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A number o f  research workers have i n v e s t i g a t e d  two- and 
three-d imensional  n a t u r a l  c o n v e c t i v e  heat  f l o w  i n  porous media 
c o n t a i n i n g  a s ing le-phase f l u i d '  9 2 .  Resu l ts  i n d i c a t e  t h a t  con- 
v e c t i v e  heat  f l o w  i n  geothermal r e s e r v o i r s  can be h i g h  w i t h  low 
geothermal g r a d i e n t s  w i t h i n  t h e  convec t ion  c e l l s .  

Single-phase convec t ion  can occur o n l y  i n  two o r  t h r e e  dimen- 
s ions ;  however, i t  i s  e v i d e n t  t h a t  steam and h o t  water  sometimes 
e x i s t  s imu l taneous ly  i n  geothermal areas. The l a r g e  d i f f e r e n c e  i n  
d e n s i t y  between steam and h o t  water  p rov ides  a d r i v i n g  f o r c e  t h a t  
tends t o  segregate t h e  two phases, making c o u n t e r c u r r e n t  v e r t i c a l  
one-dimensional  f l u i d  f l o w  t h e o r e t i c a l l y  p o s s i b l e .  

T h i s  paper p resents  t h e  r e s u l t s  o f  a s tudy o f  one-dimensional ,  
v e r t i c a l ,  two phase, s teady-s ta te ,  geothermal f l u i d  and heat  f l o w .  
Steam i s  assumed t o  be generated a t  depth by heat  conducted f rom 
below. The steam f lows upward and an equal mass o f  h o t  water  f lows 
downward w i t h i n  t h e  geothermal r e s e r v o i r .  A t  t h e  t o p  o f  t h e  geo- 
thermal r e s e r v o i r  t h e  steam condenses i n t o  h o t  water  which then 
f l o w s  downward. 
conduct ive .  

Above t h e  r e s e r v o i r  t h e  heat  f l o w  i s  aga in  o n l y  

A method o f  c a l c u l a t i n g  one-dimensional ,  combined c o n v e c t i v e  
and conduct ive  heat f l o w  i s  presented w i t h  c a l c u l a t e d  examples. The 
o b j e c t  o f  t h e  i n v e s t i g a t i o n  was t o  understand t h e  one-dimensional 
c o n v e c t i v e  heat  f l o w  t h a t  may occur  where c o n d i t i o n s  have been s t a b l e  
long enough f o r  t h e  f l o w  t o  approach s teady-s ta te .  Resu l ts  presented 
h e r e i n  app ly  t o  u n f r a c t u r e d  porous media. S i m i l a r  r e s u l t s  should 
app ly  t o  f r a c t u r e d  r e s e r v o i r s  and permeable f a u l t  zones. 

The water  i s  assumed s u f f i c i e n t l y  f r e s h  t h a t  t h e  e f f e c t s  o f  
d i s s o l v e d  s o l i d s  can be neglected.  The s u r f a c e  temperature and heat  
f l o w  r a t e  a r e  assumed t o  be known. C a p i l l a r y  p ressure  and steam 
and h o t  water  r e l a t i v e  p e r m e a b i l i t i e s  a r e  used i n  t h e  a n a l y s i s ;  
however, t h e  e f f e c t s  o f  c a p i l l a r y  p ressure  were neg lec ted  i n  t h e  
example c a l c u l a t i o n s .  The a n a l y s i s  a l l o w s  t h e  thermal c o n d u c t i -  
v i t y  t o  vary  w i t h  temperature and steam o r  h o t  water  s a t u r a t i o n ;  
however, f o r  s i m p l i c i t y  a cons tan t  v a l u e  was used i n  t h e  c a l c u l a t i o n s .  
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D I S C U S S I O N  

Appendix A 
the derivation of 
simultaneously to 
pressure point on 

V 
A G  

gives the equations of heat and fluid flow, and 
the two equations below. These can be solved 
obtain the steam saturation and the temperature- 
the boiling curve as functions of depth. 

-b B G d  = 1 

Symbols are defined in Appendix B. If one dimensional, two phase 
convective flow i s  possible, equation 1 can be solved for the steam 
saturation. This result can be used with equation 2 to calculate 
the pressure gradient. 

In equation 1, AGv is the fractional convective heat flow; 
BGd is the fractional conductive heat flow. For a given problem 
coefficients A and B are constants, and G, and Gd determine the vari- 
ations in the convective and conductive heat f l o w .  Both Gv and Gd 
are functions o f  the relative permeabilities, the fluid saturations, 
the temperature-pressure point on the boiling curve, and the fluid 
properties. 
enthalpy difference and Gd is a function of the variations in 
thermal conductivity. 

In addition, Gv is a function of the steam-hot water 

Figure 1 presents the two sets of steam-hot water relative 
permeability curves used in the calculations. Type I I  relative 
permeability curves were included because recent experimental re- 
sults reported by Brigham3 indicate high immobile water saturations. 
Figure 2 presents the variation o f  Gv with steam saturation for 
various pressures for Type I relative permeability curves. This 
curve is "bell" shaped because the mass flow of steam upward must 
equal the mass flow of water downward. The relative permeability to 
steam controls the shape of the curve at low values of steam satu- 
rations, S s ,  and the relative permeability to hot water controls 
the shape at high values of Ss. 

Figure 2 indicates that the temperature-pressure point on 
the boiling curve also has a strong effect on Gv. At lower tempera- 
ture-pressure values the relatively high water viscosity depresses 
the curve, causing the maximum Gv to occur at higher steam satura- 
tions. At high temperature-pressure values, the curves are depressed 
by smaller differences in densities and enthalpies. At critical 
conditions these differences are zero, hence one-dimensional con- 
vection cannot exist. 
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F i g u r e  3 presents  Gd versus S s  f o r  v a r i o u s  pressures f o r  
Type I r e l a t i v e  p e r m e a b i l i t y  curves. The sharp d e c l i n e  i n  Gd a t  
h i g h e r  S s  r e s u l t s  from t h e  low d e n s i t y  o f  steam as compared t o  t h a t  
o f  h o t  water .  
s l o p e  o f  t h e  b o i l i n g  curve,  $ ( p ) .  

The h i g h  Gd a t  low pressures r e s u l t s  from t h e  s teep 

F i g u r e  4 p resents  t h e  v a r i a t i o n  o f  AG,, BGd, and AGV + BGd 
w i t h  S s  f o r  Type I r e l a t i v e  p e r m e a b i l i t y  curves,  T = 435OF, P = 362 
p s i a ,  k = .010 darcys,  Kh = 40 Btu/day-f t - 'F,  and uh = -6  Btu/day- 
f t 2 .  TWO va lues  o f  
S s  s a t i s f y  t h i s  c o n d i t i o n  ( F i g u r e  4 ) .  The lower steam s a t u r a t i o n ,  
S s l ,  i s  assoc ia ted  w i t h  c o n d i t i o n s  approx imat ing a h o t  water  column 
through which steam i s  m i g r a t i n g  upward and t h e  h o t  water  downward. 
For a wide range o f  c o n d i t i o n s ,  t h e  pressure  g r a d i e n t  approximates 
t h a t  o f  h o t  water ,  caus ing a corresponding r a p i d  increase i n  tempera- 
t u r e  and pressure  w i t h  depth. T h i s  r e l a t i v e l y  l a r g e  temperature 
g r a d i e n t  can cause s i g n i f i c a n t  conduct ive  heat f l o w .  

TO s a t i s f y  equat ion  I ,  AG, + BGd must equal I .  

The h i g h e r  steam s a t u r a t i o n ,  S s 2 ,  i s  assoc ia ted  w i t h  c o n d i -  
t i o n s  approx imat ing  a steam column w i t h  a smal l  amount o f  m o b i l e  ho t  
water .  I n  t h i s  case t h e r e  i s  a wide range o f  c o n d i t i o n s  i n  which 
t h e  pressure  g r a d i e n t  i s  v e r y  low, approx imat ing t h a t  o f  steam. 
T h i s  very  low increase i n  p ressure  and temperature w i t h  depth r e -  
s u l t s  i n  low conduct ive  heat  f l o w .  

A t  a steam-hot water  i n t e r f a c e  or  contac t ,  t h e  h i g h  steam 
s a t u r a t i o n ,  Ss2, e x i s t s  above t h e  i n t e r f a c e ,  and t h e  low steam satu-  
r a t i o n ,  S s l ,  e x i s t s  below i t .  I f  c a p i l l a r i t y  i s  inc luded,  t h e  
i n t e r f a c e  becomes a steam-hot water  t r a n s i t i o n  zone, i n  which 
c a p i l l a r i t y  determines 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 .  

F i g u r e  5 p resents  t h e  r e s u l t s  o f  a s e r i e s  o f  c a l c u l a t i o n s  
i n  which an impermeable zone e x i s t s  t o  a depth o f  2500 f e e t ,  f rom 
which a permeable (10 md) geothermal r e s e r v o i r  extends t o  a depth  
o f  10,000 f e e t .  Below t h i s  t h e r e  i s  another  impermeable zone. The 
s u r f a c e  temperature i s  chosen t o  be 6OoF, and t h e  c o n d i t i o n s  a t  t h e  
t o p  o f  t h e  r e s e r v o i r  a r e  those used i n  F i g u r e  4. Both impermeable 
zones were assigned a thermal c o n d u c t i v i t y  o f  40 B t u / d a y - f t -  F. 
F i g u r e  5 p resents  t h e  v a r i a t i o n s  i n  temperature,  pressure,  steam 
s a t u r a t i o n  and conduct ive  heat  f l o w  w i t h  depth f o r  b o t h  Type I and 
Type I I  r e l a t i v e  p e r m e a b i l i t y  curves.  Only t h e  steam s a t u r a t i o n  for  
t h e  Ss2 s o l u t i o n  changes s i g n i f i c a n t l y  w i t h  r e l a t i v e  p e r m e a b i l i t y .  
As  mentioned p r e v i o u s l y ,  t h e  S s l  s o l u t i o n  approximates c o n d i t i o n s  i n  
a h o t  water  column, i n  which the  pressure  increases w i t h  depth  
accord ing  t o  a h o t  water  g r a d i e n t .  T h i s  r e q u i r e s  a corresponding 
increase i n  temperature t o  m a i n t a i n  b o i l i n g  c o n d i t i o n s .  The i n -  
crease i n  temperature r e s u l t s  i n  s i g n i f i c a n t  conduct ive  heat f l o w .  
The Ss2 s o l u t i o n  approximates c o n d i t i o n s  i n  a steam column, and 
t h e  l o w  steam d e n s i t y  r e s u l t s  i n  low temperature and pressure  grad- 
i e n t s ,  and v e r y  smal l  conduct ive  heat f low.  

0 
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Figure  6 presents  the  r e s u l t s  o f  c a l c u l a t i o n s  s i m i l a r  t o  
those o f  F igure 5, except t he re  i s  a steam-hot water i n t e r f a c e  a t  
-10,000 f e e t .  
f e e t  and the  S s l  s o l u t i o n  app l i es  below -10,000 fee t .  Here again 
o n l y  the steam s a t u r a t i o n  f o r  the  SS2 s o l u t i o n  changes s i g n i f i -  
c a n t l y  w i t h  r e l a t i v e  p e r m e a b i l i t i e s .  Steam generated a t  the  
bottom o f  the  r e s e r v o i r  migrates upward u n t i l  i t  reaches the  top 
where i t  condenses. Throughout the column s u f f i c i e n t  phase t rans-  
f e r  takes p lace  between the  steam and hot  water t o  ma in ta in  steady- 
s t a t e  heat and f l u i d  f low.  

The Ss2 s o l u t i o n  app l i es  f rom -2500 f e e t  t o  -10,000 

F igure  7 presents an example w i t h  and w i thou t  a steam-hot water 
i n t e r f a c e  a t  5,000 fee t .  
below t h i s  depth. The S s l  s o l u t i o n  approaches c r i t i c a l  cond i t i ons  a t  
-15,550 fee t .  The c a l c u l a t i o n s  i n d i c a t e  t h a t  convect ive heat f l o w  does 
no t  approach zero t o  w i t h i n  a few degrees o f  the  c r i t i c a l  temperature. 
This  occurs even though the  d r i v i n g  f o r c e  ( the  d i f f e r e n c e  i n  dens i t y )  
and the  enthalpy d i f f e r e n c e  both approach zero as c r i t i c a l  cond i t i ons  
a re  approached. This  seemingly i ncons is ten t  r e s u l t  i s  caused by the  
very low slopes o f  the  dens i t y  and enthalpy d i f f e rences  as the  c r i t i c a l  
cond i t i ons  a r e  approached (F igure  8) .  Ca lcu la t ions  i n d i c a t e  t h a t  below 
the  p o i n t  where c r i t i c a l  cond i t i ons  a r e  reached a s i n g l e  phase e x i s t s  
which i s  above c r i t i c a l  cond i t ions .  There i s  a reduc t ion  i n  the  pressure 
g rad ien t  as i l l u s t r a t e d  i n  F igure  7 and the  heat f l o w  i s  pu re l y  conduct ive.  

Both the  S s l  and Ss2 so lu t i ons  a r e  shown 

Resul ts  o f  c a l c u l a t i o n s  no t  presented he re in  i n d i c a t e  t h a t  
i t  i s  poss ib le  t o  encounter cond i t i ons  below the  c r i t i c a l  beyond 
which o n l y  superheated steam e x i s t s .  Both S s l  and Ss2 s o l u t i o n s  
encounter these cond i t ions .  They occur a t  the  maximum value o f  
t he  AGv + BGd curve. 

F igure  4 i nd i ca tes  t h a t  t he  AGv + BGd curve may extend t o  
much lower values i n  the h igh  S s  range than f o r  the  low range. 
I n  some cases where A and B a r e  s u f f i c i e n t l y  la rge ,  o n l y  Ss2 so lu -  
t i o n s  e x i s t .  Since A and B vary i nve rse l y  w i t h  uh, these condi -  
t i o n s  a r e  more l i k e l y  t o  occur f o r  low uh values. Ca lcu la t i ons  
i n d i c a t e  t h a t  t h i s  type o f  s o l u t i o n  may be v a l i d  and have s i g n i -  
f i c a n t  convec t ive  heat f l o w  over many thousands o f  f e e t  f o r  low 
p e r m e a b i l i t i e s  even less  than 0.1 md. I t i s  conceivable t h a t  t h i s  
type o f  f l u i d  and heat f l o w  may be t a k i n g  p lace  a t  g rea t  depths 
i n  t e c t o n i c a l l y  a c t i v e  regions where pe rmeab i l i t y  may be being 
mainta ined by f r a c t u r i n g .  The increased heat f l o w  cou ld  be 
respons ib le  f o r  areas o f  increased heat f l o w  near f a u l t s .  

The lower l i m i t  o f  pe rmeab i l i t y  f o r  which p h y s i c a l l y  
meaningful  s o l u t i o n s  can be obta ined has no t  been determined. 
Numerical so lu t i ons  have been obta ined f o r  extremely small values 
o f  pe rmeab i l i t y  and f r a c t i o n a l  convect ive heat f low,  AG,. I n  
these so lu t i ons  the  S s  v a r i e s  i n  such a manner t h a t  both the  
f l u i d  pressure grad ien t  and the b o i l i n g  curve cond i t i ons  are  



s a t i s f i e d .  These s teady-state so lu t i ons  assume t h a t  a l l  t r a n s i e n t s  
have d ied  ou t .  Thus, t he  lower pe rmeab i l i t y  l i m i t  depends on the  
cond i t i ons  o f  the  problem and on the t ime requ i red  t o  reach steady- 
s t a t e .  

The r e s u l t s  presented i n  Figures 4-8 a re  for a t o t a l  heat 
f l o w  o f  -6  Btu/ f t2-day and a rese rvo i r  pe rmeab i l i t y  o f  10 md. 
Other c a l c u l a t e d  r e s u l t s  i n d i c a t e  t h a t  the o v e r a l l  f l u i d  and heat 
f l o w  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  a wide range o f  cond i t ions .  

Conclusions 

1. Combined one-dimensional, v e r t i c a l ,  convect ive and con- 
d u c t i v e  heat f l o w  i s  t h e o r e t i c a l l y  poss ib le  i n  geothermal 
re ,servo i rs .  C a l c u l a t i o n 9  i n d i c a t e  t h a t  t h i s  can occur 
over depths ranging from the  surface t o  below 20,000 
f e e t .  

2. I n  many cases two f l u i d  sa tu ra t i ons  s a t i s f y  the  same heat 
f l o w  r a t e .  One i s  a h igh  hot water s a t u r a t i o n  i n  which ho t  
water i s  the  p r i n c i p a l  mobi le  phase. The pressure g rad ien t  
i s  approximately t h a t  o f  the  hot water. The o the r  f l u i d  
s a t u r a t i o n  i s  a h igh  steam s a t u r a t i o n  i n  which steam i s  
the  p r i n c i p a l  mobi le  phase, and the  pressure g rad ien t  i s  
approximately t h a t  o f  steam. Only the  steam s a t u r a t i o n  
changed s i g n i f i c a n t l y  w i t h  r e l a t i v e  pe rmeab i l i t y  f o r  the  
two se ts  o f  r e l a t i v e  pe rmeab i l i t y  curves inves t iga ted .  

3 .  For pe rmeab i l i t i es  g rea ter  than 1 md and f o r  h igh  steam 
sa tu ra t i ons ,  the  convect ive f r a c t i o n  o f  the  heat f l o w  i s  
genera l l y  many times the conduct ive f r a c t i o n .  For h igh  
hot  water sa tu ra t i ons  the two f r a c t i o n s  a r e  o f t e n  o f  
comparable magnitudes. 

4. Convective heat f lows invo lv ing  h i g h  steam sa tu ra t i ons  can 
extend t o  considerably  g rea ter  depths than those i n v o l v i n g  
h igh  water sa tu ra t i ons .  
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APPENDIX A 

The equations used in the numerical solution are derived in this appendix. 
All equations written in a consistent set of units, and the symbols are 
defined in Appendix B. 

The basic equations are: 

Darcy's law for hot water ) (A-1) 

us = -1, g p ,  
Darcy's law for steam ( A - 2 )  

a Continuity equation for mass & (p,uw + p u = - - a t  C @ ( P W S W  + PSSS)I s s  
( A - 3 )  

Saturations s ,  + s, = 1 ( A - 4 )  

a u  1 = Continuity equation for heat + Psh,S, + (y) P,.c,.T] 

( A - 5 )  _ -  

Capillary pressure P, - P, = pc  us, T )  ( A - 7 )  

Boil ing curve T = 1L ( p S ,  P c )  (A-8) 

The preceding eight equations contain the following eight unknowns uw, us, p ~ ,  
pS, S,, Ss, T and Uh. 
This analysis is restricted to steady-state fluid and heat flow. Thus, all 
derivations with respect to time are zero, and equation A 3  can be integrated 
t o  yield 

PWUW + PSUS = c ( z )  ( A - 9 )  
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where c ( z )  i s  t h e  constant  o f  i n t e g r a t i o n  w i t h  respec t  t o  t ime.  
the mass r a t e  o f  f l ow .  Because no f l u i d  mass en te rs  o r  leaves t h e  porous 
media, t h e  mass o f  t he  water f l o w i n g  downward i s  equal t o  t h e  mass o f  t he  
steam f l o w i n g  upward, and the  n e t  mass f l o w  i s  zero. 
and 

I t  represents  

Thus c ( z )  equals zero 

P W U W  = - P s U s  ( A - 1 0 )  

8Pw 2PS 
az The f o l l o w i n g  equat ion f o r  pwuw can be obta ined by e l i m i n a t i n g  us, r a n d  - 

from equat ions A-1, A-2 and A-7. 

a P c  a s s  

( A - 1 1 )  
g ( P w - P s )  

p w u w  = 1,- 1 1 1 + 
- + -  

P A  pwaw p s x s  p w x w  

E l i m i n a t i n g  psus from equat ions A-6 and A-10 y i e l d s  

( A - 1 2 )  

Under s teady -s ta te  cond i t i ons ,  Uh i s  a constant  which i s  equal t o  the  heat  
f l o w  r a t e  a t  t h e  sur face.  

Combining equat ions A-11 and A-12 y i e l d s  

As i s  customary i n  e x p l o r a t o r y  c a l c u l a t i o n s  such as these, t h e  e f f e c t s  o f  
c a p i l l a r i t y  a re  neglected, and equations A-11 and A-13 reduce t o  

( A - 1 4 )  

( A - 1  5 )  
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Eliminating uw and u from equations A-1, A-2 and A-10 yields 
S 

(A-16) 

From equation A-8 (neglecting capillarity), 
E=** (A-17) 
az dp az 

aT  Eliminating 3F and * from equations A-13, A-16 and A-17 and converting to 
nondimensional form yields a ?  

AGv + BGd = 1 (A-18) 

2 where 
- hwo gpwo A =  

'h 'wo 

pwo pwo 

PWAW P A  
- + -  

G" = 

where pwo, uw0, hwo and ( ~ 1  
pressure. 

correspond to boiling conditions at atmospheric dP 0 
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APPENDIX B 

NOMENCLATURE 

A, B 

C W  

= nondimensional coefficients (see equation A-18) 

= constant of integration with respect to time (see equations 
following equation A-9)  

G d ,  Gv = variable parts of fractional conductive and convective heat flow 
(see equation A-18) 

9 = gravitation constant 

h = enthalpy 

kh 

'3  krsy krw 

pC 

= thermal conductivity 

= single phase permeability, relative permeabilities to 
steam and hot water respectively. 

= capi 11 ary pressure 

P = fluid pressure 

S = saturation 

SS1 , Ss2 

T = temperature 

t = time 

U 

'h 
Z = depth 

x 
1-I = viscosity 

4 = porosity 

P = density 

$ 

Su bscr i pt s 
r = rock 
S = steam 
W = water 

= solutions of equation (1) (see Figure 4) 

= velocity as given by Darcy's law 

= heat f l o w  rate 

kr 
= fluid mobility = - 

1-I 

= boiling curve temperature expressed as a function of fluid pressure 
(Eq. A-8) 
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FIGURE 4 
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