUID:  

TYPE O F  PROPPANT: Baux i te  

Var ious  Polynier/watcr s o l u t i o n  (Versagel 1 4 ,  I S  or Klean 160) 

AMOUNT OF PROPPANT: 

AVG ( I b / g a l )  1 t o  3 I b /ga l  

SLUGS 7 ( Y  or  N) No 

HIGHEST (Ib/sal) 7 I b / g a l  

PRE FRAC TESTING ( Y  1Jr.N): 

TYPE O F  TEST: 

Yes, P roduc t i on  Tests  

POST FRAC TESTING ( Y  01- N )  : Yes, P roduc t i on  Tcs ts  & Teii iperature '. 

TYPE OF TEST: Logg i ng 

RESULTS: Good r e s u l t s  w/Hydraul i c  F r a c t u r i n g ,  Ac id  Fracs would not.  work here .  

Resu l ts  a r e  independent o f  t he  ariiount O F  b a u x i t e  used. 
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1 
HY DRAUL I C FRAC TREATKENTS 

c o n p w  : F o r e s t  O! I 
AREA:  McAl lcn Ranch,  Y F i e l d  

DEPTH : 13,000 f t .  
TEHPERATURE: 380 - 4 0 0 ' f  ( e s t i m a t e d  from l o g g i n l l  rul75) 

I NTE RVAL : 100 f t  (iiiiii) to  400 f t  ( I I ,SX)  g r o s s ;  160 f L  n e t  

PERMEAB I L I TY : .OS md 

GAS,  OIL,  O R  O T H E R :  Gas 

TYPE TREATHENT : 

VOLUME OF TREATMENT: 375,000 g a l  

RATE: 12 B P M  ( 1 1 , 0 0 0  p s i  pump p r e s s u r e )  

TYPE OF F L U I D :  V e r s i  gel;: 

TYPE OF PROPPANl Bauxi  tee: 

AMOUIiT OF PROPPANT: 

A V G  ( l b / g a l )  

SLUGS 7 ( Y  o r  N) 

H I G H E S T  ( I b / g a l )  

PRE FRAC TESTING ( Y  o r  N): 

T Y P E  OF TEST: 

POST FRAC TESTING ( Y  or  N ) :  

TYPE OF TEST: 

c 

RESULTS : Very good r e s u l t s .  

COMMENTS : 

';:Started w i t h  Haliiburton h i g h  ge l  and 20-40 Brady sand; l a t e r  s w i t c h e d  t o  

v c r s i  gcl J I I ~  b;luxi L C .  
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HYDRAUL I C FRAC TREATbIEN'TS 

COb'iPANY: Gul f O i  1 Company 

AREA:  Souih T C X J S  

OEPTH : 12,000 f t .  

TEHP ERFtTURE : 300" F 

1 NTE RVAL : 

PERMEAB I L I TY : 

CAS,  OIL, O R  OTHER: 

TYPE TREATMENT: 

VOLUME OF TREATMENT: 

RATE : 

TYPE OF FLUID: 

TYPE OF PROPPANT: Sand (20-40) - 
AHOUNT OF PROPPANT: 

S tand  high-temperature fluid supplied by service companies 

AVC (lb/gal) 

SLUGS ? ( Y  or N) 
H 1 GHEST ( 1 b/ga I ) 

PRE FRAC TESTING (Y or  N): 

TYPE OF TEST: 

POST FRAC TESTING ( Y  or N ) :  

M P E  OF TEST: 

RESULTS : 

Length o f  f r a c t u r e  a b o u t  600 f t .  ' !  

- 
COHHENTS : 
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C O t ? P A N Y :  Hous tori Na tur-s 1 G J S  
AREA: H a r r i s  Co. - Wilcox 
DEPTH : 13,000 f t .  

TEXPEPATURE: 320°F 

I NTERVAL : 2. 

P E R M E A B i C l T Y  : 0 to 2 md 

GAS,  O I L ,  O R  OTHER: Gas 

--. -- -- -- 
T Y P E  TREATMENT: K i e l  F r a c  

VOLUME OF TkEATflEtJT: 3,500 b b l s  (2,200 t o  2,500 bb l  i n t o  fo rmat ion)  

RATE : 1 1  to  12 8PM 

TYPE OF FLUID: 121/1000 ga l  - Guar + XC ( 5  t o  I )  

TYPE OF PROPPANT: 100 mesh sand 

AROUNT UF DROPPANT:  100,000 Ib. 

AVG (Ib/gal) 8 ,!/gal s lugs  

SLUGS 7 (Y ur N) Ycs 

HIGHEST ( I b / g a l )  + 12 I b /ga l  sand out a t  end 

PRE FRAC TESTING (Y o r  IJ): Y 

TYPE OF TEST: B u i l d  up Data  2 2  d a y  s h u t  i n  3 ,835  p s i  BHP @ 22 days 

POST FRAC TESTING (Y o r  14) : Y 

TYPE OF TEST: Prod. Test 

~ ~ ~-~ 

RESULTS : 0 + I mmcfd 

158 n.cfd + I . 6 r i k  fd  
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HYDRAUL I C FRAC TREATHENTS 

COMPANY; ,.ti ami O i  1 

AREA: Zapa t a  Co, , Tcx-Wi 1 cox 

DEPTH; 1 1  ,500 f t .  

TEMPERATURE: j S O 0 , F  

I NTE RVAL : 100 f t .  

PERflEABILITY: -20 md 

GAS, OIL, OR OTHER: Gas 

TYPE TREATMENT: Kicl Frac (5 to 6 s t a g e s )  

VOLUME OF TREATMENT: 2,500 BBLS 

RATE : 1 1  t o  I 3  BPM 
TYPE OF FLUID:  12/!/1,000 gal  Guar + X C  (5 to  I )  

TYPE OF PROPPANT: 100 mesh sand 

AMOUNT OF PROPPANT: 100,000 lbs .  
AVC ( l b / g a l )  

SLUGS 7 ( Y  o r  1 4 )  Yes! 

H I  CHEST ( 1 b/ga 1 I 8#/ ( i j  1 

PRE FRAC TESTING ( Y  o r  N): N 

TYPE OF TEST: W i  l d c a t  Well 

POST FRAC TESTING ( Y  o r  N): y 

TYPE O F  TEST: Long-Term Produc t ion  Tes t  

.RESULTS; 1 Gmcfd Gas Well 

COMMENTS : 
C l e a n  up v c r y  impor tan t  because o f  h i g h  pressure.  
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CORPANY: 1 H o n s s n t o  

AREA: M a d d e n ,  Wyonii n g  - M e s a  V c r d e  

DEPTH : 1 6 , 0 0 0  f e e t  

TEHP ERATURE : 3 I 0 a F 
I N T E  RVAL : 100 t o  500 f t  

P E R H E A B l L l T Y :  Low 

CAS, OIL, OR O T H E R :  Cas 

~~ ~~ 

T Y P E  TREATMENT:  

VOLUME OF TREATMENT: 

RATE : 

T Y P E  O F  F L U I D :  

T Y P E  OF PROPPANT: 

AHOUNT OF PROPPANT 

AVC (Ib/gal) 

SLUGS 7 ( V  or  14) 

HIGHEST ( I b / g a l )  

P O T E N T  I A L  WELLS 

N O T  Y E T  F R A C E D .  

PRE FP.4C T E S T t t l C  ( Y  o r  N): 

TYPE OF T E S T :  

POST FRAC T E S T I N G  ( Y  o r  N )  : 
TYPE OF TEST: 

RESULTS : 

COMMENTS : 
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COr,PANY: Shcl 1 F R A C  GRADIENT: 1.0 p s i / f t  

AREA: S .  Texas SURFACE PRESSURE: 12,000 14,000 p s i  

DEPTH : 12 t o  13,000 f t  

TEMPERATUiG : 300 to 320°F 

INTERVAL : Gross 300 - 400 f t ,  N e t  100 f t .  

PE RMEAD ! L I TY : 0. 2 nid 

CAS, O I L ,  OR O T H E R :  Gas 

TYPE TREt"jTMENT : 30-35"; pad, s t a g g e r e d  g e l  concent ra t ion  

VOLUME OF TREATMENT: 130,000 gal 

RATE : 12-15 BPI4 

TYPE OF F L U I D :  V e r s a g e l  

TYPE OF PROPPANT: S a n d  250,000 I b  20/40 Ottawa 
AMOUNT OF PROPPAIiT: 

AVC ( l b / g a l )  

SLUGS 7 ( Y  or  N) 

HIGHEST (lb/ga!) 5 to 6 

------- --. 

PRE FRAC T E S T I N G  ( Y  o r  N):  

TYPE OF TEST: B u i l d u p  T e s t  

POST FRAC TESTING ( Y  o r  I!) 

TYPE OF TEST: Temp Logs 

-- 
COMMENTS : 
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HYDFtAUL I C FRAC TREATMENTS 

COMPANY: Sou thpo r  t Exp 

AREA: Cus t e r  County 

DEPTH : 10,500 F t .  

TEHPERATURE:  150 - 160°F 
I NTERVAL : 

P E R M E A B I L I T Y :  

o r a t  i on  

(We5 t Okl ahoina) 

S tar idard Tcniqera t Lire G r a d  i cn  t )  

C.45, OIL, O R  O T H E R :  CundeiiLslc Well (SO0 UP0 snd 5 MCFD) 

T Y P E  TREATMENT:  

VOLUME O F  TREATMENT:  75,000 g a l  

RATE:  15 B P f l  (6,000 p s i  pump p r e s s u r e )  

T Y P E  O F  F L U I D :  Western  ( P o l a r i s  Gel):: 

TYPE OF PROPPANT: 20-40 Sand 

AMOUNT OF PROPPANT: 120,000 1 b s .  

AVC (Ib/gal) 

SLUGS ? ( Y  or N) 

H I G H E S T  (lb/gal) 

~~ ~~ 

PRE FRAC T E S T I N G  ( Y  o r  N ) :  

T Y P E  O F  T E S T :  T i g h t ;  N o  P r o d u c t i o n  

POST FRAC T E S T I N G  ( Y  or N) : 

T Y P E  OF TEST:  

RESULTS : 

COMHE tITS : 

$: Cross l i n k  polymer  ge l  s tandard  For t h i s . a r e a .  

. Got t o  f r s c t u r c  i n  [ t i i s  s r c a  b c c ~ u s c  foi- in, i t ioi i  won' t  ( l i v e  up a t h i n g  
\ 
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IiY DRAUL I C FRAC TREATflENTS 

COMPANY: S o u t h p o r i  E x p l o r a t i o n  

AREA: 

DEPTH : 14,000 f t .  

TEMPERATURE: 250°F 
I NTE RVAL : 40 f t  (Tot;ll 80 f t )  

P E R M E A B I L I T Y :  

Rogcr Hi I1 County (West Oklahonra) 

GAS, OIL, O R  OTHER:  Gas 

TYPE TREATMENT: 

VOLUME OF TREATMENT: 2,400 Barrels 

RATE : 10 6Pf4 ( I300 p s i  punrp pressure)  

TYPE Western ( P o l a r i s  Gel) 
TYPE O f  PROPPANT: Super sand 

M O U N T  OF PROPPANT: 120,000 ~ b s ,  

AVG ( l b / g a l )  

SLUGS 1 (Y  or N) 

H I G H E S T  ( l b / g a l )  

PRE FRAC TESTlNG ( Y  o r  N): 
TYPE OF TEST:  

POST FRAC T E S T I N G  ( Y  or  N ) :  

TYPE OF TEST:  

.5 M C F D  (be fo re )  

3 M C F D  ( a f t e r )  

- 
COMMENTS : 

Super Sand worked o k a y .  

Two s t a g e  job; t o t a l  i n t e r v a l  was 80 Ft. 
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T~XJ:, I 11 I I I P ~ %  L I o I c ' ~ ~ ~ ~  (MU 1 L i 11 I c t I - C ~ I  ~ I I I C I I  t s  r c p o r t c d )  

ARE A : Glen Ruse L i i i i e  - 'h'alker CO., Texas  

DEPTH ; 12,700 + 1 4 , 8 3 1 '  

I N T E R V A L  : 50 '  l l ~ l l b  r l ~ , j ~ ~ l l l ~ c ~ ~  L ( ~ ~ ~ ~ s  

CAS, OIL, OR OTHER: Gt-ls 

TEHP EPATURE : 280" F - 360" F 

PERHEAB I L I T'f :O. IO md 

---- 
TYPE TREATHENT: ConvcnLional Fracture ( e . 9 .  W c s t e r n ' s  West Pad 8) 
VOLUf?E OF TREATHEIIT: 100,000 ga 1 s 

RATE: I5 BPM t o  17 BPH 

TYPE OF FLUID: Super Thick F l u i d s  o f  various type l S l P  = 3625 p s i  

TYPE O F  PROPPANT: Sand usually 20/.40 mesh 

MOUNT OF PROPPAIIT: 136,000 I b 
AVC ( I b / g a l )  1 to 1.4 Ib/gal 

SLUGS 7 (Y or  N) N 
HIGHEST ( l b / c i a l )  2 t o  4 Ib/gal 

P3E FRAC TESTING ( Y  o r  N ) :  

TYPE O f  TEST: PI-oduc L i 0 1 1  T c b  L 

POST FRAC TESTING ( Y  o r  ti! : Y 

M P E  OF TEST: Product i o n  T e s t  

- -- 
RESULTS : Not well defined - very poor \~ells to poor wells 

Other problems usually caused a n:asking o f  results 

COMMENTS : Sand crushing maybe a s e v e r e  problem. 
- 
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COHPPNY: Western Co. 

ARE h : E l  I cn t~c- r i lc r  Furmat i o n  - !3c>L TcuLls 

OEPTH : 20,000+ f t .  

TEMP EP,ATURE : 405" F 

INTERVAL : zoo+ 1't. 

PEHKEAB I L I TY : !O. 01 I:ld 

G A S ,  O I L ,  OR OTI iEX:  Ga; 

I 

VOLUHE OF TREATHENT: Med i unl s i Ze 

RATE : 10 to  I 5  BPM 

TYPE OF F L U I D :  Gel led Water  

TYPE OF PROPPANT: Nonc 

AMOUNT OF PR0PPA:IT: 

A V C  ( I b/g;lI) 0 .0  

SLUGS ? ( Y  or N) 

H I  CHEST ( 1  b/ga I ) 

~~ 

P R E  F R A C  T E S T I N G  ( Y  o r  N): 
TYPE OF TEST: N / A  

POST FRAC TESTING ( Y  CII' t i )  : 

TYPE OF TEST: N/A 

--- - 
RESULTS : 

I 
i 
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