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ABSTRACT 

The s i m u l a t o r  SHAFT79 of Lawrence Berke ley  Labora- 
t o r y  has  been used t o  s tudy  t h e  d e p l e t i o n  of d i f f e r e n t  
t ypes  of geothermal  r e s e r v o i r s .  I n v e s t i g a t i o n s  of 
i d e a l i z e d  sys tems i n c l u d e  e f f e c t s  of g r a v i t y  and f l u i d  
i n j e c t i o n .  P res su re  d e c l i n e  is ana lyzed  as a f u n c t i o n  
of cumula t ive  product ion .  The main conc lus ions  are as 
fo l lows :  1) The well-known p/Z-method f o r  e s t i m a t i n g  
f l u i d  r e s e r v e s  is  no t  a p p l i c a b l e  t o  two-phase geother -  
mal r e s e r v o i r s .  2) There  is a s t r o n g  tendency towards 
s p a t i a l l y  uniform b o i l i n g .  This  causes  a p r e s s u r e  
d e c l i n e  which a l lows  i n  many c a s e s  estimates of t h e  
t o t a l  r e s e r v o i r  volume and of t h e  t o t a l  h e a t  con ten t  of 
t he  r e s e r v o i r  rock;  3) Propagat ion  of a b o i l i n g  f r o n t  
through a deep water t a b l e ,  as a consequence of f l u i d  
?reduction, g i v e s  rise t o  a p e c u l i a r  p a t t e r n  of pres -  
su re  d e c l i n e .  Th i s  may a l low p r e d i c t i o n  of t h e  d i s -  
t ance  of t h e  water t a b l e  from t h e  producing w e l l s  and 
Jf t h e  v e r t i c a l  t h i c k n e s s  of t h e  water zone, t he reby  
: iving impor tan t  c l u e s  t o  e s t i m a t i n g  f l u i d  r e s e r v e s .  
4 )  The p r e s s u r e  e f f e c t s  of i n j e c t i o n  of c o l d e r  f l u i d  
iepend s t r o n g l y  on (one- o r  two-) phase  c o n d i t i o n s  i n  
the  r e s e r v o i r ,  upon i n j e c t i o n  ra te ,  and upon a b s o l u t e  
3e rmeab i l i t y .  Average p r e s s u r e  may a c t u a l l y  d e c l i n e  i n  
two-phase r e s e r v o i r s  r a t h e r  t han  i n c r e a s e  due t o  i n j  ec- 
tion. Pre l imina ry  resul ts  of a case -h i s to ry  i n v e s t i g a -  
t i o n  of t h e  Ser razzano zone a t  L a r d e r e l l o ,  I t a l y ,  are 
presented .  SHAFT79 has  been used f o r  a f u l l y  th ree -  
d imens iona l  s i m u l a t i o n  of a g e o l o g i c a l l y  a c c u r a t e  model 
3f t h e  Ser razzano r e s e r v o i r .  Comparison of computed 
r e s u l t s  w i th  f i e l d  d a t a  a l lows  improved estimates of 
r e s e r v o i r  c o n d i t i o n s  and parameters .  

1, INTRODUCTION 

There are on ly  a few geothermal  areas i n  t h e  
world where a s i g n i f i c a n t  p o r t i o n  of t h e  i n  s i t u  reser- 
v o i r  volume is be l i eved  t o  c o n t a i n  vapor  i n s t e a d  of 
l i q u i d .  Although t h e  l iquid-dominated sys tems are 
f a r  more p r e v a l e n t ,  t h e  vapor-dominated sys tems are 
more r e a d i l y  e x p l o i t a b l e  and c u r r e n t l y  p rov ide  t h e  
major sou rce  of s t e a m  f o r  geothermal  e l e c t r i c a l  power. 

Seve ra l  s t u d i e s  have shown t h a t  most of t h e  mass 
r e s e r v e s  of vapor-dominated r e s e r v o i r s  c o n s i s t  of 

References  and illustrations a t  end of paper 

l i q u i d  water .2-*3*4*5,6  Th i s  i s  u s u a l l y  concluded on 
t h e  b a s i s  of t h e  cumula t ive  p roduc t ion  of s team,  and 
t h e  cor responding  po re  volume t h a t  would be r equ i r ed  
i f  t h e  r e s e r v o i r  f l u i d  were s a t u r a t e d  o r  supe rhea ted  
steam. The major u n c e r t a i n t y  is  no t  whether l i q u i d  
e x i s t s  i n  vapor-dominated sys tems,  b u t  whether t h e r e  
a r e  s i g n i f i c a n t  amounts d i s p e r s e d  throughout  t h e  reser' 
v o i r . 4  T h i s ,  of c o u r s e ,  w i l l  be  s i t e  s p e c i f i c  t o  
some e x t e n t .  With r e s p e c t  t o  t h e  mass r e s e r v e s  i n  
p l a c e ,  t h e n ,  vapor-dominated r e s e r v o i r s  should  more 
a p p r o p r i a t e l y  b e  termed "two-phase r e s e r v o i r s . "  
Liquid-dominated systems e v e n t u a l l y  deve lop  i n t o  two- 
phase  r e s e r v o i r s  a f t e r  s i g n i f i c a n t  p roduc t ion  has  t ake ]  
p l ace .  This  has  occurred  a t  Wairake i ,  Ahuachapan, and 
Cerro  P r i e t o .  Thus t h e  impor tan t  fundamental  
q u e s t i o n s  t o  be  answered about two-phase geothermal  
r e s e r v o i r  phenemenology a r e  a p p l i c a b l e  t o  a l l  h igh  
t empera tu re  hydro thermal  r e sources .  

The p r e s e n t  paper  i n v e s t i g a t e s ,  f o r  a v a r i e t y  of 
i d e a l i z e d  model r e s e r v o i r s ,  t h e  phenomena occur ing  dur.  
ing  p roduc t ion  from and i n j e c t i o n  i n t o  two-phase geo- 
thermal  systems. Using numer ica l  s imula t ion  and an 
a n a l y t i c a l l y  s o l v a b l e  lumped-parameter r e s e r v o i r  model 
w e  s t u d y  sys tems wi th  uniform i n i t i a l  c o n d i t i o n s  a s  
w e l l  as sys tems wi th  steamlwater i n t e r f a c e s .  Our main 
o b j e c t i v e  is t o  i d e n t i f y  t h e  s i g n a t u r e  of r e s e r v o i r  
c h a r a c t e r i s t i c s  i n  p r e s s u r e  d e c l i n e  curves  f o r  d i f f e r -  
e n t  p roduc t ion  and i n j e c t i o n  s t r a t e g i e s .  

Complementing t h e  i d e a l i z e d  model s t u d i e s  i s  a 
f u l l y  three-d imens iona l  s i m u l a t i o n  of t h e  r e s e r v o i r  
n e a r  Ser razzano ( I t a l y ) ,  u s ing  a g e o l o g i c a l l y  a c c u r a t e  
mesh. We r e p o r t  c u r r e n t  s t a t u s  and r e s u l t s  of our  
e f f o r t s  t o  model 40 y e a r s  of p roduc t ion  h i s t o r y  f o r  
t h i s  system. 

2 .  The S imula to r  SHAFT79 

The numer ica l  s i m u l a t i o n s  r epor t ed  i n  t h e  p r e s e n t  
paper were c a r r i e d  o u t  w i th  a computer program c a l l e d  
SHAFT79. 
ene rgy- t r anspor t  equa t ions  f o r  two-phase f low i n  a 
porous medium, us ing  an  i n t e g r a t e d  f i n i t e  d i f f e r e n c e  
aethod. SHAFT79 is an  improved v e r s i o n  of t h e  s imula t c  
SHAFT78, which w a s  d i s c u s s e d  i n  d e t a i l  i n  r e f .  8. The 
equa t ions  so lved  by SHAFT79 are i d e n t i c a l  t o  t h o s e  of 
SHAFT78, namely: 

This  program s o l v e s  t h e  coupled mass- and 
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Mass t r a n s p o r t  - a'p = - d i v  F + q a t  

d i v  G + 6 = -  a u  
a t  - Energy t r a n s p o r t  - 

Mass f low i s  approximated w i t h  Darcy 's  l a w  

and energy  f l u x  c o n t a i n s  conduct ive  and c o n v e c t i v e  

( 4 )  

The p h y s i c a l  model r e p r e s e n t e d  by t h e s e  e q u a t i o n s  
i n v o l v e s  t h e  fo l lowing  assumptions and approximat ions :  
( 1 )  Geothermal r e s e r v o i r s  are approximated as sys tems 
of porous rock  s a t u r a t e d  w i t h  one-component f l u i d  i n  
l i q u i d  and vapor  form. ( 2 )  A l l  rock  p r o p e r t i e s  - poro- 
s i t y ,  d e n s i t y ,  s p e c i f i c  h e a t ,  t h e r m a l  c o n d u c t i v i t y ,  
a b s o l u t e  p e r m e a b i l i t y  - are independent  of t e m p e r a t u r e ,  
p r e s s u r e ,  o r  vapor  s a t u r a t i o n ;  ( 3 )  L i q u i d ,  v a p o r ,  and 
rock m a t r i x  are i n  l o c a l  thermodynamic e q u i l i b r i u m ,  
i.e., a t  t h e  same t empera ture  and p r e s s u r e ,  a t  a l l  
t i m e s ;  ( 4 )  C a p i l l a r y  p r e s s u r e  pc = pa. - pv is n e g l e c t e d  

For  more d e t a i l s  t h e  r e a d e r  is r e f e r r e d  t o  r e f .  8. 
L'he main new f e a t u r e  in SHAFT79 is  a comple te ly  
~ i m u l t a n e o u s ,  i t e r a t i v e  s o l u t i o n  of t h e  coupled mass- 
and energy- t ranspor t  equat ions .  This  a l l o w s  between 
Len and one hundred t i m e s  l a r g e r  t i m e  s t e p s  than  t h e  
3 e q u e n t i a l  method employed i n  SHAFT78. In p a r t i c u l a r ,  
ihase  t r a n s i t i o n s  can be computed a c c u r a t e l y  and e f f i c i  
m t l y .  SHAFT79 o f f e r s  a c h o i c e  of s e v e r a l  methods f o r  
io lv ing  t h e  coupled non- l inear  e q u a t i o n s  f o r  m a s s -  and 
mergy-flow. The p r e f e r r e d  s o l u t i o n  method is  f u l l y  
i m p l i c i t ,  employs a NewtonIRaphson i t e r a t i o n  f o r  
; imul taneous  s o l u t i o n  of t h e  non- l inear  mass- and 
energy- t ranspor t  e q u a t i o n s ,  and uses an e f f i c i e n t  
s p a r s e  s 0 l v e r . 9 , ~ ~  
l e m s  wi th  up t o  250 e lements  i n  t h r e e  dimensions.  
rhroughputs  of up t o  65 p e r  t ine  s t e p  have been achie-  
fed  w i t h  good accuracy.  Here throughput  is  d e f i n e d  a s  
r a t i o  of t h e  f l u i d  mass f lowing  through t h e  s u r f a c e  of 
m e lement ,  d i v i d e d  by t h e  f l u i d  mss i n i t i a l l y  i n  
>lace i n  t h a t  e lement .  

SHAFT79 has  been a p p l i e d  t o  prob- 

3. R e s e r v o i r s  w i t h  Uniform I n i t i a l  C o n d i t i o n s  

The model r e s e r v o i r  used i n  t h e  d e p l e t i o n  s t u d i e s  
is s p e c i f i e d  i n  Table  1. For t h e  s t u d i e s  wi th  uniform 
i n i t i a l  c o n d i t i o n s  i t  w a s  subdiv ided  i n t o  20 equal  s i z e  
2lements w i t h  h o r i z o n t a l  i n t e r f a c e s  of 1 km2 a r e a  a t  
50 m i n t e r v a l s .  

R e l a t i v e  p e r m e a b i l i t i e s  were computed from a 
t e r s i o n  of Corey's e q u a t i o n s  

f o r  S<r 
f o r  SLr cv = 

f o r  S<r (5b) 
f o r  SLr 

! L O  = rr - s)41r4 

a i t h  t h e  r e s i d u a l  immobile water s a t u r a t i o n  1-r = 0.7. 
I n i t i a l  c o n d i t i o n s  were chosen as T = 252 OC, S = 0.50 
throughout  t h e  r e s e r v o i r .  The i n v e s t i g a t e d  c a s e s  ( s e e  
r a b l e  2)  i n c l u d e  p r o d u c t i o n  a t  c o n s t a n t  f low rate  as 

w e l l  as a somewhat more r e a l i s t i c  product ion  w i t h  con- 
s t a n t  e x t e r n a l  (wel lbore)  p r e s s u r e ,  f o r  which f low 
r a t e s  d i n i n i s h  wi th  t i m e .  Various i n j e c t i o n  schemes 
were e x p l o r e d ,  and s i m u l a t i o n s  were nade f o r  high- and 
low-permeabi l i ty  c a s e s ,  wi th  and wi thout  i n c l u s i o n  of 
g r a v i t a t i o n a l  f o r c e s .  

3.1. B o i l i n g  Rates 

Fig .  la shows t h a t ,  i n  nany c a s e s ,  t h e  d e p l e t i o n  
p r o c e s s  t e n d s  t o  g i v e  r ise  t o  a p a t t e r n  of v e r y  n e a r l y  
uniform b o i l i n g  throughout  t h e  r e s e r v o i r  ( c a s e s  f l ,  6 ,  
8) .  Unly f o r  case #2,  which i n v o l v e s  a l a r g e  f low r a t e  
a t  low p e r m e a b i l i t y ,  do  b o i l i n g  rates s t r o n g l y  d iminish  
w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  w e l l .  A h i g h e r  b o i l -  
i n g  rate i n  some p a r t  of t h e  r e s e r v o i r  c a u s e s  a more 
r a p i d  d e c l i n e  i n  tempera ture ,  hence i n  p r e s s u r e .  This  
i n  t u r n  i n c r e a s e s  t h e  f low of  steam towards t h e  r e g i o n  
which b o i l s  more r a p i d l y ,  d i n i n i s h i n g  t h e  rate of b o i l -  
ing  and c o u n t e r a c t i n g  t h e  p r e s s u r e  d e c l i n e  a s s o c i a t e d  
w i t h  i t .  Thus t h e r e  e x i s t s  a n e g a t i v e  feedback,  which 
t e n d s  t o  d i n i n i s h  s p a t i a l  v a r i a t i o n s  i n  b o i l i n g  rates 
upon d e p l e t i o n .  
h i g h e r  p e r m e a b i l i t y .  

t o  m a i n t a i n  c o n s t a n t  b o i l i n g  rates throughout  t h e  
r e s e r v o i r  f o r  t h e  s lower  d e p l e t i o n  process  w i t h  con- 
s t a n t  p r e s s u r e  ( c a s e  #8). For a h i g h  product ion  ra te  of  
50 k g l s e c  a t  low p e r m e a b i l i t y  ( c a s e  # 2 ) ,  p r e s s u r e  
g r a d i e n t s  n e a r  t h e  wel lb lock  i n c r e a s e  w i t h  t i m e ,  as 
t e m p e r a t u r e s  and s t e a m  d e n s i t i e s  drop.  Then b o i l i n g  
rates n e a r  t h e  w e l l b l o c k  become v e r y  l a r g e .  

3.2 P r e s s u r e  D e c l i n e  

The feedback is  more e f f e c t i v e  f o r  
A t  t h e  low p e r m e a b i l i t y  of 

m2 t h e  feedback is  s t i l l  s u f f i c i e n t l y  s t r o n g  

The w e l l  known method of e x t r a p o l a t i n g  reserves i n  
n a t u r a l  g a s  r e s e r v o i r s  from a p l o t  of p r e s s u r e  d e c l i n e  
VS. cumula t ive  product ion  (p/Z VS. Q) is based on t h e  
f a c t  t h a t  f o r  t h e s e  sys tems average  p r e s s u r e  p/Z i s  
p r o p o r t i o n a l  t o  average  d e n s i t y ,  hence p r o p o r t i o n a l  t o  
r e s e r v e s  ( s e e  eqs.  A-10, A-11). We showed i n  r e f .  8 
t h a t  t h i s  method is n o t  a p p l i c a b l e  t o  geothermal  reser- 
v o i r s ,  which c o n t a i n  a c o n s i d e r a b l e  f r a c t i o n  of t h e  
f l u i d  i n  p l a c e  i n  t h e  form of l i q u i d  water. For  two- 
phase geothermal  r e s e r v o i r s  t h e  mechanism caus ing  
p r e s s u r e  d e c l i n e  i s  e n t i r e l y  d i f f e r e n t  from t h a t  i n  
one-phase systems.  Namely, p r e s s u r e  d e c l i n e s  because  
of h e a t  loss  and a s s o c i a t e d  tempera ture  drop  i n  b o i l -  
i n g ,  n o t  because  of mass loss.  P r e s s u r e  and d e n s i t y  
a r e  independent  v a r i a b l e s  i n  two-phase systems.  

From t h e  above it is c l e a r  t h a t ,  f o r  two-phase 
geothermal  r e s e r v o i r s ,  p r e s s u r e  d e c l i n e  upon product ion  
depends upon t h e  h e a t  c a p a c i t y  of t h e  r e s e r v o i r ,  n o t  
upon f l u i d  reserves. 

In Appendix A w e  p r e s e n t  a lumped parameter  model, 
rlhich is  an  e x t e n s i o n  and improvement on a similar 
nodel i n  r e f .  8. From eq. (A-9) w e  o b t a i n ,  f o r  a two- 
phase r e s e r v o i r  which produces p u r e  steam (hQ = h v ) ,  
t h e  f o l l o w i n g  approximate r e l a t i o n s h i p  between t h e  
t o t a l  h e a t  c a p a c i t y  of t h e  r e s e r v o i r  rock  and p r e s s u r e  
i e c l i n e  dp/dQ. 

Eq. ( 6 )  is  a p p l i c a b l e  t o  two-phase r e s e r v o i r s  w i t h  
approximately uniform i n i t i a l  c o n d i t i o n s ,  i f  t h e  deple-  
t i o n  p r o c e s s  i s  such ("slow enough") t h a t  t h e  r e s e r v o i r  
v i 1 1  s t a y  n e a r  t h e  l i m i t  of uniform b o i l i n g .  The equa- 
t i o n  shows t h a t  t h e  t o t a l  h e a t  c a p a c i t y  of t h e  reser- 
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v o i r  rock  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s l o p e  of 
p r e s s u r e  d e c l i n e  VS. cumula t ive  p roduc t ion .  The pro- 
p o r t i o n a l i t y  f a c t o r  depends only upon t h e  ave rage  r e s e r  
v o i r  t empera ture .  I f  t h i s  is  known, and i f  t h e  average 
va lue  of vo lumet r i c  rock  s p e c i f i c  h e a t  PRCR can be  
e s t i m a t e d ,  eq. ( 6 )  can b e  used t o  i n f e r  t h e  t o t a l  
r e s e r v o i r  rock  volume, V(1-4). I n  o rde r  t o  estimate 
f l u i d  r e s e r v e s  two more p i e c e s  of i n fo rma t ion  are 
r e q u i r e d ,  namely, ave rage  v a l u e s  f o r  p o r o s i t y  and vapoi 
s a t u r a t i o n .  Es t ima t ing  f l u i d  r e s e r v e s  is  of c r u c i a l  
impor tance  i n  geothermal  development,  and t h e  r e q u i r e d  
in fo rma t ion  can not  b e  i n f e r r e d  from p r e s s u r e  d e c l i n e  
cu rves  a lone .  

Fig.  l b  g i v e s  p r e s s u r e  d e c l i n e  curves  vs .  cumula- 
t i v e  p roduc t ion  f o r  t h e  c a s e s  1'11, 2 ,  3, 4 ,  5, 6 ,  7, anc 
9 ( s e e  Table  2 ) .  For t h e  cases  1'11, 5 ,  6, and 7 t h e  de- 
p l e t i o n  p rocess  conforms t o  t h e  l i m i t  of uniform b o i l -  
i ng  ( f i g .  l a )  g i v i n g  rise t o  v i r t u a l l y  i n d i s t i n g u i s h -  
a b l e  d e c l i n e  cu rves  f o r  r e s e r v o i r s  w i th  d i f f e r e n t  
p e r m e a b i l i t y ,  w i th /wi thou t  g r a v i t y ,  and d i f f e r e n t  pro- 
d u c t i o n  rates. I n  r e f .  8 w e  showed, t h a t  v i r t u a l l y  
i n d i s t i n g u i s h a b l e  p r e s s u r e  d e c l i n e  cu rves  a r e  ob ta ined  
f o r  two-phase r e s e r v o i r s  w i th  t h e  s a m e  volume bu t  
w ide ly  d i f f e r e n t  p o r o s i t i e s  and mass r e s e r v e s .  From 
t h e  s l o p e s  dp/dQ w e  can e s t i m a t e  r e s e r v o i r  rock volumes 
by us ing  eq. (6 ) .  Table  3 shows t h a t  t h e  estimates 
a g r e e  w e l l  w i th  t h e  a c t u a l  v a l u e  of .9 km3 f o r  our 
model r e s e r v o i r .  

From t h e  d i s c u s s i o n  i n  3 .1  i t  should  be clear why 
c a s e  12 shows a d i f f e r e n t  p a t t e r n  of p r e s s u r e  d e c l i n e .  
A s  d e p l e t i o n  p roceeds ,  b o i l i n g  becomes i n c r e a s i n g l y  
concen t r a t ed  i n  a r eg ion  of t h e  r e s e r v o i r  nea r  t h e  
we l lb lock ,  g i v i n g  rise t o  an a c c e l e r a t i o n  of pres -  
s u r e  d e c l i n e  beyond what is  observed when b o i l i n g  i s  
( n e a r l y )  un i formly  d i s t r i b u t e d  throughout  t h e  e n t i r e  
r e s e r v o i r  volume. 

The d i f f e r e n t  s l o p e s  f o r  c a s e s  13 ,  4 ,  and 9 re- 
f l e c t  i n j e c t i o n  e f f e c t s ,  and w i l l  be  d i scussed  i n  3.3. 

We have app l i ed  eq. ( 6 )  t o  two real  sys tems,  
namely, t h e  Ser razzano zone of t h e  f i e l d  nea r  
L a r d e r e l l o  ( I t a l y )  and t h e  sha l low ( o l d )  zone of t h e  
Geysers.  Of c o u r s e ,  w e  do n o t  know how w e l l  t h e s e  
systems are approximated as having uniform i n i t i a l  
c o n d i t i o n s ,  and how w e l l  t h e  d e p l e t i o n  p rocess  conforms 
t o  t h e  l i m i t  of uniform b o i l i n g .  The re fo re ,  ou r  esti-  
mates a s  g i v e n  i n  Table  3 are t e n t a t i v e ,  and w e  do no t  
know t h e  e r r o r  margins involved .  The volume estimates 
should i n d i c a t e  some ave rage  d r a i n a g e  volume of t h e  
e l l s  involved  i n  t h e  p r e s s u r e  d e c l i n e  a n a l y s i s ;  t hey  
should r e p r e s e n t  lower l i m i t s  f o r  t h e  a c t u a l  r e s e r v o i r  
volumes. 

For t h e  Ser razzano r e s e r v o i r  enough g e o l o g i c a l  
i n fo rma t ion  i s  a v a i l a b l e  t o  d e f i n e  t h e  r e s e r v o i r  geo- 
ne t ry  i n  d e t a i l .  Table 3 shows t h a t  t h e  volume es t i -  
nated from t h e  p r e s s u r e  d e c l i n e  is  only  about  one t h i r d  
Jf t h e  volume of t h e  g e o l o g i c a l  mesh. There are 
s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  d i screpancy .  
(1) The d i s t r i b u t i o n  of t empera tu res ,  p r e s s u r e s ,  and 
vapor s a t u r a t i o n s  may b e  q u i t e  non-uniform. ( 2 )  Even 
i n  r e g i o n s  wi th  f a i r l y  uniform thermodynamic c o n d i t i o n s  
b o i l i n g  rates may show s t r o n g  s p a t i a l  v a r i a t i o n s .  
E.g., b o i l i n g  rates w i l l  d imin i sh  towards t h e  r e s e r v o i r  
margins. (3 )  The observed  p r e s s u r e  d e c l i n e  may b e  
enhanced by e f f e c t s  of c o l d e r  n a t u r a l  r echa rge .  
F i n a l l y ,  t h e r e  may b e  i n a c c u r a c i e s  bo th  i n  t h e  estimate 
3f p r e s s u r e  d e c l i n e  vs .  cumula t ive  p roduc t ion  ( r e f .  11) 
snd i n  t h e  g e o m e t r i c a l  d e f i n i t i o n  of t h e  r e s e r v o i r  from 
: eo log ica l  d a t a .  

( 4 )  

3.3 P roduc t ion  w i t h  I n j e c t i o n  

I n  r e c e n t  y e a r s ,  t h e  r e i n j e c t i o n  of produced geo- 
the rma l  b r i n e s  has  r ece ived  i n c r e a s i n g  a t t e n t i o n  
as a p o s s i b l e  means f o r  ( i )  s a f e  d i s p o s a l ,  ( i i )  
c o n t r o l l i n  subs idence ,  and ( i i i )  enhancing energy  
recovery .  1 t ~ 1 5 ~ 1 6 9 1 7  I n  t h i s  connec t ion  i t  is  of 
g r e a t  impor tance  t o  unders tand  t h e  p r e s s u r e  r e sponse  
of a geothermal  sys tem upon i n j e c t i o n  of c o l d e r  f l u i d .  
Two e f f e c t s  occur ,  namely, a p r e s s u r e  d e c r e a s e  from 
t empera tu re  d e c l i n e ,  and a p r e s s u r e  i n c r e a s e  nea r  t h e  
i n j e c t i o n  w e l l  from d e n s i t y  i n c r e a s e .  The a c t u a l  
r e sponse  of t h e  r e s e r v o i r  depends upon how t h e s e  
e f f e c t s  ba l ance  ou t .  I f  i n j e c t i o n  is  made i n t o  a 
l i q u i d  water r e g i o n ,  d e n s i t y  e f f e c t s  upon p r e s s u r e  a r e  
much l a r g e r  t han  t empera tu re  e f f e c t s ,  and p r e s s u r e  w i l l  
i n c r e a s e .  A s i m i l a r  s i t u a t i o n  ho lds  f o r  i n j e c t i o n  i n t c  
a supe rhea ted  steam zone ,  as long  as no two-phase zone 
develops  nea r  t h e  i n j e c t i o n  w e l l .  However, i n j e c t i o n  
of c o l d e r  water  i n t o  a two-phase zone w i l l  cause  
t empera tu re  and hence p r e s s u r e  t o  d e c l i n e ,  a s  long a s  
i n j e c t i o n  f low rates are low enough ( r e s e r v o i r  perme- 
a b i l i t y  h igh  enough) t o  ma in ta in  two-phase c o n d i t i o n s  
n e a r  t h e  i n j e c t i o n  w e l l .  Thus, i n j e c t i o n  i n t o  a two- 
phase zone may d e f e a t  purposes  ( i i )  and ( i i i )  above. 

A more q u a n t i t a t i v e  a n a l y s i s  can be  made us ing  the 
lumped parameter  model of Appendix A. From eq. ( A - 9 )  
w e  deduce t h a t  p r e s s u r e  w i l l  s t a y  c o n s t a n t  i f  f l u i d  i s  
uni formly  i n j e c t e d  w i t h  a s p e c i f i c  en tha lpy  hc such 
t h a t  

(7 )  

hc is  t y p i c a l l y  a few p e r c e n t  less than  h , t h e  
s p e c i f i c  en tha lpy  o f  t h e  s a t u r a t e d  l iqu id 'a t  ave rage  
r e s e r v o i r  tempera ture .  P r a c t i c a l l y ,  t h e  i n j e c t e d  f l u i d  
w i l l  always have  lower t empera tu re  and s p e c i f i c  
e n t h a l p y  than  t h e  water i n  p l a c e  i n  t h e  r e s e r v o i r ,  
g i v i n g  r ise  t o  a p r e s s u r e  d e c l i n e  i n  two-phase sys tems.  

Th i s  p o i n t  is i l l u s t r a t e d  in f i g .  l b .  For t h e  
c a s e  wi th  c o n s t a n t  p roduc t ion  rate of 50 kg / sec  (1'11, 1'13 
1'14) p r e s s u r e  d e c l i n e s  more r a p i d l y  wi th  i n j e c t i o n ,  and 
more r a p i d l y  when t h e  i n j e c t i o n  ra te  is inc reased .  On 
t h e  o t h e r  hand, t h e  l i f e s p a n  of t h e  r e s e r v o i r  is 
extended wi th  i n j e c t i o n ,  and more so  f o r  h i g h e r  i n j e c -  
t i o n  ra te .  F igs .  2a.b.c i l l u s t r a t e  i n j e c t i o n  e f f e c t s  
f o r  a r e s e r v o i r  which is  produced at  c o n s t a n t  p r e s s u r e  
( case  19). Fig. 2a g i v e s  some s a t u r a t i o n  and temper- 
a t u r e  p r o f i l e s .  Under t h e  g iven  c o n d i t i o n s  of perme- 
a b i l i t y  and i n j e c t i o n  r a t e ,  water p e r c o l a t e s  down t o  
t h e  bottom of t h e  r e s e r v o i r  q u i t e  r a p i d l y .  The i n j e c -  
t i o n  r e g i o n  ma in ta ins  two-phase c o n d i t i o n s  u n t i l ,  a f t e r  
13.5 y e a r s ,  t h e  r e s e r v o i r  has  f i l l e d  up from t h e  bottom 
In F igure  2b w e  show t h a t ,  because  of t h e  p r e s s u r e  
i e c l i n e  caused by i n j e c t i o n ,  p roduc t ion  f low rates drop  
nore r a p i d l y  than  i n  t h e  case wi thou t  i n j e c t i o n  (f16). 

Thus i n  ou r  examples i n j e c t i o n  slows down produc- 
t i o n ,  b u t  enhances t h e  amount of energy  t h a t  can u l t i -  
mate ly  b e  recovered .  Fig.  2c shows, as a f u n c t i o n  of 
t i m e ,  cumula t ive  energy  p roduc t ion  and t o t a l  i n t e r n a l  
energy  o f  t h e  r e s e r v o i r  f l u i d  f o r  t h e  cases #6 (no 
i n j e c t i o n )  and #9 ( i n j e c t i o n ) .  I n  c a s e  i16 t h e  t o t a l  
i n t e r n a l  energy  of t h e  r e s e r v o i r  f l u i d  d imin i shes  as 
p roduc t ion  proceeds .  The amount of energy  produced 
exceeds  t h e  energy  l o s t  by t h e  f l u i d  by a f a c t o r  2 - 3 
r e f l e c t i n g  a t r a n s f e r  of l a r g e  q u a n t i t i e s  of h e a t  from 
t h e  rock  t o  t h e  f l u i d ,  as produced steam is r e p l e n i s h e d  
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by b o i l i n g  i n  t h e  r e s e r v o i r .  In t h e  c a s e  wi th  i n j e c -  
t i o n  t h e  energy c o n t e n t  of t h e  r e s e r v o i r  f l u i d  is 
a c t u a l l y  i n c r e a s e d  during p roduc t ion .  

The p r e s s u r e  d e c l i n e  and f low r a t e  cu rves  f o r  case 
#9 show a v e r y  p e c u l i a r  i r r e g u l a r  p a t t e r n  a f t e r  24 
y e a r s ,  co r re spond ing  t o  a p roduc t ion  of Q = 20 x lo6 
t o n s  ( f i g s .  l b  and 2 b ) .  Th i s  is due t o  s p a c e  d i s c r e t i -  
z a t i o n  e f f e c t s  n e a r  a s h a r p  s team/water  i n t e r f a c e ,  
which emerges a t  t h i s  t i m e  ( s e e  f i g .  2a ) .  

4 .  Sharp Steam/Water I n t e r f a c e s  

It i s  n o t  known whether s h a r p  s team/water  i n t e r -  
f a c e s  (SSWI) occur  i n  geothermal  r e s e r v o i r s  i n  t h e i r  
n a t u r a l  s t a t e  o r  during e x p 1 o i t a t i o n . l  

'would be of  v e r y  g r e a t  importance t o  de t e rmine  t h e i r  
l o c a t i o n ,  as t h i s  would g i v e  impor t an t  c l u e s  f o r  an 
assessment  of f l u i d  r e s e r v e s  i n  t h e  r e s e r v o i r .  Case 
P9 of our  d e p l e t i o n  s t u d i e s  i n s e c t .  3 shows t h a t  SSWI 
may evo lve  as a consequence of c o l d  wa te r  i n j e c t i o n .  
SSWI may show t h e i r  p re sence ,  among o t h e r  t h i n g s ,  i n  a 
p a r t i c u l a r  p a t t e r n  of p r e s s u r e  d e c l i n e  when a r e s e r v o i r  
i s  d e p l e t e d .  

4.1. Gene ra l  C o n s i d e r a t i o n s  

I f  t hey  d o ,  i t  

Numerical a n a l y s i s  of t h e  phenomena occur ing  nea r  
a SSWI poses  some d i f f i c u l t  problems. The r eason  f o r  
t h e  d i f f i c u l t i e s  is  t h a t ,  n e a r  t h e  i n t e r f a c e ,  l a r g e  
g r a d i e n t s  i n  v a r i o u s  pa rame te r s  can occur  (e .g . ,  pres-  
s u r e ,  s a t u r a t i o n ,  b o i l i n g  r a t e ) ,  and t h a t  pa rame te r s  
may v a r y  r a p i d l y  w i t h  t i m e .  It is n o t  c l e a r  a p r i o r i  
whether  t h e  s p a t i a l  and t i m e  ave rag ing  impl i ed  by 
f i n i t e  d i s c r e t i z a t i o n  will on ly  c a u s e  a c e r t a i n  numeri- 
c a l  i naccuracy ,  o r  whether i t  could g i v e  rise t o  a 
q u a l i t a t i v e  change i n  t h e  e v o l u t i o n  of t h e  system. The 
l a t t e r  appea r s  t o  be  a d e f i n i t e  p o s s i b i l i t y ,  a s  t h e  
fo l lowing  argument shows. 

In r e a l i t y ,  water w i l l  f low upwards whenever t h e  
p r e s s u r e  g r a d i e n t  exceeds t h e  h y d r o s t a t i c  head 0 g. I f  
a f i n i t e  s p a c e  d i s c r e t i z a t i o n  is a p p l i e d ,  howeve%, 
wa te r  upflow w i l l  occu r  on ly  when t h e  ave rage  p r e s s u r e  
g r a d i e n t  ove r  a f i n i t e  d i s t a n c e  exceeds PLg. 

Once water does f low upwards i t  w i l l  f l a s h ,  cool-  
i n g  t h e  rock and q u i c k l y  e s t a b l i s h i n g  a t h i n  two-phase 
l a y e r  a t  t h e  bottom of t h e  steam zone. h e  t o  t h e  
f l a s h i n g  bo th  t empera tu re  and p r e s s u r e  w i l l  d e c l i n e  i n  
t h i s  two-phase l a y e r .  This  w i l l  enhance p r e s s u r e  
g r a d i e n t s  and w i l l  c ause  water  upflow t o  i n c r e a s e .  In 
a sense, wate r  upflow f e e d s  upon i t s e l f ,  so  t h a t  it 
a p p e a r s  p o s s i b l e  t h a t  systems may evo lve  ve ry  d i f f e r -  
e n t l y  depending upon whether some s m a l l  parameter  
change w i l l  o r  w i l l  no t  a l low water  upflow t o  g e t  
s t a r t e d  - 

Note t h a t  d i s c r e t i z a t i o n  does no t  a f f e c t  horizon-  
t a l  wa te r  f low a c r o s s  a SSWI i n  such a s e n s i t i v e  f a s -  
h ion .  Water w i l l  f low h o r i z o n t a l l y  a s  soon a s  a non- 
z e r o  h o r i z o n t a l  component of p r e s s u r e  g r a d i e n t  e x i s t s .  
Numerical ave rag ing  i n  t h e  h o r i z o n t a l  d i r e c t i o n  w i l l  
on ly  a f f e c t  t h e  magnitude of water  f l u x ,  whereas i n  
t h e  v e r t i c a l  c a s e  t h e  g r a v i t a t i o n a l  g r a d i e n t  may 
e s s e n t i a l l y  b l o c k  any upflow of wa te r .  

14.2 S u s t a i n e d  Upflow of Water 

Two regimes of f low r a t e s  can be  d i s t i n g u i s h e d ,  
depending upon whether t h e  p r e s s u r e  g r a d i e n t  r e q u i r e d  

' f o r  t h e  s team f l u x  does o r  does no t  exceed p g. The 
I 

R 

l i m i t i n g  s i t u a t i o n ,  f o r  which a " sus t a ined  upflow" of 
wa te r  w i l l  occu r ,  co r re sponds  t o  a steam f l u x  

Ir 

Even tua l ly ,  s team s a t u r a t i o n  i n  t h e  upper r e g i o n  
of t h e  water  zone w i l l  i n c r e a s e  such t h a t  r e l a t i v e  
p e r m e a b i l i t y  of steam approaches 1. Only i f  t h e  
a p p l i e d  steam f l u x  exceeds t h e  v a l u e  g i v e n  by eq. (8) 
w i l l  wa te r  con t inue  t o  f low up. I f  s team f l u x  is l e s s  
t han  t h e  l i m i t i n g  va lue  of eq. (8) water  upflow w i l l  
occur  on ly  and as long as sma l l  r e l a t i v e  p e r m e a b i l i t y  
of steam causes  l a r g e r  p r e s s u r e  g r a d i e n t s  t o  occur  i n  
t h e  two-phase zone. 

It is  c l e a r  t h a t  a SSWI does not  r e p r e s e n t  v e r y  
d i f f i c u l t  problems f o r  numerical  a n a l y s i s  i n  t h e  c a s e  
of " sus t a ined  upflow" of wa te r ,  when ave rage  p r e s s u r e  
g r a d i e n t s  exceed t h e  h y d r o s t a t i c  head p g. F igs .  3a 
through 3c p r e s e n t  r e s u l t s  f o r  a reservo%r a s  d e f i n e d  
i n  Table  4 w i t h  steam f l u x  exceeding t h e  l i m i t i n g  v a l u e  
of eq. ( 8 ) .  P r e s s u r e  d e c l i n e  a t  t h e  we l lb lock  shows 
c h a r a c t e r i s t i c  bumps a s s o c i a t e d  wi th  phase t r a n s i t i o n s  
i n  subsequent  e lements  a s  water  moves upwards. These 
bumps p rov ide  a n i c e  i l l u s t r a t i o n  of t h e  e f f e c t s  of 
water  i n j e c t i o n  a s  d i scussed  above and i n  Appendix A .  
When w a t e r  beg ins  t o  e n t e r  an element (analogy t o  
i n j e c t i o n )  b o i l i n g  occur s  and t empera tu re  d e c l i n e s .  
As l ong  a s  steam l e a v e s  t h e  element a t  a h i g h e r  r a t e  
t han  wa te r  e n t e r s  (F /FvCl) d e n s i t y  and p r e s s u r e  
both d e c l i n e .  Once exceeds Fv, t h e  ensuing 
i n c r e a s e  i n  s team d e n s i t y  causes  p r e s s u r e  i n c r e a s e  
wh i l e  t empera tu re  d e c l i n e  a c c e l e r a t e s  due t o  i n c r e a s e d  
r a t e  of b o i l i n g .  Even tua l ly ,  t h e  element  undergoes a 
t r a n s i t i o n  t o  two-phase c o n d i t i o n s  a f t e r  which p r e s s u r e  
drops q u i t e  r a p i d l y  due t o  cont inued t empera tu re  d e c l i n  
i n  b o i l i n g .  A d d i t i o n a l  computer runs  show t h a t  f i n e r  
d i s c r e t i z a t i o n  d imin i shes  t h e  ampl i tude  of and t h e  
t i m e  i n t e r v a l  between t h e  p r e s s u r e  o s c i l l a t i o n s .  The 
" t rue"  r e sponse  of t h e  system, co r re spond ing  t o  i n f i n -  
i t e  r e s o l u t i o n ,  would be g iven  by ave rag ing  over  t h e  
bumps i n  f i g .  3a. 

The bumps i n  p r e s s u r e  d e c l i n e  and f low r a t e  f o r  
c a s e  1 9  ( f i g s .  l b  and 2b) a r e  much more pronounced f o r  
t h e  fo l lowing  r easons .  (1 )  The s p a t i a l  d i s c r e t i z a t i o n  
employed i n  c a s e  #9 is  r a t h e r  c o a r s e  (25  me te r s  v s .  1 
meter i n  f i g s .  3a ,b , c ) .  ( 2 )  Phase t r a n s i t i o n s  i n  c a s e  
#9 occur  towards l i q u i d  w a t e r ,  t h e  p r e s s u r e  of which 
responds more s e n s i t i v e l y  than  t h a t  of steam t o  d e n s i t y  
changes.  

Fig.  3c shows t h e  e v o l u t i o n  of s a t u r a t i o n  p r o f i l e s  
a s  t h e  d e p l e t i o n  proceeds.  It is  e v i d e n t  t h a t  t h e  
b o i l i n g  f r o n t  sp reads  more r a p i d l y  below t h e  i n t e r f a c e ,  
i n t o  t h e  wa te r  r e g i o n ,  t han  above t h e  i n t e r f a c e .  It is 
of i n t e r e s t  t o  n o t e  t h a t  t h e  s a t u r a t i o n  S a t  a g iven  
t ime is  approximately c o n s t a n t  throughout  t h e  two-phase 
r e g i o n ,  w h i l e  S g r a d u a l l y  i n c r e a s e s  wi th  t ime. 

4 . 3  Slow Dep le t ion  

Our second example of SSWI i n v o l v e s  a r e s e r v o i r  
w i t h  pa rame te r s  a s  de f ined  i n  Table  1. I n i t i a l  condi- 
t i o n s  were gene ra t ed  by c a r e f u l  g r a v i t a t i o n a l  e q u i l i -  
b r a t i o n  of a 500 m t h i c k  steam column above a 500 m 
t h i c k  water  column, bo th  a t  T = 2520 C. This  was done 
i n  such a way a s  t o  o b t a i n  a minute  p r e s s u r e  change 
a c r o s s  t h e  i n t e r f a c e  between s l i g h t l y  supe rhea ted  s t eau  
above and s l i g h t l y  subcooled water  below. 
v o i r  was produced a t  t h e  t o p  a t  a r a t e  of 50 k g / s e c ,  

The reser- 



SPE 8266 PRUESS. BODVARSSON. SCHROEDER. WIT 

cor responding  t o  a steam f l u x  of 5 x 
With an  i n i t i a l  f l u i d  mass i n  p l a c e  of 40.9 x l o 6  t o n s ,  
t h e  d e p l e t i o n  r e q u i r e s  25.9 y e a r s .  I n  o r d e r  t o  examine 
d i s c r e t i z a t i o n  e f f e c t s  on t h e  upflow of water, two 
d i f f e r e n t  g r i d s  were used. The c o a r s e r  g r i d  c o n s i s t s  
of 40 e lements  w i t h  25 m v e r t i c a l  wid th .  In t h e  f i n e r  
g r i d ,  t h e  two e lements  j u s t  above and below t h e  i n t e r -  
f a c e  were subdiv ided  i n t o  t h r e e  e lements  each ,  w i th  
s p a c i n g s  of 5 m,  5 m and 15 m. Thus t h e r e  are two 5 m- 
e lements  above and below t h e  i n t e r f a c e  r e s p e c t i v e l y .  

kg/mzsec. 

In t h e  f i n e r  d i s c r e t i z a t i o n  water upflow q u i c k l y  
e s t a b l i s h e s  a two-phase zone i n  t h e  bottom element of 
t h e  steam reg ion  ( s e e  f i g .  4a).  I n  t h e  c o a r s e  g r i d ,  
water upflow and t empera tu re  drop  from b o i l i n g  are n o t  
s u f f i c i e n t  t o  cause  a phase  t r a n s i t i o n  i n  the bottom 
of t h e  steam zone. Except f o r  t h i s  d i f f e r e n c e ,  bo th  
g r i d s  produce a lmost  i d e n t i c a l  results.  Minor d i f f e r -  
ences  i n  s a t u r a t i o n  p r o f i l e s  p e r s i s t  f o r  some t i m e ,  b u t  
t h e  ave rage  p r e s s u r e  r e sponse  is  comple te ly  i d e n t i c a l  
i n  bo th  cases ( s e e  f i g .  4a) 

Th i s  agreement is  somewhat s u r p r i s i n g ,  and it 
nay i n d i c a t e  t h a t  d i s c r e t i z a t i o n  problems a t  a SSWI are 
less s e v e r e  than  a n t i c i p a t e d  i n  our  g e n e r a l  cons idera-  
t i o n s ,  above. 

F igu re  4b g i v e s  p r o f i l e s  of vapor  s a t u r a t i o n ,  
Elow rates and b o i l i n g  rates a f t e r  5.6 y e a r s  of produc- 
t i o n .  These are t y p i c a l  f o r  t h e  k ind  of s y s t e m a t i c s  
dhich evo lve  b e f o r e  t h e  b o i l i n g  f r o n t  r eaches  t h e  b o t t o  
sf t h e  water r e g i o n  ( a f t e r  6.34 y e a r s ,  see f i g . 4 a ) .  It 
is i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  t h e  t o p  300 m of t h e  
two-phase zone, vapor  s a t u r a t i o n  d e c r e a s e s  r a t h e r  
j lowly  wi th  dep th ,  w h i l e  b o i l i n g  rates are s m a l l  and 
i e a r l y  c o n s t a n t .  Near 850 m dep th  occur s  a sudden drop  
in vapor  s a t u r a t i o n ,  which is connected  w i t h  a l a r g e  
lownflow of  water, a r a p i d l y  d e c r e a s i n g  upflow of steam 
ind a maximum i n  t h e  ra te  of b o i l i n g .  These p e c u l i a r  
ihenomena are caused  by t h e  t r a n s i t i o n ,  n e a r  t h e  bottom 
)f t h e  two-phase zone, from a s m a l l  p r e s s u r e  g r a d i e n t  
[ s l i g h t l y  exceeding  Pvg) t o  a ve ry  l a r g e  p r e s s u r e  g r a d i .  
? n t  ( s l i g h t l y  exceeding  Pig) ,  wnich g i v e s  rise t o  a 
:onvergent f low of water. 

The p e c u l i a r  p a t t e r n  of p r e s s u r e  d e c l i c e  ( s e e  f i g .  
4a) can be  r e a d i l y  unders tood  from t h e  b o i l i n g  rate p ro  
Eile. I n i t i a l l y ,  p r e s s u r e  drops  r a p i d l y ,  because  
b o i l i n g  is  conf ined  t o  a r a t h e r  narrow two-phase zone, 
dhere i t  causes  r ap id  t empera tu re  d e c l i n e .  A s  t h e  two- 
phase zone s p r e a d s  t h e  d e c l i n e  i n  t empera tu re  and pres-  
s u r e  i s  slowed down beyond what would r e s u l t  from t h e  
i n c r e a s e d  rock  mass i n  c o n t a c t  wi th  b o i l i n g  water, 
because b o i l i n g  rates are smaller nea r  t h e  t o p  of t h e  
two-phase zone than  n e a r  t h e  bottom. This p rov ides  a 
supply  of h o t t e r  steam, which f lows  up from dep th  and 
t ends  t o  ma in ta in  t empera tu re  and hence p r e s s u r e  a t  t h e  
t o p  of t h e  two-phase zone. From t h i s  r e s u l t s  a p l a t e a u  
i n  t h e  p r e s s u r e  d e c l i n e  cu rve ,  which ex tends  t o  t h e  
t i m e  where t h e  b o i l i n g  f r o n t  r eaches  t h e  bot tom of  t h e  
r e s e r v o i r .  Soon t h e r e a f t e r  p r e s s u r e  s tar ts  d e c l i n i n g  
a t  a n e a r l y  c o n s t a n t  ra te ,  r e f l e c t i n g  a s i t u a t i o n  of 
n e a r l y  uni form b o i l i n g  throughout  t h e  two-phase zone. 
Using eq . (6 )  w e  i n f e r ,  a t  t = 10 y e a r s ,  a volume of -53  
km3 f o r  t h e  b o i l i n g  zone from t h e  s l o p e  of p r e s s u r e  
d e c l i n e  v s .  cumula t ive  p roduc t ion ,  t o  b e  compared wi th  
an  a c t u a l  volume of - 5  kn3. 

In summary, p ropaga t ion  of a b o i l i n g  f r o n t  through 
a deep water t a b l e  g i v e s  rise t o  a p e c u l i a r  p a t t e r n  of 
p r e s s u r e  d e c l i n e .  Th i s  may a l l o w  i d e n t i f i c a t i o n  of an 
impermeable basement,  and t o  e s t i m a t e  volume and th i ck -  
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n e s s  of t h e  b o i l i n g  zone, t h e r e b y  g i v i n g  impor tan t  
i n fo rma t ion  f o r  e s t i m a t i n g  f l u i d  r e s e r v e s .  

5. S imula t ion  of t h e  Rese rvo i r  a t  Se r razzano  ( I t a l y )  

Ser razzano i s  one of t h e  d i s t i n c t  zones of t h e  
e x t e n s i v e  geothermal  area n e a r  L a r d e r e l l o  i n  c e n t r a l  
Tuscany. l8 Na tu ra l  m a n i f e s t a t i o n s  and u t i l i z a t i o n  of 
steam and h o t  water from sha l low h o l e s  i n  t h i s  r eg ion  
have occured  f o r  c e n t u r i e s .  Deep d r i l l i n g  was begun 
a f t e r  1930, and s i n c e  1939 e l e c t r i c  power has  been 
gene ra t ed  a t  Ser razzano from geothermal  steam. Exten- 
s i v e  p roduc t ion  d a t a  have been ga the red  over  a p e r i o d  
of f o r t y  yea r s .  Fig.  5 shows aggrega te  f low rates  of 
a l l  w e l l s  i n  t h e  post-1950 p e r i o d .  These d a t a  as w e l l  
as t h e  d e t a i l e d  g e o l o g i c a l  and h y d r o l o g i c a l  i n fo rma t ion  
a v a i l a b l e  make t h e  Ser razzano zone an a t t r a c t i v e  
example f o r  deve loping  methodology and t o o l s  f o r  numer- 
i c a l  s i m u l a t i o n  of geothermal  r e s e r v o i r s .  Moreover, 
f o r  envi ronmenta l  r easons  s u r f a c e  d i s p o s a l  of produced 
b r i n e s  is no longe r  a c c e p t a b l e  i n  I t a l y ,  and numer ica l  
s t u d i e s  are needed t o  a i d  i n  deve loping  an a p p r o p r i a t e  
i n j e c t i o n  program. 

5.1 Conceptua l  Model of t h e  Se r razzano  Zone, 
L a r d e r e l l o ,  I t a l y  

There is  an e x t e n s i v e  body of work cover ing  geo- 
l o g y ,  geochemis t r  and hydro thermal  a c t i v i t y  i n  t h e  
L a r d e r e l l o  area. lSLz5 
exper i ence  of extended geothermal  development p r o v i d e  
a concep tua l  model f o r  t h e  r e s e r v o i r . 1 2  In b r i e f  , t h e  
Ser razzano r e s e r v o i r  can  b e  c h a r a c t e r i z e d  as a r a t h e r  
i s o l a t e d  f l a t  i n v e r t e d  cup. S t e a m  is t r apped  n e a r  t h e  
s t r u c t u r a l  h igh  ( s e e  f i g .  6 ) ,  w i th  most of t h e  mass 
r e s e r v e s  r e s i d i n g  i n  a b o i l i n g  a q u i f e r  a t  unknown dep th  
w i t h  t empera tu re  T 275O C. The r e s e r v o i r  appea r s  
bounded t o  t h e  n o r t h  by imperneable  fo rma t ions ,  w i t h  
p o s s i b l e  r e c h a r g e  areas i n  t h e  s o u t h e a s t  and southwes t .  
High p e r m e a b i l i t y  zones are encountered  i n  t h e  dense ly  
f r a c t u r e d  fo rma t ions  n e a r  t h e  s t r u c t u r a l  h igh .  

Th i s  and t h e  accumulated 

In f i g .  6 w e  show ( l a b e l e d  A t o  Z) t h e  l i n e s  a long  
which c r o s s  s e c t i o n s  were c o n s t r u c t e d  from d r i l l  
l o g s .  In Figure  7a a t y p i c a l  c r o s s  s e c t i o n  i s  shown 
w i t h  t h e  g r i d  element l o c a t i o n s  i n d i c a t e d  by p l u s  s i g n s  
The s o l i d  l i n e s  are t h e  approximate  l o c a t i o n s ,  respec-  
t i v e l y ,  o f  t h e  ove r ly ing  impermeable s h a l e  caprock ,  t h e  
ca rbona te / anhydr i t e  r e s e r v o i r  s e c t i o n ,  and t h e  l o c a t i o n  
of t h e  top  of t h e  basement s c h i s t .  Tvhen a l l  of t h e  
c r o s s  s e c t i o n s  are f e d  i n t o  t h e  computer program OGEE, 
a g e o l o g i c a l l y  a c c u r a t e  three-d imens iona l  mesh is  
gene ra t ed  w i t h  a l l  element volumes and s u r f a c e s  accur -  
a t e l y  computed.l3 In Figure  7b a p i c t u r e  of  t h e  gener -  
a t e d  Ser razzano computa t iona l  g r i d  is shown i n  two d i f -  
f e r e n t  ( r o t a t e d )  views. The g r i d  r e p r e s e n t s  a reser- 
v o i r  t h a t  i s  a curved  t h i n  s h e e t  approximate ly  1 km 
from top  t o  bot tom,  and a r e a l l y  cove r s  about  25 kn2. 
It h a s  234 p o l y h e d r a l  e l emen t s ,  w i t h  679 po lygona l  
i n t e r f a c e s  between them. There are up t o  10  i n t e r f a c e s  
pe r  e lement .  
t o  2.9 x l o s  m3, and ‘ n t e r f a c e  areas range  from 

Element volumes range  f r o n  3.5 x l o 6  m3 

.64 m2 to  9.4 105 m2. 

5.2 Method of S imula t ion  

Our f i r s t  g o a l  was t o  s i m u l a t e  t h e  p re -exp lo i t a -  
t i o n  phase ,  i n  o r d e r  t o  o b t a i n  i n i t i a l  c o n d i t i o n s  
a p p l i c a b l e  t o  193’3 when major p roduc t ion  began. Using 
t h e  mesh as g iven  i n  f i e .  7b, we s t a r t e d  o u t  w i th  t h e  
e n t i r e  r e s e r v o i r  f i l l e d  wi th  l i q u i d  water a t  T=275 OC, 
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and a p p l i e d  c o n s t a n t  d i s c h a r g e  n e a r  t h e  s t r u c t u r a l  h i e l  
( e l emen t s  i n  t h e  1.104-202 a r e a  i n  f i g .  6 ) .  The simula- 
t i o n  was cont inued u n t i l  t h e  t empera tu res  a t  t h e  t o p  
had dropped t o  205 O C ,  a s  r e q u i r e d  by t y p i c a l  measured 
w e l l  t empera tu res .  A t  t h i s  p o i n t  t h e  t o p  500 m of t h e  
r e s e r v o i r  were b o i l i n g  (two-phase). While t h i s  appear:  
r e a s o n a b l e  i n  comparison w i t h  t h e  g e n e r a l  concep tua l  
model, i t  was a l s o  e v i d e n t  t h a t  t h i s  approach would noi 
a l l o w  us  t o  model t h e  ve ry  s i z a b l e  s p a t i a l  v a r i a t i o n s  

i n  t empera tu re  throughout  t h e  r e s e r v o i r  (some w e l l  
t empera tu res  v a r y  a s  much a s  80 OC over  less t han  1 km 
d i s t a n c e ) .  The re fo re ,  w e  ( t e m p o r a r i l y )  abandoned t h e  
a t t e m p t  t o  model t h e  p r e - e x p l o i t a t i o n  phase.  I n s t e a d ,  
w e  began a s i m u l a t i o n  s t a r t i n g  i n  Janua ry  1960, a t  
which t i m e  a p a r t i a l  d e f i n i t i o n  of i n i t i a l  c o n d i t i o n s  
i s  a v a i l a b l e  from f i e l d  measurements. W e  i n t e n d  t o  
cove r  a more e x t e n s i v e  t i m e  span once a s a t i s f a c t o r y  
s i m u l a t i o n  is  achieved f o r  t h e  post-1960 p e r i o d .  

Inpu t  d a t a  t o  b e  provided f o r  t h e  s i m u l a t i o n  
i n c l u d e  ( a )  r e s e r v o i r  pa rame te r s  (geometry,  r o c k  
p r o p e r t i e s ) ,  (b) i n i t i a l  c o n d i t i o n s  f o r  J anua ry  1960 
( d i s t r i b u t i o n  of t empera tu re  T ,  p r e s s u r e  p ,  and vapor  
s a t u r a t i o n  S) ,  and ( c )  p r o d u c t i o n  f low r a t e s  a t  t h e  
w e l l s .  For t h e  la t ter  d e t a i l e d  and a c c u r a t e  f i e l d  dat:  
a r e  a v a i l a b l e .  Rese rvo i r  pa rame te r s  a r e  known t o  some 
e x t e n t .  Rock pa rame te r s  used i n  t h e  s i m u l a t i o n  a r e  a s  

2.1 w / m  OC, 4 = 10%. Only g r o s s  f e a t u r e s  a r e  known of 
t h e  p e r n e a b i l i t y  d i s t r i b u t i o n .  
t a i n t y  e x i s t s  w i th  r ega rd  t o  i n i t i a l  c o n d i t i o n s .  Well 
measurements and p rev ious  work on p r e s s u r e  d i s t r i b u -  
t i o n s l l  p r o v i d e  some of t h e  r e q u i r e d  d a t a ,  b u t  n o s t  of 
t h e  i n i t i a l  c o n d i t i o n s  a r e  unknown. I n  p a r t i c u l a r ,  
l i t t l e  i s  known about  t h e  d i s t r i b u t i o n  of po re  wa te r .  
We b e g i n  by assuming supe rhea ted  c o n d i t i o n s  n e a r  t h e  
s t r u c t u r a l  h igh ,  and a r a t h e r  a r b i t r a r y  vapor  s a t u r a -  
t i o n  of S = 0.70 elsewhere.  With t h i s ,  ou r  r e s e r v o i r  
nodel c o n t a i n s  1.7 x LO8 t o n s  of w a t e r ,  which i s  c l o s e  
t o  tw ice  t h e  t o t a l  p roduc t ion  t o  d a t e .  

f o l l o w s :  pR = 2600 kg/m3, CR = 775 J /kg O C ,  KR = 

The g r e a t e s t  uncer- 

De te rmina t ion  of most of t h e  i n i t i a l  c o n d i t i o n s  
9s w e l l  as of some o t h e r  pa rame te r s  is  an e s s e n t i a l  
p a r t  of t h e  modeling e f f o r t .  A t r i a l - a n d - e r r o r  p rocess  
is a p p l i e d ,  i n  which pa rame te r s  a r e  v a r i e d  such as t o  
reduce d i s c r e p a n c i e s  between f i e l d  o b s e r v a t i o n s  (mainly 
t empera tu res  and p r e s s u r e s )  and computed r e s e r v o i r  
3ehavior .  A v a l u a b l e  c r i t e r i o n  f o r  a p p r o p r i a t e  para-  
ne t e r  ad jus tmen t s  is  t h a t  w e l l  b locks  n u s t  remain v e r y  
:lose t o  a s t e a d y  f low s i t u a t i o n ,  a s  p r e s s u r e s  would 
Zhange r a p i d l y  o the rwise .  

5.3 P r e s e n t  S t a t u s  and R e s u l t s  

A f t e r  a r a t h e r  t e d i o u s  t r i a l - a n d - e r r o r  p rocedure ,  
Je a r r i v e d  a t  i n i t i a l  c o n d i t i o n s  f o r  1960 and perme- 
x b i l i t y  d i s t r i b u t i o n s  which w e r e  c o n s i s t e n t  w i th  t h e  
required nea r ly - s t eady  f low s i t u a t i o n  i n  t h e  w e l l  ele- 
nents.  Four zones were in t roduced  w i t h  p e r m e a b i l i t i e s  
ranging from 750 n i l l i d a r c y  n e a r  t h e  s t r u c t u r a l  h igh  t o  
!5 m i l l i d a r c y  n e a r  t h e  r e s e r v o i r  margins .  Tablf 5.shows 
:ha t ,  a f t e r  50 days of s i m u l a t i o n ,  t h e  r a t i o s  pn/pq 
If d e n s i t y  changes caused .. by Anf lux  from neighboring 
elements  t o  d e n s i t y  changes caused by p r o d u c t i o n  were 
ve ry  c l o s e  t o  -1 i n  a l l  c a s e s  excep t  a t  t h e  w e l l  LE 
PRATA 4 (element C31). This  enabled us t o  extend t h e  
s i m u l a t i o n  over  a l onge r  t i m e  pe r iod .  Using t i m e  
s t e p s  of  10 - 20 days ,  co r re spond ing  t o  maximum 
th roughpu t s  of - 20 f o r  w e l l  e l emen t s ,  t h e  s i m u l a t i o n  
was c a r r i e d  ou t  t o  1400 days.  
a r e  n o t  bad,  i n d i c a t i n g  a s t e a d y  f low s i t u a t i o n  n e a r  

The r e s u l t s  a t  720 days 
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t h e  w e l l s  and s m a l l  changes i n  p r e s s u r e ,  a s  r e q u i r e d .  
Large p r e s s u r e  d rops ,  however, occur  f o r  a number of 
w e l l s  a f t e r  1400 days.  Fig.  8 shows mass p roduc t ion  
and s imula t ed  ave rage  steam p r e s s u r e  f o r  t h e  t ime  from 
1 January 1960 u n t i l  l a t e  1963 (1400 days l a t e r ) .  
Sone imbalances i n  i n i t i a l  c o n d i t i o n s  a r e  e v i d e n t  from 
t h e  f a c t  t h a t  i n i t i a l l y  ave rage  steam p r e s s u r e  i n c r e -  
ases. This  i s  caused by b o i l i n g  a t  d e p t h ,  whereby 
a d d i t i o n a l  amounts of high-temperature  h igh -p res su re  
steam are gene ra t ed .  The subsequent  d e c l i n e  is  s lower 
by a f a c t o r  of about  4 t h a n  t h e  f i e l d  o b s e r v a t i o n ,  and 
is  even somewhat (25%) s lower than  would be  expected 
f o r  uniform b o i l i n g .  This  i n d i c a t e s  t h a t  e i t h e r  t h e  
r o c k  m a s s  i n  c o n t a c t  w i th  b o i l i n g  water should be  
reduced by a f a c t o r  of 4 ,  by ex tend ing  t h e  supe rhea ted  
zone and c o n c e n t r a t i n g  l i q u i d  wa te r  n e a r  t h e  marg ins ,  
o r  t h a t  p e r m e a b i l i t y  towards t h e  r e s e r v o i r  n a r g i n s  
should b e  reduced t o  c o n c e n t r a t e  b o i l i n g  i n  a s m a l l e r  
a r e a  ( o r  combinat ions of t h e  two).  

We p l a n  t o  con t inue  our s i m u l a t i o n  e f f o r t  u n t i l  a 
s a t i s f a c t o r y  h i s t o r y  match up t o  t h e  p r e s e n t  t ime  i s  
achieved.  Subsequent ly ,  w e  s h a l l  e x t r a p o l a t e  t h e  simu- 
l a t i o n  i n t o  t h e  f u t u r e ,  examining d i f f e r e n t  r e i n j e c t i o r  
s c e n a r i o s .  

6. CONCLUSIONS 

We have s imula t ed  t h e  behavior  of i d e a l i z e d  two- 
phase geothermal  systems under p roduc t ion  and i n j e c t i o r  
Our numerical  r e s u l t s ,  as w e l l  a s  an a n a l y t i c a l l y  s o l v -  
a b l e  lumped-parameter model show t h a t  t h e  two-phase 
n a t u r e  of t h e s e  systems de te rmines  t h e i r  p r e s s u r e  r e -  
sponse  upon p roduc t ion .  Systems wi th  ( n e a r l y )  uniform 
i n i t i a l  c o n d i t i o n s  show a s imple  b e h a v i o r ,  which o f t e n  
a l l o w s  t o  i n f e r  h e a t  r e s e r v e s  and r e s e r v o i r  volume f ro r  
p r e s s u r e  d e c l i n e  du r ing  p roduc t ion .  

We d e r i v e  a r e l a t i o n s h i p  between t h e  h e a t  c a p a c i t ]  
of t h e  r e s e r v o i r  rock  and t h e  s l o p e  of p r e s s u r e  d e c l i n t  
VS.  cumula t ive  p r o d u c t i o n ,  which is  v e r i f i e d  by our  
numer i ca l  s i m u l a t i o n  r e s u l t s .  It should be a p p l i c a b l e .  
i n  an approximate way, t o  many n a t u r a l  geo the rma l  
r e s e r v o i r s .  

S u b t l e  e f f e c t s  occur  a t  s t eamlwa te r  i n t e r f a c e s .  
The p ropaga t ion  of a b o i l i n g  f r o n t  through a l i q u i d  
wa te r  t a b l e ,  a s  a consequence of p roduc t ion  from an 
o v e r l y i n g  steam zone,  g i v e s  r i s e  t o  a p e c u l i a r  p a t t e r n  
of p r e s s u r e  d e c l i n e .  This may g i v e  c l u e s  t o  an e s t i -  
mate of f l u i d  r e s e r v e s .  We f i n d  t h a t ,  even i n  r e s e r -  
v o i r s  w i th  l a r g e  s p a t i a l  v a r i a t i o n s  i n  i n i t i a l  condi- 
t i o n s ,  t h e r e  i s  a s t r o n g  tendency towards e s t a b l i s h i n g  
a p a t t e r n  of n e a r l y  uniform b o i l i n g  throughout  t h e  
two-phase zones.  

Our i d e a l i z e d  model s t u d i e s  a r e  complemented by a 
f u l l y  3-dimensional s i m u l a t i o n  of t h e  h i g h l y  i r r e g u l a r  
shaped r e s e r v o i r  nea r  Serrazzano ( I t a l y ) .  We d i s c u s s  
methodology f o r  developing a h i s t o r y  match and p r e s e n t  
r e s u l t s  f o r  our  f i r s t  extended s i m u l a t i o n  covering a 
t i m e  p e r i o d  of almost f o u r  y e a r s .  

Nomenclature 

C R  

F mass f l u x ,  kg/m2s 

s p e c i f i c  h e a t  of rock ,  JIoC kg 

f l u x  of l i q u i d ,  k g / m 2  

f l u x  of v a p o r ,  kg/m2 
Fa. 
FV 
G energy f l u x ,  J / m 2  
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z 
g r a v i t a t i o n a l  a c c e l e r a t i o n ,  m l s  

s p e c i f i c  e n t h a l p y  of f l u i d ,  J/kg 

s p e c i f i c  e n t h a l p y  of  l i q u i d ,  J /kg  

s p e c i f i c  e n t h a l p y  of  produced f l u i d ,  J /kg 

s p e c i f i c  e n t h a l p y  of  v a p o r ,  J /kg 

thermal  c o n d u c t i v i t y  of  r o c k / f l u i d  m i x t u r e ,  
J / m s ° C  

thermal  c o n d u c t i v i t y  of  r o c k ,  J / m s ° C  

a b s o l u t e  p e r m e a b i l i t y ,  m2 
r e l a t i v e  p e r m e a b i l i t y  of  l i q u i d ,  f r a c t i o n  

r e l a t i v e  p e r m e a b i l i t y  of  v a p o r ,  f r a c t i o n  

molecular  weight  of steam, kg 

p r e s s u r e ,  N/m2 

p r e s s u r e  a t  i n i t i a l  t i m e ,  N/m2 

v o l u m e t r i c  rate 9f mass p r o d u c t i o n  o r  
i n j e c t i o n ,  kg/m s 

f l u i d  p r o d u c t i o n ,  kg 

v o l u m e t r i c  r a t e  of energy  product ion  o r  
i n j e c t i o n ,  J / m 3 s  

parameter  f o r  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 imens ionless  

v o l u m e t r i c  vapor  s a t u r a t i o n ,  f r a c t i o n  

tempera ture ,  O C  

t i m e ,  s 

i n i t i a l  t i m e ,  s 

s p e c i f i c  i n t e r n a l  energy of  f l u i d ,  J /kg 

s p e c i f i c  v o l u m e t r i c  energy of  rock /  
f l u i d  mixture ,  J / m 3  

g a s  c o m p r e s s i b i l i t y ,  d i m e n s i o n l e s s  

f l u i d  d e n s i t y ,  kg/m3 

i n i t i a l  f l u i d  d e n s i t y ,  k g / m 3  

d e n s i t y  of  l i q u i d ,  kg/m3 

d e n s i t y  of  v a p o r ,  kg/m3 

density of phase a ,  kg/m3 

d e n s i t y  of rock ,  kg/m3 

rate of d e n s i t y  change i n  w e l l  e lements  
due t o  i n f l u x  from ne ighbor ing  e lements ,  
kg /m3s 

rate of d e n s i t y  change i n  w e l l  e lements  
due t o  f l u i d  p r o d u c t i o n ,  kg/m3s 

v i s c o s i t y  of l i q u i d ,  N s / m 2  

v i s c o s i t y  of  v a p o r ,  N s / m 2  

v i s c o s i t y  of  phase a, N s / m 2  

p o r o s i t y ,  d imens ionless  

c r i p t s  

l i q u i d  o r  vapor  phase 

l i q u i d  

rock  

r e f e r r i n g  t o  d e n s i t y  

1 r e f e r r i n g  t o  energy  

ir vapor  
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ppendix A: Lumped Parameter  R e s e r v o i r  Model f o r  
P roduc t ion  and I n i e c t i o n  

W e  c o n s i d e r  p roduc t ion  from and i n j e c t i o n  i n t o  a 
e s e r v o i r  w i t h  i n i t i a l  c o n d i t i o n s  and rock  p r o p e r t i e s  
ndependent of p o s i t i o n .  
i o n  is ( p o s i t i v e  f o r  p roduc t ion ,  n e g a t i v e  f o r  i n j e c -  
ion) 

Cumulative n e t  f l u i d  produc- 

nd t h e  " e f f e c t i v e "  s p e c i f i c  en tha lpy  of produced/ 
n j e c t e d  f l u i d  a t  t ime t is  

ass and energy ba lance  e q u a t i o n s  r educe  t o  

4dp = - dQ/V (-4-3) 

bdE + (l-b)pRCRdT = - hQdQ/V (A-4) 

vpanding d s  i n  terms of dp and dT we o b t a i n  t h e  s l o p e  
E ave rage  t empera tu re  d e c l i n e  VS. cumula t ive  produc- 
Lon ( and /o r  i n j e c t i o n )  : 

ir some a p p l i c a t i o n s ,  e.g. ,  i f  dQ = 0 (p roduc t ion  and 
i j e c t i o n  a t  t h e  same r a t e ) ,  i t  is more u s e f u l  t o  use 
ime a s  independent  v a r i a b l e .  With t h e  d e f i n i t i o n s  

: o b t a i n ,  

3 r  t h e  s l o p e  of p r e s s u r e  d e c l i n e  vs .  cumula t ive  
coduct ion (and/  o r  i n j e c t i o n )  we have from eqs.  (A-3) 
Id (A-5) 

i )  Two-phase r e s e r v o i r s .  

e g e t  from eq. (A-8) 

(A-9 1 
Pgpv (h, - h a )  
( P Q - P V ) ~  (T + 273.15) 

X 

i i )  Dry s team r e s e r v o i r s .  

le d e r i v a t i v e s  can be computed from t h e  g a s  l a w ,  
/ p  = ZR(T + 273.15)/M. 
J m p r e s s i b i l i t y  f a c t o r  Z w e  have,  approx ima te ly ,  

Neglect ing d e r i v a t i v e s  of t h e  

I p r a c t i c a l  c a s e s ,  w i t h  4 c o n s i d e r a b l y  less than  1, 
le f i r s t  t e r m  on t h e  r .h .s .  i s  n e g l i g i b l e  i n  compari- 
in t o  t h e  second term. Neglect ing v a r i a t i o n s  in Z and 



T w e  o b t a i n  through i n t e g r a t i o n  t h e  w e l l  known l i n e a r  
r e l a t i o n s h i p  between p/Z and cumula t ive  p roduc t ion  Q: 

(A-11) 

TABLE 1: RESERVOIR PARAIIETERS 

Rock P r o p e r t i e s :  p~ = 2000 kg/m3 

CR = 1232 J/kg°C 

KR = 0 

k = 10-13, 10-14 m2 

d = 10% 

R e s e r v o i r  Geometry: The r e s e r v o i r  is  a v e r t i c a l  
column of 1 km dep th  wi th  a volume of 1 km3. 
boundar i e s  are "no flow.'' 

A l l  

Tab le  2: Dep le t ion  S t u d i e s  w i t h  Uniform I n i t i a l  Cond i t ions  

I Case 1 Product i o n  I I n j e c t i o n  I k (m2) I O ther  I 

I 
I 
I 

I 

I 

I 
I 
I 
I 

I 
I 

I 
I 

I 
I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 

I 

I 
I 

I 

I 
I 
I 
I 
I 
I 

50 kg / sec  a t  t o p  
of r e s e r v o i r  

I, 

w i t h  p = 10 b a r s  
a t  t o p  of reser- 
v o i r ;  i n i t i a l  
flow ra te  50 kg / sec  

I, 

11 

II 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 

50 kg / sec  s a t u r a t e d  
water of T = 100 O C  

a t  - 1000 m depth  

25 kg / sec  s a t u r a t e d  
water of T = 100 OC 

a t  - 1000 m depth  

50 kg / sec  s a t u r a t e d  
water of T = 100 OC 
a t  -500 m dep th  

I no g r a v i t y  

I 
I w i t h  g r a v i t y  

I 
I I no g r a v i t y  

I 
I 1 no g r a v i t y  

I 
I 
I 1 no g r a v i t y  

1 w i t h  g r a v i t y  

I no g r a v i t y  

I w i t h  g r a v i t y  

I 
I 
1 w i t h  g r a v i t y  

I 
I 
I 

I 

I 

I 
I 
I 
I 

I 
I 

I 
I 

I 
I 
I 

I 
I 
I 



T a b l e  3: R e s e r v o i r  Volumes Es t imated  from P r e s s u r e  D e c l i n e  Curves 

I I I T o t a l  Heat Capac i ty  I T o t a l  R e s e r v o i r  I 
I 
I 

1 of Reservoi r  Rock I Rock Volume 
I 

I dp/dQ I Temp I V (1-6 ) PRCR I V ( 1 - 6 )  I I 

I I I I I 
I tl, a f t e r  1.3 y e a r s  I -4.788 x 10-lo I 250 I 74.4 I .95 I 
I 

I I 
71.2 I .91 I 

I I I I 
I # l ,  a f t e r  15.2 y e a r s  I -4.248 x I 234 I 

I I I I I 
I #9, a f t e r  8.2 y e a r s  I +1.202 x I 242 I 65.5 I .84 I 
I 

I I I I I 
1 #9, a f t e r  16.3 y e a r s  I +5.836 x 10-9 I 230 I 56.4 I .72 I 
I 

I I I I I 
I 14, a f t e r  2.5 y e a r s  I -1.160 x I 249 I 71 .7  I .92 I 
I 

I I I I I 
I Big Geysers  I -1.22 x ( r e f .  3)  I 250 1 2915 I 46 I 
I 
I (Shallow Zone) I I I I I 

I I I I I 
I Serrazzano I -1.89 x ( r e f .  11 )  I 218 I 132 I 2.1 I 
I 

I I I I I I 
I Serrazzano I ( g e o l o g i c a l l y  I I I I 
I I a c c u r a t e  mesh)12,13 I 218 I 396 I 6.2 I 

I I I P r e s s u r e  D e c l i n e  

1 R e s e r v o i r  I ( b a r k )  I (OC) I (MWyears/oC) I (km3 1 

TABLE 4: RESERVOIR WITH SUSTAINED UPFLOW OF WATER 

Rock P r o p e r t i e s :  P R  = 2650 kg/m3 

c = 710 J / k g O C  

4 = 1.83 W/m°C 
R 

k = 10-13 ,2 

6 = 20% 

R e s e r v o i r  Geometry: The r e s e r v o i r  is a v e r t i c a l  
column of 30 m depth  and 
c r o s s  s e c t i o n .  It w a s  subdiv ided  i n t o  30 eoua l  
s i z e d  elements  wi th  h o r i z o n t a l  i n t e r f a c e s  a t  l m  
spac ing .  

I n i t i a l  Condi t ions :  The t o p  20 m of t h e  r e s e r v o i r  
c o n t a i n  s u p e r h e a t e d  steam, and t h e  bot tom 10 m,  
subcooled water, b o t h  a t  a tempera ture  T = 200 O C ,  
with p r e s s u r e s  c a r e f u l l y  e q u i l i b r a t e d  under  
g r a v i t y .  

1 fa2 h o r i z o n t a l  

All o u t e r  boundar ies  are "no flow." 

Product ion:  The r e s e r v o i r  w a s  produced from t h e  
t o p  element  a t  a c o n s t a n t  rate of 6.8 x 10-4 kg/ 
sec, cor responding  t o  a d e p l e t i o n  w i t h i n  30 days. 

R e l a t i v e  p e r m e a b i l i t i e s  were computed from eqs.5a,b 
w i t h  a r e s i d u a l  immobile water s a t u r a t i o n  of 
1-r = 0.35. 

, 



T a b l e  5: Flowing Wells i n  t h e  Ser razzano R e s e r v o i r  
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2d0 4do 6b0 8;o 1000 

I Conserva 
I Capanna 
I Aval le  2 
I BCF3 

1 C i o c c a i a  
I 18 
I Pozza ie  2 
1 Le P r a t a  4 
I Le Vasche 

I S o f f .  1 

. 

1940 I Po2 I 4.25 - ,9990 5.3 I - 1.0016 5.2 I - -9804 1.9 ;;28 } PO3 I 6.14 - .9988 5.7 

1943 I A03 I 4.86 - 1.0026 9.9 
1950 I E03 I 5.19 - 1.00017 5.9 
1954 I 202 I 7.47 - s9978 7.2 
1957 I YO3 1 3.36 - 1.0058 8.0 
1958 I NO4 I 16.36 - -99962 6.2 
1959 I C31 I 7.94 - 1.14 8.7 

O l i v e t a  I 1961 1 CO3 I 8.3 

vc 5 I 1963 I R38 I 17.1 
vc 10 I 1963 I E08 I 38.6 
Campoaiperil 1965 I S40 I 8.0 
Vignacce 1 1966 I Go4 1 10.5 
G r o t t i t a n a  I 1968 I DO6 I 13.7 
C a p r i o l a  I 1970 I BO8 I 23.1 

1959 I GO3 I 5.50 - -99982 5.9 

vc 2 I 1963 I C07 I 10.7 

Lus t ignano I 1970 I PI2 I 22.1 

- 1.00081 6.3 

- -99942 9.4 
- 1.00098 4.9 - 1.0018 6.8 
- -999936 8.5 
- 1.00018 5.9 
- 1.0026 9.0 - 1.0015 5.5 
- 1.0027 6.9 

- -9920 3.7 

- -9893 7.7 
- -9917 2.6 
- -9978 8.0 
- .9933 5.5 
- 1.00036 4.8 
- 1.0137 9.1 
- -9914 3.7 
- .9750 5.2 I 

13.0 1 - 1.4387 
18.8 I - -6004 
41.6 I - -8422 
10.3 I 
10.0 I 

22.0 I 
16.7 I 

23.3 I 

14.3 1 

40.5 I 
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12.4 I 
9.3 I 

21.2 I 
18.8 I 

22.1 I 

Mass fraction produced (Yo) 
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I 1 I I I 
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XBL 797-7596 

P i g .  1: B o i l i n g  Rate P r o f i l e s  ( a )  and P r e s s u r e  D e c l i n e  Curves (b) dur ing  Deple- 
tion of Various Two-Phase R e s e r v o i r s .  The examples  shown a r e  d e f i n e d  
in Tables  1 and 2. 
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Fig. 2 :  Ef fects  of Inject ion of Cold Water in  a Pro- 
ducing Two-Phase Reservoir. (a )  Saturation 
and temperature p r o f i l e s  for case #9 (Table 
2 ) ;  (b) flow rates  and cumulative production 
with ( # 9 )  and without ( 1 6 )  in jec t ion;  (c)  
energy production and energy content of 
reservoir f l u i d .  
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Fig .  3: Fas t  Dep le t ion  of a Rese rvo i r  w i th  Sharp  
Steam/Kater I n t e r f a c e .  The problem is 
def ined  i n  Table  4.  ( a )  P r e s s u r e  i n  w e l l -  
b lock ;  (b) parameter  changes i n  element 18 
dur ing  phase  t r a n s i t i o n ;  ( c )  s a t u r a t i o n  
p r o f i l e s .  

XBL 797-7592  
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F i R .  4 :  Slow Depletion of a Reservoir with Sharp Steam/Water Interface.  
voir  parameters are given in  Table 1. 
p r o f i l e s .  
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(a) T i m e  evolution;  (b) vert ica l  
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Fig. 5: 

Aggregated Production Rates 

as Measured for the  Serraz- 

zano Geothermal Reservoir. 

Fig. 6: 

Caprock Elevations and Geo- 

logical Cross Sections for 

Serrazzano. 
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Fig. 7: 
Serrazzano Grid. (a) Typical Cross 

Section; (b) rotated perspective views 

of entire grid. 
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F i n .  8: Average Reservoir Steam Pressure and Cumulative Fluid Production as 
Calculated in Serrazzano Simulation. 
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	Case 1 Product ion I Injection I k (m2) I Other
	no gravity
	reservoir

	50 kg/sec saturated
	water of T = 100 OC
	no gravity
	water of T = 100 OC
	no gravity
	with p = 10 bars
	top of reser-
	voir; initial
	no gravity

	no gravity
	with gravity
	50 kg/sec saturated
	water of T = 100 OC
	dp/dQ I Temp I V (1-6 ) PRCR I V(1-6)

	Reservoir I (bark) I (OC) I (MWyears/oC) I (km3
	tl after 1.3 years I 4.788 x 10-lo
	l, after 15.2 years
	9, after 8.2 years I 1.202
	9, after 16.3 years I 5.83610-9
	14 after 2.5 years
	Big Geysers I 1.22 x ref.
	(Shallow Zone)
	Serrazzano I 1.89 x ref.
	(geologically



