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

The K r a f l a  geothermal  f i e l d  is l o c a t e d  
on t h e  neovo lcan ic  zone i n  n o r t h - e a s t e r n  
I c e l a n d .  To d a t e ,  o v e r  20 wells have been  
d r i l l e d  a t  t h e  s i t e  ( F i g u r e  1). r e v e a l i n g  
t h e  p re sence  o f  h igh  t e m p e r a t u r e  ( u p  t o  
350.C) geothermal  r e s e r v o i r s .  The s u b s u r f a c e  
r o c k s  are mos t ly  b a s a l t i c ,  w i t h  t u f f s  
dominat ing i n  che uppermosc 800 meters, and 
s u b a r e a 1  l a v a s  and i n c r u s i o n s  dominat ing 
below 800 m. I n  t h e  "old" w e l l f i e l d  ( w e s t  o f  
t h e  g u l l y  H v e r a g i l )  t h e r e  are two reservoirs. 
Below a 200 m t h i c k  c a p r o c k ,  t h e r e  is a 
compressed l i q u i d  reservoir e x t e n d i n g  t o  a 
d e p t h  of  approx ima te ly  1000 m. T h i s  reser- 
v o i r  ( u p p e r  r e s e r v o i r )  c o n t a i n s  f l u i d s  w i t h  
t emperacures  of 200 - 220'C ( F i g u r e  2 ) .  
Below t h e  upper r e s e r v o i r  t h e r e  is  a c o n f i n i n g  
l a y e r  a t  d e p t h s  of  1000 - 1500 m; t h e  con- 
f i n i n g  l a y e r  i n c r e a s e s  i n  t h i c k n e s s  t o  t h e  
w e s t .  The lower r e s e r v o i r  u n d e r l i e s  t h e  
c o n f i n i n g  l a y e r  and e x t e n d s  t o  a d e p t h  i n  
e x c e s s  of  2200 m ( t h e  d e p t h  of  t h e  d e e p e s t  w e l l ) .  
It c o n t a i n s  a gas - r i ch  steam-water mix tu re .  

In  t h e  new w e l l f i e l d  ( t o  t h e  e a s t )  t h e  
two-phase zone e x t e n d s  p r a c t i c a l l y  t o  t h e  
s u r f a c e ,  and t h e  t e m p e r a t u r e s  f o l l o w  t h e  
b o i l i n g  c u r v e  wi th  depch.  

l a t t e r  tvo upflow zones c o n t r o l  t h e  n a t u r a l  
f l ows  as  c o n c e p t u a l i z e d  i n  t h e  model shown i n  
F i g u r e  2 ( S t e f a n s s o n ,  1 9 8 2 ) .  

A gas - r i ch  steam-water m i x t u r e  f lows 
from t h e  west i n  t h e  lower r e s e r v o i r  i n  t h e  
o l d  w e l l f i e l d ,  a n d  rises th rough  a f r a c t u r e  
zone n e a r  H v e r a g i l ,  where i t  mixes v i t h  
f l u i d s  from t h e  r e s e r v o i r  i n  t h e  new w e l l -  
f i e l d .  Most o f  t h e  noncondens ib l e  g a s e s  and 
some o f  t h e  f l u i d s  d i s c h a r g e  a t  s u r f a c e  
m a n i f e s t a t i o n  i n  H v e r a g i l ,  b u t  t h e  res t  
r e c h a r g e  t h e  upper  reservoir i n  t h e  o l d  
w e l l f i e l d .  I n  t h e  new w e l l f i e l d  a steam-water 
m i x t u r e  rises through an  upflow zone, moves 
l a t e r a l l y  t o  t h e  west towards H v e r a g i l  and 
mixes w i t h  f l u i d s  from t h e  lower reservoir i n  
t h e  o l d  w e l l f i e l d .  Some o f  t h e  f l u i d s  i n  t h e  
r e s e r v o i r  i n  t h e  new w e l l f i e l d  are d i s c h a r g e d  
t o  t h e  s u r f a c e  as evidenced by s u r f a c e  
m a n i f e s t a t i o n s  t h e r e .  

I n  modeling t h e  K r a f l a  r e s e r v o i r  i n  i t s  
n a t u r a l  s ta te ,  a l l  o f  t h e  major  p h y s i c a l  
p r o c e s s e s  t h a t  t a k e  p l a c e  i n  t h e  r e s e r v o i r  
must be  c o n s i d e r e d .  These i n c l u d e  mass 
t r a n s p o r t ,  conduc t ive  and c o n v e c t i v e  h e a t  
t r a n s f e r ,  and b o i l i n g  and condensa t ion .  The 
major  o b j e c t i v e s  of t h e  p r e s e n t  work are: 

P r i o r  t o  t h e  e x p l o i t a t i o n  o f  a geothermal  
system, t h e  m a s s  and h e a t  f lows i n  t h e  
r e s e r v o i r  a r e  c o n t r o l l e d  by n a t u r a l  d r i v i n g  
f o r c e s .  The mass t r a n s f e r  is  g e n e r a l l y  
dominated by upflow zones ,  where h o t  f l u i d s  
emerge from d e p t h ,  and by l a t e r a l  flowe t h a t  
r e s u l t  from t h e  r e g i o n a l  groundwater  p r e s s u r e  
g r a d i e n t s .  Geochemical ev idence  h a s  i n d i c a t e d  
t h e  p re sence  o f  t h r e e  major  upflow zones a t  
K r a f l a ,  t h e  f i r s c  one i n  t h e  L e i r h n j u k u r  area 
(wesc o f  t h e  o l d  w e l l f i e l d ) ,  t h e  scconb one 
i n  t h e  "old" w e l l f i e l d  c l o s e  t o  H v e r a g i l ,  and 
t h e  t h i r d  one i n  t h e  "new" w e l l f i e l d  (Arman- 
nsson, C i s l a s o n  and Hauksson, 1 9 8 2 ) .  The 
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Krafla D i v i s i o n  

1) To v e r i f y  a c o n c e p t u a l  model of  t h e  
f i e l d .  

2 )  To r e s o l v e  t h e  mechanism t h a t  
c o n t r o l s  t h e  low t e m p e r a t u r e s  i n  
t h e  upper  reservoir, which is 
recha rged  by f l u i d s  o f  much h i g h e r  
t e m p e r a t u r e s .  

To q u a n t i f y  n a t u r a l  mass and h e a t  
flows i n  t h e  r e s e r v o i r .  

3 )  

4) To v e r i f y  p e r m e a b i l i t y  v a l u e s  
o b t a i n e d  from t h e  a n a l y s i s  o f  
i n j e c t i o n  t es t  d a t a .  

To o b t a i n  a b e t t e r  unde r s t and ing  o f  
t h e  dynamic n a t u r e  of t h e  r e s e r v o i r ;  
i . e . ,  set t h e  background f o r  f u r t h e r  
r e s e r v o i r  model ing s t u d i e s .  

5 )  
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Approach 

It should be  emphasized t h a t  t h e  modeling 
o f  a two-phase r e s e r v o i r  i n  i t s  n a t u r a l  s ta te  
i s  no t  a s imple  t a s k .  S i m u l a t i o n s  must be 
c a r r i e d  o u t  f o r  t e n s  o r  hundreds o f  thousand 
y e a r s  b e f o r e  s t e a d y  s t a t e  c o n d i t i o n s  a r e  
r eached .  Thus,  t h e s e  s t u d i e s  are v e r y  t i m e  
consuming and i n c u r  s u b s t a n t i a l  c o n p u t a t i o n a l  
expenses .  

The K r a f l a  f i e l d  i n  i t s  n a t u r a l  s t a t e  is  
a dynamic system. However, t h e  changes i n  
thermodynamic c o n d i t i o n s  w i t h  t i m e  are 
p robab ly  v e r y  slow, so t h a t  a s t e a d y  s ta te  
approx ima t ion  f o r  t h e  modeled r e s e r v o i r  
sys t em i s  r e a s o n a b l e .  

The s i m u l a t i o n s  r e p o r t e d  below were 
c a r r i e d  o u t  w i th  Lawrence Berkeley Labora- 
t o r y ' s  g e n e r a l  purpose s i m u l a t o r  MULKOM 
( P r u e s s ,  1982) .  E f f e c t s  of  non-condensible 
g a s e s  were n e g l e c t e d .  A t r i a l - a n d - e r r o r  
p rocedure  i s  used,  i n  which pa rame te r s  o f  t h e  
r e s e r v o i r  model are i n i t i a l l y  f i x e d  a c c o r d i n g  
t o  f i e l d  d a t a  o r  estimates. Then t h e  model 
i s  run  u n t i l  s t e a d y  s t a t e  i s  r e a c h e d ,  and t h e  
r e s u l t i n g  thermodynamic c o n d i t i o n s  and f lows  
are  compared wi th  f i e l d  o b s e r v a t i o n s .  Model 
pa rame te r s  are then  mod i f i ed  u n t i l  a s a t i s f a c -  
r o r y  agreement wi th  a l l  r e l e v a n t  f i e l d  
i .nformation is  o b t a i n e d .  

One q u e s t i o n  t h a t  arises i n  t h i s  proce- 
d u r e  i s ,  which o f  t h e  f i e l d  d a t a  should be  
used as model i n p u t ,  and which f i e l d  d a t a  can  
be employed t o  check and conf i rm h y p o t h e t i c a l  
assumptions and p r e d i c t i o n s  o f  t h e  model. 
We s e l e c t e d  a small se t  of  t h e  most r e l i a b l e  
f i e l d  d a t a  as i n p u t ,  t h e r e b y  a v o i d i n g  t o  
c o n s t r a i n  t h e  model by pa rame te r s  o f  ques t ion -  
a b l e  accu racy .  Most of t h e  f i e l d  d a t a ,  which 
a r e  known with less accuracy  o r  c o n f i d e n c e ,  
can then be used a s  a check  on c a l c u l a t e d  
r e s u l t s .  

Our r e s e r v o i r  model is  a 1 m t h i c k  
v e r c i c a l  s e c t i o n  from w e s t  t o  east ,  which is 
based on t h e  c o n c e p t u a l  model i n  F i g u r e  2. 
I t  ex tends  from w e l l s  5 and 7 i n  t h e  w e s t  a l l  
t h e  way t o  t h e  impermeable f a u l t  zone between 
w e l l s  17 and 18 i n  t h e  east .  The mesh d e s i g n  
shown i n  F igu re  3 i s  somewhat s chemat i c ,  b u t  
p r e s e r v e s  t h e  main f e a t u r e s  and dimensions o f  
t he  concep tua l  model. S u r f a c e  d i s c h a r g e  of  
s t e m  i n  Hverag i l  and i n  t h e  new w e l l f i e l d  
is r e p r e s e n t e d  by  a p p r o p r i a t e  s i n k s  i n  
e l emen t s  34, 4 4 ,  40 and 50. I n f l u x  a r e a s  and 
p r e s s u r e  boundary c o n d i t i o n s  a r e  r e p r e s e n t e d  
by boundary nodes B l  t h rough  816 ( F i g u r e  3 ) .  
Simula t ions  were i n i t i a l i z e d  w i t h  a r b i t r a r y  
thermodynamic c o n d i t i o n s ,  bu t  a p o s s i b l e  
dependence of  t h e  s t e a d y  s t a t e  on assumed 
i n i t i a l  c o n d i t i o n s  was i n v e s t i g a t e d  ( s e e  
below).  

R e l a t i v e  p e r m e a b i l i t i e s  w e r e  assumed to 
depend l i n e a r l y  on s a t u r a t i o n ,  w i th  immobile 
l i q u i d  and s t e m  s a t u r a t i o n s  of 0.30 and 
0 . 0 5 ,  r e s p e c t i v e l y .  mile  c e r t a i n l y  not  

unique,  t h i s  p a r a m e t r i z a t i o n  was shown t o  be 
c o n s i s t e n t  w i t h  i n d i v i d u a l  w e l l  performance 
i n  K r a f l a  ( P r u e s s  and Bodvarsson, t o  be 
p u b l i s h e d ) .  

Best Model 

A f t e r  a l e n g t h y  p r o c e s s  of  t r i a l  and 
e r r o r  we have o b t a i n e d  a model t h a t  r e p r e s e n t s  
v e r y  w e l l  t h e  obse rved  d a t a  on t h e  n a t u r a l  
s t a t e  o f  t h e  K r a f l a  f i e l d .  In t h e  model we 
u s e  8 d i f f e r e n t  r e g i o n s  t h a t  r e p r e s e n t  r o c k s  
w i t h  d i f f e r e n t  material p r o p e r t i e s .  The 
d i f f e r e n t  r e g i o n s  are shown i n  F i g u r e  4 and 
t h e i r  material  p r o p e r t i e s  are g i v e n  i n  T a b l e  
1. A l l  of  t h e  r e g i o n s  are assumed t o  have 
t h e  same v a l u e s  o f  r o c k  d e n s i t y ,  h e a t  capa- 
c i t y ,  and p o r o s i t y .  These pa rame te r s  do n o t  
a f f e c t  t h e  r e s u l t s  p r e s e n t e d  h e r e ,  as s t e a d y  
s t a t e  c o n d i t i o n s  do not depend upon s t o r a g e -  
t y p e  p a r a n e t e r s .  

Regions 1 and 2 have low p e r m e a b i l i t y ,  
and r e p r e s e n t  a cap rock  and a c o n f i n i n g  
l a y e r ,  r e s p e c t i v e l y .  Region 3 i s  t h e  a v e r a g e  
f r a c t u r e / m a t r i x  m a t e r i a l ,  t h e  p e r m e a b i l i t y  o f  
which w a s  chosen acco rd ing  t o  t h e  a v e r a g e  
v a l u e  o b t a i n e d  from i n j e c t i o n  t es t s  
(Bodvarsson e t .  a l . ,  t o  be p u b l i s h e d ) .  
Regions 4 t h rough  8 r e p r e s e n t  h i g h l y  f r a c t u r e d  
t o n e s ,  f o r  whose e x i s t e n c e  and l o c a t i o n  t h e r e  
i s  d i r e c t  ev idence  i n  t h e  f i e l d .  

The r e s u l t s  f o r  t h e  s t e a d y  s t a t e  p r e s s u r e  
d i s t r i b u t i o n  i n  t h e  r e s e r v o i r  are shown i n  
F i g u r e  5 .  The f i g u r e  shovs t h a t  p r e s s u r e s  
are f a i r l y  uniform i n  t h e  lower two-phase 
p a r t  o f  t h e  r e s e r v o i r .  Hovever, i n  t h e  upper  
zone t h e r e  are s i g n i f i c a n t  p r e s s u r e  d i f f e r -  
ences  a t  a g i v e n  d e p t h  between t h e  nev  and 
o l d  w e l l f i e l d s .  
d i f f e r e n c e  compares w e l l  w i th  f i e l d  d a t a .  
A comparison between observed and c a l c u l a t e d  
p r e s s u r e  p r o f i l e s  f o r  a t y p i c a l  w e l l  i n  t h e  
o l d  w e l l f i e l d  i s  shown i n  F i g u r e  6 .  The 
agreement is  good, w i th  s l i g h t  d i f f e r e n c e s  
most l i k e l y  due t o  i n a c c u r a t e  measurements.  
The agreement between c a l c u l a t e d  and obse rved  
p r e s s u r e  p r o f i l e s  i n  t h e  nev f i e l d  is  s i m i -  
l a r l y  good. 

The 5-10 b a r  p r e s s u r e  

The c a l c u l a t e d  t empera tu re  d i s t r i b u t i o n  
i n  t h e  system is  shown i n  F igu re  7 .  The 
f i g u r e  shows t h a t  t empera tu res  of  300'C a r e  
found a t  a d e p t h  of  abou t  1000 m ,  and o f  ove r  
340'C a t  a dep th  of  2000 m. A t  sha l lower  
d e p t h s  t h e  t empera tu res  i n  t h e  new v e l l f i e l d  
a r e  c o n s i d e r a b l y  h i g h e r  t han  t h o s e  i n  
t h e  upper reservoir i n  t h e  o l d  w e l l f i e l d .  
T h i s  i s  due t o  b o i l i n g  i n  t h e  Hverag i l  
f r a c t u r e  and t h e  d i s c h a r g e  of  h igh  e n t h a l p y  
f l u i d  t o  s u r f a c e  s p r i n g s  a t  H v e r a g i l .  The 
model shows t h a t  0.00842 kg1s.m o f  h igh  
e n t h a l p y  vapor  e scapes  t o  t h e  s u r f a c e  a t  
Hverag i l .  Th i s  compares v e r y  w e l l  w i th  t h e  
v a l u e  o f  0.008 kg l s -m e s t i m a t e d  by 
Armannsson and C i s l a s o n  ( p e r s o n a l  cormnunica- 
t i o n ,  1982) .  S i m i l a r l y ,  t h e  model i n d i c a t e s  
t h a t  0.0023 kg/s-m o f  vapor  f eeds  s u r f a c e  
m a n i f e s t a t i o n s  i n  t h e  new w e l l f i e l d ,  which 
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c l o s e l y  a g r e e s  wi th  t h e  e s t i m a t e d  v a l u e  o f  
0.003 kg/m. s. 

The model shows e x c e l l e n t  agreement w i t h  
obse rved  t empera tu re  p r o f i l e s  i n  t h e  new 
w e l l f i e l d .  The comparison be tveen  obse rved  
and c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e s  i n  t h e  
o l d  w e l l f i e l d  i s  no t  as good. F igu re  8 shows 
t empera tu re  p r o f i l e s  f o r  a l l  v e l l s ,  in : the  o l d  
w e l l f i e l d  east  o f  wells 5 and 7 ,  as vel1 as 
t h e  c a l c u l a t e d  t empera tu re  p r o f i l e  i n  t h e  o l d  
w e l l f i e l d  (b roken  L i n e ) .  The t empera tu re  
g r a d i e n t s  are h i g h e s t  i n  t h e  l o v  p e r m e a b i l i t y  
cap rock  and t h e  c o n f i n i n g  l a y e r ,  where 
conduc t ion  dominates  t h e  h e a t  t r a n s f e r .  
There are t v o  major d i s c r e p a n c i e s  between t h e  
obse rved  and c a l c u l a t e d  d a t a .  F i r s t l y ,  t h e  
c o a r s e  mesh used i n  t h e  s i m u l a t i o n s  makes i t  
imposs ib l e  t o  a c c u r a t e l y  model t h e  s h a r p  
b reak  i n  t h e  t empera tu re  p r o f i l e s  a t  a d e p t h  
o f  200 meters. The second d i f f e r e n c e  is 
e v i d e n t  i n  t h e  l o v e r  e l emen t s  i n  t h e  upper  
r e s e r v o i r  i n  t h e  o l d  w e l l f i e l d .  F i e l d  d a t a  
i n d i c a t e  v i r t u a l l y  i s o t h e r m a l  c o n d i t i o n s  i n  
t h e  upper r e s e r v o i r ,  whereas t h e  c a l c u l a t e d  
r e s u l t s  shov a 5 - 1 5 O C  d i f f e r e n c e  i n  tempera- 
t u r e  between d e p t h s  of  400 and 800 m. It i s  
q u i t e  p o s s i b l e  t h a t  t h e  t e m p e r a t u r e s  obse rved  
i n  w e l l s  do n o t  a c c u r a t e l y  r e f l e c t  fo rma t ion  
t e m p e r a t u r e s .  Our r e s u l t s  are i n  agreement 
w i t h  hydrothermal  a l t e r a t i o n  d a t a ,  vh ich  
i n d i c a t e  t h a t  t h e  t empera tu re  i n  t h e  upper  
r e s e r v o i r  should i n c r e a s e  w i t h  d e p t h  ( S t e f a n s -  
son ,  K r i s t m a n n s d o t t i r ,  and C i s l a s o n ,  1977) .  
Furthermore,  s i l i c a  thermometer a n a l y s i s  o f  
f l u i d s  from t h e  upper reservoir shows tempera- 
t u r e s  of up t o  240'C. It i s  also p o s s i b l e  
t h a t  t h e  d i f f e r e n c e s  between obse rved  and 
c a l c u l a t e d  t e m p e r a t u r e s  may be  due t o  t h e  
two-dimensional approx ima t ion  employed i n  o u r  
mode 1. 

The s t e a d y  s t a t e  vapor  s a t u r a t i o n  
c o n t o u r s  a r e  shown i n  F igu re  9 .  It  shou ld  be 
emphasized t h a t  vapor  s a t u r a t i o n s  depend 
g r e a t l y  on poor ly  known pa rame te r s  such as 
r e l a t i v e  p e r m e a b i l i t i e s ,  so t h a t  t h e  v a l u e s  
shown i n  F igu re  9 should be c o n s i d e r e d  
approximate.  Also, t h e  vapor  s a t u r a t i o n s  
r e p r e s e n t  ave rage  v a l u e s  i n  t h e  f r a c t u r e  
system; vapor  s a t u r a t i o n s  i n  che rock m a t r i x  
may be  much lower.  The f i g u r e  shovs t h a c  
bo th  t h e  lower r e s e r v o i r  i n  t h e  o l d  w e l l f i e l d  
and t h e  r e s e r v o i r  i n  t h e  new w e l l f i e l d  are 
under two-phase c o n d i t i o n s .  On t h e  o t h e r  
hand t h e  upper r e s e r v o i r  i n  t h e  o l d  w e l l f i e l d  
i s  a compressed l i q u i d  r e s e r v o i r .  These 
o b s e r v a t i o n s  ag ree  wi th  c u r r e n t  n o t i o n s  about  
t h e  r e s e r v o i r .  I n  g e n e r a l ,  most of  t h e  
two-phase r e s e r v o i r  c o n t a i n s  10-202 o f  vapor  
by  volume. The vapor s a t u r a t i o n  is h i g h e r  i n  
t h e  upper p a r t  of bo th  t h e  lower r e s e r v o i r  i n  
t h e  o l d  w e l l f i e l d  and t h e  r e s e r v o i r  i n  t h e  
new w e l l f i e l d .  Th i s  is a r e s u l t  of upflow o f  
steam from depch due t o  t h e  n e a r l y  h y d r o s t a t i c  
p r e s s u r e  g r a d i e n t .  I t  should be noted t h a t  
i n f i l t r a t i o n  of  s u r f a c e  v a t e r  ( r a i n f a l l ) ,  
which w e  have n e g l e c t e d ,  w i l l  t end  t o  r educe  
vapor  s a t u r a t i o n s  i n  t h e  upper p a r t s  of  t h e  
r e s e r v o i r s .  

The s t e a d y  s t a t e  f low f i e l d  i n  t h e  
r e s e r v o i r  sys t em i s  shown i n  F i g u r e  10. The 
a r rows  r e p r e s e n t  t h e . t o t a 1  mass f low,  i . e . ,  
t h e  sum o f  t h e  f lows  o f  t h e  l i q u i d  and t h e  
vapor  phase.  F l u i d s  e n t e r  t h e  system from t h e  
west i n  t h e  lower r e s e r v o i r ,  and f l o v  towards 
t h e  east  u n t i l  t h e y  r e a c h  t h e  h i g h  permeabi- 
l i t y  upflow zone t h a t  i n t e r s e c t s  t h e  s u r f a c e  
a t  Hverag i l .  .,Most o f  t h e  f l u i d s  from t h e  
upflow zone i n  t h e  new w e l l f i e l d  r i se  u n t i l  
t h e y  r each  t h e  h i g h  p e r m e a b i l i t y  h o r i z o n t a l  
zone a t  a d e p t h  of  1000 m. The f l u i d s  then  
f low l a t e r a l l y  a long  t h i s  f r a c t u r e  zone u n t i l  
t h e y  r e a c h  t h e  H v e r a g i l  f r a c t u r e ,  where t h e  
f l u i d s  froai t h e  o l d  and t h e  new w e l l f i e l d  
mix. Some o f  t h e  f l u i d  m i x t u r e  f lows  up t h e  
f a u l t  zone, and f e e d s  s u r f a c e  m a n i f e s t a t i o n  
a t  H v e r a g i l ,  whereas  t h e  major  p o r t i o n  
r e c h a r g e s  t h e  upper  r e s e r v o i r  a t  a r a t e  o f  
0 .013 kg/s*m. 
model i n d i c a t e  t h a t  about  60% o f  t h e  f l u i d s  
ccme from t h e  lower reservoir i n  t h e  o l d  
w e l l f i e l d  and 40% from t h e  upflow zone i n  
t h e  new w e l l f i e l d .  Geochemical d a t a  i n d i c a t e  
t h a t  t h e s e  mixing r a t i o s  are r e a s o n a b l e  based 
on t h e  chemical  compos i t ion  of  t h e  f l u i d s  
from t h e  d i f f e r e n t  r e s e r v o i r s  ( C i s l a s o n ,  
p e r s o n a l  c m u n i c a t i o n ,  1982) .  

The r e s u l t s  o f  t h e  p r e s e n t  

It i s  o f  i n t e r e s t  t o  n o t e  t h a t  f l u i d  
f l u x e s  are l a r g e s t  (0.015 kg/s-m) i n  t h e  
Hverag i l  f a u l t  zone. This may i n d i c a t e  t h a t  
v e l l s  i n t e r s e c t i n g  t h i s  f a u l t  zone cou ld  be  
p roduc t ive .  Flow v e l o c i t i e s  are lowest i n  
r e g i o n s  o f  lov p e r m e a b i l i t y  and /o r  h i g h  vapor  
s a t u r a t i o n s ,  due t o  l o w  m o b i l i t i e s  o f  t h e  f l u i d s .  

S e n s i t i v i t y  S t u d i e s  
. I n  o r d e r  t o  check o u r  n a t u r a l  s ta te  

model o f  t h e  K r a f l a  reservoir,  ve have 
conducted s e n s i t i v i t y  s t u d i e s  o f  many o f  t h e  
key model pa rame te r s .  As mentioned ear l ie r  
t h e  s t e a d y  s ta te  r e s u l t s  o b t a i n e d  a r e  no t  a t  
a l l  s e n s i t i v e  t o  s to rage - type  pa rame te r s ,  
such as p o r o s i t y ,  r o c k  d e n s i t y ,  and h e a t  
c a p a c i t y .  We w i l l  d i s c u s s  t h e  r e s u l t s  o n l y  
brief1.y due t o  t h e  l i m i t e d  space  a v a i l a b l e .  

P e r m e a b i l i t y  d i s t r i b u t i o n  

As a f i r s t  example we c o n s i d e r  t h e  case 
o f  a homogeneous r e s e r v o i r  w i th  a p e r m e a b i l i t y  
of 2.0 x 
p e r m e a b i l i t y  i n f e r r e d  from a n a l y s i s  o f  
i n j e c t i o n  tes ts  of K r a f l a  wel l s .  The s t eady-  
s t a t e  r e s u l t s  showed t o o  low p r e s s u r e s  i n  t h e  
upper p a r t s  of  t h e . r e s e r v 0 i r . s  when r e a l i s t i c  
p r e s s u r e s  are a p p l i e d  a t  boundary nodes i n  
t h e  lower p a r t s  of  t h e  r e s e r v o i r s .  Using an 
a n i s o t r o p y  r a t i o  o f  5 ( i . e . ,  t h e  v e r t i c a l  
p e r m e a b i l i t y  is  5 times t h e  h o r i z o n t a l  
p e r m e a b i l i t y ) ,  r e a s o n a b l e  p r e s s u r e s  were 
o b t a i n e d  throughout  t h e  r e s e r v o i r  system. 
T h i s  seems t o  i n d i c a t e  t h a t  v e r t i c a l  f r a c t u r e s  
are v e r y  impor t an t  f l u i d  c o n d u i t s  i n  t h e  
K r a f l a  reservoirs,  and s u g g e s t s  t hac  d i r e c -  
t i o n a l  d r i l l i n g  may be more s u c c e s s f u l  t h a n  
c o n v e n t i o n a l  "straight-down" d r i l l i n g .  The 
s t e a d y - s t a t e  f low f i e l d  f o r  t h e  c a s e  o f  an 
a n i s o t r o p y  of  5 i s  shown i n  F igu re  11. 

m2 (ZmD), which i s  t h e  a v e r a g e  
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Thermal C o n d u c t i v i t i e s  

For t h e  reservoir model c o n s i d e r e d  we 
f i n d  t h a t  convec t ion  i s  t h e  dominant h e a t  
t r a n s f e r  mechanism. The c o n v e c t i v e  h e a t  loss 
t o  t h e  s u r f a c e  s p r i n g s  i s  approx ima te ly  28700 
W f o r  t h e  1 m t h i c k  v e r t i c a l  s e c t i o n  modeled. 
I n  comparison,  t h e  t o t a l  h e a t  loss t h rough  
t h e  cap rock  is  o n l y  1300 U, o r  o n l y  5% o f  t h e  
c o n v e c t i v e  h e a t  l o s s e s .  As a r e s u l t ,  v a r y i n g  
t h e  thermal  c o n d u c t i v i t y  has  r e l a t i v e l y  l i t t l e  
e f f e c t  on t h e  s t e a d y - s t a t e  thermodynamic con- 
d i t i o n s  and f l u i d  f lows  w i t h i n  t h e  r e s e r v o i r  
system, excep t  i n  t h e  upper  r e s e r v o i r  i n  t h e  
o l d  w e l l f i e l d .  Using a more d e t a i l e d  r ep resen -  
t a t i o n  of  t h e  h e a t  l o s s  t o  t h e  cap rock  w e  
f i n d  t h a t  t h e  b e s t  comparison w i t h  obse rved  
d a t a  i s  ach ieved  when a the rma l  c o n d u c t i v i t y  
o f  1 .15 J / m * s - ' C  i s  used.  The the rma l  
c o n d u c t i v i t y  o f  t h e  c o n f i n i n g  l a y e r  is  too 
i n s e n s i t i v e  a parameter  t o  be de t e rmined  w i t h  
any accu racy .  

Heat f l u x e s  from below 

The h e a t  f l u x  from below h a s  a s i g n i f i -  
c a n t  e f f e c t  on s t e a d y  s t a t e  vapor  s a t u r a t i o n s  
and p r e s s u r e s  i n  t h e  upper p a r t s  o f  t h e  
r e s e r v o i r  system. When t h e  h e a t  f l u x  from 
below i s  n e g l e c t e d ,  a zone of  s i n g l e  phase 
l i q u i d  r e s u l t s  i n  t h e  lower p a r t s  o f  t h e  
r e s e r v o i r  system. S i m i l a r l y ,  when t h e  heac 

. f l u x  i s  doubled from what w e  u s e  i n  t h e  b e s t  
model (2.0 U/mZ), t h e  p r e s s u r e s  i n  t h e  
upper p a r t s  become t o o  h i g h  due t o  h i g h e r  
vapor  s a t u r a t i o n s  and c o n s e q u e n t l y  g r e a t e r  
upflow of  steam. 

Flow a t  s u r f a c e  s p r i n g s  

The f l u i d  f low t o  t h e  s u r f a c e  s p r i n g s  i n  

has  major impact upon t h e  t e m p e r a t u r e  d i s t r i -  
b u t i o n  i n  t h e  upper r e s e r v o i r .  Consequent ly ,  
t h e  a p p r o p r i a t e  v a l u e s  were de te rmined  wi th  
good accuracy  by t h e  s i m u l a t i o n .  The f low t o  
t h e  s u r f a c e  s p r i n g s  i n  t h e  new w e l l f i e l d  
canno t  be a s  a c c u r a t e l y  de t e rmined ,  b u t  
i s  w i t h i n  t h e  r ange  o f  0 .002 - 0.0027 kg/s-m.  

R e l a t i v e  p e r m e a b i l i t i e s  

.,.. H v e r a g i l ,  e x t r a c t e d  from e lemen t s  34 and 44, 

I n  t h e  base  c a s e  ( b e s t  model) w e  used 
l i n e a r  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  w i t h  
immobile l i q u i d  and steam s a t u r a t i o n s  of  0 .30 
and 0 .05 ,  r e s p e c t i v e l y .  An a t t e m p t  was made 
t o  match t h e  f i e l d  d a t a  u s i n g  t h e  Corey 
r e l a t i v e  p e r m e a b i l i t y  c u r v e s ,  w i th  t h e  same 
i r r e d u c i b l e  s a t u r a t i o n s .  We found t h a t  t h e  
f i e l d  d a t a  cou ld  no t  b e  matched u s i n g  t h e  
Corey cu rvea .  

Uniqueness of  s t e a d y - s t a t e  s o l u t i o n  

I n  t h e  c a s e  of  h i g h l y  non- l inea r  problems 
such a s  two-phase porous f low,  t h e r e  i s  
always t h e  q u e s t i o n  o f  un iqueness  of  t h e  

s t e a d y - s t a t e  s o l u t i o n .  I n  t h e  s i m u l a t i o n s  
r e p o r t e d  above we used i n i t i a l  c o n d i t i o n s  
t h a t  resembled t h e  obse rved  d a t a  from t h e  
f i e l d  ( h o t  r e s e r v o i r ) .  I n  o r d e r  t o  check on  
t h e  un iqueness  o f  t h e  s o l u t i o n  f o r  t h e  b e s t  
model, we i n i t i a l i z e d  a s i m u l a t i o n  w i t h  a 
"cold" reservoir, i .e.  t h e  t e m p e r a t u r e s  o f  
each  l a y e r  were a s s i g n e d  v a l u e s  co r re spond ing  
t o  a normal geothermal  g r a d i e n t  (30*C/km). 
The r e s u l t s  showed t h a t  a f t e r  a l e n g t h y  
t r a n s i e n t  h e a t i n g  p e r i o d  an i d e n t i c a l  steady- 
s t a t e  s o l u t i o n  was o b t a i n e d .  This p r o v i d e s  
ev idence  t h a t  t h e  s t e a d y - s t a t e  s o l u t i o n s  
u s i n g  t h e  b e s t  model may be unique.  

Summary 

The modeling o f  t h e  n a t u r a l  s t a t e  o f  t h e  
K r a f l a  system h a s  y i e l d e d  r e s u l t s  t h a t  
c l o s e l y  match a l l  a v a i l a b l e  f i e l d  d a t a ,  and 
a g r e e  wi th  a c o n c e p t u a l  model developed from 
geochemical  o b s e r v a t i o n s .  Furthermore,  
s t u d i e s  of  t h e  s e n s i t i v i t y  o f  v a r i o u s  para- 
meters g i v e  v a l u a b l e  i n s i g h t  i n t o  t h e  permea- 
b i l i t i e s  o f  d i f f e r e n t  r e s e r v o i r  zones,  
t he rma l  c o n d u c t i v i t y  o f  t h e  cap rock ,  ra tes  
and e n t h a l p i e s  o f  n a t u r a l  r e c h a r g e  and 
d i s c h a r g e ,  and v a r i o u s  o t h e r  impor t an t  
reservoir pa rame te r s .  The model p r e s e n t e d  
h e r e  i s  two-dimensional,  and o n l y  c o n s i d e r s  a 
p a r t  o f  t h e  o l d  w e l l f i e l d .  I n  t h e  f u t u r e ,  we 
hope t o  deve lop  a n a t u r a l - s t a t e  model for t h e  
e n t i r e  K r a f l a  system, t a k i n g  i n t o  accoun t  t h e  
three-dimensional  n a t u r e  o f  f l u i d  flows. 
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Tab le  1: Material P r o p e r t i e s  o f  R e s e r v o i r  Zones. 

. 

- Zone Dens i ty  Heat C a p a c i t y  Thermal Cond. P o r o s i t y  
( kg/m3) (J/kg'C) (J /m.  s . ' C) 

Hot. Perm. 
(m2) 

Vert. Perm 
(m2) 

2650. 

2650. 

2650. 

2650. 

2650. 

2650. 

2650. 

2650. 

1000. 

1000. 

1000. 

1000. 

1000. 

1000. 

1000. 

1000. 

1.5 

1 .7  

1 .7  

1 . 7  

1 .7  

1 .7  

1 . 7  

1 . 7  

0.05 

0 :OS 

0 . 0 5  

0.05 

0 . 0 5  

0.05 

0 .05  

0 . 0 5  

2 x 10-18 

2 x 10-18 

2 10-15 
3 10-14 

2 10-15 

2 10-15 
3 10-14 

2 10-14 

P u - m  

Figure  1: Well l o c a t i o n s  i n  K r a f l a  f i e l d .  

.,,,, I r I 

XBL 8212-12053 

Figure  2: Conceptual model of  t h e  K r a f l a  
f i e l d .  

F i g u r e  3: S i m p l i f i e d  reservoir model and 
mesh used i n  t h e  s t u d y  o f  t h e  
n a t u r a l  s ta te .  
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Figure  4: D i f f e r e n t  r e s e r v o i r  zones used i n  
t h e  b e s t  model. 



--eo-- 

---- 
_-. - - 

, 160 -_I-.- -- _ _  I 
5 o n  I O 0 0  1 s o 0  

Dirtana (m) 

Figure 5 :  Steady-state pressure 
in  the natural s t a t e .  
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Figure 6 :  Comparison betveen observed and 
calculated pressure p r o f i l e s  
in the old w e l l f i e l d .  
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Figure 7 :  Steady-state temperature distribu- 
t ion  i n  the natural s t a t e .  

Figure 8 :  Comparison betveen observed and 
calculated temperature p r o f i l e s  
i n  the old w e l l f i e l d .  
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Figure 9: Steady-state vapor saturations in 
the natural state. 
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Figure 11: Steady-state flov field for the 
case of an anisotropy of 5. 

101 8212-12056 

Figure 10: Steady-state flov field in the 
natural state (best case). 




