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

White, M u f f l e r ,  and Truesdell  (1971) and Truesdel l  and White 
(1 973) devel oped a conceptual model o f  t ranspor t  i n  vapor-dominated 
geothermal zones. The main theme o f  t he  model i s  t h a t  coex i s t i ng  
l i q u i d  and vapor phases form a counterf lowing convection system 
s i m i l a r  t o  t h a t  observed i n  a heat p ipe  (Dunn and Reay, 1976). 
hypothesized t h a t  water evaporates from a deep water tab le,  passes 
upward through t h e  formation, and condenses a t  an impermeable cap rock, 
e f f e c t i v e l y  t r a n s f e r r i n g  the  l a t e n t  heat o f  b o i l i n g  through the  forma- 
t i o n .  The l i q u i d  water then percolates downward, completing t h e  cycle.  
The physics invo lved i n  the  f l o w  system i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  
ana lys i s  o f  an i dea l  i zed  one-dimensional , homogeneous, 2 km deep vapor- 
dominated zone which i s  bounded below by a water t a b l e  which has a 
temperature o f  236OC. 

Darcy's law f o r  unsaturated porous ma te r ia l s :  

It i s  

Flow o f  water and steam i n  t h e  system i s  assumed t o  be described by 

- paKKll 
(water) q, = - 

k 

The l i q u i d  water p o t e n t i a l ,  $a, def ined as t h e  Gibb's f r e e  energy 
pe r  u n i t  volume o f  water, i s  used i n  p lace o f  t h e  l i q u i d  pressure i n  
equation (1) because f low i n  a h i g h l y  unsaturated medium i s  t o  be con- 
sidered. 

S t a t i c  steam zone 

which the  r e s e r v o i r  f l u i d s  have e q u i l i b r a t e d  w i t h  the  deep water tab le .  
C a p i l l a r y  and adsorpt ion forces are balanced against  g r a v i t y  , so t h a t  
t he  l i q u i d  water p o t e n t i a l  decreases l i n e a r l y  w i t h  he igh t  above the  
water tab le :  

Consider f i r s t  a s t a t i c ,  isothermal system (zero heat f l ow)  i n  

- zo) ( 3 )  
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L i q u i d  c o n t i n u i t y  i s  no t  requ i red  fo r  equation (3 )  t o  apply because e q u i l i -  
b r a t i o n  can occur through condensation o f  steam. 

This  equat ion impl ies t h a t  two k i lometers above the  water t a b l e  the  
l i q u i d  water po ten t i a l  i s  -160 bars. 
p o t e n t i a l  t he  l e v e l  o f  l i q u i d  sa tu ra t i on  var ies  g r e a t l y  from one type o f  
porous medium t o  another. Water r e t e n t i o n  i n  the  f rac tu red  porous mater ia ls  
which form vapor-dominated systems has not  been measured. However, i n  order 
t o  i l l u s t r a t e  the  phys ica l  p r i n c i p l e s  involved i n  the  f l o w  system, an e s t i -  
mate of t he  drainage c h a r a c t e r i s t i c  has been made. 
assumed t h a t  +E i s  un iquely  r e l a t e d  t o  S and T through the  empir ica l  
re1 a t i o n  

As i s  shown i n  f i g u r e  1, a t  t h i s  low 

For s i m p l i c i t y  i t  i s  

$2 = J1, (SmA-l)  (B-CT) , ( 4 )  

i n  which I),, A, B and C are constants. 

Pressure i n  the  steam phase increases w i t h  depth according t o  

( Z  - Z O )  Mg 
(5)  

Equation (5) i l l u s t r a t e s  t h a t  l i q u i d  i n  a s t a t i c  vapor-dominated zone has 
a vapor pressure l e s s  than the  saturated value. 
d i s t r i b u t i o n  o f  l i q u i d  water p o t e n t i a l ,  vapor pressure, and 1 i q u i d  satura- 
t i o n  i n  a system composed o f  t h e  hypothe t ica l  ma te r ia l  described by 
equat ion ( 4 ) .  

Figure 2 i nd i ca tes  the  

Isothermal, steady-state f l ow  

the  case o f  steady i n f i l t r a t i o n  a t  t he  top  o f  t he  steam zone. Assuming 
t h a t  t he  system i s  isothermal and t h a t  t he  water t a b l e  i s  s ta t ionary ,  one 
can show (Childs, 1969) t h a t  t he  sa tu ra t i on  decreases r a p i d l y  above the  
water tab le ,  bu t  eventua l l y  assumes a constant va lue a t  which 

A s o l u t i o n  t o  equat ion (1) which i s  re levan t  t o  t h i s  d iscuss ion i s  

Simply s tated,  constant i n f i l t r a t i o n  i n t o  the  t o p  o f  t he  steam zone i n -  
creases the  l i q u i d  sa tu ra t i on  u n t i l  the  l i q u i d  permeab i l i t y  r i s e s  enough 
f o r  t h e  water t o  d r a i n  away a t  t he  same r a t e .  Assuming an i n f i l t r a t i o n  
r a t e  of 2.35 x 10-*g/cm2 sec, f i g u r e  3 i l l u s t r a t e s  the  dependence of 
J la ,  PvS and S upon depth f o r  t he  hypothe t ica l  f r a c t u r e d  mater ia l ,  which 
i s  assumed t o  have r e l a t i v e  pe rmeab i l i t i es  given by 

= (1 - s )  0 
KV 
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Nonisothermal steady-state flow 

When variations i n  temperature are considered, the equations 
describing the flow can be written as 

Assuming the system is closed and neglecting heat conduction 

L 

equation (9)  , ( l o )  , and (11 ) may be solved t o  yield dT/dZ and dS/dZ 
as functions of temperature, saturation, the heat flow, and the proper- 
t ies of the medium. The distribution o f  T ,  s,  q,, and Pv i n  the system 
can be obtained by numerical integration. 

For the small gradients i n  temperature usually found i n  steam zones 
(Hite and  Fehlberg, 1976) the extra terms i n  equations (9)  and (10)  are  
small and the saturation distribution i s  not  much different from t h a t  
obtained i n  isothermal infiltration. L iqu id  water condenses a t  the cap 
rock and  increases the liquid saturation until the permeability becomes 

Assuming a heat flow rate of 4.187 x 
illustrates the d e p t h  distribution of $a,  P,, and S .  This heat flow 
results in the same condensation rate as was used i n  the isothermal 
infiltration example of figure 3. 

j/cm2 sec (lOHFU), figure 4 

Concl usi on 

in a two-phase convection system can be much higher t h a n  t h a t  predicted 
from a static pressure analysis. 
effect expected in a static system disappears. 
t o p  of figure 4 i s  caused by temperature decrease; the relative vapor 
pressure in the dynamic system is  above 99%. 

Comparison of figures 2 and 4 illustrates t h a t  the liquid saturation 

As a result, the "vapor pressure lowering" 
T h e  decrease i n  Pv a t  the  
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However, t he  permeab i l i t y  used i n  t h i s  example i s  very low, A t  h igher  
permeab i l i t ies  the  condensing steam dra ins ou t  of t he  system much fas te r ,  
and the sa tu ra t i on  approaches the  s t a t i c  p r o f i l e .  

Symbols 

2 - subscr ip t  i n d i c a t i n g  l i q u i d  qH - heat f l o w  r a t e  
V - subscr ip t  i n d i c a t i n g  vapor R - i d e a l  gas constant 
g - acce le ra t ion  o f  g r a v i t y  S - volume r e l a t i v e  sa tu ra t i on  
K - permeab i l i t y  T - absolute temperature 

- r e l a t i v e  permeab i l i t y  Z - depth below caprock Kt 

P V  

M - molecular weight o f  water Zo - depth t o  water t a b l e  
- vapor pressure p - dens i ty  

Pvo - sa tu ra t i on  vapor pressure v. - v i s c o s i t y  

q - mass f l o w  r a t e  $, - l i q u i d  water p o t e n t i a l  
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SATURATION, s (cm3/crn3) or 
RELATIVE VAPOR PRESSURE, P,/P, 
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K - .001 Dorsy 

KQ' S3 
Flow rat. correapondr to qH - 10 HFU 

2 x  Id 
-10.0 -5.0 0.0 

WATER POTENTIAL, J /Q  (bars) 

FIGURE 3 .  D i s t r i b u t i o n  o f  l i q u i d  s a t u r a t i o n ,  
l i q u i d  water  p o t e n t i a l  and steam 
pressure  w i t h  steady isothermal  
i n f i l t r a t i o n  o f  l i q u i d  a t  t h e  t o p  
o f  a vapor-dominated zone. 

SATURATION, s (crn3/crn3) or 
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FIGURE 4 .  D i s t r i b u t i o n  o f  l i q u i d  s a t u r a t i o n ,  
1 i q u i d  water  p o t e n t i a l ,  and steam 
pressure  when steam condenses a t  a 
steady r a t e  a t  t h e  t o p  of a non- 
isothermal  vapor-dominated zone. 
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