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G.A. Zyvolski* and M.J. O'Sul l ivan 
Univers i ty  of Auckland, New Zealand 

Abstract 

The governing equat ions  f o r  a two phase geothermal r e s e r v o i r  are 

presented  f o r  t h e  case when a s u b s t a n t i a l  amount of carbon dioxide i s  

p resen t .  Sample r e s u l t s  f o r  a model r e s e r v o i r  based on t h e  Broadlands 

geothermal f i e l d  are given. 

In t roduc t ion  

The Broadlands geothermal f i e l d  i s  the  next  f i e l d  i n  New Zealand which 

w i l l  be  ex tens ive ly  developed. Like t h e  Bagnore f i e l d  i n  I t a l y  and the  

Ngawha f i e l d  i n  New Zealand, t h e  Broadlands f i e l d  i s  cha rac t e r i zed  by a 

r e l a t i v e l y  high (2-4% by mass) conten t  of  carbon d ioxide .  The presence of 

carbon d ioxide  has  depressed the  b o i l i n g  su r face  s u f f i c i e n t l y  deep t o  make 

t h e  product ion zone two phase.  Because of  t h e  importance of the  gas 

conten t  i n  in f luenc ing  t h e  design of geothermal energy conversion systems it 

is important  t o  understand and t o  p r e d i c t  t he  behaviour of carbon d ioxide  i n  

t h e  r e s e r v o i r .  

Lumped parameter models of gassy (carbon d ioxide)  geothermal r e s e r v o i r s  

have r e c e n t l y  been s tudies . '  1 2 '  

are s e n s i t i v e  t o  changes i n  t h e  carbon d ioxide  conten t .  This r e p o r t  p r e s e n t s  

some of t he  i n i t i a l  r e s u l t s  of  a s imula t ion  of  t he  behaviour o f  a multi-dimensional 

carbon dioxide dominated r e s e r v o i r .  

They have shown t h a t  t he  r e s e r v o i r  p r o p e r t i e s  

Basic F i e l d  Equations 

A thorough d iscuss ion  o f  t he  governing equat ions  f o r  t he  carbon d ioxide  

water geothermal system i s  given by Zyvoloski and O ' S ~ l l i v a n . ~  Here w e  p r e s e n t  

on ly  t h e  f i n a l  r e s u l t s  ( s ee  no ta t ion  s e c t i o n ) .  

JcPresently a t  t h e  Univers i ty  of C a l i f o r n i a  a t  Santa Barbara,  C a l i f o r n i a  92706. 
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Conservation o f  mass : 

Conservation of carbon-dioxide: 

= o  aAC - -  V . ( D c  p )  - qe d t  

where 

Am = $ ( S  P + 'QP,Q,) v v  

Ae = (1-$) P r U r  $ (svPvuv S ~ p ~ u ~ )  

A ~ = $  ( S p n  v v v  + S p n )  R R R  

and D are given by m'  De' C 
The t r a n s m i s s i b i l i t i e s  D 

D = D  + D  m mv mR 

D e = H D  v mv + H~ Dma 

DC v mv R R  = n D  + n  Dm 

with 
- - kRvPv - - kRvPv , DmR ~ Dmv - 

u V  pQ 

W e  no te  he re  t h a t  i n  equat ions  (l), ( 2 )  and ( 3 ) ,  use w a s  made of  Darcy's 

The forms of  t he  r e l a t i v e  p e r m e a b i l i t i e s  are those suggested by Corey.5 l a w .  

The independent v a r i a b l e s  used are t h e  t o t a l  p re s su re  p, t he  mixture en tha lpy  

H and the  temperature T. 

equa t ions  (1) , ( 2 )  , and ( 3 )  b u t  t h e  v a r i a b l e s  Dal  Am(a = m, e ,  c )  depend on them. 

The mixture enthalpy i s  def ined  by 

The v a r i a b l e s  H and T do no t  appear  e x p l i c i t l y  i n  

H = (PaHaSa + P , H ~ S ~ ) / ( P ~ S ~  + PvSv) 

This equat ion  i s  used t o  so lve  f o r  Sv(S 

depend only  on p and T. 

= 1-S ) i n  terms of o t h e r  q u a n t i t i e s  which R V 
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Thermodynamics 

The thermodynamics formulae used are s imilar  t o  t h o s e  used by S u t t o n  and 

M c N & b 6 ,  Grant1 I Zyvoloski and O ' S u l l i v a n 4 ,  Atkinson e t  a l 3 ,  and Mercer and F a u s t 7  

and a r e  n o t  reproduced h e r e .  

The s i n k  terms q and q a r e  c a l c u l a t e d  from t h e  p r e s c r i b e d  mass 
e C 

withdrawal  g, u s i n g  t h e  formulae 

- qe - (IvHv + q p R  

qc - qvnv + 9 p R  - 

H e r e  q 

c a l c u l a t e d  u s i n g  t h e  e q u a t i o n s  below (Mercer and F a u s t 7 )  

and q R ,  t h e  mass wi thdrawals  o f  vapour and l i q u i d  r e s p e c t i v e l y ,  a r e  V 

9, = 0% 9, = (1 - "1% 

w i t h  

" = 1/(1 - PRR21-lv/PvRv1-lR) 

For a p r e s e n t a t i o n  o f  t h e  numerical  p rocedures  used t h e  r e a d e r  i s  r e f e r r e d  

t o  Zyvoloski and 0 '  S u l l i v a n .  

RESULTS 

TWO examples w e r e  chosen t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  p r e s e n c e  o f  

carbon d i o x i d e  on r e s e r v o i r  behaviour .  The f i r s t  i s  a h y p o t h e t i c a l  t w o -  

phase ,  two-dimensional r e s e r v o i r  w i t h  f i e l d  properties s i m i l a r  t o  t h o s e  found 

i n  the  Broadlands (New Zealand) geothermal  f i e l d .  The data for t h e  problem 

a r e  given i n  T a b l e  1. 

f o r  a p u r e  water f i e l d  by F a u s t  and Mercer7, Toronyi and Farouq A l i a  and 

The problem i s  s i m i l a r  t o  one c o n s i d e r e d  p r e v i o u s l y  

Thomas and P i e r s o n g .  The r e s u l t s  i n  F i g u r e s  1 and 2 g i v e  c o n t o u r s  f o r  p r e s s u r e  

and s a t u r a t i o n ,  a f t e r  t h e  f i e l d  h a s  been d i s c h a r g i n g  € o r  500 days.  The r e s u l t s  

c l e a r l y  show t h a t  t h e  pressure changes are propagated  more r a p i d l y  across t h e  

f i e l d  when carbon d i o x i d e  i s  p r e s e n t  cor responding  t o  a d e c r e a s e  i n  t h e  

c o m p r e s s i b i l i t y  o f  t h e  f l u i d .  
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The second example considered w a s  designed t o  t e s t  the  e f f e c t  of carbon 

dioxide on the  s h o r t  term t r a n s i e n t  behaviour of a geothermal aqu i f e r .  The 

da ta  f o r  the  problem a r e  given i n  Table 2.  "wo i n i t i a l  l i q u i d  s a t u r a t i o n s  of 

0.99, 0 . 2  and three  i n i t i a l  carbon dioxide contents  a r e  considered. The pressure  

of t he  wellbore a s  a funct ion of time f o r  these s i x  cases  i s  shown i n  Figures 3 

and 4 .  The q u a l i t a t i v e  d i f fe rence  between the  behaviour a t  high sa tu ra t ion  

(Figure 3 )  and low sa tu ra t ion  (Figure 4)  can be explained i n  terms of the  carbon 

dioxide content .  With a high l i q u i d  s a t u r a t i o n  the re  i s  a very small  amount 

of carbon dioxide i n  the  discharge ( see  equation 18) because the  discharge i s  

mainly from the  l i q u i d  phase i n  which the  carbon dioxide content  i s  small .  In  

t h i s  s i t u a t i o n  the  carbon dioxide pr imar i ly  a f f e c t s  the  system by decreasing 

the compressibi l i ty  of the  two-phase f l u i d .  A t  the  low l i q u i d  sa tu ra t ion  the  

discharge comes mainly from the  vapour phase and i s  r i c h  i n  carbon dioxide.  

This removal of carbon dioxide,  o r  "de-gassing", dominates the  pressure  response 

and consequently the  pressure  drops s i g n i f i c a n t l y  a s  a r e s u l t  of the  decrease of 

the  p a r t i a l  p ressure  of carbon dioxide i n  the  vapour. Figures 5 and 6 show 

the  r a d i a l  p ressure  p r o f i l e s  a t  the  d i f f e r e n t  s a tu ra t ions .  The compress ib i l i ty  

and de-gassing e f f e c t s  a r e  evident .  

CONCLUSIONS 

The s p a t i a l  behaviour of  gas-dominated r e se rvo i r s  i s  s u b s t a n t i a l l y  d i f f e r e n t  

from pure water r e se rvo i r s .  The q u a l i t a t i v e  behaviour of the  pressure  t r a n s i e n t s  

i s  a f f ec t ed  by the  sa tu ra t ion  and the  presence of carbon dioxide.  Careful 

monitoring of the  gas content  i n  the  discharge may be required t o  allow c o r r e c t  

i n t e r p r e t a t i o n  of pressure  t r a n s i e n t s  i n  gassy geothermal f i e l d s .  
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Nomenclature and Notation 

A 

D 

H 

k 

n 

P 

cl 

R 

S 

T 

t 

U 

+ 
P 

u 

Subscripts  

Accumulation term 

Transmiss ib i l i ty  

Enthalpy 

F ie ld  permeabi l i ty  

Mass f r a c t i o n  carbon dioxide 

F ie ld  pressure 

Sink 

Re 1 a t i v e  permeabi l i ty  

Sa tura t ion  

Temperature 

Time 

Spec i f i c  i n t e r n a l  energy 

Fie ld  poros i ty  

Density 

Viscosity 

carbon dioxide 

mass 

energy 

l i q u i d  phase 

vapour phase 

rock 
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TABLE 1 - A  MODEL TEST TWO-PHASE RESERVOIR 

Permeability 

Porosity 

Thermal conductivity 

Rock density 

Rock specific heat 

Aquifer dimensions: 

k = 3(10-14) m2 

9 = 0.20 

K = 2.5 W/m.K 

p, = 2500 kg/m3 

= 1.0 kJ/kg.K cr 

Length = 1760 m 

Width = 880 m 

Thickness = 250 m 

Number of blocks NX x NY = 11 x 11 

Time step At = 10 days 

= 80 kg/sec 

= 62 bars 

Production rate % 

Initial pressure ' i I j  

Initial liquid saturation 

Initial partial pressure of CO 

0 

SO = 0.85  ti, j 

2 'ci,j 
= 0.0 or 15.0 bars 0 
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TABLE 2 - RADIAL PRESSURE TRANSIENT TEST 

Permeability 

Porosity 

Thermal conductivity 

Rock density 

Rock specific heat 

Aquifer radius 

Aquifer thickness 

Number of blocks 

Time step 

Discharge rate 

k = 6(10-14) mz 

4 = 0.2 

K = 2.5 W/m.k 

'r = 2500 kg/m3 

cr = l.OkJ/kg.K 

= 12 m 

= 100 m 

= 35 

At = 43.2s 

4, = 16.7 kg/s 

= 50 bars 

= 0.2 or 0.99 

= 0.0, 4.0 or 12.0 bars 

'i,j 

'ti, j 

'ci, j 

Initial pressure 

Initial liquid saturation 

Initial partial pressure of CO, 

0 

0 
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Figure 1. Pressure contours in the model reservoir after 200 days. 
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Figure  3 .  
with an i n i t i a l  l i q u i d  s a t u r a t i o n  of 0.99 and va ry ing  CO, 
c o n c e n t r a t i o n s  A - no CO,, €3 - 4 b a r  C 0 2 ,  C - 1 2  b a r  CO,. 

T r a n s i e n t  p r e s s u r e  r e sponse  of a model a q u i f e r  
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Figure  4 .  T r a n s i e n t  p r e s s u r e  response of a model. a q u i f e r  
with a n  i n i t i a l  s a t u r a t i o n  of 0 . 2 0  and vary ing  CO, c o n c e n t r a t i o n s .  
A - no CO,, B - 4 b a r  CO,, C - 12 b a r  CO,. 
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days. Initial liquid saturation 0.99. No C 0 2  and 12 bars 
initial partial pressure of CO, respectively. 

Pressure profiles in a model aquifer after O.CO50 
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Figure 6. Pressure profiles in a model. aquifer after 0.050 days 
1niti.al liquid saturation 0 . 2 0 .  
partial pressure of Co, respectively. 

No CO, and 12 bars initial 
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