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INTRODUCTION 

Most of t h e  p a p e r s  pub l i shed  on t h e  hydro- 
dynamic and thermal  e f f e c t s  o f  r e i n j e c t i o n  in 
geo the rma l  f i e l d s  assume a s i n g l e  r e s e r v o i r  w i th  
uni form t r a n s m i s s i v i t y  and s t o r a t i v i t y .  However, 
t h e r e  is  ev idence  t h a t  t h e  Cer ro  P r i e t o  geo the rma l  
f i e l d  is a two- re se rvo i r  sys tem and t h a t  each  
r e s e r v o i r  has  d i f f e r e n t  h y d r a u l i c  p r o p e r t i e s  
( A b r i l  and Noble,  1979) .  Because two-reservoi r  
f i e l d s  have n o t  been a d e q u a t e l y  s t u d i e d ,  we 
w i l l  a n a l y z e  the  the rmohydro log ica l  r e sponse  o f  
t h i s  kind of geo the rma l  sys tem to v a r i o u s  a l te r -  
n a t i v e  schemes of r e i n j e c t i o n .  We use paramete r s  
r e l e v a n t  t o  t h e  Cerro  P r i e t o  sys tem so t h a t  t h e  
r e s u l t s  w i l l  be u s e f u l  i n  p l ann ing  f u t u r e  r e i n -  
j e c t i o n  o p e r a t i o n s  a t  t h i s  f i e l d .  

In  o u r  p r e s e n t  a n a l y s i s ,  we use the  LBL 
i n t e g r a t e d  f i n i t e - d i f  f e r e n c e  computer program 
CCC (Lippmann e t  a l . ,  1 9 7 7 ) ,  which i s  c a p a b l e  
o f  node l ing  t h e  complex g e o l o g i c a l ' a n d  boundary 
c o n d i t i o n s  of a geo the rma l  system. CCC a l s o  
s i m u l a t e s  t h e  major  p h y s i c a l  f a c t o r s  involved  i n  
t h e  movement of t h e  i n j e c t e d  wa te r s :  (1) fo rced  
c o n v e c t i v e  f l o w  be tween t h e  p r o d u c t i o n  and i n j  ec- 
t i o n  areas; ( 2 )  h e a t  exchange  among i n j e c t e d  
water, rock  m a t r i x ,  and n a t i v e  waters; ( 3 )  
dens i ty-buoyancy  e f f e c t s ;  and ( 4 )  i n f l u e n c e  of 
tempera ture-dependent  v i s c o s i t y  on f l u i d  flow. 
The problems a s s o c i a t e d  wi th  t h e  c h e m i s t r y  of 
t h e  f l u i d s  and t h e  porous  media--such as i n j e c t i -  
b i l i t y  of t h e  wells, i n j  ec  t e d / n a t i v e  groundwater 
c o m p a t i b i l i t y ,  and wa t e r - r o c k  i n t e r a c  t i ons - -wi l l  
n o t  be covered he re .  'Ihese m a t t e r s  a r e  addressed  
i n  a number of o t h e r  p a p e r s  a t  t h i s  symposium. 

I n s t e a d ,  we show t h e  r e s u l t s  of computa t ions  
f o r  t h e  r e s p o n s e  of a two-reservoi r  geo the rma l  
sys tem t o  i n j e c t i o n  a t  v a r i o u s  d e p t h s  and pos i -  
t i o n s  w i t h i n  t h e  f i e l d .  The i n f l u e n c e  o f  d i f f e r -  
ences  in t he rma l ,  h y d r a u l i c ,  and geomet r i c  proper -  
t i es  between t h e  r e s e r v o i r s  are  d i s c u s s e d .  me 
r e s u l t s  i n d i c a t e  t h a t  i t  is p o s s i b l e  t o  s t a b i l i z e  
o r  i n c r e a s e  r e s e r v o i r  p r e s s u r e s  and m a i n t a i n  pro- 
duc t i o n  t empera tu re  in a two-reservoi r  geothermal  
f i e l d  by u s i n g  an a p p r o p r i a t e  f l u i d  r e i n j e c t i o n  
scheme. 

R E I R J E C T I O N  MODELING 

In any type  o f  modeling s t u d y ,  we nay d i s t i n -  
gu i sh  two broad c a t e g o r i e s :  s p e c i a l  s t u d i e s  and 
d e t a i l e d  s i m u l a t i o n s .  In  t h e  c a s e  of r e i n j e c t i o n ,  
s p e c i a l  s t u d i e s  i n c l u d e  o p t i m a l  i n j e c t i o n  w e l l  
p a t t e r n s  and t h e  e f f e c t s  of tempera ture-dependent  
p r o p e r t i e s  on t h e  r e s e r v o i r  (Tsang e t  a l . ,  1979) .  
On t h e  o t h e r  hand ,  d e t a i l e d  s i m u l a t i o n s  s t u d i e s  
a r e  a p p r o p r i a t e  o n l y  a f t e r  deve lop ing  a r e a l i s t i c  

g e o l o g i c  model of t h e  sys tem i n c l u d i n g  i t s  geo- 
met ry ,  p h y s i c a l  p r o p e r t i e s ,  and boundary and 
i n i t i a l  c o n d i t i o n s .  

In t h i s  g e n e r a l  framework, we a d d r e s s  a 
s p e c i a l  s t u d y  of r e i n j e c t i o n  o p e r a t i o n s  i n  a geo- 
thermal  f i e l d .  We a r e  concerned wi th  the  pecu la r -  
i t i e s  of c a r r y i n g  o u t  t h i s  t ype  of o p e r a t i o n  i n  a 
sys tem c o n s i s t i n g  of two s e p a r a t e  r e s e r v o i r s .  
E f f o r t s  are  be ing  made t o  deve lop  a r e a l i s t i c  geo- 
l o g i c  model f o r  t he  Cerro  P r i e t o  f i e l d ,  a s  shown 
by a number of pape r s  in t h i s  volume. In the  
f u t u r e ,  t h i s  model w i l l  be u s e f u l  f o r  s i m u l a t i n g  
t h e  behav io r  of t h e  f i e l d  and f o r  e x p l o r i n g  
d i f f e r e n t  r e i n j e c t i o n  s c e n a r i o s .  Ey employing a 
s i m p l e r ,  i d e a l i z e d  model in t h i s  pape r ,  w e  can  
begin t o  d e t e r m i n e  the  b e s t  s t r a t e g i e s  f o r  r e i n -  
j e c t i o n  so t h a t  they  can  be t e s t e d  l a t e r  in n o r e  
r e a l i s t i c  s i m u l a t i o n s .  

TWO-RESERVOIR SYSTEMS 

Model w i thou t  I n t e r v e n i n g  Layer  

When t h e r e  i s  no i n t e r v e n i n g  l a y e r  and no 
d i f f e r e n c e  i n  p r o p e r t i e s  between t h e  two r e s e r -  
v o i r s ,  t h e  i n j e c t i o n  of c o l d  water  co r re sponds  t o  
t h e  c a s e  o f  a w e l l  p a r t i a l l y  p e n e t r a t i n g  t h e  geo- 
the rma l  r e s e r v o i r .  F igu re  1 shows t h r e e  c a s e s  
t aken  from an  ear l ier  s t u d y  (Lippmann e t  a l . ,  
1977) :  (A) i n j e c t i n g  100°C wate r  i n t o  a 2 5 O o C  
a q u i f e r  i n  t h e  upper p a r t ;  ( B )  i n j e c t i n g  100°C 
water i n  t h e  lower p a r t  of  t h e  r e s e r v o i r ;  and 
(C)  i n j e c t i n g  benea th  a r e l a t i v e l y  l e s s  permeable 
l e n s .  I n  a l l  t h r e e  c a s e s  t h e  e f f e c t  of t h e  lower 
d e n s i t y  of t h e  warmer w a t e r s  (buoyancy) can be 
seen ;  t h e r e  i s  a n o t i c e a b l e  d i s p e r s i o n  of t h e  c o l d  
t empera tu re  f r o n t s ,  even  when t h e  i n j e c t e d  water  
i s  r e s t r i c t e d  f o r  some d i s t a n c e  by a l e n s  i n  t h e  
a q u i f e r  ( c a s e  C). These r e s u l t s  w i l l  be u s e f u l  
l a t e r  when c o n s i d e r i n g  t h e  behav io r  of t h e  s y s t e m  
i n  which a con t inuous  l a y e r  s e p a r a t e s  t h e s e  
r e s e r v o i r s .  

S i n g l e  Well Model 

F igu re  2 shows a s i m p l i f i e d  r a d i a l l y  symmetric 
two-reservoi r  model used f o r  t h i s  c a s e ,  w i th  i t s  
i n i t i a l  t empera tu re  d i s t r i b u t i o n .  'Ihe r e s e r v o i r  
h y d r a u l i c  and the rma l  p r o p e r t i e s  a r e  d i s p l a y e d  i n  
Table  1. These d a t a  a r e  a l l  t aken  from an e a r l i e r  
s i m u l a t i o n  s t u d y  of Cerro  P r i e t o  (Lippmann e t  a l . ,  
1979) .  Note from t h e  t a b l e  t h a t  t h e  p e r m e a b i l i t y  
i n  the  lower  a q u i f e r  i s  80 ud whi l e  in t he  upper 
a q u i f e r  i t  i s  50 md. The i n t e r v e n i n g  l a y e r  has  a 
p e r m e a b i l i t y  of 0.5 ud,  which i s  two o r d e r s  of 
magnitude smaller than  in t he  upper r e s e r v o i r ,  
bu t  s t i l l  n o t  n e g l i g i b l e .  For s i m p l i c i t y ,  we 
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F i g u r e  1. Temperature d i s t r i b u t i o n  i n  t h e  reser- F igure  2. Cross s e c t i o n  o f  the two-reservoi r  
v o i r  f o r  t h e  p a r t i a l  p e n e t r a t i o n  case: m o d e l  used and i t s  i n i t i a l  t empera tu re  
A, i n j e c t i o n  a t  t h e  top ;  B,  I n j e c t i o n  prof  il e. 
a t  t h e  bottom; and C,  i n j e c t i o n  below 
a l e n s  o f  low p e r m e a b l i t y  material. 

TABLE 1. MATERIAL PROPERTIES USED I N  THE SINGLE-WELL 
AND DOUBLET SIMULATIONS 

Lower I n t e r v e n i n g  Upper Bedrock/ 
P r o p e r t y  r e s e r v o i r  l a y e r  r e s e r v o i r  Caprock 

I n t r i n s i c  80 0.5 50 0.005 
p e r m e a b i l i t y  
(md) 

P o r o s i t y  0.22 0.40 0.20 0.40 

S p e c i f i c  10-4 1.6 10-3 10-4 1.6 10-3 
s t o r a g e  (rn-1) 

Thermal i o  10-3 7 .5  10-3 10 10-3 6.0 10-3 
c o n d u c t i v i t y  
( c a l / s e c  -cm°C) 

Heat 
c a p a c i t y  
( c a l  /got) 

0.250 0.230 0.250 0.230 

. 
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assume t h e  a q u i f e r s  are  u n i f o r m l y  100 m t h i c k  and TABLE 2 .  PRESSURE DRAWNDOWNS FOR THE SINGLE 
t h e  i n t e r v e n i n g  l a y e r  is 50 m t h i c k .  I n  t h e  mesh WELL PRODUCTION SIMULATIONS 
t h e r e  are 38 r a d i a l  s t e p s  from t h e  w e l l  t o  t h e  
boundary 2.3 km away; f o r  seven  l a y e r s  ( i n c l u d i n g  
caprock  and bedrock)  t h i s  means t h e r e  are 278 
e l e m e n t s  employed. 

Case P r e s s u r e  drawdowns ( p s i )  
1 t o  5 y r s  1 t o  10 y r s  

A t  P o i n t  A P r e s s u r e  e f f e c t s  ( p r o d u c t i o n  o n l y ) .  I n  t h i s  
series of  s i m u l a t i o n s ,  a c o n s t a n t  p r o d u c t i o n  ra te  
of  1000 m3/hr i s  assumed ( a p p r o x i m a t e l y  40% of Open 36 

38 t h e  1978 p r o d u c t i o n  rate a t  Cerro  P r i e t o ) .  The 
i n j e c t i o n  rate is  a t  500 m3/hr, one-half o f  t h e  

c o n d i t i o n s  employed t o  s t u d y  p r e s s u r e  e f f e c t s  
d u r i n g  p r o d u c t i o n  are shown i n  F i g u r e  3. 

Semi-open 

p r o d u c t i o n  rate. The three d i f f e r e n t  boundary Closed 39 

A t  P o i n t  B 

The open boundary case c o r r e s p o n d s  t o  an  
a q u i f e r  of l a r g e  r a d i a l  e x t e n t ,  w i t h  a c o n s t a n t  
p o t e n t i a l  boundary s i m u l a t i n g  " f u l l "  r e c h a r g e  
c o n d i t i o n s  2.3 km away from t h e  w e l l .  "he semi- 
open boundary c a s e  had a l e a k y  f l o w  b a r r i e r  a t  t h e  
same d i s t a n c e  t o  s i m u l a t e  " p a r t i a l "  recharge .  The 
c l o s e d  boundary case was used as a l i m i t i n g  c a s e ,  
w i t h  no r e c h a r g e  through t h e  b a r r i e r .  The l e t t e r s  
A, B and C on  t h e  open boundary case are t h e  
p o i n t s  where tempera ture  and p r e s s u r e  were d e t e r -  
mined as t h e  upper  a q u i f e r  was produced. A i s  
n e a r  t h e  w e l l  i n  t h e  upper  a q u i f e r  and B and C are 
100 away from t h e  well i n  t h e  upper  and lower 
a q u i f e r s ,  r e s p e c t i v e l y .  

f Q  

I 

r Q  

Semi - 
"Partial recnarge I 

Closed 
N o  recharge 
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F i g u r e  3. Sketch  of t h e  open ,  semi-open. and 
c l o s e d  sys tems used i n  t h e  s i m u l a t i o n  
of p r o d u c t i o n  from a s i n g l e  w e l l .  
Darkes t  areas are  t h e  c o n s t a n t  p r e s s u r e  
and t e m p e r a t u r e  b o u n d a r i e s .  

Open 36 

Semi-open 38 

Closed 39 

A t  P o i n t  C 

Open 32 

Semi-open 33 

Closed 35 

40 
6 1  

64  

4 0  

6 1  

6 4  

36 

58 

6 1  

Table  2 g i v e s  t h e  r e s u l t s  of t h e  s i m u l a t i o n s  
f o r  5 and 10 y e a r s  of p r o d u c t i o n .  In comparing 
p r e s s u r e  r e d u c t i o n s  f o r  t h e  upper  and lower 
a q u i f e r s  a t  e i t h e r  5 o r  1 0  y e a r s ,  t h e  r e s u l t s  
show maximum d i f f e r e n c e s  of o n l y  13% a f t e r  5 
y e a r s ,  and 10% a f t e r  1 0  y e a r s .  T h i s  demonst ra tes  
c o n s i d e r a b l e  h y d r a u l i c  communication through t h e  
i n t e r v e n i n g  l a y e r .  The r e s u l t s  a l s o  show t h e  
e f f e c t  of boundary c o n d i t i o n s :  t h e  open boundary 
c a s e  always has  s i g n i f i c a n t l y  less drawdown a f t e r  
10 y e a r s  due t o  t h e  " f u l l "  r e c h a r g e  c o n d i t i o n .  
There i s  a s l i g h t l y  s m a l l e r  drawdown due t o  t h e  
" p a r t i a l "  r e c h a r g e  c o n d i t i o n  f o r  t h e  semi-open 
boundary case compared w i t h  t h e  c l o s e d  boundary 
case. The d i f f e r e n c e s  among t h e  boundary con- 
d i t i o n s  are n o t  so a p p a r e n t  a t  5 y e a r s  a s  a t  10 
y e a r s ,  however. 

Temperature  e f f e c t s  ( i n j e c t i o n ) .  F igures  4 
and 5 show t h e  tempera ture  f r o n t s  a f t e r  i n j e c t i o n  
o f  15OoC water  i n t o  t h e  upper  a q u i f e r  f o r  3 and 
10  y e a r s ,  r e s p e c t i v e l y .  Here we assumed an open 
boundary o r  " f u l l "  r e c h a r g e  c o n d i t i o n .  
3 y e a r s  t h e r e  is  some d i s p e r s i o n  of  t h e  thermal  
f r o n t  a t  t h e  top o f  t h e  upper  a q u i f e r ,  bu t  l i t t l e  
e f f e c t  i n  t h e  i n t e r v e n i n g  l a y e r .  However, a f t e r  
1 0  y e a r s  t h e  thermal  f r o n t s  begin t o  p e n e t r a t e  
th rough t h e  i n t e r v e n i n g  l a y e r  i n t o  t h e  lower 
a q u i f e r .  "his is  p a r t l y  due  t o  the  downward f l o w  
of  t h e  h i g h e r  d e n s i t y  i n j e c t e d  co ld  water .  

A f t e r  

F i g u r e s  6 and 7 show t h e  tempera ture  f r o n t s  
i n  t h e  lower a q u i f e r  a f t e r  3 and 10 y e a r s  of 
i n j e c t i o n ,  r e s p e c t i v e l y .  Again, t h e r e  is  some 
d i s p e r s i o n  of t h e  thermal  f r o n t  w i t h i n  t h e  a q u i f e r ,  
bu t  l i t t l e  e f f e c t  on t h e  i n t e r v e n i n g  l a y e r .  This 
is encouraging ,  because i t  shows t h a t  thermal  
f r o n t s  d o  n o t  e a s i l y  m i g r a t e  through t h e  i n t e r -  
vening  l a y e r .  

The boxes below t h e  thermal  f r o n t  d iagrams i n  
F i g u r e s  4 th rough 7 i n d i c a t e  p r e s s u r e  changes i n  

3 
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F i g u r e  4. I so therms and p r e s s u r e  changes  
s imula ted  f a r  3 y e a r s  of s i n g l e - w e l l  
i n j e c t i o n  i n t o  t h e  upper  r e s e r v o i r .  

Injection into lower a q u i f e r  after 3 yeors 
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F i g u r e  6. I s o t h e r m s  and p r e s s u r e  changes  
s imula ted  f o r  3 y e a r s  of s i n g l e - w e l l  
i n j  ec  t l o n  i n t o  t h e  lower r e s e r v o i r .  

Inject ion into upper a q u i f e r  a f ter  10 years 
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F i g u r e  7. I so therms and p r e s s u r e  changes 
s imula ted  f o r  10  y e a r s  of s i n g l e - w e l l  
i n j e c t i o n  i n t o  t h e  lower r e s e r v o i r .  
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t h e  upper  and lower a q u i f e r s ,  r e s p e c t i v e l y ,  a t  
r a d i a l  d i s t a n c e s  of 500 m and 1000 m. lhese pres-  
s u r e s  a g r e e  w i t h  t h e  r e s u l t s  of t h e  p r o d u c t i o n  
tests mentioned above. D e s p i t e  t h e  much lower 
p e r m e a b i l i t y  of  t h e  i n t e r v e n i n g  l a y e r ,  p r e s s u r e s  
are  r e a d i l y  t r a n s m i t t e d  through i t  from t h e  
i n j e c t e d  r e s e r v o i r  t o  t h e  o t h e r  r e s e r v o i r  over  
the  3- t o  10-year t i m e  span .  'Ihis i n d i c a t e s  
t h a t  r e i n j e c t i o n  may be u s e f u l  f o r  m a i n t a i n i n g  
o v e r a l l  r e s e r v o i r  p r e s s u r e s ,  even  through an  
i n t e r v e n i n g  l a y e r  t h a t  i n h i b i t s  thermal  f r o n t s ,  
t h e r e b y  p r o l o n g i n g  t h e  u s e f u l  l i f e  of a geothermal  
f i e l d  . 
Doublet  Model 

As a f u r t h e r  development  i n  modeling r e i n j e c -  
t i o n ,  w e  s i m u l a t e d  t h e  s l i g h t l y  more r e a l i s t i c  
c a s e  of  a s imul taneous  system of p r o d u c t i o n  and 
i n j e c t i o n .  F i g u r e  8 i l l u s t r a t e s  t h e  mesh f o r  
a two-layer d o u b l e t  sys tem,  which i s  produced 
from t h e  upper  r e s e r v o i r  a t  t h e  ra te  of  2000 m3/hr 
and i s  i n j e c t e d  i n t o  e i t h e r  t h e  upper  o r  lower 
r e s e r v o i r  w i t h  15OoC water a t  t h e  ra te  of  
1000 m3/hr. 'Ihe th ree-d imens iona l  mesh makes 
use  of  symmetry a l o n g  t h e  l i n e  connec t ing  t h e  
p r o d u c t i o n  and i n j e c t i o n  w e l l s ,  but  o t h e r w i s e  
i t  is  similar t o  t h e  s i n g l e - w e l l  model, w i t h  t h e  
same seven  l a y e r s ,  t h i c k n e s s  and r e s e r v o i r  proper-  
t i e s .  The s i m u l a t e d  a r e a  is 4 km long  by 1 km 
wide a t  t h e  s u r f a c e ,  w i t h  a 2 km spac ing  between 
p r o d u c t i o n  and i n j e c t i o n  w e l l s ,  surrounded by a 
c l o s e d  boundary. ' Ihere  are 828 e l e m e n t s  i n  the  
mesh. 

?he outcome of  t h e  s i m u l a t i o n  a t  1 0  y e a r s  
i s  d i s p l a y e d  i n  F i g u r e s  9 and 10 f o r  i n j e c t i o n  
i n t o  t h e  upper  and lower r e s e r v o i r s ,  r e s p e c t i v e l y .  
The upper  p a n e l  shows t h e  t e m p e r a t u r e  f r o n t s  f o r  
t h e  upper  r e s e r v o i r ,  t h e  middle  one is a c r o s s -  
s e c t i o n  v iew wi th  t h e  i n t e r v e n i n g  l a y e r  shaded ,  
and t h e  lower p a n e l  shows t h e  t e m p e r a t u r e  f r o n t s  
f o r  t h e  lower r e s e r v o i r .  (Reca l l  t h a t  t h e  upper  
and lower r e s e r v o i r s  are a t  d i f f e r e n t  tempera tures  
i n i t i a l l y . )  The r e s u l t s  are similar t o  the  s i n g l e -  

Plan v i e w  

I I  1 l l 7  7 \ \ \  1 I 1  I I / r 7 Q i L & T \ I \  I I 

Cross section v i e w  

XBL 803-6844 

Figure  8. P lan  and c r o s s  s e c t i o n  v iews  of t h e  
d o u b l e t  mesh. 
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F i g u r e  9 .  I so therms s i m u l a t e d  f o r  10 v e a r s  of 
d o u b l e t  i n j e c t i o n  i n t o  t h e  upper 
r e s e r v o i r .  

Plon view of upper reservoir 

nooc 
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------ ------ 
Cross-section of system 

Plon view of lower reservoir I 
XBL 803-6826 

F i g u r e  10.  I so therms s i m u l a t e d  f o r  10 v e a r s  of 
d o u b l e t  i n j e c t i o n  i n t o  t h e  lower  
r e s e r v o i r  . 
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w e l l  case. h e  t o  i ts  g r e a t e r  d e n s i t y ,  t h e  c o l d e r  
water, which h a s  been i n j e c t e d  i n t o  t h e  upper 
r e s e r v o i r ,  p e n e t r a t e s  t h e  i n t e r v e n i n g  l a y e r  and 
c o o l s  t h e  lower  r e s e r v o i r  as be fo re .  I n j e c t i o n  
i n t o  t h e  lower  r e s e r v o i r  h a s  a lmos t  no  e f f e c t  o n  
t h e  upper r e s e r v o i r ,  even  a f t e r  1 0  y e a r s ,  a l t h o u g h  
t h e  thermal  f r o n t  h a s  p e n e t r a t e d  i n t o  t h e  i n t e r -  
ven ing  l a y e r .  These r e s u l t s  conf i rm t h a t  i n j e c -  
t i o n  i n t o  t h e  lower r e s e r v o i r  l o c a l i z e s  thermal 
e f f e c t s  t o  t h a t  r e s e r v o i r  f o r  a l o n g  t i m e .  

A f u r t h e r  case o f  i n j e c t i o n  i n t o  t h e  lower  
r e s e r v o i r  was run  wi th  t h e  p e r m e a b i l i t y  of t h e  
i n t e r v e n i n g  l a y e r  i n c r e a s e d  by one o r d e r  of 
magni tude  t o  5 md. The r e s u l t s  are  shown i n  
F i g u r e  11 f o r  a 10-year s i m u l a t i o n .  The the rma l  
f r o n t s  have s p r e a d  i n t o  t h e  upper  a q u i f e r  more 
t h a n  i n  t h e  p r e v i o u s  case (F ig .  lo), b u t  t h e  
e f f e c t s  are s t i l l  l i m i t e d  t o  a r e g i o n  t h a t  is 
w i t h i n  0.37 km of t h e  i n j e c t i o n  w e l l  i n  t h e  upper 
a q u i f e r ,  compared wi th  0.30 km f o r  t h e  same case 
w i t h  t h e  lower p e r m e a b i l i t y .  

The p r e s s u r e  r e sponse  is g i v e n  i n  Tab le  3. 
P r e s s u r e s  are  shown t h e r e  as t h e  d i f f e r e n c e s  
between t h e  p r e s s u r e  changes  r e s u l t i n g  from 
s imul t aneous  p roduc t ion  and i n j e c t i o n  ( , ! J P ~ , ~ ) ,  
and those  due  t o  p r o d u c t i o n  o n l y  (APp). The 
r e s u l t s  i n d i c a t e  t h a t  t h e  o v e r a l l  i n c r e a s e  i n  
p r e s s u r e  from i n j e c t i o n  is on t h e  o r d e r  of 100 p s i  
a t  1 km from t h e  p r o d u c t i o n  well. Again, as i n  
t h e  s i n g l e - w e l l  model,  t h e r e  a p p e a r s  t o  be v e r y  
good p r e s s u r e  communication through t h e  i n t e r -  
ven ing  l a y e r ,  because  the  r e s e r v o i r s  w i thou t  

I I 
,I !- 2 km 

Cross-section of system 
--- ------- 

I 

I Plan view of iower reservoir I 
XBL 803-6827 

F i g u r e  11. I so the rms  s imula t ed  f o r  1 0  y e a r s  
of d o u b l e t  i n j e c t i o n  i n t o  t h e  lower  
r e s e r v o i r  ( p e r m e a b i l i t y  o f  i n t e r v e n i n g  
l a y e r  is  5 nd) . 

TABLE 3. PRESSURE CHANGES FOR DOUBLET INJECTION 
SIMULATIONS AFTER 10 YEARS* 

A t  p r o d u c t i o n  1 km from 
w e l l  prod. w e l l  

Upper Lower Upper Lower 
Rese rvo i r  R e s e r v o i r  

~~ 

Upper i n j e c t i o n  78 80 132 120 

Lower i n j e c t i o n  8 1  88 120 138 

148  1 1 6  Lower i n j e c t i o n  226 -3 
( i n t e r v e n i n g  l a y e r  p e r m e a b i l i t y  = 5 md) 

*APi,p - AP ( p s i ) ,  where Mi = change i n  
p r e s s u r e  Pn t h e  c a s e  of simAPtaneous i n j e c t i o n  
and p r o d u c t i o n ;  and APp = change i n  p r e s s u r e  i n  
t h e  c a s e  of p r o d u c t i o n  o n l y .  

i n j e c t i o n  have  p r e s s u r e s  t h a t  are w i t h i n  10 t o  15Z 
of  t h o s e  o f  r e s e r v o i r s  w i th  i n j e c t i o n .  me lower  
p r e s s u r e  a t  t h e  producing  well f o r  t h e  upper 
i n j e c t i o n  case a p p e a r s  t o  be caused  by t h e  t h e r o a l  
e f f e c t s  d e s c r i b e d  below. 

The p r e s s u r e s  f o r  t h e  h i g h e r  p e r m e a b i l i t y  
c a s e  f o r  t h e  i n t e r v e n i n g  l a y e r  are much h i g h e r  
n e a r  t h e  p r o d u c t i o n  well. 
t i o n  only"  p r e s s u r e s  a r e  used f o r  t h e  p r e s s u r e  
d i f f e r e n c e s  i n  t h i s  c a s e ,  t h e  r e s u l t s  show an 
i n c r e a s e  of 1 4 5  p s i  in t h e  p r o d u c t i o n  a r e a  (Tab le  
3 ,  l a s t  l i n e ) .  

I f  t h e  same "produc- 

'Ihe p r e s s u r e  r e sponse  f o r  t h e  upper i n j e c t i o n  
case ove r  t h e  10-year pe r iod  is  shown i n  F igu re  1 2  
(wi th  t h e  u s u a l  0.5 ud f o r  t h e  p e r m e a b i l i t y  of  t he  
i n t e r v e n i n g  l a y e r ) .  'Ihe p r e s s u r e  p r o f i l e  between 
t h e  p r o d u c t i o n  a r e a  and t h e  i n j e c t i o n  well d i s -  
p l a y s  a t r a n s i t i o n  r e g i o n  between t h e  i n j e c t e d  
150°C water and t h e  su r round ing  302OC wa te r .  
In t h i s  r e g i o n ,  t h e  v i s c o s i t y  changes  s i g n i f i -  
c a n t l y  due  to  f l u i d  t empera tu re  d i f f e r e n c e s  ( a  
r a t i o  of n e a r l y  2:1), produc ing  a moving t h e r a a l  
b a r r i e r  which can be r e s p o n s i b l e  f o r  l a r g e r - t h a n -  
u s u a l  p r e s s u r e  d e c l i n e s  in el l  test  a n a l y s i s  
(Elangold e t  a l . ,  1 9 7 9 ) .  F igu re  1 3  s u g g e s t s  t h e  
i n f l u e n c e  of t h i s  e f f e c t  on p r e s s u r e  r e sponse  in a 
compar ison  between t h e  c a s e s  of upper and lower 
i n j e c t i o n .  Af t e r  1 0  y e a r s  of upper i n j e c t i o n ,  t h e  
p r o d u c t i o n  w e l l  a r e a  a c t u a l l y  h a s  a lower  p r e s s u r e  
than  t h e  lower i n j e c t i o n  c a s e ,  p robab ly  due  t o  the  
t h e r m a l l y  produced v i s c o s i t y  b a r r i e r  i n  the  upper 
a q u i f e r .  For t h e  lower i n j e c t i o n  c a s e ,  t h e  p re s -  
s u r e s  in t h e  upper a q u i f e r  are n o t  a s  a f f e c t e d  by 
such  a b a r r i e r  s i n c e  i t  is r e s t r i c t e d  t o  t h e  lower 
a q u i f e r .  Such r e s u l t s  i n d i c a t e  t h a t  a combina t ion  
o f  v i s c o s i t y  and buoyancy e f f e c t s  a r e  needed i n  
o r d e r  t o  a d e q u a t e l y  d e s c r i b e  t h e  p h y s i c a l  pro- 
cesses o f  r e i n j e c t i o n ,  e s p e c i a l l y  i n  a twu-reser- 
v o i r  system. These m a t t e r s  w i l l  be t h e  s u b j e c t  of 
a f u r t h e r  i n v e s t i g a t i o n .  

'Ihus t h e  d o u b l e t  model f u r t h e r  conf i rms  t h a t  
i n  a more r e a l i s t i c  model of a tvo - re se rvo i r  
sys tem,  r e i n j e c t i o n  w i l l  be u s e f u l  i n  ma in ta in ing  
r e s e r v o i r  p r e s s u r e  while r e s t r i c t i n g  t h e  thermal  
f r o n t  t o  t h e  neighborhood of t h e  i n j e c t i o n  a r e a .  
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Figure  1 2 .  Rad ia l  p r e s s u r e  d i s t r i b u t i o n  s imula t ed  
f o r  1, 5 ,  and 10 y e a r s  of d o u b l e t  
i n j e c t i o n  in t o  t h e  upper r e s e r v o i r ,  
showing t h e  t r a n s i t i o n  r e g i o n  between 
ho t  and co ld  wa te r s .  
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CONCLUSIOK 

In  t h i s  paper  we have  in t roduced  an  i d e a l -  
i zed  two- re se rvo i r  model t o  e x p l o r e  some o f  t h e  
e f f e c t s  of r e i n j e c t i o n  i n  a geo the rma l  f i e l d .  
For both  t h e  s i n g l e - w e l l  model and t h e  d o u b l e t  
model,  t h e  r e s u l t s  i n d i c a t e  t h a t  r e s e r v o i r  p re s -  
s u r e s  will be a d e q u a t e l y  ma in ta ined  even when an 
i n t e r v e n i n g  l a y e r  of low p e r m e a b i l i t y  is p r e s e n t .  
The same i n t e r v e n i n g  l a y e r  may n e v e r t h e l e s s  be 
an e f f e c t i v e  b a r r i e r  t o  t h e  movement o f  co ld  
f r o n t s ,  due  t o  t h e  e f f e c t  o f  g r a v i t y  and v i s c o -  
s i t y  on t h e  f l o w  of d e n s e r  c o l d e r  waters. 'Ihis 
shows promise f o r  deve lop ing  r e i n j e c t i o n  s t r a t e -  
g i e s  t h a t  can  be t e s t e d  on more d e t a i l e d  simu- 
l a t i o n  models f o r  s p e c i f i c  s i t es  such as  t h e  
Cer ro  P r i e t o  f i e l d .  

In  f u r t h e r  r e s e a r c h  we hope t o  conduct  a 
s e n s i t i v i t y  a n a l y s i s  on some o f  t h e  main para-  
me te r s  used i n  t h i s  s t u d y ,  e s p e c i a l l y  permea- 
b i l i t y .  C l e a r l y ,  t h e r e  is  a l s o  a need t o  s t u d y  
t h e  f l o w  of t h e  c o l d e r  water  toward t h e  produc- 
t i o n  w e l l  f o r  a l o n g e r  pe r iod  of t i m e  than  1 0  
y e a r s .  S imula t ions  of p e r m e a b i l i t y  a n i s o t r o p y  
and optimum well s p a c i n g  f o r  i n j e c t i o n  may have  
t o  w a i t  u n t i l  d e t a i l e d  g e o l o g i c a l  models become 
a v a i l a b l e .  I d e a l i z e d  models l i k e  the  ones 
employed i n  t h i s  s t u d y ,  however, are u s e f u l  f o r  
s u g g e s t i n g  p r a c t i c a l  r e i n j e c t i o n  o p e r a t i o n  
s t r a t e g i e s  f o r  o p t i m i z i n g  t h e  development of 
geo the rma l  energy  r e s o u r c e s .  

Lower 
Inject ion -&- 

16.50 
I 2 3 4 5 6 7 8 9 1 0  

Time  ( y e a r s )  
X B L B 3 3 - 5 8 3 ~  

area s i m u l a t e d  f o r  1,  5 ,  and 10  y e a r s  
of d o u b l e t  i n j e c t i o n  i n t o  t h e  u p p e r  
and lower r e s e r v o i r s .  

F igu re  13 .  P r e s s u r e  changes  n e a r  t h e  p r o d u c t i o n  
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