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I n  t r o  d:i c. t i  on --_ 
An a n a l y s i s  of s team-pressure  b e h a v i o r  i n  a vapor-dominated g e o t l i e m a l  

r e s e r v o i r  w i t h  a n  immobile v a p o r i z i n g  l i q u i d  phase was p r e s e n l e d  by 
Moench and Atkinson (1977)  a t  the Thi rd  S t a n f o r d  Wozkshop on Geothermal 
R e s e r v o i r  Engineer ing,  and l a t e r  expanded by Moench and Atk inson  ( 1 9 7 8 ) .  
I n  t h a t  s t u d y  a f i n i t e - d i f f e r e n c e  model was used t o  demonst ra te  t h e  e f f e c t s  
of phase  change i n  t h e  r e s e r v o i r  upon p r e s s u r e  drawdown sild b u i l d u p .  
I n  t h i s  paper  t h a t  model i s  modi f ied  t o  i n c o r p o r a t e  h e a t  t r a n s f e r  from 
bl-ocks of impermeable rock  t o  t h i n ,  highly-permeable  , porous f i s s u r e s .  
Tne purpose of t h i s  s t u d y  i s  t o  demonst ra te  t h e  added e f f e c t  of h e a t  t r a i l s f e r  
of  t h i s  t y p e  upon t h e  t r a n s i e n t  p r e s s u r e  r e s p o n s e  of a vapor-dominated 
gc o t h e  mal r e s e r v o i r  . 
H y p o t h e t i c a l  Model 

In t h e  p r e s e n t  s t u d y  t h e  vapor-dominated r e s e r v o i r  i s  assumed t o  b e  
composed of a random a s s o r t m e n t  o f  h i g h l y  permeable ,  porous  f i s s u r e s  
s e p a r a t e d  by b l o c k s  of impermeable r o c k ,  as i l l u s t r a t e d  i n  f i g u r e  l a .  
The f i s s u r e s  and b l o c k s  are i n i t i a l l y  a t  t h e  same c o n s t a n t  t e m p e r a t u r e  
throughout .  With t h e  o n s e t  of  w e l l  d i s c h a r g e ,  p r e s s u r e  r e d u c t i o n s  i n d u c e  
v a p o r i z a t i o n  o f  l i q u i d  water w i t h i n  t h e  f i s s u r e s .  The r e s u l t i n g  t e m p e r a t u r e  
d e c l i n e  i n d u c e s  t r a n s f e r  o f  h e a t  by c o n d u c t i o n  from t h e  a d j a c e n t  blocks. 

In  o r d e r  t o  make t h e  problem m a t h e m a t i c a l l y  t r a c t a b l e ,  t h e  c o n c e p t u a l  
model is  i d e a l i z e d  as shown i n  f i g u r e  l b .  A l t e r n a t i n g  l a y e r s  of f i s s u r e s  
and b l o c k s  of  c o n s t a n t  t h i c k n e s s  are assumed t o  e x t e n d  i n  t h e  r a d i a l  
d i r e c t i o n  t o  i n f i n i t y .  The t h i c k n e s s  of t h e  impermeable b l o c k  i s  assumed 
t o  r e p r e s e n t  t h e  a v e r a g e  t h i c k n e s s  of t h e  b l o c k s  i n  t h e  a c t u a l  r e s e r v o i r .  
The f i s s u r e s  a re  assumed t o  b e  f i l l e d  i n i t i a l l y  w i t h  a uniform d i s t r i b u t i o n  
of l i q u i d  w a t e r  and steam a t  a f i x e d  s a t u r a t e d - v a p o r  p r e s s u r e .  Ihe i n i t i a l  
water c o n t e n t  of  t h e  f i s s u r e  is  s u f f i c i e n t l y  low t h a t  changes i n  s a t u r a t i o n  
do n o t  a p p r e c i a b l y  change the p e r m e a b i l i t y  t o  steam. Well d i s c h a r g e  and 
f i s s u r e  p e r m e a b i l i t y ,  p o r o s i t y ,  and t h e r m a l  p r o p e r t i e s  are assumed c o n s t a n t  
t o  s i m p l i f y  i n t e r p r e t a t i o n  of the results. 
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. It i s  a l s o  assumed, a s  i n  t h e  model o f  Moench and Atkinson (1378) ,  
t h a t  s tcam and 1 1 q u i d  \;:iter i n  the f i s s u r e  a r c  i n  l o c a l  thermal  e q u i l i b r l u m  
w i t h  the s o l i d  m a t c r i a l  i n  t h e  f i s s u r e  and t l i a t  e f f e c t s  of  vapor-pressure  
lower ing  a rc  n & g l i g i b l e .  E F f e c t s  of t h e  l a t t e r  t y p e  were c o n s i d e r c d  by 
Moench and H e r l z l  r ' i th  (19 78) . 
A p p r o z  ch 

T h e o r e t i c a l  e q u a t i o n s  f o r  t h e  f low of  steatii through porous r e s e r v o i r s  
i n  t h e  presence  of immobile v a p o r i z i n g  o r  condcnsing l i q u i d  w a t e r  are 
g i v e n  by Moench and Atkinson (1978), I n  t h a t  s t u d y  i t  was assumed t h a t  
t h e  o n l y  tempera ture  changes t o  o c c u r  i n  t h e  r e s e r v o i r  a r e  those  due t o  
v a p o r i z a t i o n  o r  condcnsnt ion.  I n  t h i s  a n a l y s i s  tcmpera ture  changes are 
a l s o  assumed t o  occur  i n  response t o  h e a t  conduct ion  from impermeable 
rocks  boundin:: permeable f i s s u r e s .  Moreover, i n  t h e  approach t h a t  f o l l o w s  
i t  i s  assumed t h a t  t h e  tempera ture  d i s t r i b u t i o n  a c r o s s  t h e  f i s s u r e  is  
c o n s t a n t  and t h a t  smoothly v a r y i n g  tempera ture  changes can b e  approximated 
by s t e p  changes.  

t empera ture  changes a t  e a c h  node. Tliese time-varying tempera ture  changes 
are used t o  compute t h e  f l u x  of conduct ive  h e a t  normal t o  t h e  f i s s u r e ,  
a t  t h e  boundary between f i s s u r e  and b l o c k .  A c o n v o l u t i o n  e q u a t i o n  f o r  
t h i s  c a l c u l a t i o n  was d e r i v e d  u s i n g  an  a n a l y t i c a l  e x p r e s s i o n  f o r  t e m p e r a t u r e  
response  i n  a s l z5  of f i n i t e  t h i c k n e s s ,  i n s u l a t e d  a t  one end, and s u b j e c t  
t o  a n  i n s t a n t a n e o u s  change i n  tempera ture  a t  t h e  o t h e r  (Carslaw and J a e g e r ,  
1959, p. 97).  

The f i n i t e - d i f f e r e n c e  model of Moench and Atkinson (1978) computes 

C a l c u l a t e d  h e a t  conduct ion  t o  o r  from t h e  f i s s u r e  is  averaged  o v e r  
t h e  wid th  of  t h e  f i s s u r e  and p u t  i n t o  t h e  energy e q u a t i o n  as a s o u r c e  
t e r m  f o r  c a l c u l a t i o n  'of t h e  n e c e s s a r y  tempera ture  changes.  Values  o f  t h e  
thermal  c o n d u c t i v i t y  and d i f f u s i v i t y  used i n  t h e  a n a l y s i s  are g i v e n  i n  
t a b l e  2. Computation of  t h e  d i s t r i b u t i o n s o f  p r e s s u r e ,  t e m p e r a t u r e ,  and 
s a t u r a t i o n  i s  c a r r i e d  o u t  i n  t h e  manner d e s c r i b e d  by Moench and Atk inson  
(1978). 

R e s u l t s  

F i g u r e  2 shows computed d i m e n s i o n l e s s  p r e s s u r e  drawdown (P 
i n  t h e  producing  w e l l  w i t h  and w i t h o u t  e f f e c t s  o f  thermal  conduct ion.  A s  
shown p r e v i o u s l y  by Moench and Atk inson  (1977),  p r e s s u r e  drawdown i s  
de layed  i n  t i m e  o v e r  t h a t  expec ted  f o r  a noncondensable  gas .  
depends upon t h e  i n i t i a l  l i q u i d - w a t e r  s a t u r a t i o n  and 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  rock. 
noncondensable  gas  i s  shown f o r  comparison t o  i l l u s t r a t e  t h e  de lay .  
Parameters  used are l i s t e d  i n  t a b l e  1. 
a b l o c k  of  i n f i n i t e  t h i c k n e s s .  
f i s s u r e s  can  be seen. t o  c a u s e  o n l y  a s l i g h t  d e c r e a s e  i n  t h e  rate of p r e s s u r e  
d e c l i n e  a t  l a r g e  times. 

vs. l o g  tD) D 

This d e l a y  

I n  f i g u r e  2 t h e  e x p o n e n t i a l  i n t e g r a l  s o l u t i o n  f o r  

Heat conduct ion  i s  computed f o r  
The a d d i t i o n  of h e a t  t o  t h e  producing 
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. F i g u r e  3 shows computed d i~ : i ens ion l . c s s  p r c s s u r e  t u i l . d u p  i n -  t h e  
p r o d u c t i o n  wc1.1. a s  i n f l u e n c e d  by hcat c.onduction from a b l o c k  o f  
i n f l . n i t e  thl .c lcness .  A s  e x p l a i n e d  by Moeiich and ALkinson (19 7 7 )  , 
p r e s s u r e  b u i l d u p  e x h i b i t s  an a n o n d o u s  p l a t e a u  caused by c o n d e n s a t i o n  
i n  t h e  r e s e r v o i r  n e a r  the w e l l .  In t h e  examples shOV7n by Moench and 
Atkincon (19 77) ,  o b t a i n e d  wi t l i ou t  t h c  i.nfliietice o f  h e a t  c o n d u c t i o n ,  
t h e  shape o f  the r e c o v e r y  c u r v e  i s  i.ndependi!nt o f  p r o d u c t i o n  time f o r  
a r a d i d l y  i n i n f i n i t e  s y s t e m .  A n  example i s  stloiJn i n  f i g u r c  3 f o r  
comparison. 
t h e  computed p r e s s u r e  p l a t e a u  when h e a t  c o n d u c t i o n  i s  i n c l u d e d .  

F i g u r e  3 shows t h a t  t h e  grea't.er t i le p r o d u c t i o n  t i m e  t h e  h i g h e r  

F i g u r e s  4 and 5 i l l u s t r a t e  thc e f f e c t  of h e a t  c o n d u c t i o n  from 
b l o c k s  o f  f i n i t e  t h i & n e s s  upon computed pressure buil .dup. F i g u r e  4 
shows t h a t  i n c r e a s e d  product i .on time c a u s e s  no  f u r t h e r  s h i f t  i n  t h e  
computed p r e s s u r e  buil-dup. F i g u r e  5 shows the e-Efect  o f  v a r i o u s  b l o c k  
t h i c k n e s s e s  upon p r e s s u r e  b u i l d u p  a f t e r  a l a r g e  p r o d u c t i o n  t i m e .  
T h i c k e r  b l o c k s  are a b l e  t o  s u p p l y  more l l ea t  and hence a b l e  t o  s h i f t  t h e  
p r e s s u r e  p l a t e a u  t o  a h i g h e r  l e v e l  t h a n  t h i n n e r  b l o c k s .  

L iqu id -wa te r  s a t u r a t i o n  i n  t h e  f i s s u r e  n e a r  t h e  w e l l b o r e  i n c r e a s e s  
t o  t h e  v a l u e  i t  had  p r i o r  t o  p r o d u c t i o n  i f  p r e s s u r e  b u i l d u p  i s  a l l o w e d  
t o  c o n t i n u e  i n d e f i n i t e l y .  F i g u r e  6 shows t h e  e f f e c t  o f  t h e r m a l  c o n d u c t i n g  
l a y e r s  o f  d i f f e r e n t  t h i c k n e s s  upon t h e  r a t e  of s a t u r a t i o n  r ecove ry .  The 
r a t e  o f  r e c o v e r y  i n  t h e  case o f  no c o n d u c t i o n  is shown f o r  comparison. 
The t h i c k e r  t h e  impermeable b l o c k ,  t h e  l o n g e r  i t  t a k e s  f o r  t h e  l i q u i d  
s a t u r a t i o n  t o  r e c o v e r  f u l l y .  

The l i q u i d - s a t u r a t i o n  d i s t r i b u t i o n  a t  d i f f e r e n t  t i m e s  d u r i n g  
p r o d u c t i o n  i s  shown i n  f i g u r e  7 under  c o n d i t i o n s  w i t h  and w i t h o u t  
conduc t ion .  A t  e a r l y  t i m e s  t h e  e f f e c t  o f  conduc t ion  is  n e g l i g i b l e  b u t  
w i t h  t h e  p a s s a g e  o f  t i m e  t h e  s h a p e  o f  t h e  s a t u r a t i o n  d i s t r i b u t i o n  c u r v e  
changes as the rma l  conduc t ion  becomes s i g n i f i c a n t .  Conduct ion of  h e a t  
f n t o  t h e  f i s s u r e  t e n d s  t o  s t e e p e n  t h e  s a t u r a t i o n  d i s t r i b u t i o n .  

Concl u s  i o n s  

It has b e e n  shown t h a t  t h e  c o n d u c t i o n  o f  h e a t  i n t o  h i g h l y  permeable  
f i s s u r e s  from b l o c k s  o f  impermeable r o c k s  might  have  a s i g n i f i c a n t  e f f e c t  
upon t h e  p r e s s u r e  t r a n s i e n t  b e h a v i o r  o f  w e l l s  i n  vapor-dominated geo the rma l  
r e s e r v o i r s .  The e f f e c t  upon drawdown i s  t o  b r i n g  a b o u t  a s l i g h t  d e c r e a s e  
i n  t h e  ra te  of  p r e s s u r e  d e c l i n e .  The e f f e c t  upon p r e s s u r e  r e c o v e r y  i s  
more profound as t h e  h e a t  i n p u t  b r i n g s  a b o u t  a s i g n i f i c a n t  s h i f t  i n  t h e  
l o c a t i o n  o f  t h e  c o n d e n s a t i o n  p l a t e a u .  Conduct ion of h e a t  a l s o  s t e e p e n s  
t h e  s a t u r a t i o n  p r o f i l e  i n  t h e  f l a s h i n g  zone and d e c r e a s e s  t h e  ra te  of 
c o n d e n s a t i o n  i n  t h e  v i c i n i t y  o f  t h e  w e l l b o r e .  
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Table 1.. R o t a t i o n  
PD (dj.inensi.onless p r e s s u r e )  . t (dimension]  css  t ime)  

_____-_.___I.- 

11 
71 iih xi,; kP 1: 

OWw2 
- - - P 2 )  q)lZiRT 

= __-- 

D (d imens ion le s s  d i s t a n c e )  K the rma l  c o n d u c t i v i t y  of  inipernieable b1.0~:: 
= r/rw a t he rma l  d i f f u s i v i t y  of impermeable b l o c k  

r 

r r a d i a l  d i s t n n c e  R t h i c k n e s s  o f  1-mpermeable b l o c k  
rw well. r a d i u s  i q u i d - w a t e r  s a t u r a t i o  I 

t p c r c e n t  of v o l d  space )  
q p r o d u c t i o n  r i t e  

P p r e s s u r e  
Pi i n i t i a l  p r e s s u r e  to p r o d u c t i o n  t i m e  

k p e r m e a b i l i t y  A t  t i m e  s i n c e  s h u t  i n  
h f i s s u r e  t h i c k n e s s  zi i n i t i a l  c o m p r e s s i b i l i t y  f a c t o r  

’i i n i t i a l  l i q u i d - w a t e r  s a t u r a t i o n  

t t i m e  
R g a s  c o n s t a n t  
T t empera tu re  
p steam v i s c o s i t y  

M m o l e c u l a r  w e i g h t  of w a t e r  

4 p o r o s i t y  
W 

Tab le  2. Values  of  Pa rame te r s  Used 

Pi 30 x lo6  dynes/cm2 4 0.10 
2 T 507 R k 1 0  x c m  

K 
a 8.4 x 10-3 cm2/, ps 2 .3  g/cm 

s i  0.10 1.67 x l o 5  dyne/(OC s )  
3 

h 100 c m  
6.94 103 g/s 

C ps 9.6 x lo6  dyne-cm/(g°C) 

rw 100 c m  

NOTE:  Remaining pa rame te r s  are known p r o p e r t i e s  
of water a t  p r e v a i l i n g  t e m p e r a t u r e  and p r e s s u r e  
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Figure  4 .  Pressu re  bui ldup  a f t e r  d i f f e r e n t .  
p roduct ion  t i m e s  - f i s s u r e  bounded 
by conduct ing l a y e r s  of  f i n i t e  
t h i ckness  

No conduction c 
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A P = l O c m  
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Figure  6 .  S a t u r a t i o n  bui ldup  nea r  w e l l  bottom 
- f i s s u r e  bounded by conducting 
l a y e r s  of  d i f f e r e n t  t h i cknesses  

. 

s 

0 Thermal condunion 

No thermal conduction 

' 0  

Figure 7. Radial  s a t u r a t i b n  d i s t r i b u t i o n  a t  d i f f e r e n t  
t i m e s  w i th  and wi thout  thermal  conduct ion 

* .  




