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NUMERICAL STUDIES OF ENTHALPY AND C02 TRANSIENTS IN TWO-PHASE WELLS 

Gudmundur S. Bodvarsson 

Earth Sciences D iv is ion ,  Lawrence Berkeley Laboratory 
Un ivers i ty  o f  Ca l i f o rn ia ,  Berkeley, C a l i f o r n i a  94720 

c Abstract * 
Numerical s tud ies  o f  enthalpy and C02 t ran-  

s ien ts  f o r  we l ls  completed i n  composite reservo i r  
systems are c a r r i e d  out. Both constant r a t e  and 
constant pressure product ion are considered. The 
r e s u l t s  show t h a t  r e l a t i v e l y  small  va r ia t i ons  i n  
hydrologic parameters and vapor sa tu ra t i on  can have 
la rge  e f f e c t s  on the enthalpy and C02 content o f  
the produced f l u ids .  F i e l d  data are presented tha t  
i l l u s t r a t e  t h e  t h e o r e t i c a l  r e s u l t s  ob ta ined.  

I n t roduc t i on  

For wel ls  penet ra t ing  a two-phase reservo i r  
w i t h  both phases ( l i q u i d  and s t e m )  mobile, s ign i -  
f i c a n t  t r a n s i e n t  changes i n  e n t h a l p y  and C O z  
content o f  the produced f l u i d s  can occur. Model 
s tud ies  have shown tha t  f o r  a constant r a t e  pro- 
duc t ion  the  enthalpy w i l l  increase a t  ea r i y  t imes 
and then s t a b i l i z e  (O'Sul l ivan, 1980; Sorey e t  el., 
1980). The r i s e  i n  f lowing enthalpy depends on 
var ious fac to rs  such as po ros i t y ,  permeabi l i ty  ( o r  
f low r a t e ) ,  i n i t i a l  vapor sa tura t ion  and r e l a t i v e  
permeab i l i t ies  (Sorey e t  el., 1980; Bodvarsson e t  
a l . ,  1980). Enthalpy increases o f  over 1000 kJ/kg 
have been observed f o r  some we l ls  completed i n  the 
K r a f l a  r e s e r v o i r  i n  I c e l a n d  (S te fansson and 
Steingrimsson, 1980). Many we l l s  which e x h i b i t  a 
la rge  ea r l y  enthalpy r i s e  w i l l  show gradual dec l ine  
i n  the long run. 

I n  general, l i t t l e  i s  known about the tran- 
s ien t  behavior o f  non-condensible gases i n  produced 
f l u i d s .  Many reservo i rs  contain la rge  mounts o f  
noncondensible gases, p a r t i c u l a r l y  carbon d iox ide  
(COz). P r i t c h e t t  e t  e l .  (1961)  s t u d i e d  t h e  
t rans ien t  CO2 content dur ing  discharge o f  a w e l l  
completed i n  a homogeneous porous mediun reservo i r .  
They found tha t  the CO2 content o f  the produced 
f l u i d s  can n o t  r e a d i l y  be  c o r r e l a t e d  w i t h  t h e  
i n - s i t u  content, and may be e i t h e r  g rea ter  or l ess  
than tha t  i n s i t u .  O'Sul l ivan e t  al. (1983) s ta tes  
tha t  the CO2 content o f  the produced fluids, l i k e  

,G the  enthalpy, w i l l  reach a s tab le  value a f te r  an 
i n i t i a l  short t rans ien t  per iod  (see also Grant, 
1979). They also found tha t  the  s tab le  CO2 con- 
t e n t  does p r imar i l y  depend upon the  i n i t i a l  p a r t i a l  
pressure o f  COz,  t he  r e l a t i v e  permeebi l i ty  func- 
t i o n s ,  and t h e  i n i t i a l  vapor s a t u r a t i o n .  The 
e f f e c t s  o f  poros i ty  and f low r a t e  on the s tab le  
Cop content are secondary. 

Grant and Glover (1984) present enthalpy and 
CO2 t rans ien t  data from we l l  BR-21 i n  Broadlands, 
New Zealand. They i n v e s t i g a t e  v a r i o u s  models,  
i nc lud ing  homogeneous porous mediun and f rac tu re  
models, i n  order t o  analyze the data. They con- 
c l u d e  t h a t  t h e  e n t h a l p y  t r a n s i e n t s  can o n l y  be  
explained i n  terms o f  a f rac tu re  model because o f  
t he  long per iod  o f  enthalpy r i s e .  

Most o f  the  work t o  date on enthalpy and CO2 
t r a n s i e n t s  has cons ide red  o n l y  c o n s t a n t  r a t e  
t e s t i n g  i n  homogeneous porous media. The purpose 
o f  t h i s  paper i s  t o  i nves t i ga te  enthalpy and CO2 
t r a n s i e n t s  i n  more heterogeneous fo rma t ions ,  
a l l o w i n g  f o r  v a r i a b l e  f l o w  r a t e s .  Some o f  t h e  
questions t o  be addressed are: 

( i )  How do va r ia t i ons  i n  hydrologic parameters 
such as po ros i t y  and permeab i l i t y  a f f e c t  
t h e  s t a b l e  e n t h a l p y  and CO2 c o n t e n t ?  

( i i )  Can enthalpy and COz data g i ve  an estimate 
f o r  t h e  e x t e n t  o f  t h e  two phase zone? 

( i i i )  How do enthalpy and C02 t r ans ien ts  f o r  
constant pressure product ion d i f f e r  from 
t h o s e  o b s e r v e d  d u r i n g  c o n s t a n t  r a t e  
production? 

I n  order t o  answer some o f  these questions, nuner- 
i c a l  modeling techniques are employed. 

Approach 

I n  t h e  p resen t  work a s i n g l e - l a y e r  r a d i a l  
model i s  used f o r  the s imulat ions.  I t  i s  a com- 
p o s i t e  rese rvo i r  model, w i th  two zones o f  d i f f e r e n t  
hydro log ic  p roper t i es  (po ros i t y  and permeab i l i t y )  
o r  i n i t i a l  vapor s a t u r a t i o n  ( F i g u r e  1 ) .  The 
r a d i a l  d istance t o  the boundary between the two 
zones i s  f i x e d  a t  r = 100 m. The r e s e r v o i r  
parameters  and i n i t i a l  c o n d i t i o n s  o f  t h e  i n n e r  
zone a r e  t h e  same i n  a l l  s i m u l a t i o n s  and are  
g i v e n  i n  Tab le  1. Va r ious  d i f f e r e n t  cases a re  
considered where the proper t ies  o f  the outer zone 
a r e  v a r i e d  and t h e  r e s u l t i n g  e n t h a l p y  and C O z  
t rans ien ts  calculated. As a base case f o r  compari- 
aon, t h e  homogeneous r e s e r v o i r  case ( i d e n t i c a l  
p roper t i es  o f  inner and outer zones) i s  modeled. 
In  add i t ion ,  the two extreme cases o f  no-f lux and 
constant-pressure inner boundary ( a t  r = 100 m) are 
simulated. 
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Figure 1. Radial  model f o r  s imu la t ion  studies. 

The mesh used consists o f  l oga r i t hm ica l l y -  
spaced elements w i th  f i v e  elements per l o g  cyc le  o f  
r a d i a l  distance. I t  extends t o  a r a d i a l  d istance 
o f  4000 m, which i s  s u f f i c i e n t  f o r  s imu la t ing  1 
year o f  product ion wi thout outer boundary e f f e c t s  
b e i n g  f e l t .  The p ressu re  p u l s e  t r a v e l s  s l o w l y  
because o f  the h igh  compress ib i l i t y  o f  two-phase 
m i x t u r e s  (Grant  and Sorey, 1979). A r e a l i s t i c  
wellbore radius o f  0.1 m is used. I n  cases where 
the  f low r a t e  i s  assumed constant i t  i s  f i xed  a t  
0.15 kg/s.m. Linear r e l a t i v e  permeab i l i t y  curves 
are used, w i t h  immobile l i q u i d  c u t o f f  f i x e d  a t  0.65 
vapor sa tura t ion  and the  res idua l  s t e m  c u t o f f  a t  
0.05 vapor sa tura t ion .  These r e l a t i v e  permeabi l i ty  
cu rves  have been found t o  be c o n s i s t e n t  w i t h  
product ion data from we l l s  located a t  the K r a f l a  
f i e l d  i n  Iceland (Pruess e t  al., 19831, as w e l l  as 
w i t h  t h e . n a t u r a 1  s t a t e  c o n d i t i o n s  o f  the,  f i e l d  
(Bodvarsson e t  al. ,  1984). I n  the present work 
the multi-component s imulator MULKOM (Pruess, 1983) 
is used, w i t h  an equa t ion  o f  s t a t e  f o r  H20-CO2 
mixtures developed by O'Sul l ivan e t  a l .  (1983). 

E n t h a l p y  t r a n s i e n t s  - Constan t  Rate P r o d u c t i o n  

I n  the f i r s t  ser ies  o f  s imulat ions,  only the 
enthalpy t rans ien ts  are considered; t he  e f fec ts  o f  
non-condensible gases (C02) are neglected. The 

Table 1. Reservoir pa rmete rs  and i n i t i a l  
cond i t ions  o f  the inner zone. 

permeabi l i ty  : 

poros i ty  : 
rock densi ty:  
rock heat capacity: 
thermal conduct iv i t y  : 
i n i t i a l  pressure: 
i n i t i a l  vapor saturat ion:  
i n i t i a l  p a r t i a l  pressure CO2*: 

1.5 x 10-lb m2 
(15 md) 

2 percent 
2650 kg/m3 
1000 J/kg 
2.0 U/m.'C 
97 bars 
0.10 
10 bars 

~ 

'Only used when CO2 t r sns ien ts  are considered. 

cases modeled are l i s t e d  i n  Table 2. Note t h a t  
f o r  cases 8 through F a l l  parameters are i d e n t i c a l  - 
t o  those o f  the  base case except f o r  the parameter 
v a l u e  g i ven .  The r e s u l t s  o b t a i n e d  f o r  t h e  s i x  
cases are sunmarized i n  Figures 2-4. 

I f  we f i r s t  cons ide r  t h e  base case, t h e  
f i gu res  show an ea r l y  non-l inear behavior i n  pres- 
sure d u r i n g  which t h e  vapor s a t u r a t i o n  and t h e  
enthalpy r i se .  A f t e r  t ha t  both the  sa tu ra t i on  and 
enthalpy s t a b i l i z e ,  as one would expect f o r  con- 
s tan t  r a t e  production (O'Sul l ivan, 1980; Sorey e t  
a l , ,  1980), and the  p ressu re  d e c l i n e  becomes 
near- l inear on the  semilog t ime p l o t .  Note also i n  
F igure  4 t h a t  the enthalpy r i s e  occurs very ea r l y  
because o f  t he  rap id  thermal e q u i l i b r i u n  i n  porous 
media. Enthalpy t rans ien ts  f o r  we l l s  completed i n  
f ractured reservo i rs  can l a s t  much longer (Grant 
and Glover, 1984). Also, i n  many cases the en- 
t h a l p y  t r a n s i e n t s  may b e  pro longed  because o f  
non-uniform vapor sa tura t ion  cond i t ions  near we l ls  
when they f i r s t  come on l i n e ,  i f  d r i l l i n g  f l u i d s  
and in jec ted  water remain i n  the v i c i n i t y  o f  the 
w e l l  dur ing  the heating-up per iod  (Pruess e t  al. ,  
1983) 

As shown i n  F i g u r e s  2-4, a l l  o f  t h e  cases 
(except f o r  case G) show i d e n t i c a l  response u n t i l  
t he  e f f e c t s  o f  the  outer zone are f e l t  ( rad ius  o f  
in f luence exceeds 100 m ) .  f o r  t he  no-f lux boundary 
cond i t ions  (case 8) the  r e s u l t s  are as expected; a 
rap id  pressure dec l ine  along w i t h  a rap id  increase 
i n  vapor sa tura t ion  and enthalpy o f  the  produced 
f l u i d s  i s  observed. Also as expected, t h e  e f f e c t  
o f  t he  constant pressure boundary i s  t o  s t a b i l i z e  
the  we l l  pressure and lower the vapor sa tu ra t i on  
and f lowing enthalpy, s ince the  recharge enthalpy 
from the boundary w i l l  equal the  i n i t i a l  f lowing 
enthalpy i n  the  system. When the ou ter  zone has a 
h i g h e r  i n i t i a l  vapor s a t u r a t i o n  (case C) t h e  
pressure dec l ine  i s  s l i g h t l y  higher than tha t  o f  
the base csse, due t o  the reduced o v e r a l l  m o b i l i t y  
caused by the increasing vapor sa tura t ion .  The 
enthalpy reaches a s tab le  value tha t  i s  i d e n t i c a l  
t o  t h a t  observed i f  t h e  vapor s a t u r a t i o n  i s  
i n i t i a l l y  20% everywhere. 
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Figure  2. Constant r a t e  production. Pressure 
v a r i a t i o n  w i th  t ime f o r  the d i f f e r e n t  
cases. 
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F i g u r e  3 .  C o n s t a n t  r a t e  p r o d u c t i o n .  Vapor 
s a t u r a t i o n  v a r i a t i o n s  with time f o r  t h e  
d i f f e r e n t  cases .  

The e f f e c t s  o f  p o r o s i t y  and permeabi l i ty  on 
en tha lpy  t r a n s i e n t s  were s t u d i e d  by Sorey et  al. 
(1980) and Bodvarsson et a l .  (1980). In  g e n e r a l ,  
t h e  r ise  i n  enthalpy is i n v e r s e l y  p r o p o r t i o n a l  t o  
permeabi l i ty  but di rect ly  propor t iona l  t o  ( I -@)/@, 
where @ i s  t h e  p o r o s i t y  (Bodvarsson e t  a l . ,  1980). 
T h i s  is evident  i n  F igures  2-4, as both doubling 
t h e  permeabi l i ty  and increas ing  t h e  poros i ty  o f  t h e  
o u t e r  zone causes  a l a r g e  decrease  i n  t h e  s t a b l e  
e n t h a l p y .  Note a l s o  t h e  l a r g e  i n c r e a s e  i n  t h e  
p r e s s u r e  a t  t h e  well due t o  t h e  increased  f l u i d  
m o b i l i t y  a s s o c i a t e d  w i t h  lower vapor s a t u r a t i o n .  

In  c a s e  G t h e  p o r o s i t y  is f i x e d  a t  0.10 over 
t h e  e n t i r e  r e s e r v o i r .  Because  o f  t h i s  h i g h e r  
p o r o s i t y ,  t h e  vapor s a t u r a t i o n  and en tha lpy  r ise 
a r e  much less, a s  evidenced i n  F igures  3 and 4. 
However, i t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  long 
term behavior  of  t h i s  c a s e  is i d e n t i c a l  t o  c a s e  E 
( i n n e r  region p o r o s i t y  o f  @ = 0.02). T h i s  impl ies  
t h a t  t h e  long-term flow c h a r a c t e r i s t i c s  of  a well 
a r e  independent o f  t h e  near-well p o r o s i t y ,  a l though 
i t  dominates t h e  e a r l y  time entha lpy  rise. This  is 
not  t h e  case  w i t h  permeabi l i ty ,  s i n c e  t h e  pressure  
d e c l i n e  a t  t h e  well r e f l e c t s  t h e  harmonic  mean 
p e r m e a b i l i t y  o f  a l l  r o c k s  w i t h i n  t h e  r a d i u s  o f  
I n f l u e n c e .  
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Figure  4 .  Constant r a t e  production. Enthalpy 
v a r i a t i o n s  with time f o r  t h e  d i f f e r e n t  
cases .  
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Table 2 .  D i f f e r e n t  c a s e s  s imulated.  

~ ~- ~ ~~ ~~ ~ ~~ 

- Case Value f o r  o u t e r  zone/boundary condi t ions  

A base case 
E? 
C i n i t i a l  vapor s a t u r a t i o n :  .20 
D permeabi l i ty:  30 md 
E poros i ty :  0.10 
F cons tan t  p r e s s u r e  boundary ( r = 100 m )  
G poros i ty :  0.10 everywhere 

no-flux boundary ( r  = 100 m )  

I n  sunmary, s p a t i a l  v a r i a t i o n s  i n  p o r o s i t y ,  
p e r m e a b i l i t y  and  vapor  s a t u r a t i o n  c a n  g r e a t l y  
e f f e c t  t h e  en tha lpy  o f  t h e  produced f l u i d s .  Proper 
a n a l y s i s  o f  such en tha lpy  t r a n s i e n t  d a t a  may g ive  
u s e f u l  information on r e s e r v o i r  c o n d i t i o n s ;  f o r  
example, t h e  e x t e n t  o f  two-phase zones. Because of 
u n c e r t a i n t i e s  regarding r e l a t i v e  p e r m e a b i l i t i e s ,  
t h e  en tha lpy  t r a n s i e n t s  cannot g i v e  q u a n t i t a t i v e  
information on changes i n  t h e  hydraul ic  parameters. 
However, t h e  r a d i a l  d i s t a n c e  t o  the  d i s c o n t i n u i t y  
can b e  es t imated  from t h e  equat ion f o r  t h e  r a d i u s  
o f  i n f l u e n c e  (Earlougher ,  1977) : 

where t is t h e  time when en tha lpy  changes due t o  
t h e  p r e s e n c e  o f  t h e  d i s c o n t i n u i t y  and a i s  t h e  
h y d r a u l i c  d i f f u s i v i t  y . The hydraul ic  d i f f u s i v i t  y 
f o r  two-phase mixtures  is given by Grant and Sorey 
(1979). I t  can be es t imated  from pressure  t ran-  
s i e n t  d a t a ,  although such e s t i m a t e s  are g e n e r a l l y  
not  very a c c u r a t e  (Sorey e t  a l . ,  1980) .  We have 
a l s o  found t h a t  a p p l y i n g  e q u a t i o n  ( 1 )  t o  t h e  
s imulated d a t a  g i v e s  only a v e r y  c o a r s e  e s t i m a t e  o f  
t h e  r a d i a l  d i s t a n c e  t o  t h e  d i s c o n t i n u i t y .  

Constant Pressure Product ion 

I n  t h e  lest s e c t i o n  a cons tan t  flow r a t e  is 
assuned,  but  i n  most c a s e s  geothermal wells a r e  
produced a t  c o n s t a n t  downhole pressure .  Here w e  
n e g l e c t  t h e  e f f e c t s  o f  en tha lpy  v a r i a t i o n s  on t h e  
downhole  p r e s s u r e .  I n  o r d e r  t o  model c o n s t a n t  
p r e s s u r e  product ion a d e l i v e r a b i l i t y  model is used, 
where  t h e  f l o w  r a t e  ( q t )  a t  any time is c a l -  
c u l a t e d  based upon t h e  p r o d u c t i v i t y  index PI and 
t h e  bottomhole p r e s s u r e  Pwb: 

( 2 )  k 

. P6 . PI . (P6 - p*) . q t  = c ,  ‘6 

6 = l i q u i d ,  
vapor 

Here kr6 is t h e  r e l a t i v e  permeabi l i ty  o f  t h e  6 
phase, p6 is its d y n a i c  v i s c o s i t y  and p g  t h e  den- 
s i t y .  pg is t h e  p r e s s u r e  i n  t h e  w e l l  element. In 
t h e  s i m u l a t i o n s  t h e  va lues  used f o r  t h e  bottomhole 
p r e s s u r e  and t h e  p r o d u c t i v i t y  index a r e  35 b a r s  and 
4 x 10-14 m3, r e s p e c t i v e l y .  

3 
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Figure 5. Constant pressure production. Flow r a t e  
va r ia t i ons  w i th  t ime f o r  the  d i f f e r e n t  
cases. 
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The sane cases are simulated as those modeled 
using the constant f low r a t e  (Table 21,  except f o r  
case G. The r e s u l t s  a r e  shown i n  F i g u r e s  5-8. 
Because o f  the constant downhole pressure, the f low 
r a t e  w i l l  i n i t i a l l y  be h igh  and then dec l ine  w i t h  
time. The high i n i t i a l  f low r a t e  r e s u l t s  i n  ea r l y  
peaks i n  vapor sa tu ra t i on  and enthalpy, bu t  then 
bo th  gradual ly dec l ine  due t o  the  decreasing flow 
ra tes  (Figures 7 and 8) .  The enthalpy never q u i t e  
s t a b i l i z e s  8s i n  the  case w i t h  constant r a t e  pro- 
duc t ion  (Figure & ) .  

When one compares the  r e s u l t s  f o r  the  d i f f e r -  
ent  cases i t  i s  i n t e r e s t i n g  t o  note t h a t  the  w e l l  
element pressure i s  p r a c t i c a l l y  i d e n t i c a l  for al l  
cases w i t h  the except ion o f  the two extreme cases 
(no-f lux and constant pressure boundary). I n  the 
closed boundary case (case B), the  pressure f a l l s  
t o  t h e  w e l l  bo t tomho le  p ressu re  ( 3 5  b a r s )  soon 
a f t e r  t he  e f f e c t s  o f  the  boundary are f e l t ,  and the  
f low r a t e  f a l l s  t o  zero. I n  the constant pressure 
boundary case, the  f low r a t e  d r a s t i c a l l y  increases 
when the  boundary i s  f e l t  and the  vapor sa tu ra t i on  
decreases ( low enthalpy i n f l ow  from the boundary). 
The enthalpy dec l ines  steeply as f o r  the  constant 
r a t e  case and s t a b i l i z e s  a t  t h e  v a l u e  o f  t h e  
recharge enthalpy f ran  the boundary. For a l l  other 
cases (cases C, D and E )  the r e s u l t s  are s i m i l a r  t o  
those obtained using the constant r a t e  product ion 
except  t h a t  s t a b l e  e n t h a l p y  va lues  a re  never 
reached. 
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Figure 6. Constant pressure production. Pressure 
va r ia t i ons  w i t h  t ime f o r  the  d i f f e r e n t  
cases. 
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Figure  7. Constant pressure production. Vapor 
sa tu ra t i on  va r ia t i ons  w i th  t ime for the 
d i f f e r e n t  cases. 

CO2 Transients 

I n  the  simulat ions w i t h  COP, a p a r t i a l  pres- 
s u r e  o f  C O 2  o f  10 b a r s  i s  assumed; t h i s  c o r r e -  
sponds t o  approx imate ly  0.008% C O 2  per  mess, 
which i s  the estimated C02 content o f  rese rvo i r  
f l u i d s  a t  the Baca f i e l d ,  New Mexico ( P r i t c h e t t  e t  
el. ,  1961). The product ion i s  again modeled using 
t h e  d e l i v e r a b i l i t y  model, b u t  t h i s  t i m e  w i t h  a 
f ive-t imes grea ter  p r o d u c t i v i t y  index ( P I  = 2 x 

m3). The presence o f  CO2 reduces g r e a t l y  
the r i s e  i n  enthalpy o f  the produced f l u ids ,  so 
t h a t  the  p r o d u c t i v i t y  index i s  increased i n  order 
t o  ob ta in  a reasonable r i s e  i n  enthalpy. Again t h e  
sane cases as those l i s t e d  i n  Table 2 are simulated 
( w i t h  the exception o f  case G).  The computed f low 
ra tes ,  enthalpies and CO2 content o f  the Droduced 
f l u i d s  are given i n  Figures 9-11. I n  general the 
f i gu res  show much smaller va r ia t i ons  i n  enthalpy 
and f low ra tes  between cases than when no gas i s  
present (Figures 5-81. The presence o f  the gas 
compresses changes i n  enthalpy which i n  t u r n  r e s u l t  
i n  s m a l l e r  m o b i l i t y  changes and consequent ly  
smal ler  flow r a t e  changes. I n  general,  the en- 
tha lpy  and f low r a t e  t rans ien ts  for  the  d i f f e r e n t  
cases are consistent w i th  those obtained without 
t he  gas. 

I 1 1 I 3.0 

1.5 - 

I 1 1 I 3.0 

1.5 - 

1.0 I I I I I I I I 
io1 io2 103 id io5 10s lo7 10s 

Time (seconds) 
X I L  bylam 

Figure  8. Constant pressure production. Enthalpy 
va r ia t i ons  w i th  t ime fo r  the d i f f e r e n t  
cases. 
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Figure 9. Constant pressure product ion w i t h  CO2. Figure 11. Constant pressure product ion w i th  COz.  
Flow r a t e  va r ia t i ons  with t ime f o r  the CO2 content va r ia t i ons  w i th  t ime for 
d i f f e r e n t  cases. the d i f f e r e n t  cases. 

Figure 1 1  shows t h a t  f o r  the base caae s tab le  
CO2 content exceeds tha t  i n -s i t u ;  the r i s e  i n  the  
CO2 c o n t e n t  i s  0.5 pe rcen t .  In case o f  t h e  
closed rese rvo i r  (case e)  the  COz content goes t o  
zero when the vapor sa tu ra t i on  approaches un i ty .  
On t h e  o t h e r  hand, t h e  C O 2  c o n t e n t  i nc reases  
g r e a t l y  when t h e  e f f e c t s  o f  t h e  h i g h e r  vapor 
sa tu ra t i on  i n  the outer zone are f e l t  (case C). 
I n  t h i s  case t h e  s t a b l e  C O 2  c o n t e n t  i nc reases  
1.15 for  only a 0.1 change i n  the i n i t i a l  vapor 
sa tura t ion .  This i s  due t o  the low s o l u b i l i t y  of 
C O 2  i n  t h e  l i q u i d  phase; most o f  t h e  C O z  i s  i n  
the  gas phase. Also o f  i n t e r e s t  i s  the  fac t  t ha t  
t h e  s t a b l e  C O 2  c o n t e n t  does n o t  s i g n i f i c a n t l y  
depend upon the poros i ty  and permeabi l i ty  o f  the 
medium. Th is  i s  c o n s i s t e n t  w i t h  r e s u l t s  o f  
O ' S u l l i v a n  e t  a l .  (1983). T h e o r e t i c a l l y  t h i s  
imp l ies  tha t  ca re fu l  monitor ing o f  enthalpy and 
C O 2  con ten t  o f  t h e  produced f l u i d s  can h e l p  
i d e n t i f y  r a d i a l  vapor sa tu ra t i on  changes or changes 
i o  hydrologic parmeters .  I f  the  enthalpy changes, 
b u t  t h e  CO2 c o n t e n t  remains t h e  same, s p a t i a l  
v a r i a t i o n s  i n  t h e  h y d r o l o g i c  parameters may be 
t h e  cause. However, i f  t h e  CO2 c o n t e n t  a l s o  
changes, t h i s  would imply s p a t i a l  changes i n  vapor 
sa tura t ion .  

F i e l d  Data 

R e l i a b l e  en tha lpy  and CO2 t r a n s i e n t  d a t a  
from two-phase reservo i rs  i s  scarce. Probably, the  ,, 
best data ava i lab le  are those from w e l l  BR-21 a t  

3.0 I I I I I I B h 

Broadlands, New Zealand (Grant and Glover, 1984). 
Figure 12 shows the  downhole pressure, enthalpy and 
C O 2  da ta  fo r  one p e r i o d  o f  t h e  t e s t ;  t h e  f l o w  
r a t e  i s  k e p t  c o n s t a n t  d u r i n g  t h i s  p e r i o d .  The 
e n t h a l p y  t r a n s i e n t s  occu r  a t  r a t h e r  l a t e  t i m e ,  
wh ich  may i n d i c a t e  f r a c t u r e  e f f e c t s  (Gran t  and 
Glover, 1984). The f igure  a lso  shows an apparent 
r a d i a l  change i n  vapor s a t u r a t i o n ,  s t a r t i n g  a t  
approximately 7000 minutes. This causes an addi- 
t i o n a l  r i s e  i n  both enthalpy and CO2 content o f  
the  produced f l u i d s .  The pressure dec l ine  also 
increases due t o  the lower m o b i l i t y  of the reser-  
v o i r  f l u i d s  a t  higher vapor saturat ion.  Note tha t  
t h e  changes i n  e n t h a l p y  cannot be e x p l a i n e d  by 
changes i n  hydrologic parameters because the CO2 
content also changes. 

A coarse estimate o f  the r a d i a l  d istance t o  
the  d i scon t inu i t y  i n  vapor sa tura t ion  can be made 
using the data shown i n  Figure 12. Assuming zero 
skin,  one can est imate the hydrau l i c  d i f f u s i v i t y ,  
a, from the zero drawdown in te rcep t  o f  the pressure 
t rans ien t  data. This y ie lds  a value o f  a = 4 X 
lo4 d / s ,  kh ich  i s  reasonable for  a 260'C feed. 
Then using the t r a n s i t i o n  t ime ( t  = 7000 minutes) 
and equation 1 ,  the rad ius  t o  the d i scon t inu i t y  o f  
13 meters can be calculated. 

Time (seconds) T m  (mm) 

Figure 10. Constant pressure product ion w i th  COz. F i g u r e  12. Oownhole p ressu re ,  CO2 c o n t e n t  and 
Enthalpy va r ia t i ons  w i t h  t ime fo r  the enthalpy va r ia t i ons  w i th  t ime for  we l l  
d i  f feren t cases. BR-21 (from Grant and Glover, 1984). 
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Note tha t  i n  the absence o f  enthalpy and CO2 
t r a n s i e n t  d a t a  we would p robab ly  i n t e r p r e t  t h e  
changing slope i n  the pressure t rans ien t  data i n  
terms o f  a b a r r i e r  boundary. However, no such 
boundaries are present i n  e a r l i e r  f low t e s t  data 
(Grant and Glover, 1984). 

Conclusions 

F r o m  . t h e  numer i ca l  s i m u l a t i o n  s t u d i e s  t h e  
fo l low ing  conclusions can be made: 

1. 

2 .  

3. 

4. 

5 .  

6. 

Radial va r ia t i ons  i n  hydro log ic  parameters 
and vapor sa tu ra t i on  have l a r g e  e f f e c t s  
on the enthalpy o f  the produced f l u i d s .  

The near-well  po ros i t y  and vapor satura- 
t i o n  have s t rong e f f e c t s  on the r i s e  i n  
f l o w i n g  en tha lpy ,  b u t  t h e  long- te rm 
s tab le  enthalpy i s  independent o f  both. 

The enthalpy t rans ien ts  f o r  a w e l l  pro- 
duced a t  a constant bottomhole pressure 
show a sharp  i n i t i a l  r i s e  due t o  h i g h  
f low rates,  bu t  a gradual dec l ine  there- 
a f t e r .  This i s  consistent w i t h  data from 
many geothermal wel ls.  

Radial  va r ia t i ons  i n  hydro log ic  parameters 
cause r a p i d  changes i n  f l o w  r a t e s  f o r  
w e l l s  produced a t  cons tan t  p ressure .  
Most o f  the f low r a t e  changes are due t o  
m o b i l i t y  e f fec ts .  

Radial va r ia t i ons  i n  vapor (gas) satura- 
t i o n  have  l a r g e  e f f e c t s  o n  t h e  CO2 
c o n t e n t  o f  produced f l u i d s ,  b u t  i t  i s  
unaffected by va r ia t i ons  i n  permeabi l i ty  
and poros i ty .  

Careful monitor ing o f  both enthalpy and 
CO2 content o f  produced f l u i d s  may help 
determine the ex ten t  o f  two phase zones 
and va r ia t i ons  i n  hydrologic parameters. 
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