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

Numer ica l  s i m u l a t o r s  developed f o r  geothermal 
r e s e r v o i r  eng inee r ing  a p p l i c a t i o n s  g e n e r a l l y  o n l y  
cons ide r  systems which a re  s a t u r a t e d  w i th  l i q u i d  
water and/or steam. However, most geothermal 
f i e l d s  a re  i n  h y d r a u l i c  communication w i t h  sha l l ow  
ground water a q u i f e r s  hav ing  f r e e  s u r f a c e  !water  
l e v e l ) ,  so t h a t  p r o d u c t i o n  or i n j e c t i o n  opera t i ons  
w i l l  cause movement o f  t h e  su r face ,  and o f  t h e  a i r  
i n  t h e  pore spaces above t h e  water l e v e l .  I n  some 
geothermal f i e l d s  t h e  water  l e v e l  i s  l o c a t e d  
hundreds o f  meters below t h e  s u r f a c e  !e.g. O l k a r i a ,  
Kenya; B jornsson,  1978) ,  so t h a t  an e x t e n s i v e  
unsa tu ra ted  zone i s  p resen t .  I n  o t h e r s  t h e  caprock 
may be ve ry  l eaky  o r  n o n e x i s t e n t  [e.g., Klamath 
F a l l s ,  Oregon (Sammel, 1976) ;  Cer ro  P r i e t o ,  Mexico; 
(Grant e t  a l . ,  19841 i n  which case t h e r e  i s  good 
h y d r a u l i c  communication between t h e  geothermal 
r e s e r v o i r  and the sha l l ow  unconf ined a q u i f e r s .  
Thus, t h e r e  i s  a need t o  e x p l o r e  t h e  e f f e c t  o f  
sha l l ow  f r e e - s u r f a c e  a q u i f e r s  on r e s e r v o i r  behav io r  
d u r i n g  p r o d u c t i o n  o r  i n j e c t i o n  opera t i ons .  

I n  a f ree -su r face  a q u i f e r  t h e  water t a b l e  
moves depending upon t h e  r a t e  o f  recharge or d is -  
charge. Th is  r e s u l t s  i n  a h i g h  o v e r a l l  s t o r a t i v i t y ;  
t y p i c a l l y  two o rde rs  o f  magnitude h i g h e r  than  t h a t  
o f  compressed l i q u i d  systems, b u t  one or  two o rde rs  
o f  magnitude lower  t h a n  t h a t  f o r  l i qu id -s team 
r e s e r v o i r s .  As a consequence, v a r i o u s  da ta  a n a l y s i s  
methods developed f o r  compressed l i q u i d  a q u i f e r s  
(such as conven t iona l  w e l l  t e s t  a n a l y s i s  methods) 
a r e  n o t  a p p l i c a b l e  t o  a q u i f e r  wi th a f r e e  s u r f a c e  
(Bodvarsson and Zais ,  1982) .  

We have developed a numer ica l  s i m u l a t o r  f o r  
t h e  model ing o f  a i r -s team-water  systems. 
paper we apply  t h e  s i m u l a t o r  t o  v a r i o u s  problems 
i n v o l v i n g  i n j e c t i o n  i n t o  or  p r o d u c t i o n  from a 
geothermal r e s e r v o i r  i n  h y d r a u l i c  communication 
w i th  a sha l l ow  f ree-sur face a q u i f e r .  F i r s t ,  we 
cons ide r  a one-dimensional  column problem and 
study t h e  water l e v e l  movement d u r i n g  e x p l o i t a t i o n  
u s i n g  d i f f e r e n t  c a p i l l a r y  pressure f u n c t i o n s .  
Second, a two-dimensional  r a d i a l  model i s  used t o  
s tudy and compare r e s e r v o i r  d e p l e t i o n  f o r  cases 
w i t h  and w i t h o u t  a f ree -su r face  a q u i f e r .  
F i n a l l y ,  t h e  con tamina t ion  o f  a sha l l ow  free- 
sur face a q u i f e r  due t o  c o l d  water i n j e c t i o n  i s  
i n v e s t i q a t e d .  
i s  t o  o b t a i n  an understanding o f  t h e  response o f  
a r e s e r v o i r  i n  h y d r a u l i c  communication w i t h  a 
unconf ined a q u i f e r  d u r i n g  e x p l o i t a t i o n  or i n j e c t i o n  
and t o  determine under which c i rcumstances conven- 
t i o n a l  model ing techniques ! f u l l y  s a t u r a t e d  systems) 
can be a p p l i e d  t o  such systems. 

I n  t h i s  

The p r imary  aim o f  these s t u d i e s  

Methodology 

I n  our  model ing s t u d i e s  we employ a numer i ca l  
s i m u l a t o r  c a l l e d  "TOUGH" ( =  t r a n s p o r t  of gnsatu-  
r a t e d  groundwater and h e a t ;  Pruess, 1983) ,  which 
t r e a t s  t h e  two-phase f l o w  o f  water and a i r  i n  
l i q u i d  and gaseous phases toge the r  w i t h  heat  f l ow  
i n  a f u l l y  coupled way. The govern ing equa t ions  
account f o r  Darcy f l o w  w i th  r e l a t i v e  p e r m e a b i l i t y  
and c a p i l l a r y  pressure e f f e c t s .  
can be handled a lso,  b u t  t h i s  has been o m i t t e d  
i n  t h e  c a l c u l a t i o n s  presented here.  
ba lance i n c l u d e s  t h e  l a t e n t  heat  e f f e c t s  o f  
v a p o r i z a t i o n  and condensat ion,  a long w i t h  conduc- 
t i v e  and convec t i ve  heat  f l ow .  Water, a i r ,  and 
r o c k  a re  assumed t o  be i n  l o c a l  thermodynamic 
e q u i l i b r i u m  a t  a l l  t imes.  The f l o w  domain can 
i n c l u d e  l i q u i d ,  gaseous, and two-phase reg ions .  
The thermophysica l  p r o p e r t i e s  o f  water substance 
a r e  a c c u r a t e l y  represented by t h e  steam t a b l e  
equa t ions  as g i v e n  by t h e  I n t e r n a t i o n a l  Formula- 
t i o n  Committee (1967).  
an i d e a l  gas, and a d d i t i v i t y  o f  p a r t i a l  pressures 
i s  assumed f o r  a i r - vapor  m ix tu res .  
s o l u b i l i t y  o f  a i r  i n  l i q u i d  water i s  represented 
by Henry 's  law. 

Gaseous d i f f u s i o n  

The energy 

A i r  i s  approximated as 

The ( s m a l l )  

P r o d u c t i o n  From A V e r t i c a l  Column 

The f i r s t  problem considered i s  a v e r t i c a l  
column w i t h  a main r e s e r v o i r ,  caprock,  sha l l ow  
uncon f ined  aqu i fe r  and an unsaturated zone. The 
g r i d  used and t h e  p e r m e a b i l i t i e s  assigned t o  d i f f -  
e r e n t  zones are shown i n  F i g u r e  1. The water t a b l e  
i s  l o c a t e d  a t  a depth o f  200 m; below t h a t  t h e r e  i s  
a s h a l l o w  a q u i f e r .  The a q u i f e r  i s  separated by a 
200 m t h i c k  caprock from a 600 m t h i c k  geothermal 
r e s e r v o i r .  Atmospheric c o n d i t i o n s  are ma in ta ined  
a t  t h e  ground s u r f a c e  (P = I b a r ,  T = IO'C). 
Other parameters t h a t  do n o t  va ry  s p a t i a l l y  a re  
g i v e n  i n  Table 1 .  

r e l a t i v e  p e r m e a b i l i t i e s  a r e  shown i n  F i g u r e  2 .  I n  
genera l ,  c a p i l l a r y  p ressu re  f u n c t i o n s  depend 
g r e a t l y .  on t h e  pore s i z e  d i s t r i b u t i o n  o f  t h e  rocks ,  
wi th l a r g e r  c a p i l l a r y  p ressu re  f o r  sma l le r  pore 
s i z e .  As F i g u r e  2 shows, we assume a maximum 
c a p i l l a r y  pressure o f  15 bars,  which was chosen 
r a t h e r  a r b i t r a r i l y ,  b u t  may be reasonable f o r  t h e  
s m a l l  pores t y p i c a l l y  found i n  v o l c a n i c  rocks.  
The r e l a t i v e  p e r m e a b i l i t y  f u n c t i o n s  used a re  
l i n e a r  w i t h  30% i r r e d u c i b l e  l i q u i d  s a t u r a t i o n  and 
5% i r r e d u c i b l e  gas s a t u r a t i o n .  We have found t h a t  
t hese  f u n c t i o n s  are compat ib le  wi th f i e l d  da ta  from 
t h e  K r a f l a  geothermal f i e l d ,  I c e l a n d  (Pruess e t  a l . ,  
1983) .  

The c a p i l l a r y  p ressu re  f u n c t i o n  used and t h e  
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( F i g .  3 ) .  Two cases were considered; one where 
t h e  c a p i l l a r y  e f f e c t s  were neg lec ted  ( s o l i d  l i n e s ) ,  
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shown 
c a p i l l a r y  e f f e c t s  tend t o  reduce sharp s a t u r a t i o n  

o t h e r  hand, when c a p i l l a r y  e f f e c t s  are neglected,  

i n  F i g u r e  2 was used. F i g u r e  3 shows t h a t  
400 

g r a d i e n t s  and expand t h e  two-phase zone. On t h e  v E 

t h e  gas s a t u r a t i o n  tends t o  s t a b i l i z e  a t  the  i r r e -  
d u c i b l e  l i q u i d  s a t u r a t i o n  ( S a  = 0.7 f o r  our r e l a -  
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P 

@ i  800-i t i v e  p e r m e a b i l i t y  curves) .  Because o f  t h e  expanded 
unsa tu ra ted  zone with p ressu re  c l o s e  t o  1 bar ,  
t h e  case w i t h  c a p i l l a r y  e f f e c t s  always has s l i g h t l y  
lower  pressure.  The temperature p r o f i l e  ( i d e n t i c a l  
f o r  b o t h  cases) shows t h e  two p o s s i b l e  heat  t r a n s f e r  
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F i g u r e  2 .  C a p i l l a r y  pressure and r e l a t i v e  perme- 
a b i l i t y  f u n c t i o n s  used i n  t h e  s tudy.  

F i g u r e  1. Schematic diagram o f  I -D v e r t i c a l  
column model. 

D u r i n g  e x p l o i t a t i o n  500 kg/s  o f  f l u i d s  were 

The r e s u l t i n g  p ressu re  and gas 

The f i g u r e s  show t h a t  d u r i n g  

produced from t h e  r e s e r v o i r  (app rox ima te l y  equiva- 
l e n t  t o  50 MW,). 
s a t u r a t i o n  p r o f i l e s  a t  s e l e c t e d  t imes are shown i n  
F i g u r e s  4 and 5. 
e x p l o i t a t i o n  t h e  water l e v e l  d e c l i n e s  and steam 

Table 1 .  S p e c i f i c a t i o n s  f o r  column problems. 
Parameters t h a t  do no t  vary  s p a t i a l l y .  

s a t u r a t i o n  i nc reases  i n  t h e  r e s e r v o i r .  I n  t h e  case 
P o r o s i t y  1 ox where c a p i l l a r y  pressure i s  neg lec ted  t h i s  causes a 

d i s t i n c t  minimum i n  t h e  gas s a t u r a t i o n  i n  t h e  cao- 
Rock g r a i n  d e n s i t y  : 2650 kg/m3 r o c k .  When c a p i l l a r y  p ressu re  e f f e c t s  a re  i n c l u d e d  

t h e  gas s a t u r a t i o n  i n  t h e  caprock i s  much h i g h e r  as 
Rock s p e c i f i c  heat : 1000 J/kg t h e y  tend t o  d i m i n i s h  s a t u r a t i o n  d i f f e r e n c e s .  Near 

t h e  bot tom o f  t h e  r e s e r v o i r  t h e  c a p i l l a r y  pressure 
Heat c o n d u c t i v i t y  : 2.0 W/m."C e f f e c t s  tend t o  h o l d  onto t h e  l i q u i d ,  r e s u l t i n g  i n  

lower  gas s a t u r a t i o n s  a t  l a t e  t i m e s  (30 y e a r s ) .  
Rock c o m p r e s s i b i l i t y :  o pa-1 However, vapor s t a t i c  c o n d i t i o n s  develop i n  t h e  

r e s e r v o i r  a t  l a t e  t i m e s  ( F i g .  4) .  
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F i g u r e  4. Pressure p r o f i l e s  a t  v a r i o u s  t i m e s  
d u r i n g  e x p o l i t a t i o n .  
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F i g u r e  6 shows t h e  t o t a l  f l u i d  recharge from 
t h e  sha l l ow  f r e e  su r face  a q u i f e r  t o  t h e  r e s e r v o i r  
f o r  t h e  two cases (wi th  and w i t h o u t  c a p i l l a r y  pres- 
s u r e  e f f e c t s ) .  Both cases show a r a p i d  r i s e  i n  t h e  
recharge r a t e  r e f l e c t i n g  p ressu re  d e c l i n e  i n  t h e  
r e s e r v o i r ,  b u t  t h e  maximum recharge r a t e  occurs 
l a t e r  when c a p i l l a r y  e f f e c t s  a re  i nc luded .  The 
reason f o r  t h i s  i s  t h a t  c a p i l l a r y  e f f e c t s  t e n d  t o  
s low t h e  r e l e a s e  o f  water i n  p l a c e  i n  t h e  caprock 
and t h e  sha l l ow  a q u i f e r .  The d e c l i n e  o f  t h e  re -  
charge r a t e  a t  l a t e r  t imes  occurs due t o  the  lower- 
i n g  o f  t h e  water t a b l e  and i n c r e a s i n g  gas sa t -  
u r a t i o n  i n  t h e  sha l l ow  zones. 
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F i g u r e  5. Gas s a t u r a t i o n  p r o f i l e s  a t  v a r i o u s  
t imes  d u r i n g  e x p l o i t a t i o n .  
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F i g u r e  6. The recharge r a t e  i n t o  t h e  r e s e r v o i r  
versus t ime. 

P r o d u c t i o n  From A Two-Dimensional R a d i a l  Model 

The p r imary  o b j e c t i v e  o f  th is  s e c t i o n  and 
t h a t  immediate ly  f o l l o w i n g  i s  t o  examine t o  what 
e x t e n t  conven t iona l  model ing techniques for  s i n g l e -  
component water systems can be a p p l i e d  t o  problems 
i n v o l v i n g  sha l l ow  unconf ined a q u i f e r s .  The 
approach employed i s  t o  s i m u l a t e  t h e  same problem 
u s i n g  t h e  a i r -wa te r  f o r m u l a t i o n  as w e l l  as u s i n g  
f u l l y  s a t u r a t e d  (steam-water) approx imat ions.  Any 
d i f f e r e n c e s  t h a t  a r i s e  are then  due t o  t h e  approx i -  
ma t ions  employed a t  t h e  f ree -su r face  boundary. 

The f i r s t  problem s e l e c t e d  i s  a two-dimensional  
r a d i a l  problem u s i n g  t h e  same v e r t i c a l  space d i s -  
c r e t i z a t i o n  employed i n  the column model (Fig. 7 ) .  
I n  t h e  r a d i a l  d i r e c t i o n  we use a coarse g r i d  con- 
s i s t i n g  of  6 elements which extend t o  10 km. The 
f o r m a t i o n  parameters and t h e  i n i t i a l  c o n d i t i o n s  are 
a l s o  i d e n t i c a l  t o  those used i n  t h e  column model. 
A f i x e d  e x t r a c t i o n  r a t e  o f  1500 kg/s (-- 150 MW,) 
i s  p r e s c r i b e d  f o r  t h e  element l a b e l e d  "P" i n  F i g u r e  
7. 
node i s  determined from t h e  m o b i l i t i e s  o f  t h e  i n d i -  
v i d u a l  phases. 
p ressu re  e f f e c t s .  

The en tha lpy  o f  t h e  produced f l u i d s  from t h a t  

I n  t h i s  s tudy  we neg lec t  c a p i l l a r y  

I n  model ing t h e  problem as a c o n f i n e d  system, 
t h e  unsa tu ra ted  zone above t h e  sha l l ow  a q u i f e r  ( t h e  
t o p  200 m) i s  neglected.  Thus, t h e  t o p  5 l a y e r s  
i n  t h e  g r i d  (F ig .  7 )  as w e l l  as t h e  boundary nodes 
a t  t h e  t o p  ( f o r  cons tan t  temperature and pressure)  
a r e  de le ted .  However, i n  o rde r  t o  m a i n t a i n  s t a b l e  
i n i t i a l  c o n d i t i o n s ,  hea t  s i n k s  o f  a p p r o p r i a t e  
s t r e n g t h  corresponding t o  0.75 W/d a r e  p laced  
i n  t h e  elements i n  t h e  t o p  row ( t o p  l a y e r  o f  t h e  
a q u i f e r ) .  
t i o n s  can be used f o r  b o t h  t h e  unsa tu ra ted  and t h e  
c o n f i n e d  a q u i f e r  problem and t h e  r e s u l t s  should be 
d i r e c t l y  comparable. 

I n  t h i s  manner, i d e n t i c a l  i n i t i a l  condi -  
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F i g u r e  7. Mesh used i n  t h e  2-D r a d i a l  p r o d u c t i o n  
problems. t tPrr denotes t h e  p r o d u c t i o n  
node. 

The r e s u l t s  f o r  t h e  p ressu re  and vapor sa tu ra -  
t i o n  i n  t h e  p r o d u c t i o n  node versus t i m e  a re  shown 
i n  F i g u r e  8 ;  F i g u r e  9 shows t h e  t o t a l  recharge 
r a t e  f rom t h e  caprock i n t o  t h e  r e s e r v o i r  versus 
t ime.  
e f f e c t s  o f  e x p l o i t a t i o n  on t h e  p ressu re  d e c l i n e  
and b o i l i n g  a t  t h e  p r o d u c t i o n  node a r e  i d e n t i c a l  
f o r  t h e  two cases. The recharge r a t e s  f o r  b o t h  
cases i nc rease  r a p i d l y ,  p a r t l y  because o f  t h e  
p ressu re  d e c l i n e  i n  t h e  r e s e r v o i r  and p a r t l y  
because o f  pressure r i s e  i n  t h e  sha l l ow  a q u i f e r  
due t o  up f l ow  o f  steam and condensat ion (Bodvarsson 
e t  a l . ,  1 9 8 2 ) .  L a t e r  on, t h e  p ressu re  d e c l i n e  i n  
t h e  "unsaturated"  case i s  s lower  t h a n  i n  t h e  
"compressed l i q u i d "  case, because o f  g r e a t e r  
recharge  from t h e  f ree -su r face  a q u i f e r  (F ig .  9 ) .  
The h i g h  s to rage  c o e f f i c i e n t  o f  t h e  f ree -su r face  
a q u i f e r  a l l o w s  more r a p i d  recharge t o  t h e  r e s e r v o i r  
w i t h o u t  a l a r g e  d e c l i n e  i n  t h e  water  t a b l e .  The 
recharge r a t e  fo r  t h e  "compressed l i q u i d "  reaches 
a s t a b l e  l e v e l  a f t e r  about 20 years,  due t o  t h e  
l ow  c o m p r e s s i b i l i t y ,  b u t  t h e n  inc reases  s h a r p l y  
a f t e r  approx imate ly  25 years when two phase condi -  
t i o n s  evo lve  a t  t h e  t o p  o f  t h e  sha l l ow  a q u i f e r .  
A t  i n t e r m e d i a t e  t i m e s  t h e  recharge r a t e  f o r  t h e  
"unsaturated"  case i s  20-25% h i g h e r  t h a n  t h a t  f o r  
t h e  "compressed l i q u i d "  case, caus ing  l a r g e r  

F i g u r e  8 shows t h a t  a t  e a r l y  t i m e s  t h e  

e 
e 6 
s 
u) u) 

!! n 

1 0 . 6  

0.2 10 -. 
' 0  5 10 15 20 25 30 35 40 45 

'Time (yrs) 
X . L B I 1 7 1 0  

F i g u r e  8. Pressure and gas s a t u r a t i o n  a t  t h e  
p r o d u c t i o n  mode. 
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F i g u r e  9 .  T o t a l  recharge r a t e  i n t o  t h e  r e s e r v o i r  
f rom t h e  sha l l ow  a q u i f e r  d u r i n g  
e x p l o i t a t i o n .  

p ressu re  d e c l i n e s  and vapor s a t u r a t i o n  b u i l d u p  i n  
t h e  p r o d u c t i o n  node f o r  t h e  l a t t e r  case. A t  
l a t e  t i m e s  t h e  recharge r a t e s  become ve ry  s i m i l a r  
as r a t h e r  u n i f o r m  d e p l e t i o n  o f  t h e  e n t i r e  system 
occurs.  

I n  genera l  t h e  system behav io r  i s  ve ry  s i m i l a r  
f o r  b o t h  cases, m a i n l y  because a two-phase zone 
evo lves  a t  t h e  t o p  o f  t h e  a q u i f e r  i n  t h e  "com- 
pressed l i q u i d "  case. T h i s  two-phase zone has a 
h i g h  c o m p r e s s i b i l i t y  and t h u s  behaves ve ry  s i m i l a r -  
l y  t o  a f r e e  s u r f a c e  boundary c o n d i t i o n .  
i n  cases where t h e  recharge from above i s  a s e r i o u s  
problem, due t o  c o o l i n g  o f  t h e  r e s e r v o i r ,  i t  may be 
necessary t o  a c c u r a t e l y  model t h e  recharge by 
proper  t rea tmen t  o f  t h e  f r e e  sur face.  

However, 

We have a l s o  considered cases where t h e  caprock 
i s  non-ex i s ten t  and t h u s  t h e  e n t i r e  r e s e v o i r  i s  
unconf ined.  I n  these cases we have considered low 
temperature r e s e r v o i r s  o f  r a t h e r  h i g h  p e r m e a b i l i t y  
so t h a t  b o i l i n g  due t o  e x p l o i t a t i o n  would n o t  
occur .  One would expect a - p r i o r i  t h a t  f o r  such 
systems t h e  upper boundary c o n d i t i o n  a t  t h e  f r e e  
s u r f a c e  would dominate t h e  r e s e r v o i r  response, so 
t h a t  models t h a t  do n o t  i n c l u d e  t h e  a i r  component 
would g i v e  i n a c c u r a t e  r e s u l t s .  However, t h e  re -  
s u l t s  f rom our  p r e l i m i n a r y  s t u d i e s  i n d i c a t e  t h a t  
t h i s  i s  n o t  t h e  case. 
models t h e  i n i t i a l  p ressu re  d e c l i n e  w i l l  be un rea l -  
i s t i c a l l y  l a rge ,  b u t  t h e n  a two-phase zone w i l l  
develop a t  t h e  t o p  o f  t h e  sha l l ow  a q u i f e r  wi th 
p ressu re  corresponding t o  t h e  s a t u r a t i o n  p ressu re  
a t  t h e  p r e v a i l i n g  temperature.  Subsequently t h e  
two-phase zone w i l l  advance downward i n  t h e  same 
manner as t h e  unsa tu ra ted  zone i n  t h e  a i r -wa te r  
model. I n  t h e  a i r -wa te r  model t h e  p ressu re  i n  t h e  
unsa tu ra ted  zone w i l l  be c l o s e  t o  1 bar  whereas For 
t h e  "compressed l iqu id"  model t h e  two-phase zone 
w i l l  t y p i c a l l y  have a pressure o f  0.2 - 0.5 bars.  
However, t h i s  s l i g h t  d i f f e r e n c e  w i l l  n o t  have a 
s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  r e s e r v o i r  deple- 
t i o n ,  and thus f o r  most p r a c t i c a l  purposes we f e e l  
t h a t  single-component water-steam models a re  ade- 
quate f o r  t h e  model ing o f  t h e  e x p l o i t a t i o n  o f  
r e s e r v o i r s  w i t h  h y d r a u l i c  connect ions t o  sha l l ow  
f r e e  su r face  a q u i f e r s .  

For t h e  "compressed l i q u i d "  
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The example considered i n  t h i s  s e c t i o n  
i l l u s t r a t e s  e f f e c t s  o f  r e i n j e c t i o n  i n t o  a l i q u i d -  
dominated geothermal r e s e r v o i r  which i s  hyd rau l -  
i c a l l y  connected t o  a sha l l ow  unconf ined a q u i f e r  
by means o f  a v e r t i c a l  f a u l t .  O f  p a r t i c u l a r  
i n t e r e s t  i n  t h i s  t y p e  o f  problem i s  t h e  m i g r a t i o n  
o f  r e s e r v o i r  water i n t o  t h e  sha l l ow  a q u i f e r  as 
a consequence o f  r e i n j e c t i o n ,  which may c r e a t e  
env i ronmenta l  hazards. 

The i n j e c t i o n  c o n f i g u r a t i o n  and t h e  o v e r a l l  
geometry o f  t h e  f l o w  system a re  shown i n  F i g u r e s  10 
and 11. The i n j e c t o r s  a re  p laced  i n  a " l i n e  d r i v e "  
p a t t e r n  a t  100 m spacing. A t  a d i s t a n c e  o f  126 m 
f rom t h e  i n j e c t i o n  l i n e  t h e r e  i s  a v e r t i c a l  f a u l t .  
The l i n e  connect ing t h e  i n j e c t i o n  w e l l s  i s  an 
approximate l i n e  o f  symmetry, because problem 
parameters were chosen i n  such a way (see Table 2 )  
t h a t  t h e  r a t e  o f  f l o w  up the  f a u l t  i s  n e g l i g i b l y  
s m a l l  compared t o  l a t e r a l  f l o w  i n  t h e  r e s e r v o i r  
(less t han  5%). We model one symmetry element, 
which i s  a v e r t i c a l  s l i c e  w i th  a t h i c k n e s s  o f  100 m. 
T h i s  i s  shown i n  t h e  v e r t i c a l  c ross  s e c t i o n  i n  
F i g u r e  2 .  The r e s e r v o i r  i s  rep resen ted  by f i v e  
g r i d  l a y e r s  o f  100 m t h i c k n e s s  each. The i n j e c t i o n  
r a t e  i n t o  each g r i d  l a y e r  i s  cons tan t  a t  10 kg/s. 
Constant pressure boundary c o n d i t i o n s ,  correspond- 
i n g  t o  t h e  i n i t i a l  g r a v i t y - e q u i l i b r a t e d  p ressu re  
d i s t r i b u t i o n ,  a r e  assumed a t  t h e  l e f t  and r i g h t  
boundar ies o f  r e s e r v o i r  and a q u i f e r .  The lower  
boundary o f  t h e  r e s e r v o i r ,  and t h e  boundar ies o f  
t h e  caprock,  a re  assumed "no f low".  Boundary 
c o n d i t i o n s  o f  p = 1 ba r ,  T = 20°C a r e  ma in ta ined  a t  
t h e  ground su r face .  
a r e  g i v e n  i n  Table 2 .  

D e t a i l e d  problem parameters 

+126 m-m 
I 

I 
I 

I 
9 
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F i g u r e  IO. Schematic diagram o f  t h e  i n j e c t i o n  w e l l  
c o n f i g u r a t i o n  and t h e  l eaky  f a u l t .  

I I I  

F i g u r e  11. A v e r t i c a l  c ross  s e c t i o n  o f  t h e  i n t e r -  
connec t ion  between t h e  sha l l ow  a q u i f e r  
and t h e  r e s e r v o i r .  

I n  response t o  i n j e c t i o n ,  pressures i n  the  
r e s e r v o i r  increase,  caus ing some up f low  o f  water 
i n  t h e  f a u l t  zone. The water l e v e l s  i n  the  f a u l t  
zone and t h e  sha l l ow  a q u i f e r  r i s e  above t h e i r  
i n i t i a l  depth o f  -90 m. F igu re  12 shows t h e  water 
l e v e l s  a t  v a r i o u s  t imes  as a f u n c t i o n  o f  t he  d i s -  
t ance  from t h e  f a u l t .  For  comparison we have a l s o  
c a r r i e d  out  a s i m u l a t i o n  u s i n g  a f u l l y  s a t u r a t e d  
system, i .e . ,  p l a c i n g  t h e  upper boundary o f  t h e  
system a t  t h e  i n i t i a l  water l e v e l  o f  -90 m. 
corresponds t o  t r e a t i n g  t h e  a q u i f e r  as f u l l y  
con f ined . )  
m i g r a t i o n  up t h e  f a u l t  f o r  t h e  two cases. The 
v e l o c i t i e s  d i f f e r  by as much as 50%. Non-react ive 
s o l i d s  d i s s o l v e d  i n  t h e  r e s e r v o i r  water w i l l  beg in  
t o  reach t h e  sha l l ow  a q u i f e r  approx imate ly  25 days 
a f t e r  i n j e c t i o n  i s  s t a r t e d .  I n  t h e  con f ined  case, 
pressures near t h e  t o p  o f  t h e  a q u i f e r  r i s e  t o  
approx imate ly  9.5 bars,  whereas pressures remain 
near  1 bar  a t  t h e  f ree-water  s u r f a c e  i n  t h e  uncon- 
f i n e d  case. Pressures and temperatures i n  the  
r e s e r v o i r  d i f f e r  by no more t h a n  1-2: between t h e  
two cases. Thus an e x p l i c i t  t r ea tmen t  o f  t h e  f r e e  
s u r f a c e  i s  n o t  necessary i f  o n l y  p r e d i c t i o n s  o f  
r e s e r v o i r  behav io r  a re  des i red .  However, r e l i a b l e  
p r e d i c t i o n s  o f  e f f e c t s  o f  i n j e c t i o n  on t h e  sha l l ow  
a q u i f e r  are o n l y  p o s s i b l e  when a two-component 
w a t e r - a i r  approach i s  used. 

( T h i s  

F i g u r e  13 shows v e l o c i t i e s  o f  water 

Table 2 .  Parameters fo r  i n j e c t i o n  problem. 

Aquifer Fault Reservoir 

Formation parameters 
Permeabil ity (m)  2 ~ O O X ~ O - ~ ~  4 0 0 ~ 1 0 - ~  50x1 0-15 
Porosity (ri 20 20 10 

I n i t i a l  condit ions 
I n i t i a l  Temperature ('c) 20 20/250 250 
I n i t i a l  Pressure (bars) g rav i t y  equi l ibr ium, wi th  

1 bar a t  ground surface 
I n i t i a l  Water Level (m) -90 -90 

I n j e c t  i o n  
Tota l  Rate (kg/s) 
Enthalpy (kJ/kg) 
Width o f  f a u l t  (m) 

50 
419 

1 .o 
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F i g u r e  12. The r i s e  o f  t h e  water l e v e l  i n  t h e  
sha l l ow  a q u i f e r  versus t i m e  d u r i n g  
i n j e c t i o n .  

Summary and Conclusions 

I n  t h i s  paper we s o l v e  some r e s e r v o i r  problems 
i n v o l v i n g  an unconf ined sha l l ow  a q u i f e r .  
purpose o f  these s i m u l a t i o n s  i s  t w o f o l d :  

( i )  To o b t a i n  some understanding o f  t h e  i n t e r a c -  
t i o n  between geothermal r e s e r v o i r s  and sha l l ow  
unconf ined a q u i f e r s  and t h e  e f f e c t s  o f  c a p i l l a r y  
p ressu re  f o r  such problems. 

( i i )  To s tudy t o  what e x t e n t  c o n v e n t i o n a l  geother-  
mal  s i m u l a t o r s  f o r  f u l l y  s a t u r a t e d  media can be 
a p p l i e d  t o  problems i n v o l v i n g  f ree -su r face  a q u i f e r s .  

The main 

The r e s u l t s  ob ta ined  i n d i c a t e  t h a t  c a p i l l a r y  
p ressu re  e f f e c t s  tend  t o  en la rge  t h e  two-phase zone 
and smooth o u t  l a r g e  gas s a t u r a t i o n  g r a d i e n t s  
wi th in  t h e  zone. The f ree -su r face  a q u i f e r  p r o v i d e s  
recharge t o  t h e  main geothermal r e s e r v o i r ,  and i f  a 
r i g o r o u s  a i r - w a t e r  s i m u l a t o r  i s  n o t  used, t h e  
recharge r a t e  may be underest imated.  T h i s  can 

I rp3"\,l 

Y 

Tim(.) 

t h e  f a u l t  as a f u n c t i o n  o f  t ime.  
F i g u r e  13. The v e l o c i t y  o f  t h e  f l u i d  m i g r a t i o n  up 

have s e r i o u s  i m p l i c a t i o n s  e s p e c i a l l y  i n  cases where 
t h e  caprock i s  ve ry  l eaky  and problems with rese r -  
v o i r  c o o l i n g  due t o  recharge o f  c o o l e r  f l u i d s  f rom 
above a r e  ev iden t .  However, f o r  most r e s e r v o i r  
problems our  r e s u l t s  show t h a t  t h e  use o f  conven- 
t i o n a l  single-component geothermal s i m u l a t o r s  f o r  
t h e  model ing o f  t h e  i n t e r a c t i o n  o f  sha l l ow  uncon- 
f i n e d  a q u i f e r s  wi th t h e  r e s e r v o i r  d u r i n g  e x p o l i t a -  
t i o n  g i v e s  reasonable r e s u l t s .  T h i s  i s  e s p e c i a l l y  
t r u e  i n  cases where b o i l i n g  occurs i n  t h e  r e s e r v o i r  
o r  i n  t h e  sha l l ow  a q u i f e r  as a r e s u l t  o f  e x p l o i -  
t i o n ,  because i n  these cases t h e  r e s e r v o i r  response 
i s  dominated by t h e  two-phase zone. On t h e  o t h e r  
hand, ou r  r e s u l t s  i n d i c a t e  t h a t  f o r  an assessment 
o f  p o s s i b l e  con tamina t ion  o f  sha l l ow  unconf ined 
a q u i f e r s  d u r i n g  i n j e c t i o n ,  one must use a r i g o r o u s  
a i r - w a t e r  model f o r  a d e t a i l e d  a n a l y s i s .  I n  these 
cases, t h e  d ischarge r a t e  t o  t h e  sha l l ow  a q u i f e r  
and i t s  pressure d i s t r i b u t i o n  d u r i n g  i n j e c t i o n  
cannot be a c c u r a t e l y  c a l c u l a t e d  wi th  a model f o r  a 
s a t u r a t e d  medium. As t h e  d i scha rge  r a t e  t o  t h e  
s h a l l o w  a q u i f e r  i s  t h e  most impor tan t  parameter 
f o r  con tamina t ion  s t u d i e s  i t  appears t h a t  a i r -  
water  models a re  necessary f o r  such problems. 
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