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Work over  t he  p a s t  yea r  has  concent ra ted  on t h r e e  areas: 1) t o  
implement a concept of v e r t i c a l  equ i l ib r ium i n  geothermal modeling, 2) t o  
improve t h e  ma t r ix  equat ion  s o l u t i o n  technique f o r  both two- and three-  
dimensional models, and 3) t o  apply a v e r t i c a l  equi l ibr ium,  areal model t o  
t h e  Wairakei,  New Zealand geothermal f i e l d .  

A t  t h e  l a s t  S tanford  meeting, a concept of v e r t i c a l  equ i l ib r ium as 
app l i ed  i n  t h e  petroleum i n d u s t r y  w a s  o u t l i n e d  ( f o r  example, Coats and 
o t h e r s ,  1967) .  That is ,  v e r t i c a l l y  averaged l i q u i d  s a t u r a t i o n s  are r e l a t e d  
t o  p r e s s u r e  a t  some re fe rence  l e v e l  by employing pseudo c a p i l l a r y  p r e s s u r e  
and pseudo re la t ive pe rmeab i l i t y  curves .  For t h e  geothermal problem, many 
thermodynamic p r o p e r t i e s  are s t r o n g l y  dependent func t ions  of p re s su re  and 
en tha lpy ,  and an analogous approach would r e q u i r e  many pseudo f u n c t i o n s .  
I n s t e a d ,  t he  concept of v e r t i c a l  equi l ibr ium is  used t o  v e r t i c a l l y  i n t e g r a t e  
t h e  thermodynamic p r o p e r t i e s  and re la te  them t o  v e r t i c a l l y  averaged p r e s s u r e  
and en tha lpy .  This  r e s u l t s  i n  a q u a s i  three-dimensional model t h a t  a l lows 
a f i n i t e - d i f f e r e n c e  block t o  become two-phase as soon as t h e  p re s su re  a t  t h e  
top  of t h e  b lock  drops below t h e  s a t u r a t i o n  p res su re .  The normal procedure 
f o r  determining thermodynamic p r o p e r t i e s  on t h e  b a s i s  of p re s su res  and 
e n t h a l p i e s  a t  s p e c i f i e d  r e f e r e n c e  l e v e l s  i n  t h e  g r i d  block ( u s u a l l y  t h e  
cen te r )  can l e a d  t o  s i g n i f i c a n t  e r r o r s  f o r  t h i c k  b locks .  The implementation 
of t h i s  v e r t i c a l l y  averaging approach has  been v e r i f i e d  by comparing a 
v e r t i c a l  equ i l ib r ium,  areal  model w i th  a three-dimensional model. 

To improve t h e  matrix equat ion  s o l u t i o n  technique i n  t h e  two- 
dimensional  ( v e r t i c a l  equi l ibr ium)  model a s e q u e n t i a l  s o l u t i o n  formula t ion  
o u t l i n e d  i n  Coats and o t h e r s  (1974) i s  used. Solving t h e  en tha lpy  equat ion  
f i rs t ,  t h e  Newton-Raphson i t e r a t i o n  i s  used on only  t h e  accumulation terms i n  
t w o  symmetric m a t r i x  equat ions  t h a t  are each N x N (N being t h e  number of 
nodes) .  By imbedding t h e  s e q u e n t i a l  s o l u t i o n  i n  t h e  l i n e a r i z e d  Newton- 
Raphson equa t ions ,  decomposition of t h e  two ma t r i ces  i s  requ i r ed  only  on t h e  
f i r s t  "sequent ia l"  i t e r a t i o n .  Subsequent s e q u e n t i a l  i t e r a t i o n s  r e q u i r e  on ly  
t h e  formula t ion  of a new r ighthand s i d e  and back s u b s t i t u t i o n .  
a d d i t i o n a l  Newton-Raphson i t e r a t i o n  r e q u i r e s  t h e  formula t ion  of an  updated 
l e f t h a n d  s i d e ,  one decomposition, and s e v e r a l  back s u b s t i t u t i o n s .  

Each 

The work involved i n  so lv ing  t h e  ma t r ix  equat ion  inc ludes  t h e  i n i t i a l  
decomposition p l u s  3-5 back s u b s t i t u t i o n s  depending on t h e  convergence 
c r i t e r i o n .  
than  t h e  computation t i m e  f o r  t h e  one decomposition. 
equat ions  are so lved  us ing  Gauss-Dooli t t le  decomposition t h a t  t akes  advantage 

Usual ly ,  t h e  computation t i m e  f o r  a l l  back s u b s t i t u t i o n s  is  less 
The symmetric ma t r ix  
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of D4 o r d e r i n g  ( P r i c e  and C o a t s ,  1974).  I n  t h i s  o r d e r i n g  t h e  f i n i t e -  
d i f f e r e n c e  b l o c k s  are numbered iu a l t e r n a t i n g  d i a g o n a l s .  
schemes r e s u l t s  i n  a m a t r i x  w i t h  t h e  upper  h a l f  a l r e a d y  i n  upper t r i a n g u l a r  
form, s o  t h a t  o n l y  t h e  lower h a l f  needs t o  b e  decomposed. 

This  numbering 

To summarize, t h e  c u r r e n t  model f o r  areal  problems i n c o r p o r a t e s  t h e  
concept  of v e r t i c a l  e q u i l i b r i u m ,  i n c l u d e s  g r a v i t y  terms, and t h e  e q u a t i o n s  
are s o l v e d  u s i n g  Newton-Raphson i t e r a t i o n  on t h e  accumulat ion t e r m s .  The 
r e s u l t i n g  m a t r i x  e q u a t i o n s  are s o l v e d  s e q u e n t i a l l y  u s i n g  D4 o r d e r i n g  and 
Gauss-Dool i t t l e  decomposi t ion.  

For  t h e  three-d imens iona l  problems s l i c e  s u c c e s s i v e  o v e r - r e l a x a t i o n  
(SSOR) i s  imbedded i n  t h e  Newton-Raphson i t e r a t i o n .  For  a d e s c r i p t i o n  of 
SSOR see Wattenbarger  and Thurnau (1976) o r  f o r  t h e  more g e n e r a l  case of 
b l o c k  s u c c e s s i v e  o v e r - r e l a x a t i o n  (BSOR) see Woo and Emanuel (1976) .  T h i s  
method i s  s imi la r  t o  l i n e  s u c c e s s i v e  o v e r - r e l a x a t i o n  (LSOR) i n  two 
dimensions f o r  coupled e q u a t i o n s ,  e x c e p t  t h a t  r a t h e r  t h a n  s o l v i n g  each row 
i m p l i c i t l y ,  each v e r t i c a l  c r o s s - s e c t i o n  of t h e  g r i d  i s  s o l v e d  i m p l i c i t l y .  
This  r e s u l t s  i n  a m a t r i x  e q u a t i o n  f o r  each s l i d e  i n  which t h e  m a t r i x  c o n t a i n s  
f i v e  non-zero d i a g o n a l s .  Thus,  of t h e  seven  non-zero d i a g o n a l s  i n  t h e  t o t a l  
th ree-d imens iona l  m a t r i x  e q u a t i o n ,  o n l y  two a r e  t r e a t e d  e x p l i c i t l y .  Each 
of t h e s e  m a t r i x  e q u a t i o n s  are s o l v e d  u s i n g  t h e  Gauss-Dool i t t l e  method w i t h  
normal o r d e r i n g .  S i n c e  SSOR i s  imbedded i n  t h e  Newton-Raphson i t e r a t i o n ,  
o n l y  l i n e a r i z e d  e q u a t i o n s  are s o l v e d .  T h e r e f o r e ,  t h e  m a t r i x  decomposi t ion 
f o r  each  s l i d e  is r e q u i r e d  o n l y  on t h e  f i r s t  SSOR i t e r a t i o n  of each Newton- 
Raphson i t e r a t i o n .  On subsequent  SSOR i t e r a t i o n s  o n l y  back s u b s t i t u t i o n  
i s  n e c e s s a r y .  I n  a d d i t i o n ,  s i n c e  t h e  SSOR i s  imbedded i n  t h e  Newton- 
Raphson i t e r a t i o n ,  t h e  convergence i s  o b t a i n e d  i n  o n l y  a few i t e r a t i o n s .  

The ve r t i ca l  e q u i l i b r i u m  ( a r e a l )  model w a s  a p p l i e d  t o  t h e  Wairake i ,  
New Zealand geothermal  f i e l d .  
f i e l d  w a s  completely s i n g l e  phase  (water )  p r i o r  t o  e x p l o i t a t i o n ;  however, 
our  r e c e n t  s t e a d y - s t a t e  modeling i n d i c a t e s  t h a t  l a r g e  r e g i o n s  i n  t h e  
r e s e r v o i r  probably  had a s m a l l  steam cap p r i o r  t o  e x p l o i t a t i o n .  
t r a n s i e n t  s i m u l a t i o n s  i n d i c a t e  t h a t  l e a k a g e  i n t o  t h e  r e s e r v o i r  i s  s i g n i f i c a n t ;  
t h a t  i s ,  t h e  Wairake i  r e s e r v o i r  i s  n o t  a c l o s e d  system. The most d i f f i c u l t  
p a r t  of h i s t o r y  matching a t  Wairake i  i s  a d j u s t i n g  p e r m e a b i l i t i e s  i n  o r d e r  
t o  remove enough m a s s  from s t o r a g e  ( a s  opposed t o  leakage)  and reproduce  
t h e  observed p r e s s u r e  d e c l i n e  t r e n d s .  

It  i s  commonly b e l i e v e d  t h a t  t h e  Wairake i  

Fur thermore ,  
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