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ABSTRACT

A p a r a m e t e r model o f t h e
geo the rma l r e s e r v o i r i s used t o
p r o d u c t i o n and r e c h a r g e a t

W a i r a k e i . The i s i d e a l i z e d because
r a d i a l symmetry and a c o a r s e
d i s c r e t i z a t i o n i s used. However, t h e
model does a r e a s o n a b l e s t e a d y

r e p r e s e n t a t i o n of t h e u n d i s t u r b e d
r e s e r v o i r , a good match t o t h e o b s e r v e d
b e h a v i o u r and a p r e d i c t i o n o f
f h e f u t u r e .

The W a i r a k e i geo the rma l r e s e r v o i r
has been used as a t e s t case q u i t e
e x t e n s i v e l y b y geo the rma l model l e r s because

r e a d i l y a v a i l a b l e d a t a and t h e  l o n g  
p e r i o d o f e x p l o i t a t i o n . The re i s a w i d e
r a n g e o f t y p e s o f mode ls ( s e e B l a k e l e y

The model p r e s e n t e d
a d i s t r i b u t e d

p a r a m e t e r one based on a r e s e r v o i r s i m u l a -
t o r d e v e l o p e d a t t h e U n i v e r s i t y o f A u c k l a n d
(see Z y v o l o s k i , O ' S u l l i v a n and K r o l
B l a k e l e y and O ' S u l l i v a n (1980, 1 9 8 1 ) ) .

The mos t n o t a b l e p r e v i o u s d i s t r i b u t e d
p a r a m e t e r mode ls o f W a i r a k e i a r e by M e r c e r
and F a u s t (1979 ) and P r i t c h e t t , R i c e and
Garg (1980 ) . M e r c e r and F a u s t  ( 1 9 7 9 )  use
a d e t a i l e d d e s c r i p t i o n o f t h e W a i r a k e i
r e s e r v o i r i n t h e  h o r i z o n t a l  p l a n e b u t
o n l y a q u a s i - t h r e e d i m e n s i o n a l r e p r e s e n t a -
t i o n i n t h e v e r t i c a l d i r e c t i o n . T h i s i s
o b t a i n e d by i n t e g r a t i n g t h r o u g h t h e d e p t h
o f t h e r e s e r v o i r and i n c l u d i n g v e r t i c a l
r e c h a r g e i n a manner s i m i l a r t o t h a t used
f o r l e a k y a q u i f e r s i n g r o u n d w a t e r m o d e l l i n g .
S i n c e some o f t h e mos t i m p o r t a n t phenomena
a t W a i r a k e i a r e  t h e  v e r t i c a l drawdown o f
t h e b o i l i n g zone and v e r t i c a l r e c h a r g e ,
t h e app roach  used  b y  M e r c e r  and F a u s t was
n o t a d o p t e d  h e r e .  I n s t e a d some h o r i z o n t a l
d e t a i l and r e a l i s m w e r e s a c r i f i c e d by
assuming r a d i a l symmetry and t h e v e r t i c a l
d i m e n s i o n was f u l l y i n c l u d e d .

P r i t c h e t t e t ( 1980 ) use  two mode ls .  
The f i r s t i s a v e r t i c a l model s i m i l a r

t o and p r e - d a t i n g t h a t c o n s i d e r e d by t h e
p r e s e n t a u t h o r s . The second i s a 2-D
v e r t i c a l i c e " t h r o u g h W a i r a k e i .
The 2-D model has t h e advan tage o f h a v i n g
much r e a l i s t i c p h y s i c a l d e t a i l b u i l t
i n t o i t . However, w i t h a 2-D model t h e
m o d e l l i n g o f l a t e r a l r e c h a r g e i s i n t r i n -
s i c a l l y l i m i t e d . A l s o i t s u f f e r s f r o m
t h e d i s a d v a n t a g e o f i n c l u d i n g a compara-
t i v e l y s m a l l t o t a l volume s o t h a t t h e
p e r f o r m a n c e o f t h e model i s s i g n i f i c a n t l y
a f f e c t e d b y bounda ry r e c h a r g e assump t i ons .
T h i s d i s a d v a n t a g e g r e a t l y a f f e c t s t h e
r e l i a b i l i t y o f l o n g t e r m p r e d i c t i o n s .
Sma l l changes i n r e c h a r g e assump t i ons
can s i g n i f i c a n t l y i n f l u e n c e  t h e  f u t u r e
p r e d i c t e d b y t h e mode l . I n t h e p r e s e n t
model a l a r g e enough volume o f t h e
W a i r a k e i r e g i o n i s i n c l u d e d s o t h a t t h e
i n e v i t a b l e r e c h a r g e assump t i ons made a t
t h e  o u t e r  b o u n d a r i e s do n o t s i g n i f i c a n t l y
i n f l u e n c e t h e b e h a v i o u r o f t h e p r o d u c t i o n
zone.

R E S E R V O I R DATA

A summary o f t h e mos t s i g n i f i c a n t d a t a
and i t s i n t e r p r e t a t i o n i s p r e s e n t e d h e r e .
A more comprehens i ve c o l l e c t i o n o f
W a i r a k e i d a t a has been p r e p a r e d by
P r i t c h e t t e t ( 1 9 7 8 ) .

a ) N a t u r a l S u r f a c e D i s c h a r g e

A n a l y s i s o f h e a t f l o w s u r v e y s  c o n d u c t e d  
i n 1951-52 and 1958 shows t h e l e v e l o f
n a t u r a l h e a t f l o w t o be a b o u t 430 MW.
S u b t r a c t i n g f r o m t h i s v a l u e t h e h e a t
f l o w due t o c o n d u c t i o n and u s i n g a
mean e n t h a l p y o f 1.026 F i s c h e r

o b t a i n e d a mass d i s c h a r g e o f
440

More r e c e n t work ( A l l i s ,
however, uses t h e same h e a t f l o w and
deduces a mass f l o w o f 400 T h i s
f i g u r e t o a mass i n f l o w t o
t h e f i e l d a t 260 C f o r an ene rgy i n f l o w
e q u a l t o t h e o b s e r v e d s u r f a c e d i s c h a r g e .
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b ) Recharge THE MODEL

A l t h o u g h t h e q u a n t i t y o f t o t h e
f i e l d has been e s t i m a t e d  f r o m  t h e r e p e a t
g r a v i t y d a t a o f H u n t t h e  d i r e c -
t i o n f r o m w h i c h t h i s r e c h a r g e e n t e r s  t h e  
f i e l d i s  i n  d i s p u t e . A l l i s
b e l i e v e s t h a t c h e m i c a l e v i d e n c e and
l a c k o f t e m p e r a t u r e change i n deep b o r e s
s u g g e s t t h a t t h e r e i s v e r y l i t t l e
i n f i l t r a t i o n i n t o t h e f i e l d o f s u r f a c e
m e t e o r i c w a t e r . He, t h e r e f o r e , assumes
t h a t t h e mass i n f l o w t o t h e f i e l d mus t
be f r o m  i n c r e a s e d  h o t w a t e r f l o w f r o m
d e p t h .  C o n v e r s e l y ,  i t has been 
s u g g e s t e d  ( G r a n t ,  1980) t h a t t h e change
f r o m s u p e r h y d r o s t a t i c  g r a d i e n t s  t o
g r a d i e n t s n e a r o r be low h y d r o s t a t i c
i m p l i e s t h a t t h e r e i s n e g l i g i b l e i n d u c e d
u p f l o w and w a t e r f l o w i n t h e f i e l d i s
p r i m a r i l y C o l d r e c h a r g e pushes
t h e  h o t  p e r i p h e r y i n w a r d s .

c ) P e r m e a b i l i t y and P o r o s i t y

L a b o r a t o r y measured 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 have p r o v e n  a l m o s t  u s e l e s s
as a means o f p r e d i c t i n g r e s e r v o i r
b e h a v i o u r because b o t h p r o p e r t i e s a r e
a f f e c t e d by t h e f r a c t u r e n e t w o r k t h r o u g h -
o u t t h e r e g i o n . Because t h e f r a c t u r e
n e t w o r k c a n n o t be t a k e n i n t o a c c o u n t i n
t h e  l a b o r a t o r y  t e s t s , t h e y t e n d t o
u n d e r e s t i m a t e  v a l u e s  o f p e r m e a b i l i t y .
L a b o r a t o r y t e s t s a l s o g i v e a h i g h e r v a l u e
o f p o r o s i t y t h a n t h a t needed t o
r e s e r v o i r b e h a v i o u r .

A number o f a u t h o r s have made
e s t i m a t e s o f p e r m e a b i l i t i e s f r o m o b s e r v i n g
m a c r o s c o p i c f e a t u r e s o f W a i r a k e i b e h a v i o u r .
McNabb e t (1975 ) u s i n g an a n a l y t i c a l
model e s t i m a t e d a h o r i z o n t a l p e r m e a b i l i t y
o f 7 U s i n g t h e t e m p e r a t u r e p r o f i l e
a t 1 km and e a r l y p r e s s u r e measurements
t h e y e s t i m a t e a v e r t i c a l p e r m e a b i l i t y o f
7 .6 md. G r a n t ( 1 9 8 0 ) e s t i m a t e s f r o m t h e
n a t u r a l d i s c h a r g e a v a l u e a t 12 md f o r
v e r t i c a l p e r m e a b i l i t y , by assuming an a r e a
o f 10 f o r t h e r e g i o n o f u p f l o w i n t h e
two- phase zone. By f i t t i n g c a l c u l a t e d
v a l u e s o f drawdown p r e s s u r e t o measured
p r e s s u r e v a l u e s i n a number o f w e l l s a t
Tauhara , Wooding (1981 ) o b t a i n s an e s t i m a t e
o f 35 md f o r 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
o f t h e a q u i f e r be tween W a i r a k e i and Tauhara .

The u n i f o r m i t y o f p r e s s u r e  a c r o s s  
t h e p r o d u c t i o n zone sugges t s t h a t h o r i z o n t a l
p e r m e a b i l i t y i s h i g h . Because t h i s h i g h
p e r m e a b i l i t y i s a s s o c i a t e d w i t h e x t e n s i v e
f a u l t i n g i t i s mos t p r o b a b l e t h a t 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  o u t s i d e t h e
f a u l t e d a r e a i s much l o w e r .

model c o n s i d e r e d  h e r e  i s a
r a d i a l l y s y m m e t r i c 2-D v e r t i c a l mode l .
The g r i d l a y o u t and r o c k
t y p e s a r e s k e t c h e d i n F i g u r e 1. The r o c k
p r o p e r t i e s used i n each o f t h e r e g i o n s
a r e shown i n T a b l e 1. common t o a l l
r e g i o n s i s shown i n T a b l e 2.

The model i s d e s i g n e d t o be a
s i m p l e and o b v i o u s o f t h e
v e r t i c a l model c o n s i d e r e d p r e v i o u s l y by
t h e p r e s e n t a u t h o r s ( B l a k e l e y and
O ' S u l l i v a n , 1981) . The v e r t i c a l
model p roduced a r e a s o n a b l e ma tch t o t h e
o b s e r v e d f i e l d b e h a v i o u r , however, i t s
l o n g t e r m b e h a v i o u r was l a r g e l y d e t e r m i n e d
b y a r b i t r a r y l a t e r a l r e c h a r g e assump t i ons
I n o r d e r t o a c c u r a t e l y model l a t e r a l
r e c h a r g e a t W a i r a k e i and t o p roduce a
model w h i c h has s e n s i b l e f a i l u r e modes
( c o l d w a t e r i n t r u s i o n f r o m above o r
l a t e r a l l y ) b u i l t i n t o i t an e x t r a space
d i m e n s i o n i s e s s e n t i a l . The c i r c u l a r
symmetry assumed i s an o b v i o u s o v e r -
s i m p l i f i c a t i o n b u t a l l o w s enormous compu-
t a t i o n a l s a v i n g s w h i l e s t i l l p r e s e r v i n g
t h e e s s e n t i a l p h y s i c a l p rocesses .

The model i n c l u d e s o n l y a r e g i o n
1050 m deep and o f 10 km r a d i u s . To
i n c l u d e t h e e f f e c t s o f f l o w o u t s i d e t h i s
r e g i o n r e c h a r g e i s a l l o w e d . I n t h e c e n t r e
two co lumns i n a d d i t i o n t o t h e n a t u r a l
t h r o u g h f l o w a p r e s s u r e dependent r e c h a r g e
o f t h e f o r n i i s a l l o w e d i n t o t h e
base where c i s a c o n s t a n t and 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 b l o c k . Recharge
o f a s i m i l a r f o r m i s a l l o w e d t h r o u g h t h e
s i d e bounda ry . Recharge e n t h a l p y i s
k e p t f i x e d a t i t s i n i t i a l v a l u e .

The model was r u n w i t h o n l y t h e
n a t u r a l t h r o u g h f l o w (i.e. w i t h o u t
p r o d u c t i o n ) u n t i l a s t e a d y s t a t e was
reached . T h i s was used  as  t h e s t a r t i n g
p o i n t f o r t h e p r o d u c t i o n r u n .

MODEL PARAMETERS

The s t a r t i n g p o i n t i n t h e c h o i c e
o f p a r a m e t e r s was t h e p r e v i o u s
v e r t i c a l model ( B l a k e l e y and O ' S u l l i v a n , .
1981) . The a i m i n t h e m o d e l l i n g s t u d y
t h e n was t o a c h i e v e a good ma tch t o t h e
o b s e r v e d p r e s s u r e d r o p i n t h e W a i r a k e i
r e s e r v o i r and t h e p r o d u c t i o n
e n t h a l p y w i t h a s few changes t o t h e
b a s i c  c h o i c e  o f p a r a m e t e r s as p o s s i b l e .

Many e x p e r i m e n t a l s i m u l a t i o n s were
c a r r i e d o u t w i t h t h e model and i t was
f o u n d n e c e s s a r y t o change some pa rame te rs .
The r e a s o n s f o r p a r a m e t e r s e l e c t i o n a r e
d i s c u s s e d be low .
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Horizontal i n . Waiora
F o r m a t i o n

The ,approach adopted in
was keep eve-rything a s simple a s
poss ib l e u n t i l i t appeared necessary t o
in t roduce more compl ica t ions . For t h i s
reason, a uniform hor i zon ta l permeabi l i ty

in each of the regions .
I t became obvious, however, t h a t i t would
n o t be poss ib l e t o g e t a c o r r e c t h i s t o r y
of b o t h p res su re a n d production entha lpy
with a uniform hor i zon ta l permeabi l i ty
in t h e Waiora format ion; I f the permea-
b i l i t y was s u f f i c i e n t l y high t o give a
good p res su re match, t h e r e was f a r t o o

c o l d recharge e n t e r i n g the production
from surface. This

q u a n t i t y s u r f a c e recharge i s n o t
observed. Both chemical a n d temperature
,data ( A l l i s , 1979) suggest t h a t t h e r e
was very l i t t l e i n f i l t r a t i o n of s u r f a c e
water during t h e f i r s t 20 yea r s of
e x p l o i t a t i o n . This l a r g e a m o u n t of cold
s u r f a c e recharge a l s o caused numerical
problems. A g r i d i s probably needed
t o model t h i s process . For these reasons ,
a r e l a t i v e l y high permeabi l i ty was
chosen f o r the p r o d u c t i o n region t o give
pres su re suppor t a n d a lower permeabi l i ty
f o r the o u t e r region was chosen t o prevent
excess cold recharge .

b ) Permeabi l i ty in the Huka F a l l s Layer

I n i t i a l l y values of p e r m e a b i l i t i e s equal
t o those in the Waiora formation were
chosen. However, without some reduct ion
i n permeabi l i ty i n t h i s l a y e r r e s e r v o i r
temperatures a n d hence production
entha lpy dropped t o o low.

Horizontal a n d v e r t i c a l permeabi-
l i t i e s were s e t equal . Higher values
of permeabi l i ty were used f o r the p a r t
of the H u k a F a l l s above the production
zone.

c ) Ver t i ca l Permeabi l i ty in the Waiora
Formation

Without a lower permeabi l i ty l a y e r
rep resen t ing the H u k a F a l l s format ion ,
problems were experienced with s e l e c t i n g
v e r t i c a l p e r m e a b i l i t i e s in the Waiora
format ion . While inc reas ing the permea-
b i l i t y in i t ia l ly r a i s e d the pres su res
l ed l a t e r t o excess cold recharge from
the s u r f a c e o u t s i d e the production zone,
which lowered production entha lpy
cons ide rab ly . However, the cold recharge
from the s u r f a c e was g r e a t l y decreased by
the presence of a r e l a t i v e l y impermeable
l a y e r rep resen t ing the H u k a F a l l s . This
made i t p o s s i b l e t o use a u n i f o r m v e r t i c a l
permeabi l i ty i n the Waiora formation
avoiding f u r t h e r compl ica t ions .

d ) Permeabi l i ty in the

Some modellers ( P r i t c h e t t e t a l ,
have used a value of v e r t i c a l permeabi l i ty
f o r the pumice l a y e r t h a t i s higher t h a n
elsewhere i n t h e r e s e r v o i r . I t was-found
t h a t the value o f permeabi l i ty
pumice l a y e r made very l i t t l e d i f f e r e n c e
t o t h e pres su re a n d entha lpy h i s t o r i e s .
However, h i g h values can cause
t i o n a l problems when the s u r f a c e flow in
the ou te r blocks changes d i r e c t i o n from
upwards t o downwards. I t i s probably
necessary t o use a f i n e r g r i d t o adequate ly
model these processes . For t h i s reason
a value in t e rmed ia t e between t h a t o f t he
H u k a F a l l s a n d Waiora Format ion was chosen.
Horizontal a n d v e r t i c a l permeabi l i ty a r e
the same.

e ) Permeabi l i ty in the Ignimbr i tes

A value of permeabi l i ty n o t much lower
t h a n t h a t in the Waiora formation was
chosen, c o n s i s t e n t with the b e l i e f
(Mercer & Faust , 1979) t h a t the v e r t i c a l
permeabi l i ty i n the ign imbr i t e s i s not
m u c h d i f f e r e n t from t h a t in the Waiora
format ion . Horizontal a n d v e r t i c a l
p e r m e a b i l i t i e s were s e t equal a n d uniform
throughout t h e  l a y e r .  

f ) Natural Throughflow

A na tu ra l throughflow o f 400 was
allowed e n t e r i n g the c e n t r e two columns
a t 260 C . This meant t h a t most of the
na tu ra l s u r f a c e discharge occurred from
these columns whose su r face a rea i s
12.57 km. However, the h o t water zone
extended over a g r e a t e r a rea t h a n t h i s ,
a s e l e c t r i c a l r e s i s t i v i t y measurements
sugges t i t should.

g ) Production

The production was assigned t o the var ious
blocks according t o t h e h i s t o r i c a l
production records a n d using a v a i l a b l e
d a t a on major feed zones a n d open i n t e r -
v a l s of the we l l s ( s e e G r a n t (1980, 198.1)
a n d P r i t c h e t t e t ( 1 9 7 8 ) ) .

F o r s imula t ion of the behaviour o f
t h e r e s e r v o i r beyong 1977 the average
1977 production leve l i s used.

h ) Comparison with o the r modellers

The values o f parameters chosen agree
q u i t e well with those used by o the r
model le rs . However, P r i t c h e t e t
(1980) use more rock types in t h e i r
model t h a n a r e used here . Mercer a n d
Faust ( 1 9 7 9 ) use a value of 0 . 6 md f o r
hor i zon ta l permeabi l i ty i n the ou te r
p a r t o f the Waiora a q u i f e r . In the inne r
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re i o n t h e v a r i e s f r o m t o
md V e r t i c a l v a l u e s

used ttuka Falls confining bed
v a r y  f r o m  t o 2 md. The p o r o s i t y
t h r o u g h o u t i s 0.25. These v a l u e s a r e
s i m i l a r tu t h o s e u s e d  h e r e .  

RESULTS

r e s u l t i n g p r e s s u r e s a t 2 7 5 m
b e l o w s e a l e v e l f o r t h e r o c k p r o p e r t i e s
i n T a b l e 1 a r e p l o t t e d i n F i g . 2, t o g e t h e r
w i t h t h e f i e l d r e s u l t s ( t a k e n  f r o m  F r a d k i n  
e t ( 1980 ) and a p r i v a t e commun ica t i on
f r o m G r a n t ) .  W h i l e  t h e p r e s s u r e s a r e
i n i t i a l l y a l i t t l e l ow , t h e agreement
i s v e r y good up u n t i l 1968. The model
e x a g g e r a t e s t h e r e c o v e r y on p a r t i a l
shutdown. From t h e n on i t g i v e s an o v e r -
e s t i m a t e o f t h e p r e s s u r e . T h i s i s
accompan ied b y t h e r a t h e r h i g h  p r o p o r t i o n  
o f r e c h a r g e t o t o t a l p r o d u c t i o n f o r t h i s
p e r i o d shown i n T a b l e 3 .

F i g . 3 shows t h e d i s t r i b u t i o n o f
p r e s s u r e s h o r i z o n t a l l y a t 275 m be low
s e a l e v e l . P r e s s u r e p r o f i l e s a t t h e
b e g i n n i n g o f 1953 and 1973 a r e shown f o r
t h e i n n e r f i v e b l o c k s . The amount o f
drawdown i n t h e l a r g e o u t e r b l o c k i s
v e r y s e n s i t i v e t o t h e r e c h a r g e p a r a m e t e r
w h i c h i s chosen. However, t h e p r e s s u r e s
o f t h e f i v e b l o c k s i n s i d e t h i s a r e
r e l a t i v e l y i n s e n s i t i v e t o t h e c h o i c e o f
r e c h a r g e p a r a m e t e r . T h i s i n c l u d e s a
r e g i o n o f 5 km r a d i u s and, t h e r e f o r e ,
t h e  p r e d i c t e d  b e h a v i o u r o f t h e p r o d u c t -
i o n zone i s n o t  a f f e c t e d  by t h e r e c h a r g e
bounda ry c o n d i t i o n . The p r e s s u r e draw-
down e x t e n d s w e l l beyond t h e l i m i t s o f
t h e p r o d u c t i o n r e g i o n . Wooding and
G r a n t (1974 ) o b s e r v e t h a t t h e p r e s s u r e
drawdown i n d u c e d b y  W a i r a k e i  i s w i d e -
sp read , e x t e n d i n g t h r o u g h t h e Tauhara
f i e l d t o d i s t a n c e s o f o r d e r 10 km.

The r e s u l t i n g p r o d u c t i o n e n t h a l p i e s
a r e p l o t t e d i n F i g . 4, t o g e t h e r w i t h
f i e l d r e s u l t s . L i k e t h e f i e l d r e s u l t s ,
t h e model r e s u l t s show c o n s i d e r a b l e
f l u c t u a t i o n s . A p a r t f r o m a s l i g h t
e x a g g e r a t i o n o f t h e r i s e i n 1963, t h e
agreement i s good.

The e f f e c t s on b o t h p r e s s u r e and
e n t h a l p y o f v a r y i n g 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 f o r t h e Waiora f o r m a t i o n a r e
shown i n F i g s . and 8 . F i g . 5 shows
p r e s s u r e s f o r mode ls w h i c h v a r y o n l y i n
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  o f t h e o u t e r
Waiora f o r m a t i o n . F i g . 6 shows t h e
p r o d u c t i o n e n t h a l p y f o r t h e s e same mode ls .
F i g s . 7 and 8 show p r e s s u r e s and e n t h a l -
p i e s f o r mode l s w h i c h v a r y o n l y i n 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  o f t h e i n n e r
Wai o r a fo rma t i on.

F i g . 5 shows t h a t t h e ma in e f f e c t
on p r e s s u r e of i n c r e a s i n g t h e pe rmeab i -
l i t y i n the Waiora i s t o
r a i s e p r e s s u r e a f t e r 1963. The re i s
a l m o s t no e f f e c t b e f o r e t h i s . I n c r e a s i n g
t h e P e r m e a b i l i t y i n t h i s o u t e r r e g i o n
i n c r e a s e s t h e r e c h a r g e t o t h e
zone. The d e l a y i n i t s a c t i o n i s
c o n s i s t e n t w i t h t h e i d e a t h a t t h e l a s t
p h a s e o f t h e p r e s s u r e h i s t o r y i s domina-
t e d by r e c h a r g e e f f e c t s .

The e f f e c t on p r o d u c t i o n e n t h a l p y
i s , however, immed ia te as shown b y  F i g . 6 .  
F o r ease o f compar i son y e a r l y ave rages
o f p r o d u c t i o n e n t h a l p y a r e p l o t t e d i n
each case. H i g h e r o u t e r  p e r m e a b i l i t y  
causes l o w e r s t e a d y s t a t e t e m p e r a t u r e s
i n t h e p r o d u c t i o n zone. Consequen t l y ,
p r o d u c t i o n  e n t h a l p i e s  s t a r t o f f l o w e r ,
and t h e n r e m a i n l o w e r t h r o u g h o u t . The
e f f e c t  o f  v a r y i n g p e r m e a b i l i t y i s mos t
o b v i o u s d u r i n g t h e e n t h a l p y peak o f t h e
m i d - s i x t i e s .

Changes caused b y i n c r e a s i n g t h e
p e r m e a b i l i t y o f t h e  i n n e r  Waiora a c t
a t q u i t e d i f f e r e n t t i m e s t o t h o s e
caused b y i n c r e a s e s i n t h e o u t e r Waiora .
S l i g h t p r e s s u r e changes a r e e v i d e n t  v e r y  
e a r l y i n t h e h i s t o r y ( F i g . 7 ) and i n c r e a s e
o n l y a s m a l l amount w i t h t i m e . T h i s
c o n t r a s t s w i t h F i g . 5 where a l m o s t no
d i f f e r e n c e i s seen u n t i l a f t e r 1964.

C o n v e r s e l y , changes i n e n t h a l p y
caused by i n c r e a s i n g  t h e  p e r m e a b i l i t y  
o f t h e  i n n e r  Waiora a r e f a i r l y n e g l i g i b l e
u n t i l 1962 a t t h e s t a r t o f t h e e n t h a l p y
r i s e ( F i g . 8 ) . I t i s o n l y d u r i n g t h i s
r i s e t h a t t h e e n t h a l p i e s a r e q u i t e
c l e a r l y d i s t i n g u i s h a b l e .

D e c r e a s i n g t h e r e c h a r g e  f r o m  t h e
c e n t r e base by d e c r e a s i n g t h e r e c h a r g e
c o e f f i c i e n t has e f f e c t s on b o t h p r e s s u r e
and e n t h a l p y v e r y s i m i l a r t o t h o s e
o b t a i n e d by d e c r e a s i n g 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 i n t h e o u t e r Waiora
f o r m a t ion.

I n c r e a s i n g t h e v e r t i c a l p e r m e a b i l i t y
i n t h e Waiora f o r m a t i o n has e f f e c t s v e r y
s i m i l a r t o t h o s e o b t a i n e d by i n c r e a s i n g
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 i n t h e  i n n e r  
Wai o r a  f o r m a t i o n .  

The h i s t o r y of t h e p r o d u c t i o n  e n t h a l -
py shows t h e f o l l o w i n g t r e n d s . E n t h a l p y
i s f a i r l y c o n s t a n t u n t i l 1962. Thus 
t h e p r o d u c t i o n e n t h a l p y i n t h i s i n i t i a l
p e r i o d i s v e r y dependent on t h e n a t u r a l
s t a t e t h a t e x i s t e d b e f o r e  p r o d u c t i o n  
began. The two p a r a m e t e r s  w h i c h  mos t
s i g n i f i c a n t l y a f f e c t t h i s a r e t h e
v e r t i c a l p e r m e a b i l i t y o f t h e Huka F a l l s
f o r m a t i o n and 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  
o f t h e  o u t e r  Waiora f o r m a t i o n .
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Low vertical permea-
b i l i t y i n t h e Huka F a l l s format ion causes
h i g h temperatures below i t i n t h e Waiora
format ion i n t h e s teady s t a t e .
low hor izon ta l pe rmeab i l i ty i n t h e o u t e r
Waiora reduces t h e flow between t h e
hot product ion a r e a and t h e c o o l e r o u t e r
a r e a , r e s u l t i n g i n h i g h temperatures i n
t h e product ion a r e a .

The r i s e i n enthalpy beginning i n
1962 i s t h e r e s u l t of an inc reased
propor t ion of steam i n t h e product ion
f l u i d . Any proper ty which i n c r e a s e s t h e
flow i n t o t h e product ion a rea w i l l
i n c r e a s e t h e water s a t u r a t i o n i n t h e u p p e r
two phase region o f t h e product ion zone.
T h i s l i m i t s t h e extent of t h e r i s e i n
en tha lpy Such p r o p o r t i e s a r e hor i zon ta l
and v e r t i c a l permeabi l i ty throughout t h e
Waiora format ion and t h e amount of induced
upflow.

The product ion enthalpy d e c l i n e s aga in
a s t h e inc reased propor t ion of steam i n
t h e 2-phase region caused by t h e drop i n
p ressu re i s balanced by c o o l e r recharge
e n t e r i n g . The most s i g n i f i c a n t proper-
t i e s i n t h i s case a r e t h e hor i zon ta l
pe rmeab i l i ty i n t h e o u t e r Waiora forma-
t i o n and t h e amount o f co ld recharge
e n t e r i n g t h e o u t e r boundary.

There appear t o be t h r e e corresponding
phases i n t h e pressu re h i s t o r y . In t h e
f i r s t phase f l u i d i s drawn from c l o s e t o
t h e product ion w e l l s . In t h e second
phase dra inage e f f e c t s a r e most important .
P ressu res a r e most dependent on v e r t i c a l
and hor izon ta l pe rmeab i l i ty i n t h e i n n e r
Waiora format ion. Recharge e f f e c t s a r e
most important i n t h e l a s t s t a g e .
Pressu re i s c o n t r o l l e d by t h e hor izon ta l
pe rmeab i l i ty i n t h e o u t e r Waiora format ion
and t h e amount of recharge , both induced
hot upflow and t h e co ld recharge t o t h e
o u t e r boundary.

Figs . 9 and 10 g ive t h e r e s u l t s t h a t
were obta ined by s imula t ing t h e f u t u r e
performance of t h e r e s e r v o i r . B o t h
p ressu re and product ion enthalpy show a n
extremely gradual d e c l i n e . The r a t i o of
mass rep laced t o t h a t withdrawn f o r t h e
l a s t 10 y e a r s of s imula t ion was 1.1.
The ho t product ion f l u i d was being
completely rep laced by cold recharge .
Heat was mined from t h e r e s e r v o i r i n t h e
process .

F i g . 11 shows t h e e x t e n t o f t h e b o i l i n g
zone and t h e isothermal p r o f i l e f o r t h e
y e a r s 1953, 1968, 1975 a n d 2008 ( p r e d i c t e d
changes between 1975 and 2008 a r e s low) .
D u r i n g t h e y e a r s between 1953 and 1968
t h e b o i l i n g zone beneath t h e Huka F a l l s
l a y e r i n c r e a s e s i n s i z e . There i s a

and

consequent coo l ing of t h e r e s e r v o i r i n
t h i s region. Most of t h i s
i n t h e e a r l y 1960 's . A s i m i l a r i n c r e a s e
i n zone and decrease i n tempera-
tures occurs between 1968 and
However, by 2008 t h e b o i l i n g i s
beginning t o recede. Temperatures a t
t h e t o p of t h e r e s e r v o i r a r e dropping
a s co ld s u r f a c e water e n t e r s and formerly
2-phase a r e a s become s a t u r a t e d aga in .

CONCLUSIONS

A 2- D v e r t i c a l r a d i a l l y symmetric
model i s capab le of producing a good
f i t t o t h e product ion en tha lpy a t Wairakei.
T h i s was not p o s s i b l e i n an e a r l i e r
v e r t i c a l model (Blakeley and O'Sul l ivan
(1981)) . However, w i t h a 2-D v e r t i c a l
r a d i a l l y symmetric model i t i s p o s s i b l e
t o r e p r e s e n t t h e recharge more a c c u r a t e l y .
The recharge  en tha lpy  d e c l i n e s a s c o o l e r
water e n t e r s t h e product ion zone l a t e r a l l y .

The model presented here g ives a
very good f i t t o t h e pressu re d e c l i n e a t
Wairakei dur ing t h e per iod 1960-68.
The pred ic ted p r e s s u r e s be fo re 1960 a r e
a l i t t l e low. The pressu re recovery on
p a r t i a l shutdown i s exaggerated and
t h e r e a f t e r t h e p r e d i c t e d p r e s s u r e i s too
h i g h .

There a r e t h r e e p o s s i b l e sources of
e r r o r . The e a r l y behaviour i s a f f e c t e d
by t h e cho ice of r e l a t i v e permeab i l i ty
f a c t o r s . The f a c t o r s given i n Table 1
a r e modi f i ca t ions of t h e s tandard
Corey formula suggested by Grant (1977).
The i r s u i t a b i l i t y , o r indeed t h e s u i t a b i -
l i t y o f t h e Corey formula i s not r e a l l y
known.

The pressu re behaviour from 1968
onwards i s probably i n f l u e n c e by two
f a c t o r s . In o r d e r t o a c c u r a t e l y r e p r e s e n t
l a t e r a l recharge t h e model extends a
cons ide rab le d i s t a n c e i n t h e hor izon ta l
d i r e c t i o n . To economise i n computation
time by avoiding too many blocks a f a i r l y
c o a r s e g r i d was used. T h i s could lead
t o o v e r r e a c t i o n t o sudden reduct ion i n
product ion a s was seen i n 1968 b u t a l s o
a f t e r t h a t t o a l e s s e r degree . The f l u i d
a t t h e  l e v e l  p ressu re measurements a r e
taken i s a l l l i q u i d a n d r e l a t i v e l y
i mcompres s i bl e .

Another p o s s i b l e source of e r r o r i s
i n t h e cho ice of recharge parameter f o r
t h e c e n t r e base. The propor t ion of
recharge e n t e r i n g t h e f i e l d l a t e r a l l y o r
v e r t i c a l l y i s unknown. Allowing too h i g h
a p ropor t ion t o e n t e r v e r t i c a l l y could
cause t h e pressu res t o be too h i g h i n t h e
l a t e r s e c t i o n of t h e h i s to ry ,
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Further work i s being ca r r i ed
ou t i n these three areas.

The model predicts a slow
decrease i n pressure and enthalpy
up t o the year 2000.
are three fac to rs which mean t h a t
a l i f e t i m e estimate based on t h i s
model would over-estimate the
actual l i f e t ime . The f i r s t two,
the assumption o f rad ia l
and the un i fo rmi ty o f hor izonta l
permeabi l i ty mean t h a t the co ld
outer waters in t rude upon the
f i e l d s lowly and uniformly. I n
f a c t co ld water may enter some
sections o f the f i e l d much more
qu ick ly than others. The t h i r d
factor ,  the assumption o f a
non- fractured porous medium, has a
s im i l a r  e f f ec t .  I n r e a l i t y , co ld
water may enter much more qu ick ly
passing p r e f e r e n t i a l l y along
fractures.

However,

The model does ind ica te
t h a t co ld water i n t r us i on from
above i s l i k e l y t o be an
important f ac to r i n the fu tu re
behaviour o f the Wairakei
reservoir.
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Figure 11: Boiling zones and isothermal profiles for the years 1953, 1968,
and 2008.




