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ABSTRACT 

Using numerical  s i m u l a t i o n  techniques and t h e  
r a d i a l  model developed f o r  t h e  s tudy  of t h e  n a t u r a l  
s t a t e  of t he  Heber f i e l d  (Lippmann and Bodvarsson, 
1983b) ,  t h e  response of t h i s  geothermal system t o  
e x p l o i t a t i o n  i s  analyzed. I n  t h i s  s tudy  t h e  genera- 
t i o n  r a t e  i n  t h e  f i e l d  l s  allowed t o  bu i ld  up ove r  
a per iod of 10 y e a r s ;  a f t e r  t h a t ,  30 yea r s  of 
c o n s t a n t  power p roduc t ion  is assumed. F u l l  (100%) 
i n j e c t i o n  of t h e  spen t  b r i n e s  is  cons ide red ,  t h e  
f l u i d s  being i n j e c t e d  2250 m ( "nea r  i n j e c t i o n " )  o r  
4250 m ( " f a r  i n j e c t i o n " )  from t h e  c e n t e r  of t h e  
system. The s tudy  shows that a maximum of 6000 
kg / s  ( e q u i v a l e n t  t o  approximately 300 We)  of 
f l u i d s  may be produced f o r  t h e  nea r  i n j e c t i o n  case ,  
bu t  on ly  3000 kg / s  ( e q u i v a l e n t  t o  approximately 150 
MW,) f o r  t h e  f a r  i n j e c t i o n  case.  
i n d i c a t e  t h a t  t h e  p o s s i b l e  e x t r a c t i o n  r a t e s  (genera- 
t i n g  c a p a c i t y )  g e n e r a l l y  are l i m i t e d  by t h e  p re s su re  
drop in t h e  r e s e r v o i r .  The average temperature  of 
t h e  produced f l u i d s  w i l l  d e c l i n e  10-18°C over  t h e  
40-year per iod.  

The r e s u l t s  

INTRODUCTION 

Cons t ruc t ion  of t he  f i r s t  power p l an t  a t  t h e  
Heber geothermal f i e l d  (F ig .  1) began i n  June 1983. 
I t  w i l l  be a 45 MWe ( n e t )  b i n a r y  p l a n t  and i s  
scheduled t o  c o m e  on-l ine in 1985. The c o n s t r u c t i o n  
of a second f a c i l i t y ,  a 47 MWe ( n e t )  dua l - f l a sh  
power p l a n t ,  w i l l  begin i n  e a r l y  1984; i t s  comple- 
t i o n  is also t a r g e t e d  f o r  1985. Fur the r  development 
a t  Heber might fol low.  Chevron Geothermal Co., t h e  
o p e r a t o r  of t h e  f i e l d ,  e s t i m a t e s  t h a t  t h e  Heber 
anomaly can support  a power gene ra t ion  of 500 MWe 
f o r  a t  l e a s t  30 y e a r s  (Salveson and Cooper, 1981'; 
C a l i f o r n i a  Div i s ion  of O i l  and G a s ,  1983). 

The o b j e c t i v e  of this paper i s  t o  e v a l u a t e  t h e  
g e n e r a t i n g  c a p a c i t y  of t h e  Heber system under  d i f -  
f e r e n t  p roduc t ion - in j ec t ion  scena r ios .  The response 
of t h e  f i e l d  t o  e x p l o i t a t i o n  is  c a l c u l a t e d  u s i n g  a 
numerical  s i m u l a t o r  t h a t  computes hea t  and mass 
t r a n s p o r t  i n  geothermal systems. The i n i t i a l  t e m -  
p e r a t u r e  and p r e s s u r e  d i s t r i b u t i o n s  and t h e  boundary 
c o n d i t i o n s  assumed i n  t h e s e  c a l c u l a t i o n s  correspond * 

t o  those determined by t h e  n a t u r a l  s ta te  model of 
Heber developed p rev ious ly  (Lippmann and Bodvarsson, 
1983b). 

PREVIOUS WORK 

The only publ ished modeling s tudy  on t h e  
e x p l o i t a t i o n  of t he  Heber r e s e r v o i r  is t h a t  by 
Tansev and Wasserman (1978).  
dimensional ,  s ingle-phase ( l i q u i d )  non-isothermal 
s imula to r .  The i r  model of t h e  geothermal r e s e r v o i r  

They w e  a three-  

covers  a 30.3 km2 a r e a  and c o n s i s t s  of two main 
zones: Zone 1 ,  from 2000 t o  4000 f t  (600 t o  1200 
m) dep th ,  and Zone 2 ,  from 4000 t o  6000 f t  (1200 t o  
1800 m) depth.  Zone 1 is  subdivided i n t o  15 ho r i -  
z o n t a l  sand and s h a l e  l a y e r s ,  and Zone 2 ,  i n t o  13 
l a y e r s .  The model i s  f u r t h e r  d iv ided  i n t o  8 a r e a l  
p i e s ,  each c o n s i s t i n g  of 15 rows. 

Tansev and Wasserman (1978) assume t h a t :  ( 1 )  
t h e  sand and s h a l e  l a y e r s  a r e  cont inuous,  homoge- 
neous and i s o t r o p i c ,  (2 )  t h e  i n i t i a l  temperatures  
va ry  on ly  as a f u n c t i o n  of t he  r a d i a l  coord ina te ,  
and do not va ry  v e r t i c a l l y  i n  a g iven  zone, ( 3 )  t h e  
r e g i o n a l  ground wa te r  movement is  n e g l i g i b l e ,  ( 4 )  
no hea t  ( o r  mass) recharge occur from t h e  underbur- 
den (below 1800 m), and ( 5 )  ( i n  most c a s e s  s t u d i e d )  
no c ros s  flow e x i s t s  between t h e  p i e s  i n t o  which 
t h e  model is  d iv ided .  No d a t a  is  g iven  on t h e  
thermal  and h y d r a u l i c  p r o p e r t i e s  ass igned t o  t h e  
d i f f e r e n t  l a y e r s .  

F l u i d s  a r e  assumed t o  be produced from both 
zones (between 600 and 1800 m depth)  t o  s u s t a i n  a 
cons t an t  200 MUe t o t a l  gene ra t ing  capac i ty .  Hot 
f l u i d s  are e x t r a c t e d  nea r  t h e  a x i s  of t h e  system and 
t h e  spen t  b r i n e  i s  r e i n j e c t e d  n e a r  i t s  per iphery 
( t h e  exact  l o c a t i o n s  a r e  not g iven ) .  The i n i t i a l  
t o t a l  f l u i d  p roduc t ion  rate is 4.56 m 3 / s ,  but as t h e  
temperature  of t he  produced f l u i d s  dec reases  t h e  
product ion r a t e  i nc reases .  Some of t h e  conclusions 
reached by Tansev and Wasserman (1978) a r e :  ( 1 )  
both zones show a 16.7"C temperature  d e c l i n e  over  a 
t h i r t y  yea r  product ion pe r iod ,  ( 2 )  the Heber system 
between 600 and 1800 m (Zones 1 and 2 )  a lone  can 
suppor t  250 MWe power p roduc t ion ,  and ( 3 )  i n  
g e n e r a l ,  t h e  g e n e r a t i n g  c a p a c i t y  of Heber w i l l  be 
r e s t r i c t e d  mainly by t h e  p r e s s u r e  drop r a t h e r  than 
by t h e  temperature  d e c l i n e  ( a  temperature  of 160°C 
f o r  t h e  power p l a n t  is  assumed as a ecanomic c u t o f f  
p o i n t ) .  

AVAILABLE DATA 

Only in fo rma t ion  on t h e  r e s e r v o i r  development 
p l a n  w i l l  be reviewed s i n c e  t h e  publ ished d a t a  on 
t h e  subsu r face  c h a r a c t e r i s t i c s  of t he  Heber system 
have been summarized elsewhere (Lippmann and Bod- 
v a r s s o n ,  19'83b). 

According t o  Tansev and Wasserman (19781, 
Chevron p l ans  t o  develop a n e a r l y  c i r c u l a r  30.3 km2 
a r e a  w i t h  each p l a n t  increment r e p r e s e n t i n g  a pie- 
shaped segment. Salveson and Cooper (1981) i n d i c a t e  
t h a t  t h e  " w e l l s  w i l l  be d i r e c t i o n a l l y  d r i l l e d  f o r  
p roduc t ion  from s u r f a c e  i s l a n d s  i n t o  t h e  high 
temperature  p a r t  of t he  thermal anomaly. Bottom 
h o l e  l o c a t i o n s  w i l l  be evenly d i s t r i b u t e d  in a 
c i r c u l a r  p a t t e r n  having a r a d i u s  of about 600 m. 
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The power p l a n t s  w i l l  be loca ted  nea r  t h e  producing 
i s l a n d s  to  minimize hea t  l o s s  du r ing  t r a n s i t  of t h e  
hot  b r ine .  Cooled b r ine  w i l l  be piped from t h e  
power p l a n t s  t o  i n j e c t i o n  i s l a n d s  on t h e  per iphery  
of the  f i e l d .  There, 2.4-4.0 km from t h e  c e n t e r  of 
t h e  anomaly, t h e  spent  b r i n e  w i l l  be r e i n j e c t e d  
through d i r e c t i o n a l l y  d r i l l e d  w e l l s  t o  t h e  p re sen t  
p o s i t i o n  of t he  129'C isotherm." 

Wasserman (1978) -- 600 t o  1800 m -- 2.28 m3/s of 
f l u i d  w i l l  i n i t i a l l y  be r equ i r ed  t o  gene ra t e  100 MUe. 
For a f l u i d  dens i ty  of 900 kg/m3, t h i s  would cor re-  
spond t o  about 2050 kg/s .  
Fig.  2 )  s ta te  t h a t  995 kg / s  of geothermal f l u i d s  a r e  
needed f o r  t h e  45 MWe ( n e t )  b i n a r y  p l an t .  
47 MWe ( n e t )  d u a l  f l a s h  p l a n t  D e  Haven (1982) 
mentions a r a t e  of about 1020 kg/s.  In o the r  words, 
about 1000 kg / s  of f l u i d  w i l l  be requi red  t o  gener- 
a t e  50 MW of e l e c t r i c a l  power. 

For t h e  product ion  depths  assumed by Tansev and 

Lacey and Nelson (1982; 

For the  

One hundred pe rcen t  of t he  f l u i d s  produced from 
t h e  r e s e r v o i r  w i l l  be r e i n j e c t e d ;  some makeup waters 
from s u r f a c e  sources  w i l l  be requi red .  For t h e  45 
we ( n e t )  p l a n t  t h e  tempera ture  of the  i n j e c t e d  
f l u i d s  w i l l  be 72.2OC (Lacy and Nelson, 1982; F ig .  
2 ) .  No o t h e r  r e fe rence  i n d i c a t i n g  t h e  tempera ture  
of the  i n j e c t e d  b r ines  was found i n  the  l i t e r a t u r e .  

METHODOLOGY 

LBL's three-dimensional s imula to r  PT (Bodvars- 
son, 1982) i s  used t o  compute t h e  hea t  and mass flow 
through the  system i n  response t o  d i f f e r e n t  assumed 
development p lans .  The change of r e s e r v o i r  pres- 
s u r e s  and t h e  average tempera ture  of t he  produced 
f l u i d s  are the  main parameters used t o  e s t a b l i s h  
the  f e a s i b i l i t y  of t he  f l u i d  p roduc t ion - in j ec t ion  
schemes cons idered  i n  t h i s  study. 

DESCRIPTION OF THE MODEL 

The model used i n  the  s imula t ions  is  almost 
i d e n t i c a l  t o  the  one app l i ed  f o r  s tudying  t h e  
n a t u r a l  s t a t e  of the  Heber system (Lippmann and 
Bodvarsson, 1983b). The r a d i a l l y  symmetric model 
p r e s e n t s  f i v e  zones of d i f f e r e n t  material proper- 
t ies  (Fig .  2 ) .  

Boundary cond i t ions .  The o u t e r  boundary of t h e  
model, 10 km from t h e  axis, is  assumed t o  be open 
t o  hea t  and mass flow and have cons t an t  tempera tures  
and p res su res .  The tempera tures  a t  the  o u t e r  boun- 
da ry  are assumed t o  inc rease  l i n e a r l y  wi th  dep th  
w i t h  a g r a d i e n t  of 5OoC/km. The p res su res  used a t  
t h e  o u t e r  boundary a r e  h y d r o s t a t i c  f o r  t he  assumed 
tempera ture  d i s t r i b u t i o n .  

The top  boundary i s  cons idered  open only t o  
h e a t  flow; i t  is  kept  a t  a cons t an t  temperature of 
22"C, which cor responds  t o  t h e  mean annual tempera- 
t u r e  i n  the  a rea .  Most of t h e  bottom boundary, a t  
4950 m depth ,  i s  assumed t o  be c losed  t o  f l u i d  f low 
and t o  have a cons tan t  temperature of 269.5"C, 
computed from t h e  assumed geothermal g rad ien t  and 
s u r f a c e  temperature.  However, I n  a c i r c u l a r  area 
around t h e  axis of the  system, 1000111 i n  r a d i u s ,  t h e  
lower boundary i s  l e f t  open t o  f l u i d  flow. This  
area has a cons t an t  tempera ture  and p r e s s u r e  of 

244.5OC and 456.7 b a r s ,  r e s p e c t i v e l y .  Under n a t u r a l  
s t a t e  cond i t ions  these  parameters r e s u l t  i n  a mass 
recharge  through the  a x i a l  lower area of t h e  system. 
Th i s  is  equal  t o  that of t he  14.6 k g / s  convec t ive  
hea t  source  i n f e r r e d  t o  e x i s t  a t  the  bottom of t h e  
upflow zone a t  the  Heber f i e l d  (Lippmann and 
Bodvarsson, 1983b). During t h e  s imula t ion  of t h e  
e x p l o i t a t i o n  of the  system, t h i s  r a t e  of recharge  
w i l l  i n c r e a s e  w i t h  t i m e  as t h e  r e s e r v o i r  p re s su re  
i n  the  upflow zone decreases .  Thus, t h e  modeling 
of t he  upflow zone us ing  a cons t an t  p re s su re  
boundary i s  an  o p t i m i s t i c  assumption. The d i f f e r e n t  
t rea tment  of the  inne r  lower boundary ( c o n s t a n t  
p re s su re  as opposed t o  cons t an t  f low rate) i s  the  
on ly  d i s p a r i t y  between the  models used t o  s imula t e  
t h e  behavior of t he  system before  and dur ing  
e x p l o i t a t i o n .  

I n i t i a l  cond i t ions .  The i n i t i a l  t empera ture  and 
p r e s s u r e  cond i t ions  used i n  s imula t ing  t h e  exp lo i t a -  
t i o n  of the  f i e l d  correspond t o  those  of the  n a t u r a l  
s ta te  model d i scussed  by Lippmann and Bodvarsson 
(1983b). F igure  3 shows the  i n i t i a l  d i s t r i b u t i o n  
of tempera tures  (because of symmetry only  h a l f  of 
t h e  c ros s  s e c t i o n  i s  g iven) .  

Rock p r o p e r t i e s .  The r e s e r v o i r  system is d iv ided  
i n t o  5 zones wi th  d i f f e r e n t  rock p r o p e r t i e s ,  p r i -  
m a r i l y  d i f f e r e n t  pe rmeab i l i t y  va lues  (Table  I ) .  
Zones 1 and 2 a r e  550 m t h i c k  and r e p r e s e n t  the 
caprock. Zone 3 ,  which cor responds  t o  a c y l i n d e r  
of 1000 m r a d i u s ,  i s  the  hot  water upflow zone. 
Zones 4 and 5 correspond t o  t h e  o u t e r  r eg ions  of 
t h e  f i e l d .  

The most important r e s e r v o i r  parameters  
c o n t r o l l i n g  t h e  d i s t r i b u t i o n  of tempera ture  and 
p r e s s u r e  i n  t h e  system under n a t u r a l  ( s t e a d y - s t a t e )  
cond i t ions  are t h e  pe rmeab i l i t y  and thermal conduc- 
t i v i t y .  These are determined f o r  t h e  d i f f e r e n t  
zones by modeling Heber i n  i ts  pre-explo i ta t ion  
s t a t e  (Lippmann and Bodvarsson, 1983b). To our 
knowledge no va lues  have been publ i shed  on t he  poro- 
s i t y  of t he  Heber r e s e r v o i r .  In our work we u se  
p o r o s i t i e s  which a r e  i n  t h e  range of those  found i n  
o t h e r  geothermal f i e l d s  of t he  S a l t o n  Trough (Riney 
e t  al., 1980; Lippmann and Bodvarsson, 1983a). 

F lu id  p r o p e r t i e s .  The geothermal f l u i d  i s  assumed 
t o  be pure water; i t s  d e n s i t y ,  v i s c o s i t y  and com- 
p r e s s i b i l i t y  a r e  allowed t o  vary  wi th  temperature 
and p res su re .  The s p e c i f i c  hea t  of the  f l u i d  -: 
kep t  cons t an t  (4,200 kJ /kg) ;  i t s  thermal expans iv i ty  
i s  neglec ted .  

Produced zones. F lu ids  are produced from t h e  
1000-m r a d i u s  upflow zone (Zone 3 ) .  In two of t he  
f o u r  cases s t u d i e d  (Cases 1 and 2 )  product ion  i s  
uni formly  d i s t r i b u t e d  between depths  of 650 m and 
2950 m. This product ion  scheme I s  s i m i l a r  t o  the  
one d i scussed  by Salveson and Cooper (1981). 

In Cases 3 and 4 ,  t h e  product ion  is assumed t o  
be r e s t r i c t e d  t o  deeper formations ( t h e  1950-2950 m 
dep th  i n t e r v a l )  f a c i n g  t h e  h ighe r  permeabi l i ty  
Zone 5 (F ig .  2 ) .  

Product ion  rates. The main o b j e c t i v e  of t h i s  s tudy  
i s  t o  f i n d  out  what e x t r a c t i o n  r a t e s  ( i . e . ,  genera- 
t i n g  capac i ty )  a r e  poss ib l e  at  Heber f o r  d i f f e r e n t  
i n j e c t i o n  scena r ios .  It i s  assumed t h a t  du r ing  a 
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10-year pe r iod  t h e  i n s t a l l e d  gene ra t ing  c a p a c i t y  a t  
Heber i n c r e a s e s  l i n e a r l y  wi th  t i m e ,  from ze ro  MWe 
a t  t = 0 t o  a maximum va lue  a t  10 yea r s .  From t h e n  
on, t h e  e l e c t r i c a l  power gene ra t ion  remains cons t an t  
a t  t h e  maximum l e v e l .  

The s i m u l a t i o n s  are c a r r i e d  out u n t i l  b o i l i n g  
i s  observed i n  some p a r t  of t h e  system ( t h i s  always 
occur s  i n  the  shal low r e s e r v o i r  r eg ion  nea r  t h e  
a x i s ) ,  o r  t o  100 y e a r s ,  whichever occurs  f i r s t .  
When b o i l i n g  occur s ,  t h e  r e s e r v o i r  p r e s s u r e  a t  t h e  
upper p a r t  of t he  produced zone ( a t  750 m dep th  i n  
Cases 1 and 2 )  g e n e r a l l y  drops about 40 b a r s ,  a 
drawdown considered t o  be excess ive  f o r  a pumped 
system l i k e  t h a t  planned a t  Heber. Based on t h e  
pub l i shed  d a t a  noted above, i t  is assumed t h a t  1000 
kg / s  of geothermal f l u i d s  a r e  r equ i r ed  t o  gene ra t e  
50 We. 

I n j e c t e d  zones. One hundred pe rcen t  of t h e  f l u i d s  
e x t r a c t e d  from t h e  r e s e r v o i r  are r e i n j e c t e d .  A t  
each depth i n t e r v a l  t h e  same mass of f l u i d  i s  in j ec -  
t e d  a s  is  produced. Seve ra l  r a d i a l  d i s t a n c e s  from 
t h e  a x i s  of t he  system a r e  considered f o r  r e i n j e c -  
t i o n  (Fig.  4 ) .  Two extreme s i t u a t i o n s  are d i scussed  
he re .  

Near I n j e c t i o n :  Uniform i n j e c t i o n  i n t o  a c i r cu -  
l a r  r eg ion  extending between 2000 and 2500 m from 
t h e  a x i s  of t he  system (Cases  1 and 3 ) ;  

Far  I n j e c t i o n :  Uniform i n j e c t i o n  i n t o  a c i r c u l a r  
region ex tend ing  between 4000 and 4500 m from t h e  
a x i s  (Cases 2 and 4 ) .  

These two extremes bound t h e  r a d i a l  d i s t a n c e s  ind i -  
c a t e d  by Salveson and Cooper (1981) f o r  t he  l o c a t i o n  
of t h e  i n j e c t e d  zones; i . e . ,  2.4-4.0 km. 

Temperature of t h e  i n j e c t e d  b r ine .  
and Nelson (1982; Fig.  2) i t  i s  assumed t h a t  t h e  
i n j e c t e d  f l u i d  has  a temperature  of 72.2OC. 

Following Lacy 

RESULTS 

Four r e s e r v o i r  development plans ( c a s e s )  a r e  
d i scussed  ( s e e  Table  2 ) .  In t h e  f i r s t  two cases  
f l u i d  i s  produced from between 650 and 2950 m 
dep ths ;  t h e  p l an  i s  s i m i l a r  t o  t h a t  desc r ibed  by 
Salveson and Cooper (1981).  Cases 3 and 4 s tudy  
t h e  e f f e c t  of producing (and i n j e c t i n g )  a l l  f l u i d  
from a deeper  1000-m t h i c k  i n t e r v a l  l oca t ed  ad jacen t  
t o  ( o r  i n )  t h e  h ighe r  pe rmeab i l i t y  Zone 5. 

The computed changes i n  r e s e r v o i r  p r e s s u r e s  and 
average temperature  of t he  produced f l u i d s  for  t h e  
f o u r  cases a r e  g iven  i n  F igu res  5 t o  15. For Case 
1, t h e  t empera tu re ,  p r e s s u r e  and mass f low d i s t r i b u -  
t i o n  i n  the  system are shown i n  F igu res  16 t o  18. 
The product ion c h a r a c t e r i s t i c s  a f t e r  40 y e a r s  of 
development f o r  a l l  cases s t u d i e s  a r e  summarized i n  
Table  3. 

Rese rvo i r  P r e s s u r e s  

The shape of t he  p r e s s u r e  v e r s u s  t i m e  graphs 
f o r  t h e  product ion nodes r e f l e c t s  t h e  assumed f i e l d  
development plan.  Between 0 and 10 y e a r s  t h e  t o t a l  
p roduc t ion  r a t e  i n c r e a s e s  l i n e a r l y  wi th  t ime,  from 
ze ro  t o  a maximum r a t e  a t  10 yea r s .  This  causes  

l a r g e  p r e s s u r e  d e c l i n e s  a t  e a r l y  t i m e s .  L a t e r  on, 
p r e s s u r e s  tend t o  s t a b i l i z e  due t o  cons t an t  ex t r ac -  
t i o n  rates and i n j e c t i o n  e f f e c t s .  

I n  Cases 1 and 2 t h e  drawdown i n  t h e  upper p a r t  
of t h e  produced i n t e r v a l  (Fig.  5 and 8)  i s  much 
l a r g e r  t han  t h a t  i n  t h e  lower p a r t  (Fig.  6 and 9 ) .  
Th i s  is mainly due t o  t h e  l i m i t e d  f l u i d  recharge t o  
t h e  shal lower zones of t h e  p roduc t ion  region.  In 
t h e  upper p a r t  of t h e  p roduc t ion  zone, t h e  l a t e r a l  
r echa rge  is l i m i t e d  because of t h e  r e l a t i v e l y  low 
h o r i z o n t a l  pe rmeab i l i t y  (10 md) of Zone 4 .  I n  
comparison, f o r  t h e  lower p a r t  of t h e  product ion 
zone, t h e  h o r i z o n t a l  pe rmeab i l i t y  of t h e  neighboring 
Zone 5 i s  115 md. The e f f e c t  of t h e  pe rmeab i l i t y  
d i s t r i b u t i o n  on t h e  p r e s s u r e  drop i n  t h e  r e s e r v o i r  
i s  ev iden t  i n  F igu re  17 which shows p res su re  con- 
t o u r s  f o r  Case 1 a f t e r  40 y e a r s  of e x p l o i t a t i o n .  
The e f f e c t  of pe rmeab i l i t y  c o n t r a s t  i s  a l s o  ev iden t  
i n  t h e  magnitude of t h e  recharge t o  t h e  d i f f e r e n t  
r eg ions  of t he  product ion zone,  a s  i l l u s t r a t e d  i n  
F igu re  18; t h e  l e n g t h  of t he  arrows is p r o p o r t i o n a l  
t o  the  mass f low r a t e .  

I n  o rde r  t o  circumvent t h e  e f f e c t  of t he  lower 
pe rmeab i l i t y  Zone 4 ,  i n  Cases 3 and 4 t h e  product ion 
and i n j e c t i o n  was r e s t r i c t e d  t o  t h e  1950-2950 m 
dep th  i n t e r v a l  (Table  2 ) .  I n  t h e s e  c a s e s ,  even 
though the  f l u i d  e x t r a c t i o n  r a t e  pe r  u n i t  volume of 
p roduc t ion  zone has more than  doubled w i t h  r e s p e c t  
t o  Cases 1 and 2 ,  t h e  drawdown has been reduced 
cons ide rab ly .  No b o i l i n g  occurs  i n  t h e  system even 
when t h e  product ion r a t e  is  as high as 10,000 kg / s  
(F ig .  12 and 14) .  

The r e s e r v o i r  p r e s s u r e  support  of t he  r e i n j e c -  
t i o n  ope ra t ions  is c l e a r l y  ev iden t  when one compares, 
e .g . ,  t h e  4000 kg / s  examples, f o r  Cases 1 and 2 
(F ig .  5 and 8 ,  and 6 and 9 ) .  The c l o s e r  t o  the  
product ion zone i n j e c t i o n  t akes  p l a c e ,  t h e  g r e a t e r  
i s  t h e  p r e s s u r e  support .  However, i f  f l u i d s  a r e  
i n j e c t e d  t o o  c l o s e  t o  t h e  product ion r eg ion ,  
d e t r i m e n t a l  dec reases  i n  t h e  temperature  of t he  
produced f l u i d s  occur  ( s e e  below). 

The p r e s s u r e s  i n  t h e  i n j e c t i o n  nodes l o c a t e d  
i n  Zone 4 are i l l u s t r a t e d  in Figure  11 (for Cases 1 
and 2) .  There i s  a r a p i d  rise i n  p r e s s u r e  as the  
i n j e c t i o n  (and p roduc t ion )  r a t e  i n c r e a s e s  du r ing  
t h e  f i r s t  10 yea r s .  From t h e n  on, as the  r a t e  is 
kep t  c o n s t a n t ,  t h e  p r e s s u r e  s t a b i l i z e s  (Case 1 )  o r  
even s lowly dec reases  (Case 2 ) .  On t h e  o t h e r  hand, 
t h e  p r e s s u r e  i n  t h e  i n j e c t i o n  nodes l o c a t e d  in t he  
h ighe r  pe rmeab i l i t y  zone (Zone 5) on ly  changes 
s l i g h t l y  wi th  time. For example, i n  Case 4 ( f a r  
i n j e c t o n )  t h e  t o t a l  p r e s s u r e  rise a f t e r  40 yea r s  of 
i n j e c t i o n  a t  a rate of 10.000 kg / s  i s  3.5 bars .  

Average Produc t ion  Temperature 

The temperatures  r epor t ed  he re  a r e  t h e  average 
t empera tu res  of t h e  produced f l u i d s  a t  the  r e s e r v o i r  
l e v e l ;  t o  o b t a i n  the  temperature  of t he  f l u i d s  a t  
t h e  i n l e t  t o  t h e  power p l a n t  one must cons ide r  t h e  
h e a t  l o s s e s  i n  t h e  we l lbo re  and a l s o  those  i n  the  
s u r f a c e  hot  wa te r  t r ansmiss ion  p ipes .  

With product ion uniformly d i s t r i b u t e d  over  t h e  
1000-m r a d i u s  c y l i n d e r  t h e  i n i t i a l  average tempera- 
t u r e  of t h e  produced f l u i d s  (weighted by mass) i s  
178.7OC f o r  Cases 1 and 2 ,  and 177.8"C f o r  Cases 
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3 and 4. Because of t h e  c h a r a c t e r i s t i c  mushroom 
shape of t h e  isotherms i n  t h e  r e s e r v o i r  (Fig.  31,  
t h e s e  average i n i t i a l  temperatures  would be a few 
degrees  h igher  i f  product ion is  increased  towards 
t h e  a x i s  of the  system, and correspondingly 
reduced i n  t h e  o u t e r  reg ions  of t h e  product ion 
c y l i n d e r .  The changes i n  average f l u i d  product ion  
temperatures  with t i m e  f o r  t h e  d i f f e r e n t  cases are 
g iven  i n  F igures  7 ,  10,  13 and 15. The temperature  
of the  produced f l u i d s  decreases  s i g n i f i c a n t l y  fas -  
ter i n  Cases 1 and 3 ( n e a r  i n j e c t i o n )  than  i n  Cases 
2 and 4 ( f a r  i n j e c t i o n ) ,  because of t h e  smaller 
d i s t a n c e  between i n j e c t i o n  and product ion  areas. 

In Cases 3 and 4 t h e  h igher  m o b i l i t y  of t h e  
i n j e c t e d  f l u i d s  r e s u l t s  i n  high o v e r a l l  t empera ture  
drops  due t o  t h e  l a r g e r  permeabi l i ty  of Zone 5 and 
h i g h e r  p r o d u c t i o n / i n j e c t i o n  rates per  u n i t  volume. 
For equal  t o t a l  rates t h e  temperature  reduct ions  a r e  
f a r  g r e a t e r  than i n  Cases 1 and 2 ( s e e  Fig.  13 and 
15) .  The h igher  m o b i l i t y  of t h e  i n j e c t e d  f l u i d s  i n  
Zone 5 r e l a t i v e  t o  t h a t  f o r  Zone 4 i s  r e f l e c t e d ,  f o r  
Case 1 by t h e  shape of t h e  isotherms a f t e r  40 y e a r s  
of e x p l o i t a t i o n  (F ig .  1 6 ) ,  e s p e c i a l l y  t h a t  of t h e  
1 2 O o C  isotherm.  

The temperature  of the  produced f l u i d s  is not 
s i g n i f i c a n t l y  a f f e c t e d  i f  t h e  temperature  of t h e  
i n j e c t e d  f l u i d s  i s  increased  s l i g h t l y  (e .g . ,  100°C 
i n s t e a d  of 72.2OC) .  For example, in Case 1 (6000 
k g f s ) ,  t h e  average temperature  a f t e r  40 y e a r s  on ly  
i n c r e a s e s  from 163.6 t o  163.9"C. However, because 
100°C f l u i d s  have s i g n i f i c a n t l y  lower v i s c o s i t y  
than  72.2"C f l u i d s ,  i n j e c t i o n  of h igher  temperature  
f l u i d s  is p r e f e r e n t i a l  f o r  p r e s s u r e  support .  In 
t h e  example d iscussed  above, t h e  100°C i n j e c t i o n  
i n c r e a s e s  t h e  " longevi ty"  of t h e  system from about  
58  t o  about 70 y e a r s  (Table  4 ) .  

"Longevity" of t h e  System 

The " longevi ty"  of t h e  system, considered h e r e  
t o  correspond t o  the  t i m e  b o i l i n g  occurs  somewhere 
i n  t h e  system (excess ive  p r e s s u r e  d r o p s ) ,  i s  g iven  
i n  Table 4 f o r  t h e  d i f f e r e n t  cases s tudied .  Based 
upon t h i s  c r i t e r i o n ,  and a minimum a c c e p t a b l e  40- 
year  p e r i o d ,  t h e  r e s u l t s  show t h a t  f o r  Cases 1 and 2 
t h e  system cannot be produced a t  r a t e s  g r e a t e r  than  
6000 and 3000 k g / s ,  r e s p e c t i v e l y .  

In Cases 3 and 4 t h e  f l u i d  e x t r a c t i o n  r a t e  
could reach ,  and p o s s i b l y  exceed,  10,000 kg/s  
( e q u i v a l e n t  t o  about 500 W e ) .  
cases t h e  temperature  reduct  ion  of t h e  produced 
f l u i d s ,  and not  the  drop i n  r e s e r v o i r  p r e s s u r e ,  
c o n t r o l s  t h e  maximum a l lowable  f l u i d  product ion  
r a t e .  I f  one uses  an economic temperature  l i m i t  of 
160°C f o r  t h e  power p l a n t  as i n d i c a t e d  by Tansev 
and Wasserman (1978) ,  and n e g l e c t s  any h e a t  l o s s e s  
dur ing  t r a n s p o r t  i n  wel lbore  and s u r f a c e  p ipes  
( i . e . ,  temperature  of t h e  f l u i d s  a t  t h e  r e s e r v o i r  
equal  t o  t h a t  a t  t h e  power p l a n t  i n l e t ) ,  t h e  
maximum a l lowable  product ion rate f o r  a 40-year 
per iod  i s  less than 6000 k g / s  f o r  Case 3 and 
s l i g h t l y  below 3000 kg/s  f o r  Case 4. 

But, i n  t h e s e  two 

CONCLUSIONS 

I f  one assumes a 40-year l i f e t i m e  f o r  t h e  
p r o j e c t ,  wi th  10 y e a r s  t o  bui ld  up t o  t h e  t o t a l  

e l e c t r i c a l  genera t ing  c a p a c i t y  and 30 years  of 
maximum cons tan t  electrical  power o u t p u t ,  t h e  
r e s u l t s  obtained show t h a t  (Table  3 ) :  

( 1 )  For i n j e c t i o n  between 2000 and 2500 m from 
t h e  axis of t h e  system ( n e a r  i n j e c t i o n )  a maximum 
product ion  r a t e  of 6000 kg/s  (about  300 W e )  i s  
p o s s i b l e .  However, it should be s t r e s s e d  t h a t  i n  
Case 1, a f t e r  40 y e a r s  of e x p l o i t a t i o n ,  t h e  t o t a l  
p r e s s u r e  drop i n  t h e  upper p a r t  of t h e  produced 
reg ion  i s  35.9 b a r s ,  and t h e  average temperature  
of t h e  produced f l u i d s  ( a t  r e s e r v o i r  l e v e l )  w i l l  
have dec l ined  about 15"C, t o  about 164°C. For 
Case 3 ,  t h e  maximum p o s s i b l e  mass e x t r a c t i o n  rate 
is  below 6000 kg/s ;  f o r  that rate a f t e r  40 years  
t h e  product ion temperature  would drop about 34"C, 
t o  about 144°C. 

( 2 )  For i n j e c t i o n  between 4000 and 4500 m ( f a r  
i n j e c t i o n )  t h e  maximum f e a s i b l e  product ion rate 
is  3000 kg/s  (about  150 We) .  I n  Case 2 ,  a f t e r  
40 y e a r s ,  t h e  maximum drawdown i n  t h e  r e s e r v o i r  
( a t  r = 100 m ,  z = -750 m) i s  approximately 30 
bars  and t h e  average temperature  of product ion 
f l u i d s  170°C. In Case 4 ,  t h e  pressure  drop i n  
t h e  r e s e r v o i r ,  a t  r = 100 m ,  z = -2700 m ,  i s  12.0 
bars  and t h e  temperature  of t h e  produced f l u i d s  
w i l l  have dropped about 18"C, t o  about 159°C. 
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Table 1. Rock properties used i n  t h e  model. 

Conduct i v i  t y  
Vert Rock-water Densi ty  Hor iz on t a l  

Porosity Permeabi l i ty  Pe rmeab i l i t y  Mixture zone 

1 .30 5 0.5 1.088 2650 
2 .30 5 0.05 1.088 26 50 
3 .23 125 12.5 2.000 2650 
4 .25 10 0.1 2.000 2650 
5 .23 115 11.5 2.000 2650 

Note. Rock compress ib i l i t y  and thermal  expansion a r e  neglec ted .  

Table 2 .  Reservoi r  development p l a n s  s t u d i e d  for the Heber f i e l d .  

Case Produc t ion I In j ec t ion  Average r a d i a l  d i s t ance  
depth  i n t e r v a l s  (m) t o  i n j e c t o n  zones (m) 

650 - 2950 
650 - 2950 

1950 - 2950 
1950 - 2950 

2250 
4250 
22 50 
4250 

~ ~~~~~~~ ~ ~ 

Note. I n  a l l  cases f l u i d  i s  produced from a 1000-m r a d i u s  a x i a l  cy l inde r .  - 
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Table 3. Product ion  c h a r a c t e r i s t i c s  a f t e r  40 years. 

- 
Fluid  Reservoir* bP* Average Temperature AT 

Product  i on  P res su re  ( b a r s )  of Produced F lu ids  ("C) 
Rate ( k g / s )  ( b a r s  ("0 

Case 1 

-23.1 
-29.4 
-35.9 

55.5 
49.3 
42.8 

168.0 
165.8 
163.6 

-10.7 
-12.9 
-15.1 

4000 
5000 
6000 

Case 2 

-19.6 
-29.6 

172.7 
170.1 

-6 .O 
-8.6 

2000 
3000 

59.1 
49.1 

Case 3 

-19.7 
-37 .o 

144.1 
126.8 

6000 
10,000 

234.6 
217.4 

-33.6 
-51 .O 

Case 4 

-12.0 
-41.7 

3000 
10,000 

242.4 
212.7 

159.2 
146.0 

-18.5 
-31.8 

Note. *: For Cases 1 and 2 r e s e r v o i r  p re s su res  correspond t o  t h e  produc- - 
t i o n  node a t  r = 100 m and z = -750 m ;  for Cases 3 and 4, t o  t h e  
node a t  r = 100 m and z = -2700 m. 

(1) Table  4 .  "Longevity" of t h e  System. 

F lu id  
Product ion  
Rate  (kg/s) 

Generat ing Boi l ing  i n  t h e  system 
Capaci ty  occurs  a f t e r  : 
( m e )  

Case 1 

-200 
-250 
-300 

-350 

4000 
5000 
6000 

>lo0 y r s  
>lo0 y r s  
-58 y r s  

(-70 y r s ) ( 2 )  
-25 y r s  7000 

Case 2 

-100 
-150 
-200 

Case 2 

-300 
-500 

2000 
3000 
4000 

>lo0 y r s  
>lo0 y r s  
-12.2 y r s  

6000 
10,000 

Case 4 

-150 
-500 

3000 
10,000 

Notes. (1): See t e x t  f o r  d e f i n i t i o n .  (2): I n j e c t i o n  of 100°C water .  
(3): Based on p res su re  cons ide ra t ions  only.  

-162- 



Figure 1. Location of geothermal areas in the 
Salton Trough (from Elders et al., 
1978). 
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Figure 3 .  Initial distribution of temperatures in 
the system. Hatched layer represents the 
caprock (from Lippmann and Bodvarsson, 
1983b). 
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Figure 6 .  Case 1 .  Pressure i n  production node at  
r = 100 m, z = -2700 m. 
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Figure 8.  Case 2 .  Pressure i n  production node at  
r = 100 m ,  z = -750 m.  
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Figure 9 .  Case 2 .  Pressure i n  production node at 
r = 100 m ,  z = -2700 m.  
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Figure 10. Case 2 .  Average temperature of produced 
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Figure  12. Case 3. P r e s s u r e  i n  p roduc t ion  node a t  
r - 100 m ,  z = -2700 m. 

F igu re  11. Cases 1 and 2 .  P r e s s u r e  i n  i n j e c t i o n  
node a t  750 m depth.  
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Figure  14. Case 4. P r e s s u r e  i n  product ion node a t  
r - 100 m, z = -2700 m. 
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Figure 15 .  Case 4. Average temperature  of produced 
f l u i d s  . 
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Figure 16. Case 1. Computed temperature  d i s t r i b u -  
t i o n  i n  t h e  system a f t e r  40 years  of 
e x p l o i t a t i o n .  Hatched region r e p r e s e n t s  
t h e  caprock. 
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Figure  17. Case 1. Computed p r e s s u r e  d i s t r i b u t i o n  F igure  18. Case 1.  Computed mass-flow p a t t e r n  i n  
in t h e  system a f t e r  40 y e a r s  of exploi-  the  system a f t e r  40 y e a r s  of e x p l o i t a -  
t a t i o n .  Hatched reg ion  r e p r e s e n t s  t h e  t i o n .  Length of arrows is sca led  wi th  
caprock. r e s p e c t  t o  t h e  l a r g e s t  mass f low r a t e .  

Lines  d e l i m i t  t h e  d i f f e r e n t  zones in t h e  
model. The hatched reg ion  r e p r e s e n t s  
the  product ion  (P) and i n j e c t i o n  ( I )  
regions.  
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