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Abs t r ac t  

The governing equa t ions  f o r  a two phase geothermal r e s e r v o i r  a r e  

p r e sen t ed  f o r  the case when a s u b s t a n t i a l  amount of  carbon d iox ide  i s  

p r e s e n 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 g iven .  

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

The Broadlands geothermal f i e l d  i s  t h e  n e x t  f i e l d  i n  New Zealand which 

w i l l  be  e x t e n s i v e l y  developed. Like t h e  Bagnore f i e l d  i n  I t a l y  and t h e  

Ngawha f i e l d  i n  New Zealand, t h e  Broadlands f i e l d  i s  c h a r a c t e r i z e d  by a 

r e l a t i v e l y  h igh  (2- 4% by mass) c o n t e n t  o f  carbon d iox ide .  The presence  of 

carbon d iox ide  has  depressed  t h e  b o i l i n g  s u r f a c e  s u f f i c i e n t l y  deep t o  make 

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

con ten t  i n  i n f l u e n c i n g  t h e  des ign  of  geothermal energy convers ion  systems i t  

is impor tan t  t o  understand and t o  p r e d i c t  t h e  behaviour  of carbon d iox ide  i n  

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

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

have r e c e n t l y  been s t u d i e s  l 2  

a r e  s e n s i t i v e  t o  changes i n  t h e  carbon d iox ide  con ten t .  This  r e p o r t  p r e s e n t s  

some of  t h e  i n i t i a l  r e s u l t s  o f  a s i m u l a t i o n  of  t h e  behaviour  of a mult i- dimensional  

carbon d iox ide  dominated r e s e r v o i r .  

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

Bas ic  F i e l d  Equat ions 

A thorough d i s c u s s i o n  o f  t h e  governing equa t ions  f o r  t h e  carbon d iox ide  

water  geothermal system i s  given by Zyvoloski and O ' S ~ l l i v a n . ~  

on ly  t h e  f i n a l  r e s u l t s  ( s e e  n o t a t i o n  s e c t i o n ) .  

Here w e  p r e s e n t  

*P re sen t ly  a t  t h e  U n i v e r s i t y  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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Conservat ion of m a s s :  

Conservat ion of carbon-dioxide:  
8A 

where 

Am = 0 ( S  P 

= (1-4) CrUr + cp (SVPVUV + SaPiLUa) Ae 

Ac = 0 (SVPVnV + SRPRnR) 

m' De' C 

+ S P )  v v  R R  

and D a r e  given by The t ransmiss ib i l i t i e s  D 

D e = H D  + H  D v mv R mR 

D c = n D  + n  Dm v m v  R R 

w i t h  

W e  n o t e  h e r e  t h a t  i n  e q u a t i o n s  (1) , ( 2 )  and ( 3 )  , use w a s  made o f  Darcy ' s  

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

The independent  v a r i a b l e s  used are t h e  t o t a l  p r e s s u r e  2 ,  t h e  mixture  e n t h a l p y  

H and t h e  temperature  T. The variables H and T do no t  appear e x p l i c i t l y  i n  

e q u a t i o n s  (11, ( 2 1 ,  and ( 3 )  b u t  t h e  v a r i a b l e s  D a l  A a ( a  = m, e ,  c )  depend on them. 

The mixture  e n t h a l p y  i s  d e f i n e d  by 

Ris e q u a t i o n  i s  used t o  s o l v e  f o r  sv(sR = 1-s ) i n  terms of o t h e r  q u a n t i t i e s  which 

depend o n l y  on p and T. 

V 
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Thermodynamics 

The thermodynamics formulae used a r e  s imi lar  t o  those  used by Sut ton  and 

McN&b6 , G r a n t ’ ,  Zyvoloski and O’Su l l i van4 ,  Atkinson e t  a 1 3 ,  and Mercer and Faus t7  

and a r e  no t  reproduced h e r e .  

The s ink  t e r m s  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, us ing  t h e  formulae 

qe - - (IvHv + 9 % H R  

9, - - qvnv + 9 p L  

Here q and q 

c a l c u l a t e d  u s ing  the  equa t ions  below (Mercer and Faus t7 )  

t he  mass withdrawals  of  vapour and l i q u i d  r e s p e c t i v e l y ,  a r e  
V R ’  

9” = 0% 
qe = (1 - o ’ g ,  

with  

0 = 1/(1 - PQRRUv/PvRvUL) 

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

t o  Zyvoloski and O’Sul l ivan .  

RESULTS 

mo examples w e r e  chosen t i n v  
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t i g a t  t h e  f f e c t  o f  t h e  presence  of 

carbon d iox ide  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  two- 

phase ,  two-dimensional r e s e r v o i r  w i th  f i e l d  p r o p e r t i e s  s imi la r  t o  those  found 

i n  t h e  Broadlands ( N e w  Zealand) geothermal f i e l d .  The d a t a  f o r  t h e  problem 

a r e  given i n  Table 1. The problem i s  s imilar  t o  one cons idered  p rev ious ly  

f o r  a pure  water  f i e l d  by F a u s t  and Mercer’, Toronyi and Farouq A l i a  and 

Thomas and P i e r s o n g .  The r e s u l t s  i n  F igu re s  1 and 2 g ive  contours  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  has  been d i s c h a r g i n g  f 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  p r e s s u r e  changes are propagated more r a p i d l y  a c r o s s  t h e  

f i e l d  when carbon d iox ide  i s  p r e s e n t  cor responding  t o  a dec rease  i n  t h e  

c o m p r e s s i b i l i t y  of  t h e  f l u i d .  



The second example cons idered  w a s  designed t o  t e s t  t h e  e f fec t  of carbon 

d iox ide  on t h e  s h o r t  t e r m  t r a n s i e n t  behaviour  of  a geothermal a q u i f e r .  

d a t a  f o r  t h e  problem are given i n  T a b l e  2 .  Two 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 

The 

0.99,  0 .2  and t h r e e  i n i t i a l  carbon d iox ide  c o n t e n t s  are cons idered .  The p r e s s u r e  

of t h e  wel lbore  as a func t ion  of time f o r  t h e s e  s i x  ca ses  i s  shown i n  F igu re s  3 

and 4. 

(F igure  3) and low s a t u r a t i o n  (F igure  4)  can be exp la ined  i n  terms of  t h e  carbon 

d iox ide  c o n t e n t .  With a h igh  l i q u i d  s a t u r a t i o n  t h e r e  i s  a very s m a l l  amount 

of carbon d iox ide  i n  t h e  d i s cha rge  ( s e e  equa t ion  18) because t h e  d i s cha rge  i s  

mainly from t h e  l i q u i d  phase i n  which t h e  carbon d iox ide  c o n t e n t  i s  s m a l l .  I n  

t h i s  s i t u a t i o n  t h e  carbon d iox ide  p r i m a r i l y  a f f e c t s  t h e  system by dec reas ing  

the c o m p r e s s i b i l i t y  of  t h e  two-phase f l u i d .  A t  t h e  low l i q u i d  s a t u r a t i o n  t h e  

d i s cha rge  comes mainly from t h e  vapour phase and i s  r i c h  i n  carbon d iox ide .  

This  removal of carbon d i o x i d e ,  o r  "de- gassing ' ' ,  dominates t h e  p r e s s u r e  response 

and consequent ly  t h e  p r e s s u r e  drops s i g n i f i c a n t l y  as a r e s u l t  of t h e  dec rease  of 

t h e  p a r t i a l  p r e s s u r e  o f  carbon d iox ide  i n  t h e  vapour.  F igu re s  5 and 6 show 

t h e  r a d i a l  p r e s s u r e  p r o f i l e s  a t  t h e  d i f f e r e n t  s a t u r a t i o n s .  The c o m p r e s s i b i l i t y  

and de- gassing e f f e c t s  are e v i d e n t .  

The q u a l i t a t i v e  d i f f e r e n c e  between t h e  behaviour  a t  h igh  s a t u r a t i o n  

CONCLUSIONS 

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

The q u a l i t a t i v e  behaviour  of  t h e  p r e s s u r e  t r a n s i e n t s  from pure  water  r e s e r v o i r s .  

i s  a f f e c t e d  by t h e  s a t u r a t i o n  and t h e  presence  of  carbon d iox ide .  Ca re fu l  

monitor ing of t h e  gas c o n t e n t  i n  t h e  d i s cha rge  may be r e q u i r e d  t o  a l low c o r r e c t  

i n t e r p r e t a t i o n  of  p r e s s u r e  t r a n s i e n t s  i n  gassy geotherrilal f i e l d s .  
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Nomenclature and Nota t ion  

A 

D 

H 

k 

n 

P 

4 

R 

S 

T 

t 

U 

@ 

P 

U 

S u b s c r i p t s  

A c  cumul a t  i o n  t e  r m  

T r a n s m i s s i b i l i t y  

Enthalpy 

F i e l d  p e r m e a b i l i t y  

Mass f r a c t i o n  carbon d i o x i d e  

F i e l d  p r e s s u r e  

Sink 

R e  l a  t ive  p e r m e a b i l i t y  

S a t u r a t i o n  

Temperature 

Time 

S p e c i f i c  i n t e r n a l  energy 

F i e l d  p o r o s i t y  

Densi ty  

V i s c o s i t y  

C - carbon d i o x i d e  

m 

e - energy 

R - l i q u i d  phase  

V - vapour phase  

r - rock 

mass - 
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TABLE 1 - A  MODEL TEST 'TWO-PHASE RESERVOIR 

Permeability 

Porosity 

Thermal conductivity 

Rock density 

Rock specific heat 

Aquifer dimensions: 

Number of blocks 

Time step 

4 = 0.20 

K = 2.5 W/m.K 

pr = 2500 kg/m3 

Cr = 1.0 kJ/kg.K 

Length = 1760 m 

Width = 880 m 

Thickness = 250 m 

NX x NY = 11 x 11 

At = 10 days 

= 80 kg/sec 

= 62 bars 

= 0.85 

= 0.0 or 15.0 bars 

% 

Pi, j 

'Ri, j 

2 'ci,j 

Production rate 

Initial pressure 

Initial liquid saturation 

Initial partial pressure of CO 

0 

0 

0 
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TWF3LE 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 

Initial 

Initial 

Initial 

pres sure 

k = 6(10-14) m2 

.@ = 0.2 

K = 2.5 W/m.k 

p = 2500 kg/m3 

= l.OkJ/kg.K 

= 12 m 

= 100 m 

= 35 

At = 43.2s 

% = 16.7 kg/s 

r 

% 

= 50 bars 'i, j 

O = 0.2 or 0.99 '!ti, j liquid saturation 

partial pressure of CO, po = 0.0, 4.0 or 12.0 bars ci, j 
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Figure 1. Pressure contours in the model reservoir after 200 days. 
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Figure 2. Liquid saturation contours in t h e  model reservoir after 
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Figure  3. Trans ien t  p r e s s u r e  response of a model a q u i f e r  
wi th  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 varying CO, 
concen t ra t ions  A - no CO,, B - 4 bar CO,, C - 1 2  b a r  CO,. 
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Figure  4 .  Traiisient  p r e s s u r e  response of a model aquifer 
wi th  an i n i t i a l  s a t u r a t i o n  of 0 . 2 0  and  varying C 0 2  concen t ra t ions .  
A - no CO,, B - 4 b a r  CO,, C - 1 2  b a r  CO,. 
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Figure 5. 
days. Initial liquid saturation 0.99. No CO, and 12 bars 
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Pressure profiles in a model aquifer after O.rO50 
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Figure 6. 
Initial liquid saturation 0.20. 
partial pressure of CO, respectively. 

Pressure p r o f i l e s  in a model aquifer after 0.050 days 
No CO, and 12 bars initial 
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