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ABSTRACT 

The s u c c e s s  of numer ica l  models of t h e  Wairakei  
geo thermal  f i e l d  h a s  u s u a l l y  been judged by t h e i r  
a b i l i t y  t o  match observed p r e s s u r e  and d i s c h a r g e  e n t h a l p y  
changes.  A f u r t h e r  c o n s t r a i n t  which h a s  g e n e r a l l y  
been over looked  i s  t h a t  models shou ld  be a b l e  t o  account  
f o r  t h e  observed g r a v i t y  changes .  

The g r a v i t y  changes p r e d i c t e d  by 1-D v e r t i c a l  and 2-D 
r a d i a l l y  symmetric models of  Wairakei  a r e  compared t o  
observed g r a v i t y  c h a r g e s  and found t o  a g r e e  w e l l .  The 
agreement i s  improved by t h e  i n c l u s i o n  of  t h e  e x t r a  
dimension i n  t h e  model. 

INTRODUCTION 

Repeat g r a v i t y  s u r v e y s  were made a t  Wairakei  i n  1961, 
1962, 1967,  1968, 1971, 1974 and 1983. D e t a i l s  of t h e  
measurement and d a t a  r e d u c t i o n  t e c h n i q u e s  a r e  g iven  by 
Hunt (1975,1984). The observed g r a v i t y  changes ,  once 
c o r r e c t e d  f o r  v e r t i c a l  ground movement, can  be 
a t t r i b u t e d  t o  changes  i n  mass w i t h i n  t h e  r e s e r v o i r .  
Other  c o n t r i b u t i o n s  t o  g r a v i t y  changes a r e  n e g l i g i b l e .  

There a r e  a number of  f a c t o r s  c o n t r i b u t i n g  t o  mass 
changes a t  Wai rake i .  The most impor tan t  a r e  changes i n  
s team volume, groundwater  l e v e l  changes and changes 
i n  l i q u i d  d e n s i t y  caused mainly by the rmal  e f f e c t s  and 
l e s s  i m p o r t a n t l y  by p r e s s u r e  e f f e c t s .  ( A l l i s  and Hunt, 
1984).  I f  t h e  e f f e c t s  of t h e  measured groundwater  l e v e l  
and w a t e r  t empera tu re  changes a r e  removed, t h e  remain- 
i n g  mass change p r o v i d e s  a measure of changes i n  s team 
volume w i t h i n  t h e  r e s e r v o i r .  

Because of t h e  r e a d y  a v a i l a b i l i t y  of d a t a  and long  
p r o d u c t i o n  h i s t o r y  t h e  Wairakei  geo thermal  r e s e r v o i r  
h a s  been used q u i t e  e x t e n s i v e l y  a s  a t e s t  c a s e  by 
geo thermal  m o d e l l e r s .  Two requ i rements  of a numer ica l  
model a r e  t h a t  i t  shou ld  be a b l e  t o  match b o t h  p r e s s u r e  
and d i s c h a r g e  e n t h a l p y  h i s t o r i e s .  An a d d i t i o n a l  con- 
s t r a i n t  sugges ted  by A l l i s a n d H u n t  (1985) i s  t h a t  i t  
shou ld  match t h e  observed g r a v i t y  changes .  One of t h e  
most n o t a b l e  d i s t r i b u t e d  paramete r  mode l l ing  e f f o r t s  i s  
t h a t  of P r i t c h e t t  e t  a 1  (1980) .  They u s e  two models. 
The f i r s t  i s  a v e r t i c a l  column, t h e  second a two 
d imens iona l  c r o s s  s e c t i o n  of Wairakei  which i n c l u d e s  t h e  
e a s t e r n  and wes te rn  b o r e f i e l d s  and t h e  west  Wairakei  
f i e l d .  L a t e r  A l l i s  & Hunt (1985) c a l c u l a t e d  t h e  g r a v i t y  
chan3es a s s o c i a t e d  w i t h  t h e  s team volume changes 
p r e d i c t e d  by t h e  two models. They compared t h e s e  w i t h  
t h e  observed  g r a v i t y  changes a d j u s t e d  t o  remove t h e  
g r a v i t y  e f f e c t s  of known w a t e r  t empera tu re  and ground- 
wate r  l e v e l  changes.  The agreement  between t h e  model 
r e s u l t s  of P r i t c h c t t  e t  a 1  (1980) and t h e  observed 
g r a v i t y  changes was no t  good. The r e s u l t s  from t h e  
2- D  model were c o n s i d e r a b l y  b e t t e r ,  however t h a n  t h e  1-D 
model. 

The 1-D and 2- D  models use  d i f E e r e n t  s e t s  of 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 .  The c u r v e s  used f o r  t h e  1 - D  model 
g i v e  much l e s s  mobile  s team a t  h igh  l i q u i d  s a t u r a t i o n  
t h a n  t h e  c u r v e s  used f o r  t h e  2- D  model. Consequently i n  
t h e  1-D model t h e  l i q u i d  s a t u r a t i o n  i n  t h e  two phase 
r e g i o n  d r o p s  ve ry    OW w i t h  p r o d u c t i o n .  The a s s o c i a t e d  
g r a v i t y  d e c r e a s e  i s  very  l a r g e  and g r e a t l y  over-  
e s t i m a t e s  t h a t  obse rved  ( f i g u r e  1 ) .  

A l l i s  and Hunt (1985) c a l c u l a t e  s e p a r a t e l y  t h e  g r a v i t y  
changes p r e d i c t e d  by t h e  2- D model f o r  t h e  e a s t e r n  
b o r e f i e l d ,  w e s t e r n  b o r e f i e l d  and t h e  West Wairakei  
f i e l d .  These a r e  compared w i t h  o b s e r v a t i o n s  f o r  t h e  
cor responding  a r e a s .  The model o v e r e s t i m a t e s  t h e  
g r a v i t y  d e c r e a s e  i n  t h e  w e s t e r n  b o r e f i e l d  and p r e d i c t s  
a s i g n i f i c a n t  i n c r e a s e  i n  g r a v i t y  i n  t h e  e a s t e r n  bore-  
f i e l d  d u r i n g  t h e  1960s. The observed i n c r e a s e  o c c u r s  
l a t e r  and i s  much s m a l l e r .  

Thus t h e  numer ica l  models of Wairakei  which have been 
produced match t h e  r e s e r v o i r  h i s t o r y  w e l l  but  g i v e  v e r y  
d i f f e r e n t  p r e d i c t i o n s  of s a t u r a t i o n .  T h i s  problem was 
recognised  by A l l i s  & Hunt (1985) who s u g g e s t  t h a t  t h e  
c o n s t r a i n t  on s a t u r a t i o n  changes imposed by r e q u i r i n g  
agreement  w i t h  t h o s e  p r e d i c t e d  by observed g r a v i t y  
changes may e n a b l e  t h e  a p p r o p r i a t e  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  t o  be de te rmined .  

DESCRIPTION OF MODELS 

I n  mode l l ing  t h e  Wairakei  f i e l d  t h e  a u t h o r s  used t h e  
Sorey.Grant  and Bradford  (1980) 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  ( r e f e r r e d  t o  h e r e  a s  SGB c u r v e s )  g i v e n  by 

krE = Se4 

rP, 
krv = 1 - k 

SRr and Svr  a r e  l i q u i d a n d  vapour r e s i d u a l  s a t u r a t i o n s  
r e s p e c t i v e l y  and a r e  t h e  v a l u e s  of  s a t u r a t i o n  a t  which 
t h e  cor responding  phases  become immobile. A l t e r a t i o n  
of t h e  t r a d i t i o n a l  Corey c u r v e s  g r e a t l y  i n c r e a s e s  t h e  
m o b i l i t y  of s team a t  h igh  l i q u i d  s a t u r a t i o n .  Heasure- 
ments of  d i s c h a r g e  mass and e n t h a l p y  a t  Wairakei  
sugges t  t h i s  i s  a p p r o p r i a t e  ( G r a n t ,  1977) .  

Two models were c o n s i d e r e d .  The f i r s t  was a v e r t i c a l  
column r e p o r t e d  p r e v i o u s l y  by Blake ley  and O ' S a l l i v a n  
(1981) .  The g r i d  l a y o u t  i s  shown i n  f i g u r e  2 .  
Four teen  b l o c k s  each  75m deep  i n c l u d e  a t o t a l  d e p t h  
of 1050111. The v a l u e s  o f  p e r m e a b i l i t y  and p o r o s i t y  
shown a r e  t h o s e  which gave t h e  b e s t m a t c h  t o  t h e  p r e s s u r e  
and e n t h a l p y  h i s t o r y .  The remaining model pa ramete rs  
a r e  l i s t e d  i n  t a b l e  1. I n  each b lock  a p r e s s u r e  
dependent  r e c h a r g e  of  t h e  form c (p-po)  i s  al lowed where 
c i s  a c o n s t a n t  and po i s  t h e  i n i t i a l  p r e s s u r e  i n  t h e  
block.Recharge e n t h a l p y  i s  kep t  f i x e d  a t  i t s  i n i t i a l  
v a l u e .  

T h e  second model, a r a d i a l l y  symmetric 2-D v e r t i c a l  
model a l l O W S  a b e t t e r  p h y s i c a l  r e p r e s e n t a t i o n  of 
r e c h a r g e .  I t  has  been r e p o r t e d  p r e v i o u s l y  by E lake ley  
and O ' S u l l i v a n  (1982) .  The g r i d  l a y o u t  and d i s t r i b u t i q n  
of rock  t y p e s  a r e  ske tched  i n  f i g u r e  3 .  The rock  
p r o p e r t i e s  used i n  each of t h e  r e g i o n s  a r e  shown i n  
t a b l e  2 .  Data common t o  a l l  r e g i o n s  i s  shown i n  t a b l e  
3.  T h r  g r i d  i s  c e n t r e d  on t h e  wes te rn  p roduc t ion  
b o r e f i e l d .  A l l  of  t h e  w e l l s  i n  t h e  w e s t e r n  b o r e f i e l d  
and some of the  e a s t e r n  b o r e f i e l d  a r e  inc luded  i n  t h e  
f i r s t  column. The  remaining w e l l s  of  t h e  e a s t e r n  bore-  
f i e l d  a r e  i n  t h e  second column, a l t h o u g h  t h e  t o t a l  a r e a  
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Figure 2: Block layout for the 1-D Wairakei model. 
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Fi.gure 3 :  Block layout for the r-z radially 
symmetric Wairakei mode l .  

Figure 1: Comparison of the observed 
aravity effects of saturation changes 
riith those calculated f o r  the numerical 
mdels of Pritchett et a1 (1980). 
Observed gravity effects are shown by 
sc?lid lines; those calculated for the 
1-D and 2-D models are shown by broken 
lines. (from Allis and Hunt, 1985) 

1 

Rock density 
Conductivity 
Rock specific heat 
Heat through-flow 
Mass through-flow 
Surface temperature 
Surface pressure 
Cross sectional area 

2 200 kg /m 
2 W/m.K 
900 J/kg.K 
449 Mw , 

400 kg/s 

~ O.lOl3 NPa 
12 57 km2 

~ 20°C 

TABLE 1: Basic model data 

I I I 

I 1 I 

I 
pumice/breccia 1 0:;; 1 1; 1 L- 
inner Huka F a l l s  
outer Huka Falls 0.20 
inner Waiora 0.20 300 

ignimbrites 

0.1 0.1 

outer Waiora 0.20 20 
0.15 5 5 

T M L E  2 :  Rock properties 

Rock density 
Conductivity 
Rock specific heat 
Nass throughf low 
Heat throughf low 
Surface temperature 
Centre base temperature 

2200 kg/rn3 
1.5 W/m.K 
900 J/kg.K 
400 kg/s 
457 PnJ 
20°C 
260°C 

TABLE 3.: Basic model data 
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o f  t h i s  b l o c k  i n  t h e  model i s  much g r e a t e r  t h a n  j u s t  
t h a t  occup ied  by t h e  b o r e f i e l d .  The t o t a l  r a d i u s  of  
t h e  r e g i o n  i s  10 km. 

GRAVITY CHANGES 

Both models c a l c u l a t e  p r e s s u r e s  and t empera tu re  and 
o t h e r  r e s e r v o i r  p r o p e r t i e s  a t  each  time s t e p  and t h e r e-  
f o r e  i t  i s  a s imp le  m a t t e r  t o  c a l c u l a t e  t h e  r e s e r v o i r  
mass a t  i n t e r v a l s  d u r i n g  p roduc t ion .  For t h e  2-D 
model t h e  mass o f  each  column i s  de te rmined .  The 
models assume t h e  d e p t h  of  t h e  w a t e r  t a b l e  i s  c o n s t a n t  
so  mass changes  a r e  caused by changes  i n  t h e  s team 
volume and changes  i n  wa te r  d e n s i t y  a t t r i b u t a b l e  mainly 
t o  t empera tu re  d e c r e a s e .  The r e l a t i o n s h i p  between 
g r a v i t y  and mass changes  i s  g i v e n  by (See  A l l i s  & Hunt, 
1985) :  

Ag = 2~rG Am / A 

where A i s  t h e  a r e a  and G i s  t h e  u n i v e r s a l  g r a v i t a t i o n a l  
c o n s t a n t  ( 6 . 6 7 ~  lo -"  Nm2 kg-'). Using t h i s  r e l a t i o n -  
s h i p  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  c h a n g e s i n  g r a v i t y  
co r re spond ing  t o  t h e  changes  i n  mass p r e d i c t e d  by t h e  
models.  The v a l u e s  f o r  t h e  1 - D  model a r e  compared i n  
f i g u r e  4 w i t h  t h e  g r a v i t y  d i f f e r e n c e s  c o r r e c t e d  f o r  
subs idence  g i v e n  by A l l i s  and Hunt (1985) .  The model 
u n d e r e s t i m a t e s  g r a v i t y  d e c r e a s e s  a f t e r  1966. T h i s  
c o u l d  be  caused  by e i t h e r  a n  i n s u f f i c i e n t  r e d u c t i o n  i n  
l i q u i d  s a t u r a t i o n  o r  an  e x c e s s  d e c r e a s e  i n  t empera tu re  
i n c r e a s i n g  t h e  l i q u i d  d e n s i t y .  

Hodel t empera tu re  p r o f i l e s a r e  shown a t  10 y e a r l y  
i n t e r v a l s  i n  f i g u r e  5.  The t e m p e r a t u r e s  a g r e e  w e l l  
w i t h  o b s e r v a t i o n s  excep t  t h a t  t h e  model u n d e r e s t i m a t e s  
t e m p e r a t u r e  changes  between d e p t h s  o f  abou t  100 and 
250m. Thus i t  would appea r  t h a t  t h e  d i s c r e p a n c y  
between observed and model g r a v i t y  changes  i s  caused  by 
a n  i n s u f f i c i e n t  r e d u c t i o n  ( o r  a n  i n c r e a s e )  i n  l i q u i d  
s a t u r a t i o n  r a t h e r  t h a n  a n  e x c e s s  d e c r e a s e  i n  
t empera tu re .  

I n  t h e  2-D model t h e  mass changes  o c c u r r i n g  i n  t h e  f i r s t  
and second columns were de te rmined  and t h e  co r re spond ing  
g r a v i t y  changes  c a l c u l a t e d .  F i g u r e  6 shows v a l u e s  f o r  
column 1 p l o t t e d  t o g e t h e r  w i t h  measurements t a k e n  i n  t h e  
w e s t e r n  b o r e f i e l d  and f i g u r e  7 shows v a l u e s  f o r  column 
2 w i t h  measurements t aken  i n  t h e  e a s t e r n  b o r e f i e l d .  The 
g r a v i t y  d e c r e a s e  i n  column 1 i s  l e s s  t h a n  t h a t  i n  t h e  
w e s t e r n  b o r e f i e l d  a f t e r  abou t  1975 b u t  o t h e r w i s e  t h e  
agreement i n  b o t h  a r e a s  i s  v e r y  good. There  i s  a con- 
d i d e r a b l e  improvement on t h e  1-D model.  

SATURATION CHANGES 
A l l i s  and Hunt u s e  a s imple  model o f  f l u i d  p r o p e r t i e s  a t  
Wai rake i  t o  e x p l a i n  t h e  measured g r a v i t y  changes .  
Changes i n  s t eam volume a r e  a t t r i b u t e d  t o  changes  i n  
b o t h  t h e  t h i c k n e s s  and t h e  s a t u r a t i o n  of t h e  s team zone. 
The s team zone i s  assumed t o  be  t h a t  r e g i o n  where 
l i q u i d  s a t u r a t i o n  i s  below t h e  " r e s i d u a l"  s a t u r a t i o n .  
The t h i c k n e s s  of  t h e  zone was determined from t h e  
t h i c k n e s s  of t h e  i s o b a r i c  p a r t  of  t h e  r e s e r v o i r .  The 
model r e s u l t s  which b e s t  f i t  o b s e r v a t i o n s  a r e  f o r  
v a l u e s  of  " r e s i d u a l"  s a t u r a t i o n  o f  0.6 i n  t h e  e a s t e r n  
b o r e f i e l d  and 0 . 7  i n  t h e  w e s t e r n  b o r e f i e l d .  These a r e  - 
t h e  s a t u r a t i o n s  a t  which t h e  s t eam zone b e g i n s  t o  form. 
The model can  be  used t o  deduce f u r t h e r  d e c r e a s e s  i n  
s a t u r a t i o n  w i t h i n  t h e  s team zone i n  t h e s e  two a r e a s .  
The v a l u e s  a r e  shown i n  f i g u r e  8 .  They a r e  l i k e l y  t o  
be  minimum v a l u e s .  

The p r e s e n t  work shows t h a t  t h e  " r e s i d u a l"  s a t u r a t i o n  
used by A l l i s  and Hunt (1985)  i s  no t  t h e  same a s  t h c  
r e s i d u a l  s a t u r a t i o n  of immobile w a t e r  i n  t h e  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 .  The 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  
used by t h e  p r e s e n t  a u t h o r s  have t h e  much lower  v a l u e  
of r e s i d u a l  immobile l i q u i d  s a t u r a t i o n  of  0 . 3 .  The 
model d o e s  no t  p r e d i c t  t h e  d r y i n g  o u t  of t h e  two phase  
zone and consequent  fo rma t ion  of a s team zone.  Desp i t e  
t h i s  t h e  p r e s s u r e  p r o f i l e s  ( f i g u r e  9)  show t h e  fo rma t ion  
of  a n  i s o b a r i c  s e c t i o n  of  t h e  r e s e r v o i r  s i m i l a r  t o  t h a t  
used by A l l i s  and Hunt t o  i n d i c a t e  t h e  p re sence  of a 
s t eam zone and t h e  l i q u i d  s a t u r a t i o n i n  t h i s  s e c t i o n  
i n  t h e  p r e s e n t  models ( f i g u r e  10) i s  ve ry  c l o s e  t o  t h e  
s t eam zone s a t u r a t i o n s  e s t i m a t e d  by A l l i s  and Hunt (1985)  
( f i g u r e  8 ) .  

I n  both  1-D and 2-D models s a t u r a t i o n  v a r i e s  w i th  d e p t h  
throughout  t h e  two phase  zone. The v a l u e s  shown i n  
f i g u r e  10 a r e  minimum v a l u e s .  There  i s  good agreement 
between t h e s e  s a t u r a t i o n  v a l u e s  and those  p red icced  by 
t h e  model of  A l l i s  and Hunt which a r e  a l s o  minimum 
v a l u e s .  

CONCLUSION 

Various  numer ica l  models of t h e  Wairakei  geo the rma l  
f i e l d  have produced a good f i t  t o  t h e  p r e s s u r e  and a 
r e a s o n a b l e  f i t  t o  e n t h a l p y  h i s c o r y .  There  i s  however a 
c o n s i d e r a b l e  r ange  i n  t h e  s a t u r a t i o n  v a l u e s  p r e d i c t e d  by 
t h e s e  models a r i s i n g  mainly  because of  t h e  d i f f e r e n t  
r e l a L i v e  p e r m e a b i l i t y  c u r v e s  used.  The d i f f e r e n c e s  i n  
p r e d i c t e d  s a t u r a c i o n  changes  g i v e  r i s e  t o  d i f f e r e n c e s  i n  
mass changes .  Comparison of p r e d i c t e d  g r a v i t y  changes  
caus,ed by t h e s e  mass changes  w i t h  measured g r a v i t y  
changes  p r o v i d e s  a n  i n d i c a t i o n  of  how w e l l  t h e  chosen 
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  d e s c r i b e  r e s e r v o i r  
behav iou r .  

The 1 - D  model of  B lake ley  and O ' S u l l i v a n  g i v e s  a good 
f i t  t o  t h e  p r e s s u r e  d e c l i n e  a t  Wairakei  b u t  i s  no t  
adequa te  f o r  matching p roduc t ion  e n t h a l p i e s .  I t  a l s o  
o v e r e s t i m a t e s  t h e  g r a v i t y  measurements t a k e n  a f t e r  1966. 
The l a c k  of  agreement i s  p robab ly  caused by t h e  
inadequa te  d e s c r i p t i o n  of r e c h a r g e  p rov ided  by a 1 - D  
model. 

The 2-D model produced by t h e  p r e s e n t  a u t h o r s  g ives  a 
good f i t  t o  t h e  p r e s s u r e  and e n t h a l p y  h i s t c j ry  of  
Wairakei .  I n  a d d i t i o n  i t  g i v e s  a good f i t  t o  t h e  
measured g r a v i t y  changes .  T h i s  h e l p s  conf i rm t h e  
s u i t a b i l i t y  of  t h e  SGB 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  i n  
d e s c r i b i n g  t h e  f i e l d  behaviour  and conf i rms  t h e  u s e f u l -  
n e s s  of t h e  2-D r a d i a l l y  symmetric model f o r  d e s c r i b i n g  
t h e  l a r g e  s c a l e  behaviour  of  t h e  Wairakei  r e s e r v o i r .  
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Figure  I :  G r a v i t y  changes p r e d i c t e d  by t h e  
1-D model compared w i t h  measured v a l u e s  i n  
t h e  e a s t e r n  and wes te rn  b o r e f i e l d s .  
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Figure  5: Temperature p r o f i l e s  f o r  t h e  
Wairakei  1 - D  model. 

0 1952 , 

o 1962 

0 1972 

1 0 1976 
I I t I I I  

50 100 150 200 250 -10% 

TEMPERATURE ( ' C  1 

YEAR 

0 
h 

d 

m 
m 
a 
Y 

Figure  7 :  G r a v i t y  changes p r e d i c t e d  by 
t h e  2-D model compared w i t h  measured 
v a l u e s  i n  t h e  e a s t e r n  b o r e f i e l d .  U 
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Figure  6: G r a v i t y  changes p r e d i c t e d  by 
t h e  2- D model compared w i t h  measured 
v a l u e s  i n  t h e  wes te rn  b o r e f i e l d .  
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Figure 8: Saturation changes in the steam zone determined 
from the gravity model of Allis and Hunt. 
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Figure 9: Pressure profiles for the western borefield at 
Wairakei given by the 2- D  model. 
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Figure 10: The minimum saturation predicted by the 1 - D  and 
2- D  models .  




