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Temperature logs ,  which have been run  r o u t i n e l y  i n  The Geysers 
geothermal w e l l s ,  have been used t o  i n d i c a t e  t h e  depth corresponding t o  
t h e  t o p  o f  t h e  steam zone ( 1 ) .  Th i s  steam ches t  i s  marked by temperatures 
which exceed 400°F and by a sharp change i n  temperature g r a d i e n t .  
t h e  steam ches t  heat  t r a n s f e r  i s  l a r g e l y  by conduct ion ,  so t h a t  t h e  
g r a d i e n t  depends on heat  f l u x  and thermal c o n d u c t i v i t y .  W i t h i n  t h e  steam 
ches t ,  which i s  h i g h l y  f r a c t u r e d ,  heat  i s  t r a n s f e r r e d  v i a  the  v e r t i c a l  
f r a c t u r e s  by convec t i ve  r e f l u x  as w e l l .  T h i s  be ing  a much more e f f e c t i v e  
mechanism, t h e  temperatures a r e  more n e a r l y  i so thermal  ( 2 ) .  The ex i s tence  
o f  t h i s  abrup t  g r a d i e n t  change has been conf i rmed d i r e c t l y  i n  U . S .  
Geothermal C - 4  and C-5, where the  temperature was logged f rom t h e  su r face  
i n t o  t h e  upper unp roduc t i ve  p o r t i o n  o f  t h e  steam ches t .  

Above 

T h i s  r e p o r t  desc r ibes  a model o f  t h e  heat  t r a n s f e r  w i t h i n  t h e  steam 
ches t .  By comparing t h e  model w i t h  temperature g r a d i e n t  da ta  f rom a w e l l ,  
one can e s t i m a t e  t h e  average v e r t i c a l  p e r m e a b i l i t y  w i t h i n  t h e  r e f l u x  system. 

V e r t i c a l  Heat T rans fe r  Mechanisms 

The model i s  based p r i n c i p a l l y  on t h e  d e s c r i p t i o n  o f  t h e  r e s e r v o i r  
by T ruesde l l  and Whi te  ( 2 ) .  They argue t h a t  t h e  steam ches t  i s  a h i g h l y  
f r a c t u r e d  rock  system. Flow c o n d u c t i v i t y  i s  due l a r g e l y  ( o r  s o l e l y )  t o  
t h e  f r a c t u r e s .  The e f f e c t i v e  v e r t i c a l  p e r m e a b i l i t y  o f  t h e  m a t r i x  rock  i s  
unknown as y e t ,  bu t  i s  p robab ly  q u i t e  sma l l .  F l u i d  s to rage i s  known t o  be 
r e l a t i v e l y  l a r g e ,  a l t hough  i t s  d i s t r i b u t i o n  w i t h  depth remains a m a t t e r  o f  
some con t rove rsy .  I t  cou ld  be e i t h e r  i n  rock  m a t r i x  p o r o s i t y  o r  i n  a bot tom 
water  zone a t  some unknown depth (15,000 f t?)  o r  bo th .  To y i e l d  t h e  
a n t i c i p a t e d  reserves  a t  The Geysers, t h e  f l u i d  s to rage must be e q u i v a l e n t  
t o  a p o r o s i t y  o f  6% over  a depth  o f  5000 f t .  on 40-acre spacing.  The t o p  
o f  t h e  steam ches t  i s  presumed t o  be an u n f r a c t u r e d  rock  sea l .  (The seal  
i s  p robab ly  a t  l e a s t  p a r t i a l l y  broken i n  t h e  Old Geysers Area.) 

To model t h e  temperature g r a d i e n t  w i t h i n  t h e  steam ches t  t h e  equat ions  
o f  c o n t i n u i t y  were so lved f o r  a combina t ion  o f  steam r e f l u x  w i t h i n  t h e  
f r a c t u r e s  and thermal conduct ion  th rough t h e  rock  m a t r i x .  Steady s t a t e  
c o n d i t i o n s  were assumed and h o r i z o n t a l  g r a d i e n t s  were neg lec ted .  Rock and 
f r a c t u r e  p r o p e r t i e s  were cons tan t  w i t h  depth.  
phase up, l i q u i d  phase down) was modeled us ing  Darcy 's  Law, assuming 
s t r a i g h t  l i n e  r e l a t i v e  p e r m e a b i l i t i e s  f o r  each phase ( k  = S p ) .  T h i s  
would be c o r r e c t  f o r  laminar  f l o w  i n  f r a c t u r e  geometr ies e q u i v a l e n t  t o  
narrow s l i t s .  A t  t h e  top  o f  t h e  steam ches t  i t  was assumed t h a t  t h e  ne t  
mass f l u x  was zero  and t h a t  t h e  heat  f l u x  was equal t o  
i s  t h e  thermal c o n d u c t i v i t y  and 21 i s  t h e  temperature 
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j u s t  above t h e  steam ches t .  The r e s u l t i n g  equat ions  t h e  p r e d i c t  temperature 
and pressure  versus depth  as a f u n c t i o n  o f  1) steam p r o p e r t i e s ,  2) t h e  
assumed pressure  a t  t h e  t o p  o f  t h e  steam ches t ,  Po, 3) t h e  r a t i o  o f  thermal 
c o n d u c t i v i t y  kT, t o  t h e  average v e r t i c a l  p e r m e a b i l i t y  i n  t h e  r e f l u x  system, 
kv,  and 4 )  t h e  produc t  o f  t h i s  r a t i o  and t h e  g r a d i e n t -  

U . S .  Geothermal C - 4  and C - 5  Temperature Grad ien ts  

. 
dz dT I 0 

The temperature vs. depth  curves  shown i n  F i g .  1 were d r ' v e d  f rom 
Horner - type  b u i l d u p  analyses as suggested by Dowdle and Cobb 7 3 j  . Two 
separa te  l o g  runs were made i n  each w e l l ,  one a t  t h e  13-3/8" cas ing  p o i n t  
and one a t  t h e  9;-5/8" cas ing  p o i n t .  Each run  cons is ted  o f  severa l  t r a v e r s e s  
ove r  depth  and a b u i l d - u p  a t  TD. The surveys d i d  no t  i n c l u d e  t h e  p r o d u c t i v e  
p a r t  o f  t h e  steam zone. 

The da ta  show a sharp g r a d i e n t  change approx imate ly  cor respond ing  t o  
t h e  t o p  o f  t h e  steam r e f l u x  zone. Below t h a t  depth t h e  g r a d i e n t  i s  g r e a t l y  
reduced, a l t h o u g h  s t i l l  s i g n i f i c a n t l y  g r e a t e r  than t h a t  which would r e s u l t  
f rom a s t a t i c  steam phase. 

Resu l t s  

The c a l c u l a t e d  temperature g r a d i e n t s  a r e  compared t o  t h e  w e l l  da ta  
i n  F i g .  2 f o r  severa l  assumed va lues  o f  kv. 
o t h e r  parameters a r e :  

The assumed va lues  f o r  t h e  

c-5 - c- 4 - 
-1 m 

= 12.2" F/100 ft (222"C/km) ai 1 

dz  lo 
- 3 I dz o 

= 11.3"F/100 f t  (206"C/km) 

kT = 29.0 Btu/day-f t - O F  ( .005 cal/sec-cm-"C) kT = Same as C-4 

P = 425 p s i a  (29.32 bars)  P = 316 p s i a  (21 .77  bars) 

T = 450.6"F (232.6"C) T = 422.O"F (216.7"C) 
0 0 

0 0 

The pressure ,  Po, i s  t h e  s a t u r a t i o n  pressure  cor respond ing  t o  t h e  
measured temperature,  
o f  computed and a c t u a l  g r a d i e n t s  corresponds t o  kv = 0 . 5  rnd f o r  C - 4  and 
kv  = 0.2 md f o r  C - 5 .  
accuracy o f  t h e  temperature measurements as w e l l  as by t h e  many assumptions 
i n  t h e  model. 
shows t h a t  i t  i s  rough ly  p r o p o r t i o n a l  t o  t h e  assumed va lues  o f  kT and 

To, a t  t h e  t o p  o f  t h e  steam ches t .  The b e s t  match 

The accuracy o f  t h i s  r e s u l t  i s  a f f e c t e d  by t h e  

A s tudy o f  t h e  s e n s i t i v i t y  o f  kv t o  t h e  o t h e r  parameters 

"1 d= 0 - 
These r e s u l t s  were ob ta ined  u s i n g  da ta  f rom t h e  unproduc t i ve  p a r t  o f  

t h e  steam ches t .  
l e s s  than would be expected f rom a p r o d u c t i v e  i n t e r v a l .  

As a r e s u l t  t h e  c a l c u l a t e d  p e r m e a b i l i t y  va lues  a r e  much 

The model can a l s o  be used t o  e x t r a p o l a t e  p ressure  and temperature t o  
g r e a t e r  depths whenever t h e  temperature g r a d i e n t  a t  those depths can be 
re1  i a b l y  p red ic ted .  
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Conclusions 

The model suggests t h a t  t h e  average v e r t i c a l  p e r m e a b i l i t y  a t  The 
Geysers i s  l e s s  than i rnd i n  t h e  upper unp roduc t i ve  p o r t i o n  o f  t h e  steam 
ches t .  

Temperature da ta  taken f rom t h i s  p o r t i o n  o f  t h e  steam ches t  i n d i c a t e  
t h a t  t h e  r e s e r v o i r  i s  cons ide rab ly  l ess  isothermal  than p r e v i o u s l y  assumed. 
The dynamic e f f e c t s  o f  t h e  r e f l u x  system should be inc luded i n  any s tudy 
o f  t r a n s i e n t  w e l l  behav io r  o r  i n  any es t ima te  o f  d e l i v e r a b l e  reserves .  
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