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INTRODUCTION 

In hydrothermal systems, t r a n s p o r t  
phenomena a r e  complicated by coupled f l u i d ,  
energy and chemical t r a n s p o r t  processes .  
S u b s t a n t i a l  q u a n t i t i e s  of  energy and d i s s o l v e d  
chemical s p e c i e s  a r e  c a r r i e d  by and a l s o  
i n t e r a c t  w i t h  t h e  flow f i e l d ;  t h e  p o t e n t i a l  
f i e l d  of energy and chemical s p e c i e s  can a l s o  
inf luence  t h e  flow f i e l d .  These coupled 
processes  o f t e n  e x h i b i t  non-l inear  behavior ,  
t h u s  r e q u i r i n g  numerical methods f o r  s o l u t i o n .  
Many problems a r i s e  during t h e  e x p l o i t a t i o n  of  
geothermal systems t h a t  involve complicated 
t r a n s p o r t  processes .  

One example is quar tz  p r e c i p i t a t i o n  near  
wells a t  t h e  Cerro P r i e t o  geothermal f i e l d ,  
Mexico, caused by l o c a l i z e d  a q u i f e r  b o i l i n g  
(Truesde l l  et  a l . ,  1984) .  Boi l ing  causes  a 
gradual  temperature  d e c l i n e  and a consequent 
decrease  i n  quar tz  s o l u b i l i t y .  Also s e p a r a t i o n  
of s t e m  from t h e  produced f l u i d s  can increase  
quar tz  concent ra t  ions  in  t h e  r e s i d u a l  water. 
Under such c i r c l m s t a n c e s ,  q u a r t z  w i l l  p r e c i p i -  
t a t e  a f t e r  t h e  concent ra t ion  reaches a high 
degree of s u p e r s a t u r a t i o n ,  which r e s u l t s  in 
reduct ion of permeabi l i ty  and mass flow r a t e .  

Another example is s i l i c a  s c a l i n g  dur ing  
r e i n j e c t i o n  opera t ions .  Rein jec t ion  is 
o f t e n  employed i n  order  t o  prevent chemical 
contaminat ion of the environment by s u r f a c e  
d i s p o s a l  and t o  enhance t h e  energy recovery 
from t h e  s y s t e m .  However, t h e  spent  b r i n e  
o f t e n  g e t s  cooled below t h e  s a t u r a t i o n  tem- 
p e r a t u r e  so t h a t  d e p o s i t i o n  occurs  i n  t h e  
s u r f a c e  p i p e l i n e s ,  t h e  d i s p o s a l  w e l l  or  wi th in  
t h e  r e s e r v o i r  rock i t s e l f .  I f  s c a l i n g  occurs  
around t h e  wel lbore,  p e r m e a b i l i t i e s  w i l l  be 
reduced and t h e  i n j e c t i v i t y  of  t h e  well w i l l  
decrease  . 

K e i t h  e t  e l .  (1983) have conducted an ex- 
periment involving non-isothermal flow o f  

and Barre g r a n i t e .  Their experimental  r e s u l t s  
confirm tha t  s i l i ca  p r e c i p i t e t i o n  by k i n e t i c  
r e a c t i o n s  with water is respons ib le  for reduc- 
t i o n s  i n  p o r o s i t y ,  permeebi l i ty  end f low rate. 
I t o i  e t  e l .  ( 1 9 8 l )  have performed an experimental  
s tudy involv ing  near- isothermal  flow o f  geothermal 
f l u i d  wi th  s u p e r s a t u r a t e d  s i l i ca  through a porous 
mediun column. Their experimental  r e s u l t s  show 

V s u p e r s a t u r a t e d  s i l i ca  f l u i d  through Westerly 

t h a t  t h e  s i l i c a  s c a l e  is depos i ted  mainly i n  
t h e  region near  t h e  f l u i d  e n t r y  o f  t h e  column, 
r e s u l t i n g  i n  d r a s t i c  permeabi l i ty  reduct ion .  

APPROACH 

Since the  mechanisms of energy and chemical 
t r a n s p o r t  p rocesses  in subsur face  geologic  
formations a r e  t o o  complicated t o  be descr ibed 
i n  d e t a i l ,  t h e  convec t ion-d i f fus ion  type 
equat ions  a r e  usua l ly  employed t o  model such 
t r a n s p o r t  processes .  Over t h e  l a s t  decade, 
many numerical schemes have been developed t o  
s o l v e  such equat ions .  However, it is d i f f i c u l t .  
t o  cons t ruc t  f i n i t e  d i f f e r e n c e  methods which 
g i v e  accura te  s o l u t i o n s .  For example, i t  is 
w e l l  known t h a t  a higher-order  d i f f e r e n c e  
method (Peaceman, 1977) may g e n e r a t e  spur ious  
o s c i l l a t i o n s  or overshoot near t h e  f ront  for  
high Peclet numbers. A f i r s t - o r d e r  upwind 
d i f f e r e n c e  method w i l l  i n t roduce  numerical 
d i f f u s i o n  e r r o r s  m i c h  may be s e v e r a l  o rders  of  
magnitude l a r g e r  than t h e  e f f e c t s  of phys ica l  
d i f f u s i o n .  To avoid these problems t h e  method 
used i n  t h i s  s tudy c o n s i s t s  of  a technique t h a t  
u t i l i z e s  monotonized upwind c e n t r a l  d i f f e r e n c i n g  
!Van Leer, 1977; C o l e l l a ,  1984) and opera tor  
s p l i t t i n g  (S t rang ,  1968) .  

In t h i s  paper we descr ibe  our nuner ica l  
s imula tor  PTC !pessure-iemperature-pemistry!, 
and a l s o  present  t h e  methods we use t o  reduce 
e r r o r s  due t o  numerical diffusion. Examples o f  
t h e  a p p l i c a t i o n  of t h i s  approach t o  two problem 
a r e  included.  The f i r s t  problem involves  
non-isothermal flow of supersa tura ted  si1 i c a  
through s i n g l e  f r a c t u r e s .  The p r e c i p i t a -  
t i o n  o f  s i l i c a  i n  the  f r a c t u r e s  is modeled and 
t h e  r e s u l t i n g  permeabi l i ty  and flow r a t e  
decreases  a r e  c a l c u l a t e d .  

The second problem involves  f i e l d  d a t a  
c o l l e c t e d  at the E l l i d a a r  geothermal f i e l d  i n  
Iceland.  After 15 years of  f l u i d  product ion,  
s i g n i f i c a n t  d e c l i n e s  i n  p r e s s u r e  and tempera- 
t u r e  have been observed along w i t h  changes in  
s i l i ca  concent ra t  ions. In order  t o  i l l u s t  rat e 
t h e  a p p l i c a b i l i t y  of  our model t o  such  d a t a ,  w e  
have developed a s imple nuner ica l  model that. 
f i t s  well wit h t n e  observed product ion h i s t o r y .  
The a p p l i c a b i L i t y  of  our coupled method of  
analyzing t h e  chanqinq r e s e r v o i r  c o n d i t i o n s  is 
demonstrated, and t h e  r e s u l t  is a more d e t a i l e d  
underst andinq of  t h e  geothermal system. 



YUMERICAL SIMULATOR PTC s t e p  is t o  remove d i f f u s i o n  and Source terms 
from Eqs. 5 and 6. Thus, w e  so lve  t h e  following 

The numerical s imula tor  PTC was developed equat ions :  
t o  analyze coupled hydrological-thermal-chemical 
processes  encountered in  subsur face  geologica l  
formations.  Development of  t h e  code PTC was ' T Z + ' T  ' 

based on t h e  code PT ( b d v a r s s o n ,  19821, which 
handles  coupled f l u i d  and energy t r a n s p o r t  
p rocesses  in  porous / f rac tured  media. In 
a d d i t i o n  t o  f l u i d  and energy t ranspor t  p rocesses ,  

t r a n s p o r t  p rocesses ,  inc luding  t h e  e f f e c t s  of 
convect ion,  d i s p e r s i o n ,  and k i n e t i c s  of s i l i c a -  
water reac t ions .  The t r a n s p o r t  equat ions  used 
i n  t h e  code PTC a r e  b r i e f l y  descr ibed  below. 

a T  - V T  = 0 ( 7 )  

and 

a c + ;  - v c = o  t n e  code PTC can  handle  one-component chemical ac x c 

= ;of where G T  = ;ofCf and ; C 

Coverninq Equat ions 

The mass c o n t i n u i t y  equat ion  can be expressed The method used t o  solve Eqs. 7 and 8 is t h e  
as :  e x p l i c i t  monotonized c e n t r a l  d i f f e r e n c e  method 

proposed by Van Leer (1977) and developed f o r  
non-l inear  hyperbol ic  systems without  opera tor  
s p l i t t i n g  by C o l e l l a  (1984). A d e t a i l e d  d iscus-  
s i o n  o f  t h i s  method is g iven  i n  Van Leer (1977) 
and C o l e l l a  (1984). The second f r a c t i o n a l  s t e p  
o f  o p e r a t o r  s p l i t t i n g  is t o  s o l v e  d i f f u s i o n  

may be approximated by t h e  i m p l i c i t  c e n t r a l  
d i f f e r e n c e  method, 

(1 )  
a ( w f )  
-+ v * v p f = o  a t  

where is Darcy ' s  v e l o c i t y  expressed a s :  

G = - - k { vp - pg } ( 2 )  t y p e  e q u a t i o n s  such as Eqs. 9 and 10. These 
Y 

The equat ions  for  conserva t ion  of  energy 
V - K ~ V T  + source  ' 9  and chemical s p e c i e s  i n  f rec tured/porous  media a T  3r = 

can be expressed by Eqs. 3 and 4 ,  r e s p e c t i v e l y :  

P ~ D V C  + source  u c X = V '  ac 110; 

= V - K 01 + source  ( 3 )  h Once Eqs. 7 and 8 have been solved,  t h e i r  
s o l u t i o n s  a r e  used a s  i n i t i a l  c o n d i t i o n s  for  
Eqs. 9 and 10,  which are s o l v r d  for f i n a l  
temperature  and concent ra t ion  in a f u l l  s t e p  o f  
opera tor  s p l i t t i n g .  A s i m i l a r  procedure a l lows  
one t~ move forward i n  time. A t  p r e s e n t ,  t h e  
code PTC implements t h i s  new numerical scheme 
f o r  1-0 problems o n l y ;  2-0 pr75,lems a r e  solved 
w i t h  a convent iona l  f i n i t e  d i f f e r e n c e  method. 

VALIDATION OF NUMERlCAL SCHEME 

a h  $1 - + v pF;C = V p f  DOC + source  (4)  a t  

Combining Eqs. 1 and 3 and l i n e a r i z i n g  
t h e  s y s t e m  p r o p e r t i e s ,  C f 9  Or, C r ,  and 0 ,  
one o b t a i n s  Eq. 5 f o r  conserva t ion  of energy: 

- 
The v a l i d i t y  o f  t h e  numerical scheme has  :: + pfcf ;  - V T  = V * khVT + source  ( 5 )  

been t e s t e d  a g a i n s t  a s imple problem f o r  which 
where UT = Opfcf  + ( 1  - +)PrCr an exact  a n a l y t i c a l  s o l u t i o n  is a v a i l a b l e .  The 

tes t  c a s e  considered is a one-dimensional i so-  
S i m i l a r l y ,  t h e  equat ion  for conserva t ion  o f  thermal  chemical t r a n s p o r t  problem i n  a semi- 
chemical s p e c i e s  can be expressed as: i n f i n i t e ,  i s o t r o p i c  porous mediun. A cons tan t  

c o n c e n t r a t i o n ,  Co, is maintained a t  x = 0 ,  

The Fluid v e l o c i t y  (v/cp) and t h e  l o n g i t u d i n a l  
( 6 )  and an i n i t i a l  concent ra t ion  o f  zero  is assumed. - ac - - VC = V.ppVC + source  'c + "f 

0Pf where ac = 

SOL UT I ON TECHNIUUE 

d i s p e r s i o n  c o e f f i c i e n t  Dn are assumed cons tan t .  
The a n a l y t i c a l  s o l u t i o n  t o  Eq. (E), f o r  t h e  
g iven  boundary and i n i t i a l  condi t ions ,  is given 
by Carslaw and Jaeger  (1959) as: 

L J  

v t  x + -  The method used t o  so lve  Eqs. 5 and 6 
c o n s i s t s  of  a combinat ion o f  t h e  e x p l i c i t  
monotonized uciwind c e n t r a l  d i f f e r e n c e  method 
and t h e  opera tor  s p l i t t i n q  technique.  
o f  operat or s p l i t t i n g ,  t h e  f i r s t  f r a c t i o n a l  

By means 
' ,  

2 



c 
In t h e  nuner ica l  c a l c u l a t i o n s ,  t h e  computa- 

t i o n a l  domain is d iv ided  i n t o  equal  volune 
elements  w i t h  a nodal po in t  spac izg  of 0.5 m. 
The time s t e p  is kept below Ax/(4Vcoc) i n  
order  t o  o b t a i n  a c c u r a t e  resul ts  and avoid 
numerical i n s t a b i l i t i e s .  C a l w l a t i o n s  a r e  
made f o r  a wide range of  va lues  f o r  t h e  Peclet 
number t o  tlii>rOiJghly test t h e  performance of 
t h e  numerical scheme. The r e s u l t s  a r e  shown i n  
F igure  1. The comparison between t h e  nuner ica l  
and a n a l y t i c a l  s o l u t i o n s  shows e x c e l l e n t  agree- 
irleiit f o r  Peclet numbers less than 1. When t h e  
P e c i e t  number is less than 100, t h e  numerical 
d i f f u s i o n  e r r o r s  are s t i l l  small  and t h e r e  is 
no o s c i l l a t i o n  near  t h e  f r o n t .  The n u n e r i c a l  
s o l u t i o n  f o r  a Peclet number o f  is very c l o s e  
t o  t h a t  f o r  t h e  Peclet number o f  100. 

I t  is of  i n t e r e s t  t o  compare t h e  present  
nunerii.al scheme t o  t h e  convent ional  f i r s t - o r d e r  
upwind scheme. F igure  2 compares t h e  two 
schemes f o r  Peclet nunbers 10 and 100. For 
problems w i t h  Peclet nunbers below 2 ,  t h e  
convent ional  c e n t r a l  d i f f e r e n c e  scheme can be 
employed t o  model t h e  convect ion term w i t h  no 
o s c i l l a t i o n  results so t h a t  both schemes w i l l  
show i d e n t i c a l  results.  F igure  2 shows clearly 
t h a t  t h e  convent ional  f i r s t - o r d r i  upwind scheme 
w i l l  g ive  l a r g e  numerical d i f f u s i o n  e r r o r s ,  
which a r e  almost e l imina ted  by t h e  present  
scheme. 

SIC ICA PRECIPI T A T  IOV/OISSOLUTIOV MODEL 

C a p a b i l i t i e s  f o r  modeling s i l i c a  p r e c i p i -  
t a t i o n  and d i s s o l u t i o n  have a l s o  been developed. 
The s i l i c a  e q u i l i b r i u n  concent ra t ion  is dependent 
on t h e  temperature;  t h e  higher  t h e  temperature ,  
t h e  h igher  the s i l i c a  equi l ibr ium concent ra t ion .  
Thus ,  t h e r e  is very s t r o n g  coupl ing between t h e  
energy equat ion and s i l i c a  r e a c t i o n s .  In our  
numerical model, t h e  approach proposed by 
Rimst i d t  ' 1980) f o r  s i l i c a - w a t e r  reac t  ions  
is used .  The r a t e  equat ion  f o r  s i l i c a  water 
r e a c t i o n s  can be expressed as:  

(12)  

m e r e  : A / M f !  is t h e  r a t i o  of i n t e r f a c i a l  s u r f a c e  
a r e a  of s i l i c a  t o  t h e  a v a i l a b l e  f l u i d  mass, 5 
is  t h e  r a t e  cons ta i i l ,  and Ceq is t h e  e q u i l i b r i u n  
concent ra t ion .  For  s i n g l e  f r a c t u r e s ,  t l i r  va lue  
of  t h e  r e a c t i o n  parameter A / M f  can e a s i l y  be  
obta ined  from the f r a c t u r e  geometry as :  

(13)  

where b is t h e  f r a c t u r e  a p e r t u r e  and P~ is 
f l u i d  d e r l s i t y .  

The permeabi l i ty  o f  3 s i n g l e  f r a c t u r e  is 
assumed t o  be governed Iiy t h e  c u b i c  law. By 
combining Eqs. (7) and ( 1 2 ) ,  one can o b t a i n  a 
siriljlr component r e a c t i v e  s i l i c a  t r a n s p o r t  
equat ion  f o r  ind iv idua l  frai.t.ures. The nuner- 
i c a l  scheme descr ibed  lwfiiw is s t i l l  va l id :  

3 

t h e  s i l i c a - w a t e r  r e a c t i o n  term is considered a s  
a source  term i n  t h e  second s t e p  of  t h e  s p l i t t i n g  
scheme. 

APPLICATIONS 

The numerical s imula tor  is appl ied  t o  
two problems: 
s i l i c a  t r a n s p o r t  i n  f r a c t u r e s  and ( i i )  e x p l o i t a -  
t i o n  modeling o f  t h e  E l l i d a a r  geothermal f i e l d ,  
Ice land .  

(1) b a s i c  s t u d i e s  of  r e a c t i v e  

Reac t ive  S i l i c a  Transport  i n  a S i n g l e  F r a c t u r e  

The problem considered is t h a t  o f  a 50 m 
long  f r a c t u r e  with an a p e r t u r e  o f  
I n i t i a l l y ,  t h e  f r a c t u r e  c o n t a i n s  1OO'C f l u i d ,  
w i t h  an equi l ibr ium s i l i c a  concent ra t ion  of  142 
ppm. In  t h e  nuner ica l  work, we use cons tan t  volume 
g r i d  b locks ,  with a nodal po in t  spacing of  0.5 m .  

We f i r s t  cons ider  t h e  i so thermal  problem 
o f  t h e  i n j e c t i o n  o f  1OO'C water s u p e r s a t u r a t e d  
w i t h  522 ppm o f  a - c r i s t o b a l i t e .  The resul ts  of 
n u n e r i c a l  c a l c u l a t i o n s  a r e  shown i n  F i g u r e s  3 
through 5 .  Figure  3 shows t h e  concent ra t ion  and 
permeabi l i ty  d i s t r i b u t i o n s  i n  t h e  f r a c t u r e .  
The concent ra t ion  is represented  by a dimension- 
less v a r i a b l e  [ ( C  - c e q ) / ( c b  - C e q ) l ,  where 
c b  is t he  concent ra t ion  o f  i n j e c t i o n  f l u i d  and 
Ceq is t h e  equi l ibr ium concent ra t ion  cor res -  
ponding t o  t h e  temperature  of  t h e  i n j e c t i o n  
f l u i d .  The permeabi l i ty  is represented  by a 
dimensionless  r a t i o  ( k / k i ) ,  where k i  is t h e  
i n i t i a l  permeabi l i ty .  

m. 

Figure  3 shows t h a t  t h e  concent ra t ion  
f r o n t  moves a t  a r a t e  of  approximately 0.3 
miday, w i th  s i l i c a  s c a l i n g  occurr ing  behind t h e  
f r o n t .  The s i l i c a  d e p o s i t i o n  causes  reduct ion  
i n  t h e  permeabi l i ty ,  w i t h  t h e  most severe 
reduct ion  c l o s e  t o  t h e  i n l e t .  We approximate 
t h e  permeabi l i ty  changes from t h e  a p e r t u r e  
reduct ion  and t h e  cubic  law (Witherspoon et a l . ,  
1980). The rate o f  s i l i c a  d e p o s i t i o n  i n c r e a s e s  
w i t h  time because t h e  s u r f a c e  a r e a  t o  f l u i d  
mess f a c t o r  ( A / H f )  i n c r e a s e s  a s  t h e  a p e r t u r e  
decreases .  T h i s  causes  rap id  permeabi l i ty  
reduction close t o  the i n l e t  a t  l a t e r  t i m e s ,  
and r e s u l t s  i n  a small  decrease  i n  t h e  con- 
c e n t r a t i o n  p r o f i l e  along t h e  f r a c t u r e .  

F igure  4 shows a s i m i l a r  c a s e ,  but with 
twice t h e  i n i t i a l  flow r a t e .  As expected,  t h e  
speed of t h e  concent ra t ion  front  is approximately 
double  t h a t  of t h e  f i r s t  case ,  r e s u l t i n g  i n  a 
much more rap id  permeabi l i ty  d e c l i n e  c l o s e  t o  
t h e  i n l e t .  

F igure  5 shows t h e  flow r a t e  d e c l i n e  for  
both cases. The mass flow r a t e  a t  t h e  en t rance  
is represented  by a dimensionless  v a r i a b l e  
P/Qi, h e r e  PI is t h e  i n i t i a l  mass flow 
rate at t h e  en t rance .  Figure 5 shows t h a t  t h e  
h igher  the  i n i t i a l  flow r a t e  a t  t h e  i n l e t ,  t h e  
f a s t e r  t h e  dimensionless  mass flow r a t e  w i l l  
d e c l i n e  because of  g r e a t e r  s i l i c a  p r e c i p i t a t i o n .  
Q u a l i t a t i v e l y  speaking, t h e  e f f e c t s  of s i l i c a  
depos i t ion  on t h e  t r a n s i e n t  flow behavior  
demonstrated by t h e  numerical r e s u l t s  a r e  



. 
s i m i l a r  t o  those observed i n  t h e  experimental  
s tudy o f  I t o i  et e l .  (1984). 

In order  t o  i n v e s t i g a t e  t h e  coupl ing 
between mass and hea t  flow and s i l i ca  t r a n s p o r t  
p rocesses ,  w e  n e x t , c o n s i d e r  a problem w i t h  
nonisothermal  e f f e c t s .  For t h i s  c a s e ,  t h e  
f r a c t u r e  f l u i d s  i n i t i a l l y  c o n t a i n  150'C water 
w i t h  a ' s i l i c a  concent ra t ion  o f  257 ppm ( e q u i l i -  
b r ium value f o r  fi c r i s t o b a l i t e )  and 1OO'C water 
s u p e r s a t u r a t e d  w i t h  s i l i c a  (522 ppm) e n t e r s  t h e  
f r a c t u r e  a t  t h e  i n l e t .  Two cases are considered:  
( i j  no hea t  losses t o  surroundings,  and (ii) 
conduct ive  heat t r a n s f e r  from t h e  rock mat r ix  
t o  t h e  f r a c t u r e .  

M e n  heat  t r a n s f e r  between t h e  f r a c t u r e  
f l u i d s  and t h e  rock matrix is ignored, t h e  
r e s u l t s  shown i n  F igure  ,6 a r e  obtained.  
Dimensionless temperature  is def ined  as ! T - T i ) /  
! T b - T , ) ,  where T i  is t h e  i n i t i a l  f r a c t u r e  
temperature  (150 C) and T 
o f  f l u i d s  a t  i n l e t  (lOO'C?. Figure 6 shows, as 
expected, t h a t  t h e  v e l o c i t i e s  of  t h e  thermal and 
chemical f r o n t s  a r e  i d e n t i c a l  ( f r a c t u r e  poros i ty  
e q u a l s  u n i t y ) .  The f i g u r e  shows tha t  behind 
the f ront  t h e  si1 ica concent rat  ion is consider-  
ably h igher  a t  e a r l y  time than t h e  e q u i l i b r i u n  
c o n c e n t r a t i o n  f o r  1OO'C water. Th i s  is because 
o f  t h e  slow r a t e  o f  r e a c t i o n  f o r  s i l i c a - w a t e r  
a t  . l O O n C .  Ahead o f  t h e  thermal  f r o n t ,  t h e  
s i l i c a  concent ra t ion  is i n  e q u i l i b r i a  w i t h  t h e  
1 5 0 O C  water ,  and t h i s  causes  a minimum i n  t h e  
s i l i c a  concent ra t ion  c l o s e  t o  t h e  l o c a t i o n  of  
t h e  thermal  and chemical f r o n t s .  The permeabi l i t  
at var ious  times is s i m i l a r  t o  t h a t  obtained i n  
' n e  isothermal  c a s e  ( f i g u r e  3 ) .  

is t h e  temperature  

When hea t  t r a n s f e r  between t h e  f r a c t u r e  
f l u i d s  and t h e  surroun.ding rock mat r ix  is 
cons idered ,  a d i f f e r e n t  p i c t u r e  emerges, a s  
shown i n  F igure  7. 
f r o n t  l a g s  behind t h e  chemical f r o n t ,  and 
because o f  t h e  h igher  o v e r a l l  temperature ,  t h e  
s i l i c a  d e p o s i t i o n  r a t e  is much h igher  than i n  
t h e  prev ious  case.  Th i s  is reflected by t h e  
permeabi l i ty  p r o f i l e s  f o r  t h e  system a t  two 
d i f f e r e n t  times. The p l a t e a u  i n  t h e  penne- 
a b i l i t y  p r o f i l e s  c l o s e  t o  t h e  i n l e t  is due t o  
t h e  coupl ing between the  temperature  and t h e  
s i l i c a  r e a c t i o n  r a t e .  
r a t e  reaches a maximum value  a t  d i f f e r e n t  times 
depending on t h e  d i s t a n c e  from the  i n l e t ,  
e v e n t u a l l y  about t h e  same cumulat ive mount  of  
s i l i c a . i s  depos i ted  i n  t h e  p l a t e a u  region.  
Note t ha t  s i l i ca  c o n c e n t r a t i o n s  never go below 
t h e  e q u i l i b r i u n  va lue  f o r  150'C. 

FIELD EXAMPLE 

In  t h i s  c a s e  t h e  thermal 

Although t h e  d e p o s i t i o n  

One of  t h e  most important u s e s  o f  numerical 
s i m u l a t o r s  f o r  geothermal systems is t o  assess 
the i r  genera t ing  c a p a c i t y  f o r  power product ion 
o r  space hea t ing .  A t  p r e s e n t ,  t he  s t a t e  of t h e  
a r t  is t o  cons ider  only t h e  pr,imary f l u i d .  
component (water). I f  c o n c e n t r a t i o n s  of 
d i s s o l v e d .  s o l i d s  o r  non-condensible g a s e s  a r e  
t o  be cons idered ,  one must modify the  equat ion  
o f  s t a t e  f o r  the  f l u i d .  A major problem i n  
geothermal r e s e r v o i r  assessment is t h e  lack o f  

uniqueness  of, s o l u t i o n s  t o  t.he nonlinear  
governing equat ions.  
component modeling, i.e., inc luding  a method of  
handl ing t h e  chemical var ia l  irris t h a t  are 
observed,  can y i e l d  s o l u t i o n s  t o  geothermal 
problems t h a t  a r e  more unique. 

We b e l i e v e  t h a t  mul t i - .  

In  t h i s  s e c t i o n  we d e s c r i b e  a s imple model 
o f  t h e  El l idaar  geothermal f i e l d ,  Ice land ,  
where t h e  temperature  and p r e s s u r e  behavior i n  
t h e  reservoir as w e l l  .as s i l i c a  t r a n s i e n t s  a r e  
i n v e s t i g a t e d .  All t h e  d a t a  used i n  t h e  
a n a l y s i s  are taken  from reports by Vatnaski l  
(1982, 1983). 
shown i n , F i g u r e  8 .  
l l O ' C  water with a s i l i c a  conceht ra t ion  o f  
about 150 ppm.. During t h e  16-year e x p l o i t a t i o n  
o f  t h e  f i e l d  f o r  space h e a t i n g ,  cons iderable  
temperature  d e c l i n e .  h a s  been observed and t h i s  
h a s  been assoc ia ted :wi th  a d e c l i n e  i n  concentra- 
t i o n s  o f  s i l ica  i n  the ,produced  f l u i d s .  
p o s s i b l e  explana t ion  o f  these t r a n s i e n t s  is 
leakage  o f  lower temperature  f l u i d s  with less 
ppm s i l i c a  from shal low a q u i f e r s .  A connect ion 
o f  t h e  r e s e r v o i r  with a shal low a q u i f e r  is 
shown on Figure  8. A s  t h e  temperature  g r a d i e n t  
i n  t h e  caprock is conduct ive it appears  l i k e l y  
t h a t  t h e  recharge  from above is l o c a l i z e d  
through f r a c t u r e s .  

The conceptual  model we use is 
The r e s e r v o i r  c o n s i s t s  of  

One 

In  s imula t ing  t h e  conceptual  model shown 
i n  F igure  8, w e  use t h e  very s imple numerical 
g r i d  shown i n  F igure  9. I t  is a two l a y e r  
r a d i a l  g r i d  w i t h  t h e  whole well f i e l d  lumped 

y i n t o  a s i n g l e  element. F igure  10 shows t h e  way 
i n  which t h e  f i e l d  h a s  been e x p l o i t e d  from 
1968-81. F i g u r e s  11-13, show t h e  way i n  which 
p r e s s u r e s ,  temperatures  and s i l i ca  concentra-  ' 
t i o n s - r e s p e c t i v e l y ,  have each dec l ined  w i t h  
time. For s i m p l i c i t y  we assume a const,ant 
flow r a t e  of  3.5 x lob m3/year over  t h e  
16-year per iod ,  and n e g l e c t  t h e  seasonal  and 
annual  v a r i a t i o n s .  Consequently, we do not  
a t tempt  t o  model t he  e f f e c t s  o f  t h e  seasonal  
v a r i a t i o n s  shown on Figure  11. 

Our primary purpose is not t o  develop a 
p r e d i c t i v e  model f o r  t h e  El l idaar  geothermal 
f i e l d ,  bu t  r a t h e r  t o  demonstrate  t h e  methodology 
and u s e f u l n e s s  o f  multi-component modeling. 
A f t e r  a b r i e f  t r ia l  and error process ,  we 
o b t a i n  t h e  matches w i t h  t h e  d a t a  shown i n  
F i g u r e s  11-13. A l l  of  t h e  matches appear 
reasonable  cons ider ing  t h e  s imple model assumed.' 

The main r e s u l t s  o f  t h e  h i s t o r y  match a r e  
as followa. The match w i t h  t h e  pressure  d e c l i n e  
d a t a  g i v e s  estimates of t h e  p e r m e a b i l i t i e s  o f  
t h e  r e s e r v o i r  and t h e  f r a c t u r e d  caprock. We 
f i n d  t h a t  i n  o r d e r  t o  match t h e  temperature  and 
t h e  s i l i ca  concent ra t ion  d e c l i n e  (F igure  1 2 ) ,  
most of  t h e  f l u i d  recharge t o  t h e  r e s e r v o i r  
must come from the  shallow a q u i f e r  above. The 
main r e s e r v o i r  is q u i t e  permeable, b u t  t h e  
rocks  surrounding the  w e l l f i e l d  are much less 
permeable (<5  md). The f r a c t u r e s  providing 
c o l d  water recharge  from above a l s o  seem t o  
be q u i t e  permeable. The best match w i t h  t h e  , 
p r e s s u r e  d e c l m e  gave a r a t h e r  higll t o t a l  
c o m p r e s s i b i l i t y ,  4 x lo-' pa'l. T h i s  
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h igh  compress ib i l i t y  supports the  idea of a 
shal low unconfined aqui fer  hyd ro log i ca l l y  
connected t o  the main reservo i r .  The match 
w i t h  the temperature dec l ine  gives an estimate 
o f  the reservo i r  volume o f  approximately 2.5 x 
l o 8  m3. 
volume tha t  has undergone coo l ing  due t o  co ld  
water leakage from above. The average poros i ty  
o f  the reservo i r  is determined by the match 
w i t h  the s i l i c a  dec l ine  (F igure  13). 
r e s u l t s  i nd i ca te  an average poros i ty  o f  5%, 
which appears reasonable fo r  the volcanic rocks 
present a t  E l l i d a a r .  

Note tha t  t h i s  is the reservo i r  

Our 

Although we use a very simple conceptual 
model i n  t h i s  study, our r e s u l t s  nevertheless 
i l l u s t r a t e  tha t  multi-component modeling can 

i u c h  in fo rmat ion  on reservo i r  p roper t ies  
and charac te r i s t i cs .  For example, t h i s  coupled 
method enables us t o  ob ta in  a good estimate o f  
reservo i r  volume as we l l  as poros i ty ,  from 
r ! ) i c h  reserve estimates can be made. As the 
di f fa ren t  processes are r ,jlplarf, we be l i eve  
tha t  the h i s t o r y  match w i l l  tie more unique and 
consequently, f u tu re  p red ic t i ons  more r e l i a b l e .  

SUMMARY AND CONCLUSIONS 

Hydropower Technologies o f  the  U. S. 
Department o f  Energy under Contract No. 
DE-AC03-SF00098. 
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Fig. 1. Comparison between analytical 
and numerical solutions using the 
monotonized upwind central difference 
scheme for the convection-diffusioii 
2roblem. 

Fig. 3. Silirs concentration and permeability 
profiles along the fracture for the low 
pressure drop case. 

1 

K, 0.8 

.!i e 

c - c 
0 c 

0.8 

8 

.P s 

m 
5 0.4 
0 

g 0.2 

0 

Fig. 2. Comparison between results using the 
mnotonized upwind central difference 
scheme and using the first-order 
upwind difference scheme for the 
convection-diffusion problem. 
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Fig. 4. Silica concentration and permeability 
profiles along the fracture for the h i y l  
pressure drop case. 
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Fig. 5.  Flow r a t e  d e c l i n e s  along t h e  f r a c t u r e  
under isothermal  condi t  ions f o r  low 
p r e s s u r e  drop (Case 1 )  and high 
p r e s s u r e  drop (Case 2 ) .  
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Fig .  7 .  S i l i c a  c o n c e n t r a t i o n s  compared w i t h  
temperature  and permeabi l i ty  p r o f i l e s  
along f r a c t u r e s  with hea t  t r a n s f e r  
from rock matrix.  

Fig.  6 .  S i l i c a  c o n c e n t r a t i o n s  compared 
with temperature  and permeabi l i ty  
p r o f i l e s  along t h e  f r a c t u r e  without 
h e a t  t r a n s f e r  from t h e  rock matr ix .  
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Fig.  8.  A s i m p l i f i e d  conceptual  model o f  t h e  
E l l i d a a r  geothermal f i e l d ,  Ice land .  

Fig.  9 .  The numerical g r i d  used i n  t h e  modeling 
t h e  E l l i d e e r  geothermal f i e l d .  
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F i g .  10.  Annual product ion r a t e s  f o r  t h e  
E l l l d a a r  geotlierinal f i e l d .  The 
broken l i n e  shows t h e  average flow 
r a t e  used i n  t h e  coupled modeling. 
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F i q .  12. Comparison between c a l c u l a t e d  and 
observed temperature  de3.l ine  a t  
t h e  E l l i d a a r  f i e l d .  
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Fig .  11. Comparison betweeen c a l c u l a t e d  and 
observed p r e s s u r e  d e c l i n e  a t  t h e  
E l l i d a a r  f i e l d .  
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Fig.  13. Comparison between c a l c u l a t r d  alii1 

observed s i l i c a  coricerlt r a t i o n  d e c l i n r  
a t  t h e  E l l i d a a r  f i e l d .  
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