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Al though many geothermal r e s e r v o i r s  depend upon f r a c t u r e  
p e r m e a b i l i t y  t o  o b t a i n  adequate mass f lows,  r e l a t i v e l y  l i t t l e  
research e f f o r t  has been d i r e c t e d  toward f r a c t u r e d  r e s e r v o i r  
s i m u l a t i o n .  T h i s  paper o u t l i n e s  t h e  mathematical  apparatus 
necessary t o  develop a numer ica l  s i m u l a t o r  f o r  a f r a c t u r e d ,  
s ing le-phase geothermal r e s e r v o i r .  I t  i s  assumed t h a t  t h e  
f r a c t u r i n g  i s  e x t e n s i v e  and w e l l - d i s t r i b u t e d  ( though n o t  neces- 
s a r i l y  un i fo rm)  so  t h a t  i t  i s  reasonable t o  cons ider  a super-  
f i c i a l  d ischarge th rough t h e  f r a c t u r e s  as w e l l  as t h e  pores.  
Whi le  mass and heat  t r a n s p o r t  a r e  o f  course coupled i n  a system 
o f  t h i s  k i n d ,  we have subd iv ided t h e  ensuing d i s c u s s i o n  i n t o  
mass f l o w  and heat  f l o w  f o r  c l a r i t y  o f  p r e s e n t a t i o n .  

-, 
Mass F l o w  Equat ion  

A n a l y t i c a l  s o l u t i o n s  f o r  t h e  pressure  d i s t r i b u t i o n s  i n  
porous b l o c k s  o f  v a r i o u s  shapes and s i z e s  show t h a t  t h e  pressure  
i n  t h e  i n t e r i o r  o f  a t y p i c a l  b l o c k  reaches 95% o f  t h e  v a l u e  o f  an 
i n i t i a l  "step" i n p u t  imposed on t h e  b l o c k  s u r f a c e  i n  a t i m e  
which i s  v e r y  s h o r t  r e l a t i v e  t o  t h e  l e n g t h  o f  t ime t y p i c a l l y  r e -  
q u i r e d  f o r  o v e r a l l ,  macroscopic system changes. I n  a d d i t i o n ,  
r e c e n t  model ing analyses and examinat ion o f  p e r t i n e n t  f i e i d  d a t a  
by Closmann (1975) suppor t  t h e  p o i n t  o f  v iew t h a t  for  most purposes 
one may cons ider  b o t h  pore  and f r a c t u r e  f l o w  f i e l d s  t o  be charac-  
t e r i z e d  by a s i n g l e  p ressure  v a r i a b l e .  A n e t  f l o w  o f  mass may 
e x i s t  between one f l o w  regime and t h e  o t h e r ,  b u t  t h i s  w i l l  be 
such as t o  m a i n t a i n  t h e  near e q u a l i t y  o f  pressure.  A p p l i c a t i o n  
o f  accepted space-averaging techniques (Gray and Lee, 1976) t o  
a p o i n t  mass balance equat ion  prov ides  t h e  f o l l o w i n g  mass con- 
s e r v a t i o n  equat ion :  

(PWEW) = v * [ p  v ]+s = v * [ p  v + p v 3 a 
a t  - w-w m - f - f  p - p  
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i s  t h e  averaged d e n s i t y  o f  a l l  (pore p l u s  f r a c t u r e )  water ,  
pW 

where 

p i s  t h e  d e n s i t y  o f  f r a c t u r e  water ,  

p i s  t h e  d e n s i t y  o f  pore water ,  

E i s  t h e  v o i d  f r a c t i o n  occupied by a l l  water ,  

v f  
v”  i s  t h e  s u p e r f i c i a l  d ischarge through t h e  pores ( v e c t o r ) ,  and 

!? 
S i s  t h e  mass source o r  s i n k  s t r e n g t h ,  t h a t  i s ,  mass e n t e r i n g  m 

o r  l e a v i n g  per  u n i t  t ime per  u n i t  volume o f  t o t a l  medium. 

f 

P 

W 

i s  t h e  s u p e r f i c i a l  d ischarge through the  f r a c t u r e  ( v e c t o r ) ,  

The l e f t h a n d  s i d e  o f  ( 1 )  may be expanded as 

W 
aT 

- 2 
- Pwap a t  + ’wUT at 

where E i s  t h e  v o i d  f r a c t i o n  o f  t h e  f r a c t u r e s ,  f 
E: i s  t h e  v o i d  f r a c t i o n  o f  the  pores, 

P 
p i s  t h e  incrementa l  f l u i d  pressure,  

Tf 

Pm 
T i s  t h e  l o c a l l y  averaged temperature o f  a l l  water  d e f i n e d  as 

i s  t h e  l o c a l  average f l u i d  temperature i n  t h e  f r a c t u r e s ,  

T i s  t h e  l o c a l  average temperature o f  t h e  porous medium, and 

W 

( 3 )  T = E T  + E T  
W f f  P P m  

The parameters up, 01 B and B a r e  e m p i r i c a l  c o e f f i c i e n t s  d e f i n e d  
through t h e  relation;: T 

W 
aT 

- -  * +  a -  a €W 
T a t  - a  a t  P a t  
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S u p e r f i c i a l  f r a c t u r e  and pore discharges may be expressed i n  terms 
o f  incremental pressure grad ien ts ,  as 

where 1-1 i s  the  f l u i d  v i s c o s i t y ,  

k i s  the  f r a c t u r e  pe rmeab i l i t y  ( t enso r ) ,  and Z f  
k i s  the  pore pe rmeab i l i t y  ( tensor )  
-0 

Under c e r t a i n  cond i t i ons  k f  may be considered t o  be a f u n c t i o n  o f  
-vf  * 

S u b s t i t u t i o n  o f  equat ions (2) through (5)  i n t o  ( 1 )  y i e l d s  
the f o l l o w i n g  expression f o r  the conservat ion o f  a l l  f l u i d  mass: 

I n  a d d i t i o n  t o  the e x p l i c i t  coup l ing  o f  t h i s  equat ion t o  the  temp- 
e ra tu re  equat ions through the  second term on the l e f thand  s ide,  
temperature dependence a l s o  enters  i m p l i c i t l y  through the  changing 
va lue o f  1-1 . 

Heat Flow 

The governing equat ions f o r  heat f l ow  a r e  provided by 
space averaging o f  conservat ion o f  energy equat ions w r i t t e n  i n  
terms o f  temperature. For the f r a c t u r e  system, t h i s  r e s u l t s  i n  

- - V * D  *VT + p cv 
O V T f  - z f  - f PfCEf a t  f -.t - 

aTf 
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and f o r  t h e  porous medium 

" 'pm + p cv *VT - V * D  'VT 
pm a t  p - p  - pm - zpm .- pm ( P C E )  

where (PCE)  P C E  + P c E , 
s s s  Pm P P 

i s  t h e  rock  d e n s i t y ,  
p S  

c i s  t h e  s p e c i f i c  heat o f  t h e  rock,  

E i s  t h e  volume f r a c t i o n  o f  t h e  rock,  

c i s  t h e  s p e c i f i c  heat o f  water ,  

S 

S 

D i s  t h e  tensor  c o e f f i c i e n t  o f  d i s p e r s i o n  f o r  t h e  f r a c t u r e s ,  z f  
D i s  t h e  tensor  c o e f f i c i e n t  o f  d i s p e r s i o n  f o r  t h e  porous 
z pm 

med i um, 

h i s  a porous medium-f racture heat t r a n s f e r  c o e f f i c i e n t  
r e l a t i n g  t h e  t ime r a t e  o f  heat  t r a n s p o r t  between those 
regimes, per  volume o f  t h e  medium, t o  t h e  temperature 
d i f f e r e n c e  between t h e  two. Ts, f  and T,,,m a r e  source 
o r  s i n k  temperatures o f  f r a c t u r e  and pore f l u i d s ,  
r e s p e c t i v e l y .  (For w i thdrawal ,  t h e  s i n k  temperature i s  
t h e  r e s e r v o i r  f l u i d  temperature and t h e  l a s t  terms i n  
7 v a n i s h ) .  

S i s  t h e  f r a c t u r e  mass source o r  s i n k  s t r e n g t h ,  

S i s  t h e  pore  mass source o f  s i n k  s t r e n g t h ,  and 

'm m,f m,p 

m,f 

m, P 
= s  + s  and the ratio o f  the two components can be 

determined u s i n g  t h e  p e r m e a b i l i t i e s  o f  t h e  two systems. 

The s u p e r f i c i a l  v e l o c i t i e s  i n  (7 )  must, o f  course, be com- 
puted u s i n g  t h e  pressure f i e l d  through equat ions (5) and ( 6 ) .  
Equat ions ( 5 ) ,  ( 6 ) ,  and (7 )  p r o v i d e  f i v e  equat ions i n  t h e  f i v e  

been so lved successfu l  T7m y f o r  a v a r i e t y  o f  h y p o t h e t i c a l  problems 
dependent va r i ab1 es 

f o r  which a n a l y t i c a l  s o l u t i o n s  e x i s t .  The numerical  s i m u l a t o r  
uses isoparamet r ic  Hermitean f i n i t e  elements (Van Genuchten, e t  
a l ,  1977) t o  s o l v e  i n  t h r e e  space dimensions, and a t ime-centered 
d i f f e r e n c e  scheme t o  s o l v e  i n  t ime.  

, T f ,  p, and v These equat ions have 
-P '  

F igures  1 and 2 show r e s u l t s  fo r  an a d d i t i o n a l  f u l l y  coupled, 
one-dimensional ,  t r a n s i e n t  t e s t  case, s u b j e c t  t o  the  f o l l o w i n g  
c o n d i t i o n s :  
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a t  x = O  

t > O  

a t  x = lOOcm 

T = Tf = 4OoC 
Pm 

p = o  

T = T f = O  
Pm 

5 2 
dyne/cm p = -1.0 x 10 

1 2 - = 5.38 x 10 
1.I 

(Mercer e t  a l ,  1975) 

+ (T-150) x 3.8 - ( ~ - 1 5 0 ) ~  x 2.6 x 10-5cm.sec/g f o r  O<T<300°C 

E = 0.02, E = 0.2, a = 1.0 x 10-1°cm2/dyne, aT = 0 
f P P 

- -  kf -8 2 -11 2 
k -7 2 

= 5.0 x 10 

= 5.0 x 10 / C 

cm /dyne 
BP 

BT 

- 10 cm , pm = 3.0 x 10 cm , 
E 

f P 
E 

-4 0 

= 2.5g/cm 3 , cs = 0 .2ca l /g .  0 C, D = 5.0 x 10 -4 c a l /  0 C.cm.sec, 
ps f 

-3 0 D a 3.0 x 10 c a l l  C cm.sec. 
Pm 

The i n i t i a l  temperature d i s t r i b u t i o n  f o r  b o t h  f r a c t u r e s  and porous 
medium i s  d i s p l a y e d  on each f i g u r e .  As expected, a non-zero v a l u e  
o f  h r e t a r d s  t r a n s l a t i o n  o f  t h e  f r a c t u r e  temperature f r o n t ,  i n -  
creases t r a n s l a t i o n  o f  t h e  porous medium f r o n t ,  and increases d i s -  
p e r s i o n  o f  both.  As t h e  f r o n t s  progress,  t h e  pressure  g r a d i e n t  
( n o t  shown) decreases f rom t h e  i n i t i a l ,  e s s e n t i a l l y  isothermal  
va lue,  due p r i m a r i l y  to  t h e  decrease i n  f l u i d  v i s c o s i t y  w i t h  
r i s i n g  temperature.  
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