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Numerous i n v e s t i g a t o r s  have pursued development o f  l a r g e - s c a l e  
two-phase d i g i t a l  s i m u l a t i o n  models o f  vapor-dominated geothermal 
systems. These represent  s i g n i f i c a n t  advances i n  t h e  c a p a b i l i t y  t o  
n u m e r i c a l l y  s i m u l a t e  complex systems. However, t h e  b a s i c  p h y s i c a l  
phenomena which a r e  being modeled a r e  s t i l l  under i n v e s t i g a t i o n .  The 
purpose o f  t h i s  d i s c u s s i o n  i s  t o  present  t h e  r e s u l t s  o f  a numer ica l  
s tudy i n  which some o f  t h e  p h y s i c a l  phenomena which may occur  i n  vapor-  
dominated geothermal r e s e r v o i r s  a r e  examined. These phenomena inc lude:  
( 1 )  superheat ing o f  d i s c h a r g i n g  steam, (2) energy changes due t o  com- 
p r e s s i b l e  work, ( 3 )  conduct ive  heat  t r a n s p o r t ,  and (4) g r a v i t a t i o n a l  
e f f e c t s  o f  t h e  steam column. F u r t h e r  d e t a i l s  p e r t a i n i n g  t o  t h i s  s tudy 
a r e  a v a i l a b l e  i n  a r e p o r t  by Moench (1976).  

The numerical  model used i n  t h i s  s tudy draws upon t h e  concepts of  
White and o t h e r s  (1971) fo r  a vapor-dominated geothermal system, though 
o f  n e c e s s i t y  some s i m p l i f i c a t i o n s  have been made. The p h y s i c a l  system 
i s  i d e a l i z e d  as a one-dimensional column o f  porous o r  h i g h l y  f r a c t u r e d  
rock  f i l l e d  w i t h  a m i x t u r e  o f  steam and l i q u i d  water under h i g h  pres-  
sure.  T h i s  r e s e r v o i r  i s  o v e r l a i d  by a "cap rock" t h a t  has low perme- 
a b i l i t y .  A t  t h e  bottom o f  t h e  r e s e r v o i r  t h e r e  i s  a zone where l i q u i d  
water  s a t u r a t e s  t h e  pores.  Heat i s  s u p p l i e d  by a magma chamber a t  
depth and t r a n s f e r r e d  upward through t h e  l i q u i d - s a t u r a t e d  zone by 
conduct ion  and convect ion.  The pr imary  mechanisms f o r  heat  t r a n s f e r  
th rough t h e  vapor-dominated zone a r e  v a p o r i z a t i o n  and condensat ion.  
F i g u r e  1 i l l u s t r a t e s  t h e  d i s t r i b u t i o n s  o f  temperature and pressure  t o  
be expected i n  t h i s  i d e a l i z e d  n a t u r a l  system. 

The model i s  designed t o  determine t h e  t ime-vary ing  d i s t r i b u t i o n s  
o f  l i q u i d - w a t e r  s a t u r a t i o n ,  pressure,  and temperature w i t h i n  t h e  vapor-  
dominated reg ion .  These d i s t r i b u t i o n s  may be due t o  t h e  wi thdrawal  
of  steam a t  e i t h e r  cons tan t  p ressure  or cons tan t  d ischarge.  
assumptions o f  t h e  model i n c l u d e  t h e  f o l l o w i n g :  (1) l i q u i d  water  
w i t h i n  t h e  vapor zone i s  s t a t i o n a r y ,  b u t  s u b j e c t  t o  v a p o r i z a t i o n ,  
(2)  Darcy 's  law i s  v a l i d  f o r  t w o  f l u i d s ,  ( 3 )  t h e  r o c k  m a t r i x  i s  r i g i d ,  
(4)  l o c a l  thermal e q u i l i b r i u m  occurs between t h e  f l u i d s  and rock,  
(5 )  negl  i g i b l e  v iscous d i s s i p a t i o n ,  (6 )  n e g l i g i b l e  thermal d i s p e r s i o n ,  
and (7) n e g l i g i b l e  s u r f a c e  t e n s i o n  e f f e c t s .  

Basic  

To s i m u l a t e  t h e  v e r t i c a l  f l o w  o f  steam through v a r i a b l y  s a t u r a t e d  
porous media, two c o n t r o l l i n g  equat ions a r e  used (see Appendix):  a 
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f l u i d - f l o w  equat ion and an energy equation. These equations con ta in  
parameters which a r e  dependent upon pressure, temperature, and l i q u i d -  
water sa tu ra t i on .  The energy equat ion accounts f o r  heat conduct ion,  
convect ion,  vapor iza t ion ,  compressible work, and heat storage. These 
p a r t i a l  d i f f e r e n t i a l  equat ions a re  coupled through the  v e l o c i t y  terms, 
the  vapor i za t i on  terms, the  l i q u i d  sa tu ra t i on ,  and the  pressure- and 
temperature-dependent parameters. 
eously a t  d i s c r e t e  t ime i n t e r v a l s  by a f i n i t e - d i f f e r e n c e  technique. 

The equat ions a r e  solved s imul tan-  

Resul ts 

F igure  2 shows the  pressure, temperature, and l i qu id -wa te r  

top  of a one k i lometer  column o f  r e s e r v o i r  rock.  This  represents the  
e f f e c t  o f  removing about 70% o f  the  mass t h a t  was i n i t i a l l y  a v a i l a b l e .  
Steam i s  produced a t  a r a t e  which dec l ines  w i t h  t ime due t o  wi thdrawal 
a t  constant  pressure.  A l l  the l i q u i d  water i n  the  top  300 m has been 
vapor ized and steam i n  t h i s  reg ion  i s  superheated. 

s a t u r a t i o n  a f t e r  10 9 sec (31.6 years) o f  steam product ion from the 

Temperature d i s t r i b u t i o n s  "A" and l l B t l  i n  F igure  2 show the  
i n f l uence  o f  heat conduct ion and compressible work (as de f ined by the  
second t e r m  on the  r ighthand s ide  o f  the energy equat ion) .  D i s t r i -  
b u t i o n  "A" shows the  temperature p r o f i l e  obta ined us ing the  complete 
energy equat ion.  D i s t r i b u t i o n  llBll shows the  temperature p r o f i l e  ob- 
ta ined when the  compressible work term i s  omi t ted  from the  c a l c u l a t i o n s .  
I t  i s  c l e a r  t h a t  compressible work i s  s i g n i f i c a n t  o n l y  where super- 
heated steam i s  present.  Both p r o f i l e s  show the temperature increase 
a t  the top o f  t he  r e s e r v o i r  brought about by conduct ion from the  base 
o f  the  cap rock a t  a d is tance o f  approximately 50 in. Conduction from 
the  cap rock o r  o ther  nearby rocks no t  cooled by the  vapor i za t i on  
process may be responsib le  f o r  the  temperature increase o f  produced 
steam observed i n  some w e l l s  ( S e s t i n i ,  1970). The t ime v a r i a t i o n  i n  
temperature a t  the  top o f  the  r e s e r v o i r  i s  shown i n  F igure  3 f o r  
curves "A" and "B l l  . I n  the  e a r l y  p a r t  o f  the  product ion h i s t o r y ,  
the  coo l i ng  e f f e c t  o f  compressible work counteracts  the heat ing  due 
t o  conduct ion from the  cap rock. 

The e f f e c t  o f  e l i m i n a t i n g  g r a v i t y  from the  c a l c u l a t i o n s  upon the 
pressure and temperature d i s t r i b u t i o n s  i s  shown by the  dashed l i n e s  i n  
F igure  2. Apart  from i t s  poss ib le  i n f l uence  upon the v e r t i c a l  d i s t r i -  
b u t i o n  o f  l i q u i d  water (not  inc luded i n  t h i s  study) the e f f e c t  o f  
g r a v i t y  can be s a f e l y  neglected. 
l i t t l e ,  i f  any, e f f e c t  upon r e s e r v o i r  p roduc t ion  c h a r a c t e r i s t i c s .  

The weight o f  the  steam column has 
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APPEND I X 

The bas ic  equat ions used i n  t h i s  study a r e  reproduced here f o r  
convenience. Add i t i ona l  d e t a i l s  and c o n s t i t u t i v e  r e l a t i o n s h i p s  a re  
g iven i n  the  repo r t  by Moench (1976). 

F low Equat ion 
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Energy Equation 

where 
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Figure 1. Vertical temperature and pressure distributions 
in a n  idealized natural vapor-dominated system. 
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F I G U R E  2 .  Pressure, temperature and 1 iqu id-water  sa tu ra t i on  d i s t r i b u t i o n s  i n  a one-k i lometer  column 
o f  r e s e r v o i r  rock which has been producing steam a t  a pressure o f  IO bars f o r  IO9 sec. 
o f  cap rock o v e r l i e  the rese rvo i r .  Dashed l i n e s  i n d i c a t e  e f f e c t  o f  e l i m i n a t i n g  g r a v i t y .  

500 m 

’ . ” ’ . . #  

‘CAP R O C K  

.o .I .2 0 I O  2 0  3 0  

S P ( b a  rs) 
i n l t l a i  p r e s s u r e  a t  t o p  = 3 0  b a r  s 
i n i t i a l  s a t u r a t i o n  8 0.2 
p o r o r l t y  8 0 . 2  
p e r m e a b l l i t y  8 I O  m d  

a p p r o x i  m a t  e 
t e m p e r a  t u f a  
a t  b a s e  of 

c a p  r o c k  

I I I I 

190 200  210 2 2 0  230 2 4 0  

T(”C) 



-
 . .

 .
 . . .

 . . . . . .
 
.
 . .
 .
 .
 .
 
. . 

.
 .
 

.
 
.
 . .

 . .
 . . . 

.
 .
 - -

 

z a 

8 2 0
 

0
 

m
 

0
 

0
 

OD 

0
 

0
 

b
 

0
 

0
 

W
 

0
 

0
 

e
n

 
0

 
W

 
cn 

(D
 

0
-

 
0

-
 

e
t

 

0
 

0
 

8 0
 

0
 

cu 0
 

I! 0
 

I
 

0
 

rc 
I
 

.- 0 > I 
a, 
m

 
a, 
L
 

rc
 
0
 

Q
 

0
.

 
C

,
N

 

w
a

,
 

r
0

I
 

3
 

@
I
s

,
 

E
 -- 

.- 
LL 

u
 
c 

m
 .- 
3
 

m
c

 
1

3
 

a
0

 
>
L
 

v
)
 

Q
) 

I
m

 
3

c
 

w
o

 
m

 .- 
I
C
,
 

a, -- 
E

C
 

a
0

 
I-

v
 

n
u
 

m
 

a, 
I
 

3
 

Is
, 

LL 
.- 

-235- 




