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

C h a n g e s  i n  p o r o s i t y  a n d  p e r m e a b i l i t y  d u e  t o  w a t e r -  
r o c k  r e a c t i o n s  may a f f e c t  a g e o t h e r m a l  r e s e r v o i r  i n  t w o  
i m p o r t a n t  w a y s .  One  i s  t h e  p o s s i h i l i t y  o f  c1oe;p;inp. o f  t h e  
p o r e  s p a c e  i n  t h e  v i c i n i t y  o f  a r e i n j e c t i o n  w e l l .  T h e  
s e c o n d  c o n c e r n s  t h e  long t e r n  e v o l u t i o n  of  a g e o t h e r m a l  
s y s t e m ,  f o r  e x a m p l e ,  t h e  d e v e l o p m e n t  o f  a s e l f - s e a l i n g  c a p  
r o c k .  Two m a j o r  t y p e s  o f  r e a c t i o n s  t h a t  may a f f e c t  t h e  
p o r o s i t y  a n d  p e r m e a b i l i t y  i n  t h e  r e s e r v o i r  a r e  d i s s o l u t i o n -  
p r e c i p i t a t i o n  r e a c t i o n s  a n d  a l t e r a t i o n  r e a c t i o n s .  S i l i c a  
p r e c i p i t a t i o n  i s  t h e  m a j o r  s e l f - s e a l i n g  p r o c e s s  i n  h o t - w a t e r  
g e o t h e r m a l  r e s e v o i r s  ( V h i t e ,  1 9 7 3 ) .  T h e  p u r p o s e  o f  t h i s  
w o r k  i s  t o  d e v e l o p  a m a t h e m a t i c a l  m o d e l  w h i c h  c a n  s i m u l a t e  
t h e  c h a n g e s  i n  p o r o s i t y  a n d  p e r m e a b i l i t y  r e s u l t i n e  f r o m  
w a t e r - r o c k  r e a c t i o n s  i n  a g e o t h e r m a l  r e s e r v o i r .  

T h e  m o d e l  b e i n g  d e v e l o p e d  d e s c r i b e s  t h e  f l o w  o f  h o t  
w a t e r  i n  a n  a x i a l l y  s y m m e t r i c  p o r o u s  m e d i u m .  T h e  m o d e l  is 
a v e r t i c a l  c r o s s - s e c t i o n  i n  r - z  c o o r d i n a t e s .  F o r  
s i r n p l i c i t v ,  o n l y  a s i n g l e  d i s s o l v e d  c h e m i c a l  s p e c i e s  is 
h e i n g  m o d e l e d .  T h e  f l u i d  i s  s i n g l e - p h a s e  w a t e r  a n d  o n l y  
d i s s o l u t i o n  a n d  p r e c i p i t a t i o n  o f  q u a r t z  a r e  c o n s i d e r e d .  T h e  
k i n e t i c s  f o r  s i l i c a  a r e  t h o s e  d e v e l o p e d  h y  P i m s t i d t  a n d  
R a r n e s  ( 1 9 7 9 )  a n d  R l m s t i d t  ( 1 9 7 9 ) .  

T h e  R a s i c  _ E q u a t i o n s  

T h e  s e t  o f  h a s i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  t h a t  
d e s c r i h e s  a h o t  w a t e r  g e o t h e r m a l  s y s t e m  a r e  t h e  f l u i d  mass  
b a l a n c e  ( c o n t i n u i t v  e q u a t i o n ) ,  t h e  f l u i d  momentum b a l a n c e  
( n a r c v ' s  L a w ) ,  t h e  t h e r m a l  e n e r g y  b a l a n c e ,  a n d  t h e  d i s s o l v e d  
s p e c i e s  m a s s  b a l a n c e  e r r u a t i o n s .  A d d j t j o n a l  c o n d i t i o n s  
n e e d e d  t o  f u l l y  d e s c r i b e  t h e  p h y s i c s  a n d  c h e m i s t r y  a r e  a n  
e q u a t i o n  o f  s t a t e  ( t h a t  i s ,  d e n s i t y  a s  a k n o w n  f u n c t i o n  o f  
p r e s s n r e ,  t e m p e r a t u r e ,  a n d  c o n c e n t r a t i o n )  , c o n s t i t u t i v e  
r e l a t i o n s  f o r  f l u i d  a n d  r o c k ,  c h e m i c a l  r a t e  e q u a t i o n s ,  a n d  
i n i t i a l  a n d  b o u n d a r y  c o n d j t i o n s .  I n  a d d i t i o n ,  t h e  r a t e  o f  
c b a n ~ e  o f  p o r o s i t y  a n d  p e r m e a h i l i t y  a s  a f u n c t i o n  o f  t h e  
r e a c t i o n  m u s t  b e  d e r i v e d .  

T h e  f i n a l  s e t  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  i s  
f o r m u l a t e d  i n  t e rms  o f  f l u i d  p r e s s u r e ,  t e m p e r a t u r e ,  a n d  
c o n c e n t r a t i o n .  S i n c e  e x a c t  s o l u t i o n s  a r e  t o o  i d e a l i z e d ,  a n  
a p p r o x i m a t e  m e t h o d  i s  n e c e s s a r y .  T h e  m e t h o d  u s e d  is a' 
n u m e r j c a l  m e t h o d  i n  w h i c h  t h e  s p a t i a l  d e r i v a t i v e s  a r e  
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a p p r o x i m a t e d  u s i n g  a C a l e r k i n  f i n i t e - e l e m e n t  m e t h o d  a n d  t h e  
t e m p o r a l  d e r i v a t i v e s  a r e  a p p r o x i m a t e d  u s i n g  a q i . n i t e -  
d i f f e r e n c e  m e t h o d .  

C h a n g e s  i n  P o r o s i t y  a n d  P e r m e a b i l i t y  

T o  m o d e l  c h a n g e s  i n  p o r o s i t y  a n d  p e r m e a b i l i t y  i t  is 
n e c e s s a r y  t h a t  c h a n g e s  i n  p o r o s j l t y  h e  e x p r e s s e d  i n  t e rms  o f  
h u l k  p o r e  v o l u m e  c h a n g e s  i n  t h e  p o r o u s  m e d i u m  d u e  t o  
d i s s o l u t i o n  o r  p r e c i p i t a t i o n .  F u r t h e r m o r e ,  i t  i s  a s s u m e d  
t h a t  t h e  c h a n g e s  i n  p e r m e a h i l . i t y  c a n  h e  d i r e c t l y  r e l a t e d  t o  
c h a n g e s  i n  p o r o s i t y  h y  s o m e  e m p l r i c a l .  o r  t h e o r e t i c a l  
r e l a t i o n s h i p  b e t w e e n  p e r m e a h i l i t y  a n d  p o r o s i t y .  T h e  
r e l a t i o n s h i p  u s e d  i s  a n  e m p i r i . c e 1  o n e  f r o m  P e a r s o n  ( 1 9 7 6 ) ,  

- 12 - 1 * e x 2 6 )  x 0 . 8 7  x 1 0  
( 1 3 . 6 1 4  0 t. - 1 0  ( 1 )  

w h e r e  4 is p o r o s i t y  ( v o l u m e  f r a c t i o n ) ,  a n d  k is 
p e r m e a b i l i t y  ( s q u a r e  c e n t i m e t e r f 3 ) .  

To o b t a i n  c h a n g e s  i n  p o r o s i t y  in terms o f  t h e  
r e a c t i o n  k i n e t i c s ,  c o n s i d e r  t h e  s o l u t e  mass b a l a n c e  
e q u a t i o n :  

A s s u m i n g  t h a t  t h e  o n l y  r e a c t i v e  c o v p o n e n t  i s  q u a r t z  a n d  t h a t  
t h e  c h a n R e s  I n  r o c k  mass a r e  d u e  t o  d i s s o l u t i o n  a n d  
p r e c i p i t a t i o n  o f  q u a r t z ,  a r o c k  mass  b a l a n c e  e q u a t i o n  i s  
w r  1 t t e n  

I n  e q u a t i o n s  ( 2 )  a n d  ( 3 1 ,  rp a n d  fH a r e  t h e  
d e n s i t i e s  o f  t h e  r o c k  a n d  w a t e r ,  r e s p e c t i v e l y .  C a n d  C a r e  
c o n c e n t r a t i o n s  (mass  f r a c t i o n )  o f  s i l i c a  in t h g  r o c k  a n d  
w a t e r ,  r e s p e c t i v e l y .  5 is t h e  D a r c y  v e l o c i t y  a n d  F is t h e  
d i s p e r s i o n  c o e f f i . c ? . e n t .  q i s  t h e  mass  f l u x  ( g r a m s  p e r  
s e c o n d  p e r  c u b i c  c e n t i m e t e ! ~ )  d u e  t o  a w e l l  s o u r c e  a n d  C 
i s  t h e  c o n c e n t r a t i o n  o f  t h e  s o u r c e  f l u i d .  T h e  term q i g  
t h e  n e t  r a t e  o f  p r e c i p i t a t i o n e  T h e  term q R e  may a l s o  b e  
t h o u g h t  o f  a s  t h e  t i m e  r a t e  o f  l o s s  o f  d i s s o l v e d  s i l i c a  mass 
p e r  u n i t  v o l u m e  b y  p r e c i p i . t a t i o n .  T h e  s u b s c r i p t  Re r e f e r s  
t o  t h e  p a r t  o f  t h e  s u b s c r i p t e d  e x p r e s s i o n  w h i c h  is d u e  t o  
t h e  r e a c t i o n .  

P e  
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The left hand s i d e  of equation ( 3 )  can be 
and C are constant; SP r simplified, assuming that 

Therefore, an expression f o r  glRe can be obtained, 
which i s  

i s  evaluated by incorporating the 
kinetic rate equation f o r  quartz which describes the time 
rate o f  change of silica concentration in the flujd as a 
function of concentratjon and temperature. T h i s  equation i s  
(Rimstidt and Parnes, 1 9 7 9 ;  Pimstidt, 1 9 7 9 )  

qRe The term 

where n i s  molality o f  dissolved silica, A I M  i s  the ratio of 
interfacial area to mass of water, and k, and k are the 
rate constants f o r  dissolution and precipitation, 
respectively. The rate constants are exponential functions 
of  temperature. 

Pumerj cal Method 

?he numerical method used to solve for pressure, 
temperature, and concentration i s  based on the finite- 
element method. T h e  essential features of this method are: 

1 )  The spatial derivatives are approximated using a 
modified Calerkin finite-element method i n  which 
upstream weightinp: o f  the convective terms i s  used. 

2 )  The temporal derivatives are approximated using a 
hackward (implicit) finite difference in time. 

3 )  Concentration, temperature, and pressure are solved f o r  
sequentially in a manner similar to that outlined hp 
Coats et al. ( 1 9 7 4 )  f o r  finite difference methods. 
Solving f o r  concentration, temperature, and pressure i n  
that order allows the coefficient matrix f o r  the spatial 
derivatives to he symmetric. The method also requires 
lumpinF o f  the ttme derjvative matrices. 
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4) T h e  c o n v e c t i v e  t e r m s  i n  the t e m p e r a t u r e  and 
c o n c e n t r a t i o n  e q u a t i o n s  a r e  e v a l u a t e d  at t h e  n e w  t i m e  
l e v e l  u s i n g  a linearized semi- implicit method. T h i s  
a l l o w s  r e a s o n a b l y  l a r g e  t i m e  s t e p s  without c h a n g i n g  the 
s y m m e t r y  of t h e  matrices. 

5) T h e  r e a c t i o n  term in the c o n c e n t r a t i o n  e q u a t i o n  is 
treated semi- implicitly. 

E x a m p l e s  

T h e  m o d e l  h a s  b e e n  tested against s o m e  a n a l y t i c a l  
solutions. T h e  s o l u t i o n  f o r  p r e s s u r e  h a s  b e e n  c o m p a r e d  to 
t h e  T h e i s  s o l u t i o n  f r o m  g r o u n d w a t e r  h y d r o l o g y  (Theis, 1 9 3 5 ) .  
T h e  s o l u t i o n  f o r  t e m p e r a t u r e  h a s  b e e n  c o m p a r e d  t o  a n  
a n a l y t i c a l  s o l u t i o n  t o  the p r o b l e m  of ho t  fluid i n j e c t i o n  
i n t o  a n  a q u i f e r ,  includin)? the effect of c o n d u c t i v e  heat 
loss t h r o u g h  t h e  c o n f i n i n g  b e d s  (Avdonin, 1964). A 
m o d i f i c a t i o n  of t h e  A v d o n i n  s o l u t i o n  without l e a k a g e  w a s  
used t o  test t h e  s o l u t i o n  of t h e  c o n c e n t r a t i o n  equation. 
All t h r e e  f i n i t e  e l e m e n t  s o l u t i o n s  cornpared f a v o r a b l y  t o  the 
a n a l y t i c a l  solutions. T h e  d i F f e r e n t i a 1  rate e q u a t i o n  f o r  
q u a r t z  w a s  i n t e g r a t e d  a n a l y t i c a l l y  o v e r  t i m e  at c o n s t a n t  
temperature. T h i s  w a s  c o m p a r e d  t o  computed c o n c e n t r a t i o n s  
f o r  c o n d i t i o n s  o f  n o  f l o w  and constant temperature. T h e  
a c c u r a c y  o f  t h e  c o n c e n t r a t i o n s  c o m p u t e d  by t h e  f i n i t e  
e l e m e n t  m o d e l  u n d e r  t h e s e  c o n d i t i o n s  is d e p e n d e n t  o n  the 
s i z e  o f  t h e  t i m e  step. 

T h e  r e l a t i o n s h i p  b e t w e e n  the t e m p e r a t u r e  and the 
c o n c e n t r a t i o n  s o l u t i o n s  and h o w  t h i s  e f f e c t s  t h e  r e a c t i o n  
r a t e  f o r  q u a r t z  dissolution-precipltation w a s  ~ t u d i e d  
through a s e r i e s  of one- dimensional problems. In these 
problems, the f r o n t s  a r e  c a u s e d  by the i n j e c t i o n  o f  hot 
w a t e r  i n t o  a c o o l e r  a q u i f e r ,  w i t h  t h e  i n i t i a l  flulrls 
saturated w i t h  silica. T h e  r e s u l t s  sugpest that the 
t e m p e r a t u r e  s o l u t i o n  c o n t r o l s  the rate o f  t h e  q u a r t z  
precipitation- dissolution r e a c t i o n  in two b a s i c  ways. 

First, t h e  r e a c t i o n  r a t e  is rapid e n o u g h  that the 
c u r v a t u r e  o f  t h e  c o n c e n t r a t i o n  front b a s i c a l l y  f o l l o w s  that 
of t h e  t e m p e r a t u r e  front. T h i s  i m p l i e s  that t h e r m a l  
d i s p e r s i o n  (conductivity) of t h e  r e s e r v o i r  is r e l a t i v e l y  
m o r e  important than s i l i c a  d i s p e r s i o n  in c o n t r o l l i n g  the 
reaction. P r e c i p i t a t i o n  t e n d s  t o  o c c u r  o n  t h e  u p s t r e a m  s i d e  
of the f r o n t s  w h e r e  hot w a t e r  m i x e s  w i t h  cold water. T h i s  
r e s u l t s  i n  d e c r e a s e d  porosity and p e r m e a b i l i t y  in the 
v i c i n i t y  of t h e  well. 

T h e  second w a y  in w h i c h  t h e  t e m p e r a t u r e  solrrtion 
c o n t r o l s  the r e a c t i o n  rate is t h r o u g h  t h e  e x p o n e n t i a l  
t e m p e r a t u r e  d e p e n d e n c e  of t h e  r a t e  constants. T h e  result is 
that the r e a c t i o n  rate I s  m o r e  s e n s i t i v e  to c h a n p e s  i n  
c o n c e n t r a t i o n  and t e m p e r a t u r e  at h i g h e r  temperatures. 

-278- 



W e  a r e  presently in the process of  d e s i g n i n g  two- 
dimensional problems w i t h  the purpose of m o d e l i n g  self-  
sealing in a reservoir. 
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