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Well T e s t  Data A n a l y s i s  from a N a t u r a l l y  F r a c t u r e d  

Liquid-Dominated Hydrothermal System 

S. M. Benson 
E a r t h  S c i e n c e s  D i v i s i o n  

Lawrence Berke ley  Labora to ry  
U n i v e r s i t y  of C a l i f o r n i a  

Berke ley ,  C a l i f o r n i a  94720 

A b s t r a c t  

P roduc t ion  t e s t  d a t a  from a modera te -  
t e m p e r a t u r e  geo the rma l  we l l  i n  t h e  Bas in  and Range 
P rov ince  have been a n a l y z e d .  The w e l l  is com- 
p l e t e d  in  g r a n i t i c  basement r o c k .  Both t h e  p r e s -  
s u r e  t r a n s i e n t  and s p i n n e r  d a t a  c o n f i r m  t h a t  f r a c -  
t u r e s  p rov ide  t h e  ma jo r  component o f  t h e  r e s e r v o i r  
p e r m e a b i l i t y .  The p r o d u c t i v i t y  index  o f  t h e  w e l l  
d e c r e a s e s  and t h e  a p p a r e n t  s k i n  f a c t o r  i n c r e a s e s  
w i t h  i n c r e a s i n g  f low ra te .  T h i s  b e h a v i o r  is 
a t t r i b u t e d  t o  non-Darcy f low i n  t h e  f r a c t u r e s  n e a r  
t h e  w e l l  b o r e .  A m a t h e m a t i c a l  r e l a t i o n  between 
f low r a t e  and drawdown h a s  been  e s t a b l i s h e d  t h a t  
i n c l u d e s  t h e  non-Darcy and Darcy f low components.  

I n t r o d u c t i o n  

Well WEN-I was d r i l l e d  by CeoProducts  Corpor- 
a t  i on  under  t h e  Department o f  Ene tgy ' s  User 
Coupled D r i l l i n g  Program. I n  March 1982 t h e  w e l l  
was t e s t e d  for a p e r i o d  o f  a p p r o x i m a t e l y  one  week. 
The geo the rma l  g roup  a t  Lawrence Berke ley  Labora- 

t o r y  was i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  t e s t  by 
c o l l e c t i n g  downhole p r e s s u r e  d a t a  w i t h  a H e u l e t t  
Packard  D o m h o l e  P r e s s u r e / T e m p e r a t u r e  gauge .  I n  
t h i s  r e p o r t  t h e  a n a l y s i s  of  r h e  p r o d u c t i o n  t e s t  
d a t a  is d i s c u s s e d .  

The w e l l ,  WEN-1, i s  l o c a t e d  on t h e  e a s t e r n  
s i d e  o f  t h e  Honey Lake v a l l e y ,  C a l i f o r n i a ,  n e a r  
t h e  Wendel and Amedee Hot S p r i n g s .  I t  was d r i l l e d  
t o  a d e p t h  of  5837 '  and c a s e d  5068' w i t h  a 9 5 / 8  
i n .  c a s i n g .  From a d e p t h  o f  5068' t o  5 8 3 7 '  t h e  
w e l l  is open h o l e .  The e n t i r e  open i n t e r v a l  o f  
t h e  w e l l  is comple t ed  i n  g r a n i t i c  basement r o c k .  
P r e - t e s t  t e m p e r a t u r e  and s p i n n e r  s u r v e y s  were 
c o n d u c t e d ,  b u t  s p a c e  l i m i t a t i o n s  do  n o t  pe rmi t  
t h e i r  d i s c u s s i o n  h e r e .  I t  w i l l  s u f f i c e  t o  s a y  
t h a t  t h e  measured bot tom-hole  t e m p e r a t u r e  was - 248'F and t h a t  - 80% o f  t h e  f low comes from one 
major f r a c t u r e  zone .  

Tea t  D e s c r i p t i o n  

F i g u r e  1 shows a p l o t  o f  a l l  t h e  test  d a t a .  

F i g u r e  I .  Tes t  d a t a  from WEN-1 w e l l  t e s t ;  we l lhead  p r e s s u r e  
and t e m p e r a t u r e ,  downhole p r e s e u r e  and t e m p e r a t u r e ,  
and f l o w r a t e .  
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Downhole p r e s s u r e  d a t a  were o b t a i n e d  w i t h  a 
Hewle t t  Packa rd  q u a r t z  c r y s t a l  gauge .  Wellhead 
p r e s s u r e  was measured w i t h  a P a r o s c i e n t i f i c  gauge .  
Flow r a t e s  were me te red  by m e a s u r i n g  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  an  o r i f i c e  w i t h  P a r o s c i e n t i f i c  
g a u g e s .  Downhole t e m p e r a t u r e  was measured w i t h  a 
G.O. t e m p e r a t u r e  t o o l .  Wellhead t e m p e r a t u r e  v a s  
measured w i t h  a t he rmocoup le .  

The w e l l  was f lowed a r t e s i a n  a t  f o u r  r a t e s .  
The f i r s t  t h r e e  r a t e s  (220  gpn, 440 gpm, and 680 
gpm) were h e l d  a t  n e a r l y  c o n s t a n t  v a l u e s  f o r  a 
d u r a t i o n  of  a p p r o x i m a t l e y  12 h o u r s  e a c h .  The 
f o u r t h  f l o w  r a t e  (620  g p n )  w a s  h e l d  n e a r l y  con- 
s t a n t  f o r  a p e r i o d  o f  7 5  h o u r s .  A t  e a c h  f low r a t e  
t h e  downhole p r e s s u r e  q u i c k l y  s t a b i l i z e d  and 
showed l i t t l e  or no  change f o r  t h e  d u r a t i o n  o f  t h e  
f l o w  p e r i o d .  Both w e l l h e a d  and downhole tempera- 
t u r e  rose s t e a d i l y  t h r o u g h o u t  t h e  t e s t .  The w e l l -  
head t e m p e r a t u r e  r o s e  from 240'F t o  242.3.F.  re- 
f l e c t i n g  h e a t i n g  o €  t h e  v e l l b o r e .  The bo t tomhole  
t e m p e r a t u r e s  i n c r e a s e d  from 246.8.F t o  250. l .F 
ove r  t h e  t e s t  p e r i o d .  

- 

WEN-1 P r o d u c t i v i t y  A n a l y s i s  

T a b l e  1 summarizes  t h e  downhole p r o d u c t i v i t y  
d a t a  from WEN-1. 
Index  is ... 49 g p n l p s i  a s  compared t o  - 22 gpm/psi  
a t  680  gpn. I n  F i g u r e  2 t h e  downhole p r e s s u r e  
change  v s .  f l o w  r a t e  is p l o t t e d .  The r e l a t i o n s h i p  
between t h e  f l o w  r a t e  and drawdown, shown i n  
F i g u r e  4 ,  can  be e x p r e s s e d  by E q u a t i o n  1 :  

A t  220 gpm t h e  P r o d u c t i v i t y  

b P ( q )  = 1 . 1 3  x 10-2 q + 5.16 x 10-5 q2 . ( 1 )  

T a b l e  1 .  Downhole p r o d u c t i v i t y  d a t a  f o r  WEN-1. 

Flow Rate (gpm) Downhole AP ( p s i a )  q/AP ( g P / p s i )  

220 
440 
620 
680 

4.5 48.9 
15 0 29 .3  
26.5 23 .4  
3 1 . 5  21.6 

r---- 4o -,- - , I , , -.-. .T 

Flcwrate f 10% Accuracy i 
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T p i c a l l y ,  t h e  drawdown component p r o p o r t i o n a l  t o  
q s  i s  t h e  r e s u l t  o f  v e l l  losses c r e a t e d  by t h e  
p r e s s u r e  d r o p  th rough  t h e  p r o d u c t i o n  l i n e r  and 
f l o w  up t h e  v e l l  b o r e  ( J a c o b ,  1947) .  However,  
s i n c e  t h e  w e l l  is comple t ed  w i t h  an  open h o l e ,  and 
s i n c e  downhole p r e s s u r e  d a t a  a r e  u s e d ,  t h e  propor-  
t i o n a l i t y  t o  q2 must be  a r e s u l t  o f  f l o w  i n  t h e  
r e s e r v o i r .  This i s  d i s c u s s e d  f u r t h e r  i n  t h e  
f o l l o w i n g  s e c t  i o n s .  

P r e s s u r e  T r a n s i e n t  A n a l y s i s  

The p r e s s u r e  t r a n s i e n t  d a t a  were a n a l y z e d  by 
t h e  Horner  and Mil ler-Dyes-Hutchinson t e c h n i q u e s  
t o  c b t a i n  v a l u e s  €or t h e  r e s e r v o i r  t r a n s m i s i v i t y  
and s k i n  f a c t o r  (Mathews and R u s s e l l ,  1 9 6 7 ) .  

and a n  a b s o l u t e l y  c o n s t a n t  f l o w  r a t e  was d i f f i c u l t  
t o  m a i n t a i n ,  emphas i s  was p l a c e d  on t h e  a n a l y s i s  
o f  t h e  b u i l d u p  d a t a .  A Horner  p l o t  o f  t h e  b u i l d u p  
d a t a  f o l l o w i n g  s t e p  4 (620  gpm) is shown i n  
F i g u r e  3. 

S i n c e  t h e  p r e s s u r e  drawdown q u i c k l y  s t a b i l i z i e d  J 

Each o f  t h e  Horner  p l o t s  h a s  t h e  same d i s -  
t i n c t  i v e  c h a r a c t e r  d e m o n s t r a t e d  i n  F i g u r e  3 .  When 
t h e  w e l l  is s h u t i n ,  t h e  p r e s s u r e  immedia t e ly  
i n c r e a s e s  by n e a r l y  95% o f  t h e  t o t a l  p r e s s u r e  
d r o p .  (No te  t h a t  o n l y  t h e  l a s t  3 p s i  o f  p r e s s u r e  
b u i l d u p  are shown.) Then, a s e m i l o g  s t r a i g h t  l i n e  
is a p p a r e n t .  A f t e r  a p p r o x i m a t e l y  one  l o g  c y c l e  
( 1 0  m i n ) ,  t h e  r a t e  of p r e s s u r e  b u i l d u p  d e c r e a s e s .  
Approx ima te ly  h a l f  a l o g  c y c l e  l a t e r ,  t h e  r a t e  of 
b u i l d u p  i n c r e a s e s  and once  a g a i n  a s e m i l o g  
s t r a i g h t  l i n e  is a p p a r e n t .  I n  e a c h  c a s e ,  t h e  
f i n a l  s e m i l o g  s t r a i g h t  l i n e  g i v e s  n e a r l y  t h e  same 
t r a n s m i s i v i t y ,  3 . 3  - 3.5 x 106  md-f t /cp;  more- 
o v e r ,  t h e  f i n a l  s e m i l o g  s t r a i g h t  l i n e  e x t r a p o l a t e s  
t o  t h e  c o r r e c t  r e s e r v o i r  p r e s s u r e .  The l a t e r  por- 
t i o n  of t h e  p r e s s u r e  t r a n s i e n t  d a t a  c a n  be  i n d i c a -  
t i v e  o f  a d o u b l e  p o r o s i t y  or n a t u r a l l y  f r a c t u r e d  
r e s e r v o i r .  Assuming a v i s c o s i t y  o f  0 .24  c p ,  t h e  
r e s e r v o i r  h a s  a p e r m e a b i l i t y - t h i c k n e s s  o f  - 8 . 4  x 
lo5 md-ft .  P r e s s u r e  d a t a  from t h e s e  t e s t s  d o  
n o t  a p p e a r  t o  be i n f l u e n c e d  by any  r e s e r v o i r  
b o u n d a r i e s .  However, t h e  r e l a t i v e l y  s m a l l  draw- 
down and d i f f i c u l t y  i n  a n a l y z i n g  t h e  drawdown d a t a  
may o b s c u r e  boundary e f f e c t s .  

i ' " r r " ' r  Y *  ' " " " "  Kh/w i ' 3 r ' " " ' r  3 X D 6  md-fl/cp ' ""'I 
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E s t i m a t e s  of  b were made assuming t h a t  1 ,  10, 
and 100 e q u a l l y  s i z e d  f r a c t u r e s  i n t e r s e c t  t h e  
w e l l  b o r e .  Tab le  3 l i s t s  t h e  f r a c t u r e  a p e r t u r e s ,  
e q u i v a l e n t  f r a c t u r e  mob i 1 it  y-t h i c k n e s s  ( p e r  f r  ac- 
t u r e ) ,  and number of  f r a c t u r e s  f o r  a t o t a l  o f  kH 
o f  8 . 4  x IO5 md-ft ( 2 . 5 6  x 10-10 m3) .  

Tab le  3 .  F r a c t u r e  a p e r t u r e ,  e q u i v a l e n t  kH. and 
number o f  f r a c t u r e s  f o r  a t o t a l  kH o f  
8 .4  x IO5 md-ft .  

Number A p e r t u r e  kH 
o f  F r a c t u r e s  (mm) (md-f t )  

1 
10 
100 

1 . 5  8 . 4  105 
0.67  8 . 4  104 
0 . 3 1  8 . 4  x 103 

Assuming a f r a c t u r e  a p e r t u r e ,  t h e  f low v e l o c i t y  i n  
t h e  f r a c t u r e s  ( a s  a f u n c t i o n  o f  r a d i a l  d i s t a n c e  
from t h e  a x i s  o f  t h e  v e l 1  b o r e )  f o r  each  o f  t h e  
s t e p  r a t e s  vas  c h l c u l a t e d .  T a b l e  4 summarize t h e  
r e s u l t s  a t  t h e  h i g h e s t  f l ow r a t e ,  680 gpa. 

One of  t h e  p r imary  a s s m p t i o n s  i n  Darcy ' s  
law is t h a t  a l a n i n a r  f l o v  reg ime e x i s t s  i n  t h e  
r e s e r v o i r .  The flow reg ime i n  t h e  r e s e r v o i r  is 
governed  by t h e  Reynolds number ( R )  and t h e  rough- 
n e s s  ( E )  o f  t h e  s u r f a c e .  U s u a l l y ,  f o r  f low be- 
tween p a r a l l e l  p l a t e s ,  a t  Reynolds numbers g r e a t e r  
t h a n  2000,  t h e  flow is no l o n g e r  l a m i n a r .  A t  
Reynolds  numbers g r e a t e r  t h a n  2000, t h e  f low 
reg ime  is e i t h e r  t r a n s i t i o n a l  or t u r b u l e n t  
(Knudsen and Ka tz ,  1956). The Reynolds  number 
for f low between p a r a l l e l  p l a t e s  is c a l c u l a t e d  by 

( 6 )  

C a l c u l a t i o n  of  t h e  Reynolds  numbers f o r  t h e  
flow v e l o c i t i e s  l i s t e d  i n  T a b l e  4 i n d i c a t e  t h a t ;  
a t  680 gpm, t u r b u l e n t  f l ow w i l l  e x i s t  t o  more t h a n  
5 m i n t o  t h e  r e s e r v o i r  i f  a s i n g l e  f r a c t u r e  
f e e d s  t h e  w e l l ,  up t o  1 m i n t o  t h e  f o r m a t i o n  
i f  10 f r a c t u r e s  f eed  t h e  w e l l  and most l i k e l y .  
w i l l  no t  e x i s t  i f  100 f r a c t u r e s  f eed  t h e  w e l l .  A 
un ique  a n a l y s i s  of  t h e  f r a c t u r e  s p a c i n g  and s i z e  
i s  n o t  p o s s i b l e  v i t h  c u r r e n t  f r a c t u r e  f low t h e o r y .  
Hovever,  t h e  above a n a l y s i s  i n d i c a t e s  t h a t  non- 
Darcy f l o v  can  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  
drawdown i f  o n l y  a f e v  major  f r a c t u r e s  feed  t h e  
v e l l b o r e .  

Conc 1 us i o n s  

Both p r e s s u r e  t r a n s i e n t  a n a l y s i s  and pro- 
d u c t i v i t y  d a t a  i n d i c a t e  t h a t  t h e  p r e s s u r e  dravdovn 
h a s  a component t h a t  i s  p r o p o r t i o n a l  t o  q 2 .  
A n a l y s i s  of t h e  v e l o c i t y  d i s t r i b u t i o n  in  t h e  
fo rma t ion  and t h e  r e s u l t a n t  Reynolds numbers 
i n d i c a t e  t h a t  t u r b u l e n t  f low i n  t h e  near -wel l -bore  
fo rma t ion  may very  w e l l  be t h e  c a u s e  of  t h e  q2  de- 
pendent  component of  t h e  drawdown. Because t h e  
f r a c t u r e  a p e r t u r e ,  roughness  and d i s t r i b u t i o n  a r e  
unknown, i t  is not  p o s s i b l e  t o  f u l l y  e v a l u a t e  t h e  
f low regime in t h e  r e s e r v o i r .  However. an empi r i -  

c a l  r e l a t i o n s h i p  between flow r a t e  and drawdown, 
w i t h  a ve ry  good c o r r e l a t i o n  t o  t h e  obse rved  d a t a ,  
c a n  be d e r i v e d  from t h i s  a n a l y s i s .  The a n a l y s i s  
i n d i c a t e s  a r e s e r v o i r  t r a n s m i s s i v i t y  o f  3.5  x 106 
md- f t / cp  and a non-Darcy c o e f f i c i e n t  o f  3.54  x 
10-2 g pm-1. 

T a b l e  4 .  Average f l u i d  v e l o c i t y  i n  t h e  f r a c t u r e s  
(m/sec )  

No. o f  R a d i a l  D i s t a n c e  from Well Axis (m) 
F r a c t u r e s  0 . 2  0 . 6  1. 2 .  5 .  

1 23.54 7 .84  4 .70  2 .35  0 .94  
10 5.09 1-70 1 . 0 2  0.51 0 . 2 0  
100 1.10 0 . 3 6  0 . 2 2  0.11 0.04  
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