
SGP - TR - 30 

PROCEEDINGS 
FOURTH WORKSHOP 

GEOTHERMAL RESERVOIR ENGINEERING 

c 

- 
.- 
- 
L Paul Kruger and Henry J. Ramey, Jr. 

Editors 

December 13-15, 1978 

CONF-781222-40



SIMLJLATION OF GEOTHERMAL RESERVOIRS INCLUDING CHANGES 
I N  POROSITY AND PERMEABILITY DUE TO SILICA-WATER REACTIONS 

Todd M.C. L i ,  J . W .  Mercer, C.R. Faus t ,  and R . J .  Greenf ie ld  
U.S. Geological  Survey 
Reston, V i rg in i a  22092 

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  in t w o  
i m p o r t a n t  w a y s .  One is t h e  p o s s i b i l i t y  o f  c l o g g i n g  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 .  The  
s e c o n d  c o n c e r n s  t h e  l o n g  t e r m  e v o l u t i o n  o f  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  is 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  
work  is 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  medium.  The  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 m 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 
b e i n g  m o d e l e d .  T h e  f l u i d  is 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 .  The  
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  b y  P i m s t i d t  a n d  
F a r n e s  ( 1 9 7 9 )  a n d  R j m s t i d t  ( 1 9 7 9 ) .  

The  R a s i c  F q u a t i o n s  

T h e  s e t  o f  b 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  m a s s  
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  
( D a r c y ' 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 a u a t i o n s .  A d d l 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  is, d e n s i t y  a s  a known f u n c t i o n  o f  
p r e s s i i 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  
l n i t i a l  a n d  b o u n d a r y  c o n d l t i o n s .  I n  a d d i t i o n ,  t h e  r a t e  o f  
cbanp,e  o f  p o r o s i t y  a n d  p e r r n 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  h e  d e r i v e d .  

T h e  € 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  is 
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  is n e c e s s a r y .  The  m e t h o d  u s e d  is a' 
n u m e r i 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 f f 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 i t y  h e  e x p r e s s e d  i n  t e rms  o f  
b 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  medium d u e  t o  
d i s s o l u t i o n  or 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 v  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  b y  some e m p f r i c a l .  or 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 b i l i t y  and  p o r o s i t y .  The  
r e l a t i o n s h i p  u s e d  is a n  e m p i r i c a l  o n e  f r o m  P e a r s o n  ( 1 9 7 6 1 ,  

( 1 )  
- 1 2  - 1 e p 1 2 6 )  x ? . R 7  x 1 0  ( 1 3 . 6 1 4  0 k. = 1 0  

w h e r e  41 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 i s  
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 s ) .  

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 t e r m s  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  m a s s  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 ) ,  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 r  a n d  C a r e  
c o n c e n t r a t i o n s  ( m a s s  f r a c t i o n )  o f  s i l i c a  i n  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 .  3 is t h e  D a r c y  v e l o c i t y  a n d  F; i s  t h e  
d i s p e r s i o n  c o e f f i c i e n t .  q is 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 p s )  d u e  t o  a w e l l  s o u r c e  a n d  C 
is 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  t e r m  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 .  T h e  t e rm 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  loss o f  d i s s o l v e d  s i l i c a  m a s s  
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  R e  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 f c h  i s  d u e  t o  
t h e  r e a c t i o n .  

F e  
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The left hand s i d e  of equation ( 3 )  can be 
simp]-ified, assuming that f, and C are constant: 

r 

Therefore, an expression for Re can be obtained, 
which is 

i s  evaluated by incorporating the 
kinetic rate equation for quartz which describes tbe time 
rate o f  change of silica concentration in the fluid a s  a 
function of concentratfon and temperature. This equation i s  
(Rimstidt and Farnes, 1 9 7 9 ;  Qimstidt, 1 9 7 9 )  

4Re The term 

am A - at = - M [ k+-  h-m] 

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

Piimeri cal Method 

?he numerical method used to solve f o r  pressure, 
temperature, and concentration i s  based on the finite- 
element method. The essential features o f  this method are: 

1)  The spatial derivatives are approximated using a 
modified Calerkin finite-element method in which 
upstream weighting o f  the convective terms is 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 hv 
Coats et al. (1974) f o r  finite difference methods. 
Solving for concentration, temperature, and pressure in 
that order allows the coefflcient matrix f o r  the spatial 
derivatives to he symmetric. The method also requires 
lumpine. of the time derivative matrtces. 
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4) T h e  convective terms in the temperature and 
concentration equations are evaluated at the new time 
level using a linearized semi-implicit method. This 
allows reasonably large time steps without changing the 
symmetry of the matrices. 

5 )  The reaction term in the concentration equation is 
treated semi-implicitly. 

Examples 

The model has been tested against some analytical 
solutions. The solution for pressure has been compared to 
the Theis solution from groundwater hydrology (Theis, 1 9 3 5 ) .  
The solution for temperature has been compared to an 
analytical solution to the problem of hot fluid injection 
into an aquifer, includinp, the effect of conductive heat 

modification of the Avdonin solution without leakage w a s  
used to test the solution of the concentration equation. 
All three finite element solutions compared favorably to the 
analytical solutions. The differential rate equation for 
quartz was integrated analytically over time at constant 
temperature. This was compared to computed concentrations 
for conditions of no flow and constant temperature. The 
accuracy of the concentrations computed by the finite 
element model under these conditions is dependent on the 
size of the time step. 

loss through the confining beds (Avdonin, 1964). A 

The relationship between the temperature and the 
concentration solutions and how this effects the reaction 
rate for quartz dissolution-precipltation was ~ t udierl 
through a series of one-dimensional problems. In these 
problems, the fronts are caused by the injection of hot 
water into a cooler aquifer, with the initial fluids 
saturated with silica. The results suggest 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  t h e  r a t e  of t h e  q u a r t z  
precipitation-dissolution reaction in two basic ways. 

First, the reaction rate is rapid enough that the 
curvature of the concentration front basically follows that 
of the temperature front. This implies that thermal 
dispersion (conductivity) of the reservoir is relatively 
more important than silica dispersion in controlling the 
reaction. Precipitation tends to occur on the upstream side 
of the fronts where hot water mixes with cold water. This 
results in decreased porosity and permeability in the 
vicinity of the well. 

The second way in which the temperature sol~ttion 
controls the reaction rate is through the exponential 
temperature dependence of the rate constants. The result is 
that the reaction rate is more sensitive to c h a n ~ e s  in 
concentration and temperature at higher temperatures. 
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He are presently in the process of designing two- 
dimensional problems with the purpose of modeling self- 
sealing in a reservoir. 
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