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Although the corrosion and scaling problems associated with hand- 
ling geothermal fluids are well known, the effects of hydrothermal reac- 
tions are often overlooked in geothermal reservoir modeling. Water- 
rock chemistry can be expected to affect the evolution of a reservoir in 
at least three ways: (a) the heats of reaction may contribute directly 
to the energy production, (b) the viscosity and thermodynamic properties 
of water are affected by the dissolved solids--this is especially impor- 
tant in two-phase regimes, and (c) the porosity and permeability change 
with time due to dissolving and precipitation as well as due to the 
volume change associated with alteration. 

Chemical Energy 

T a b l e  1 summarizes the important hydrothermal reactions in a 
granitic source rock together with the heats of reaction and associated 
volume changes. Note that the available chemical energy is comparable 
to the thermal energy while the associated volume changes are an order 
of magnitude larger than those due to thermal contraction. 

Table 1 

IMPORTAHT REACTIONS IN GRANITIC ROCK 
(CHEMICAL REACTIONS TAKEN FROM H E L G E S O N ,  1969) 
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Although s i g n i f i c a n t  chemical energy e x i s t s ,  i t  cannot always be 
e x t r a c t e d .  One of t h e  f i r s t  q u e s t i o n s  w e  addressed (Morris,  1975; Morr is  
and Sammis, 1975) w a s  t h e  d e l i n e a t i o n  of r e s e r v o i r  c o n d i t i o n s  under which 
one could expec t  t o  e x t r a c t  s i g n i f i c a n t  chemical h e a t .  For t h e  case of 
dissolving-precipitation r e a c t i o n s ,  a comparison of t he rma l  energy wi th  
chemical  energy l e a d s  t o  a s imple  r e l a t i o n  between s o l u b i l i t y  and h e a t  of 
r e a c t i o n  f o r  a g iven  r a t i o  of chemical t o  thermal  energy e x t r a c t e d .  
Because t h e  ra te  of d i s s o l v i n g  i s  c o n t r o l l e d  by t h e  s o l u b i l i t y  a t  t h e  
o u t l e t  temperature ,  t h e  r e s u l t i n g  r e l a t i o n  i s  independent of a l l  c r a c k  and 
f low parameters. I n  t h e  c a s e  of q u a r t z ,  t h e  s o l u b i l i t y  a t  3OOOC i s  too  
low f o r  chemical  h e a t  t o  make a c o n t r i b u t i o n  - thermal  energy is e x t r a c t e d  
f a r  f a s t e r  t h a n  chemical  energy under a l l  f low c o n d i t i o n s .  

I n  t h e  case of a l t e r a t i o n  r e a c t i o n s ,  however, t h e  r e a c t i o n  rate is n o t  
l i m i t e d  by s o l u b i l i t y  and, depending on the a l t e r a t i o n  rate,  s i g n i f i c a n t  
chemical  energy may be e x t r a c t e d .  Morr is  (1975) h a s  d e l i n e a t e d  t h e  combinations 
of f l o w  pa rame te r s ,  c r a c k  parameters ,  h e a t s  of r e a c t i o n  and a l t e r a t i o n  rates 
f o r  which chemical  energy a s s o c i a t e d  w i t h  t h e  a l t e r a t i o n  may be e x t r a c t e d .  
One of t h e  o b j e c t i v e s  of our  expe r imen ta l  program is  t o  determine a l t e r a t i o n  
ra tes  i n  t y p i c a l  r e s e r v o i r  rocks ,  and t h u s  assess t h e  importance of such 
r e a c t i o n s  t o  t h e  t o t a l  thermal  regime. 

N u m e r i c a l  Model f o r  Single-phase Flow I n c l u d i n g  P o r o s i t y  and P e r m e a b i l i t y  Changes 

The changes i n  p o r o s i t y  and p e r m e a b i l i t y  a s s o c i a t e d  wi th  b o t h  d i s s o l v i n g  
and a l t e r a t i o n  r e a c t i o n s  are  e a s i l y  i n c o r p o r a t e d  i n t o  t h e  s t a n d a r d  f i n i t e  
d i f f e r e n c e  schemes commonly used i n  numerical  r e s e r v o i r  modeling. The 
m o l a l i t y  of each  impor t an t  s o l u t e  may be t r e a t e d  as  a dependent v a r i a b l e  t o  
be found t o g e t h e r  w i t h  t h e  t empera tu re  and v e l o c i t y  f i e l d s .  I n  a d d i t i o n  t o  
t h e  s t a n d a r d  t h r e e  e q u a t i o n s  f o r  t h e  c o n s e r v a t i o n  of mass, momentum, and 
energy,  an e q u a t i o n  may be w r i t t e n  f o r  t h e  c o n s e r v a t i o n  of each s o l u t e  s p e c i e s .  
Such a n  e q u a t i o n  d i r e c t l y  i n c o r p o r a t e s  p e r m e a b i l i t y  changes a s s o c i a t e d  w i t h  
d i s s o l v i n g  and p r e c i p i t a t i o n .  It  r e q u i r e s ,  as  an a d d i t i o n a l  c o n s t i t u t i v e  
r e l a t i o n ,  t h e  e x p e r i m e n t a l l y  determined r a t e  equa t ion .  P e r m e a b i l i t y  changes 
a s s o c i a t e d  w i t h  a l t e r a t i o n  r e a c t i o n s  may be w r i t t e n  e x p l i c i t l y  i n  terms of 
the t e m p e r a t u r e ,  f l o w  v e l o c i t y ,  crack p a r a m e t e r s ,  w a t e r  chemis t ry ,  and 
a p p r o p r i a t e  a l t e r a t i o n  rate equa t ion .  T h i s  l a r g e r  system of e q u a t i o n s  may b e  
combined and so lved  u s i n g  e x a c t l y  t h e  same numerical  scheme employed by 
Harlow and P r a c h t  (1972). Using t h e i r  n o t a t i o n  ( v a r i a b l e s  are d e f i n e d  i n  
Tab le  2 ) ,  t h e  energy ba lance  e q u a t i o n  is  

a 4 - { [b  p (1-8) + b p 8]T} + t o p  b B?iT = V *  [\(l-€))?T] + p b T S a t  R R w w  w w  w w s  

and t h e  m a s s  and momentum ba lance  e q u a t i o n s  may be w r i t t e n  i n  t h e  form 

The e q u a t i o n  of s t a t e  of  water 
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and a po ros i ty -pe rmeab i l i t y  r e l a t i o n  

are a l s o  r e q u i r e d .  
dependence of t h e  v i s c o s i t y  of w a t e r  

It a l s o  i s  impor t an t  t o  i n c l u d e  t h e  t empera tu re  

0 .279  ' = T(OC)-3.8 [A] 
I f  w e  on ly  c o n s i d e r  t h e  d i s s o l u t i o n  and p r e c i p i t a t i o n  of S i 0 2  

Si02 (S) + 2H20$H4Si04 (7 1 

w e  can  write two more ba l ance  equa t ions :  t h e  c o n s e r v a t i o n  of Si02 d u r i n g  

and t h e  m a s s  b a l a n c e  f o r  S i02  i n  s o l u t i o n  

The s u b s c r i p t  R i n d i c a t e s  t h a t  we  o n l y  c o n s i d e r  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  which i s  due t o  t h e  r e a c t i o n .  The t i n e  ra te  of change of m o l a l i t y  
[arn/at], i s  g i v e n  i n  terns of e x p e r i m e n t a l l y  determined r a t e  c o n s t a n t s ,  k+ 

( f o r  t h e  forward d i s s o l u t i o n  r e a c t i o n )  and k - ( f o r  t h e  r e v e r s e  p r e c i p i t a t i o n  
r e a c t i o n )  by t h e  r a t e  e q u a t i o n  

=1. The a c t i v i t y  of HbSiOt, s i o  2 ' a ~ 2  o I f  we assume a pure  quartz-water  system a 

may be w r i t t e n  i n  terms of t h e  m o l a l i t y  

yH,SiO,"H,SiO, . .  - 
0 

_ -  a r) 

H4Si04  y H 4 S i 0 4 % + S i O ~  

0 =1 The r e f e r e n c e  s ta te  i s  chosen such t h a t f = m  = l .  
( t r u e  on ly  f o r  p u r e  wa te r )  e q u a t i o n  (10) may be w r i t t e n  

I f  w e  a l s o  assume y HI, SiOt,  

In g e n e r a l  w e  can w r i t e  A/V=(Fracture  Pa rame te r ) /S  where t h e  f r a c t u r e  
parameter  can be r e a d i l y  f o u n d  f o r  s i m p l e  a s sumed  f r a c t u r e  geometr ies .  
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Following Harlow and P r a c h t  (1972),  t h e s e  e q u a t i o n s  may be  so lved  i n  
t h e  fo l lowing  s e q u e n t i a l  o rde r :  (a) t h e  energy ba lance  e q u a t i o n  (1) ( i n  
f i n i t e  d i f f e r e n c e  form) i s  so lved  f o r  T a t  t h e  new t i m e  s t e p  us ing  t h e  
v a l u e s  of 8 ,  u ,  and T a t  t h e  p rev ious  t i m e  s t e p ;  (b)  e q u a t i o n s  (8) ,  ( 9 ) ,  and 
(12) a re  used t o  f i n d  8 and m a t  t h e  new t i m e  s t e p ;  (c )  equa t ion  ( 3 )  i s  
so lved  f o r  new v a l u e s  of  C p ;  and (d) equa t ion  (3) i s  s o l v e d  f o r  new v a l u e s  
of u .  The procedure  is  then  r epea ted  f o r  t h e  nex t  t i m e  s t e p .  We are 
c u r r e n t l y  working on such  a s o l u t i o n  procedure  f o r  s imple  r e s e r v o i r  
c o n f i g u r a t i o n s .  

I K i n e t i c s  of  t h e  D i s s o l u t i o n  and P r e c i p i t a t i o n  of Si02 

Lindsay,  W.T., Jr.,  and C.T. L iu ,  Vapor P r e s s u r e  Lowering of Aqueous S o l u t i o n s  
a t  Eleva ted  Temperatures ,  U.S. O f f i c e  o f  S a l i n e  Research  and Development, 

I Progres s  Report  No. 347, 235 p . ,  1968. 

I n  o r d e r  t o  implement t h e  above scheme, t h e  r a t e  c o n s t a n t s  k and 
k must b e  known. 
m - a s  a f u n c t i o n  of t ime  i n  t h e  a p p a r a t u s  shown i n  F i g u r e  1 (Barnes and 
R ims t id t ,  1975) 

+ 
These have been determined expe r imen ta l ly  by measuring 

I Morr is ,  J . R . ,  and C.G.  S a m m i s ,  The Recovery of Chemical Energy from a Dry- 
Rock Geothermal Rese rvo i r  ( a b s t r . ) ,  Trans.  Am. Geophys. Union, 56, 
1073, 1975. 

- 

k = 2.03 e -28. 3’RT noles/crn2sec 

k = 3.30 -2 e * 5’RT moles / c m 2  s ec 

+ 
- 

where t h e  a c t i v a t i o n  e n e r g i e s  are i n  kcal /mole.  
weakly dependent  on  p r e s s u r e  and s a l i n i t y  of  t h e  s o l u t i o n .  I n  t h e  case of 
s a l i n e  b r i n e s ,  t h e  major  e f f e c t  on t h e  k i n e t i c s  o f  q u a r t z  d i s s o l u t i o n  i s  

The r a t e - c o n s t a n t s  a re  on ly  

t o  lower a i n  (10) (Lindsay and Liu ,  1968) and s l i g h t l y  lower y 
i n  (11). Hz 0 H4 Si04 
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Table  2 Summary of No ta t ion  

0 p o r o s i t y ,  open volume f o r  wa te r  f low (pe r  u n i t  volume) 

d e n s i t y  of water, a f u n c t i o n  of tempera ture  

d e n s i t y  of rock  

w a t e r  v e l o c i t y  

pW 

pR 
-.. 
U 

S s o u r c e  o r  s i n k  of water from s u r f a c e  p i p e s  (volume p e r  u n i t  volume 

P water p r e s s u r e  p e r  u n i t  t ime)  

g 

F-I 
k 

bR’ bW 
T 

<T> 

TO 

S 
T 

5 
@ 

C 

W 

d 

B 
m 

M 
- 

wR 
a 

a c c e l e r a t i o n  of g r a v i t y  

c o e f f i c i e n t  of water v i s c o s i t y  

p e r m e a b i l i t y  

s p e c i f i c  h e a t s  of rock  and wa te r ,  r e s p e c t i v e l y  

t empera tu re  

ave rage  w a t e r  t empera ture  a t  a g i v e n  d e p t h  

r e f e r e n c e  tempera ture  f o r  thermal  expansion 

source  o r  s i n k  t empera tu re  

thermal  c o n d u c t i v i t y  of rock  

(p-po) /po  where po/po is a f u n c t i o n  of dep th  on ly  

measure of average  c r a c k  spac ing  

v o l u m e t r i c  expans ion  c o e f f i c i e n t  of wa te r  

mo 1 a l i  t y 

molecular  weight  

grams q u a r t z  p e r  gram of rock  

a c t i v i t y  

s u r f a c e  area p e r  u n i t  wa te r  volume, a f u n c t i o n  of f r a c t u r e  geometry 

ra te  c o n s t a n t  f o r  t h e  forward d i s s o l v i n g  r e a c t i o n  

ra te  c o n s t a n t  f o r  t h e  r e v e r s e  p r e c i p i t a t i o n  r e a c t i o n  

a c t i v i t y  c o e f f i c i e n t  

M m a s s  
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