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ABSTRACT 

The s u b s t i t u t i o n  o f  mat r i x  or  continuum 
permeab i l i t y  f o r  d i s c r e t e  f r a c t u r e  permeab i l i t y  
i n  t h e  s imulat ion o f  complex f r a c t u r e  systems 
requ i res  a r a d i c a l l y .  d i f f e r e n t  treatment o f  
t r a n s p o r t  i n  the mat r ix .  - 'The s p a t i a l  
d , is t r ib .u t ion o f  pressure i s  reasonably we1 1 
described- by i n c l u s i o n  o f  on ly  t h e  major 
f r a c t u r e s .  Transport o f  t r a c e r  and heat, 
however, depends on a d e t a i l e d  knowledge o f  
f l u i d  v e l o c i t i e s .  Two f a c t o r s  are involved. 
F i r s t ,  the  v e l o c i t i e s  are dependent on the  
a c t i v e  p o r o s i t y  o f  the  system. Because 
f r a c t u r e s  channel f low,  the  a c t i v e  p o r o s i t y  may 
be much smal ler  than t h e  t o t a l  p o r o s i t y  o f  the 
sys tem . Secondly, the  d i s t r i b u t i o n  o f  
ve l  o c i  ti es i s general 1 y no t  normal 1 y 
d i s t r i b u t e d  prec lud ing the  use o f  a Gaussian 
d i  sp,ersion model. Character izat ion o f  the  
a c t i v e  p o r o s i t y  and v e l o c i t y  d i s t r i b u t i o n  are 
necessary t o  q u a n t i f y  t r a c e r  and heat movement. 

'INTRODUCTION 

Simulat ion o f  f r a c t u r e d  geothermal r e s e r v o i r s  
i s  f requent ly  accomplished by using a continuum 
approach t o  represent  d isc re te  f r a c t u r e  
permeab i l i t y .  Th is  r e s u l t s  i n  a saving o f  
computer resources and permi ts  the s imu la t ion  
o f  large,  complex f r a c t u r e  systems. The 
s u b s t i t u t i o n  o f  a continuum t o  represent 
f r a c t u r e  permeabi 1 i t y  involve$ ' a number o f  
assumptions which must be evaluated. 
Development o f  continuum proper t ies  f o r  
representat ion o f  d i s c r e t e  f r a c t u r e  systems i s  
an area o f  a c t i v e  research [Clemo, 1986; 
Dershowitz, 1984; Endo e t  a l . ,  1984; Long and 
W i  therspoon, 1985; and Schwartz and Smith, 
1983). 

The more i n t e r s e c t i o n s  between f rac tu res  i n  a 
f r a c t u r e  network, t h e  more the  system i s  l i k e l y  
t o  behave as a porous medium [Long and 
W i  therspoon, 1985). On a l a r g e  scale 
( r e s e r v o i r  sca le)  an equiva lent  steady-state 
hydrau l i c  response can be obtained by us ing an 
appropr ia te hydrau l i c  conduct iv i t y .  Transport 
depends on a d e t a i l e d  knowledge o f  f l u i d  
v e l o c i t i e s ,  no t  j u s t  f luxes .  As a r e s u l t ,  the  

.pore  volume o f  t h e  system involved i n  the  
movement o f  water must be w e l l  characterized. 

One method o f  t r e a t i n g  t r a n s p o r t  i s  through the 
development o f  an a c t i v e  poros i ty .  The a c t i v e  
p o r o s i t y  can be much less  than the t o t a l  
p o r o s i t y  o f  t h e  system due t o  f r a c t u r e  
o r i e n t a t i o n  and pre fer red  f l o w  paths [Endo e t  
a l . ,  19841. 

. A  . second concern i s  t h e  d i s t r i b u t i o n  o f  f l o w  
v e l o c i t i e s  ' i n  the  ' system.' . A Gaussian 
d ispers ion model, which i s  the common approach 
used i n  equ iva len t  continuum models, i s  based 
on the  assumption o f  many paths through the 
system. So many paths, i n  f a c t ,  t h a t  the 
cent ra l  1 i m i  t theorem i s  Val i d  and residence 
times are normal ly  d i s t r i b u t e d .  I n  a f r a c t u r e  
network, t h e  number o f  d i s c r e t e  paths may be 
small enough t h a t  there i s  a c o r r e l a t i o n  i n  the 
v e l o c i t y  o f  a t r a c e r  s l u g  over la rge  
distances. Th is  c o r r e l a t i o n  r e s u l t s  i n  a 
skewed d i s t r i b u t i o n  o f  v e l o c i t i e s  and 
consequently residence times' [Smith and 
Schwartz, 1983). 

A computer model has been developed a t  the 
Idaho Nat ional  Engineering Laboratory t h a t  
permits t h e  s imu la t ion  o f  hydrau l i c  systems 
cons is t ing  o f  both d i s c r e t e  f r a c t u r e  
permeabi 1 i t y  and m a t r i x  permeabi 1 it). This  
dual -permeabi 1 i t y  model was used t o  study the 
e f f e c t s  o f  rep lac ing  f r a c t u r e  permeab i l j t y  w i t h  
a cont inuum. representat ion.  The 
dual -permeabi l i ty  approach i s  un iquely  
q u a l i f i e d  f o r  t h i s  type o f  study because the 
replacement c a n .  be performed gradua l ly  so t h a t  
the cumulative e f f e c t s  o f  rep lac ing  f r a c t u r e  
Permeabi l i ty .  w i t h  continuum permeab i l i t y  can be 
evaluated. Th is  paper i l l u s t r a t e s  the e f f e c t s  
o f  rep lac ing  d i s c r e t e  f r a c t u r e  permeabi l i ty  
w i t h  m a t r i x  permeabi 1 i t y  on s p a t i  a1 pressure 
d i s t r i b u t i o n  and t r a c e r  and heat t ranspor t .  

CODE DESCRIPTION 

The study was conducted us ing the Fractured 
Media - Advanced Continuous Simulation Language 
(FRACSL) code developed a t  the  Idaho Nat ional  
Engineering Laboratory [ M i  11 er ,  1983; C1 emo and 
H u l l ,  19861. The code simulates f l u i d  f l o w  and 
sol Ute and heat  t ranspor t  i n  two-dimensional 
reservo i rs  cons is t ing  o f  permeable mat r ix  
blocks and d isc re te ,  p a r a l l e l  s ided f rac tu res .  
Transport processes i n c l  uded are advection, 
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d i f f u s i o n ,  dispersion, d i f f u s i o n  between 
f r a c t u r e s  and t h e  surrounding mat r ix ,  and 
advection between f rac tu res  and the  surrounding 
mat r ix .  The reservo i r  i s  def ined w i t h i n  a 
rectangular ,  f i n i t e  d i f fe rence g r i d  o f  u n i t  
thickness. Fractures connect any two adjacent  
nodes, v e r t i c a l l y ,  h o r i z o n t a l l y ,  o r  d iagona l ly  
w i t h  a maximum o f  e i g h t  f r a c t u r e s  converging a t  
a node. Fractures can have any c o n f i g u r a t i o n  
o f  length,  angle, and te rmina t ion  const ra ined 
on ly  by the  cond i t ion  t h a t  t h e  . f r a c t u r e  
connects two adjacent nodes o f  t h e  f i n i t e  
d i f f e r e n c e  g r i d .  Aperture i s  constant between 
nodes, bu t  can change f o r  t h e  cont inuat ion  of 
the  same f r a c t u r e  between t h e  nex t  s e t  o f  
nodes. Boundary cond i t ion  opt ions inc lude 
f i x e d  f l o w  rate,  f i x e d  . pressure, o r  f i x e d  
c o n d u c t i v i t y  t o  a constant head boundary. 

Heat t ranspor t  oapabi 1 i t i e s  are c u r r e n t l y  
somewhat s i m p l i f i e d .  Heat t r a n s p o r t  by 
conduction and advection are computed, b u t  
there  i s  ' n o  coupl ing t o  t h e  f l o w  s o l u t i o n .  
Also, a l l  boundaries are considered t o  be 
p e r f e c t  insu la to rs .  

SYSTEM DESCRIPTIONS 

To study t h e  e f f e c t s  o f  us ing a continuum t o  
represent  f rac tu res , .  a ser ies  o f  s imu la t ions  
was conducted o f  a f r a c t u r e d  geothermal 
reservo i r .  The base system consis ted o f  a 
f r a c t u r e  system connecting an i n j e c t i o n  w e l l  

' and a production w e l l  (F igure 1) .  Add i t iona l  
s imulat ions were made o f  mod i f i ca t ions  o f  t h i s  
base system where some o f  t h e  f r a c t u r e s  were 
removed and the permeab i l i t y  o f  t h e  m a t r i x  
increased t o  compensate f o r  t h e  loss o f  
f r a c t u r e  permeabi l i ty .  Steady-state pressure 
d i s t r i b u t i o n s  and t r a c e r  breakthrough curves 
were ca lcu la ted  f o r  each o f  the  systems. 

rc . 

m 

- 
7-1814 

a. System 5, F u l l  Fracture Network 

F igure  1. Conceptual model o f -  a geothermal 
r e s e r v o i r  used ' i n  s imulat ions t o  evaluate the 
e f f e c t  o f  rep1 a c i  ng d i s c r e t e  f r a c t u r e  
permeab i l i t y  w i t h  m a t r i x  permeabi l i ty .  

The base system cons is ts  o f  an i n j e c t i o n  and a 
product ion w e l l  i n  a r e s e r v o i r  1200 m long and 
90 m h igh (F igure 1). The s imu la t ion  i s  
two-dimensional and a s l i c e  o f  u n i t  th ickness 
through the r e s e r v o i r  assumed. F1 u i  d 

' p r o p e r t i e s  used were those f o r  water a t  
175OC. Six  v a r i a t i o n s  were simulated. The 
base system i s  a f r a c t u r e  network c o n s i s t i n g  o f  
22 f ractures.  Three a d d i t i o n a l  f r a c t u r e  
networks were der ived from the  base system by 
removing f rac tu res  from t h e  system, s t a r t i n g  
w i t h  t h e  smal lest  f rac tu res .  Th is  created four  
f r a c t u r e  systems o f  d i f f e r i n g  complexity. A 
f i f t h  system was created which cons is ts  

'4 

. .  
7-1 61 3 

b. System 2., No Fracture Connections ' 

F igure 2. Steady-state pressure d i s t r i b u t i o n s  f o r  dual -permeabi 1 i t y  f r a c t u r e  networks. The networks 
are shown as dark l i n e s  on the g r i d  represent ing t h e  pressure d i s t r i b u t i o n .  
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Tab1 e 1. Summary o f  charac ter i  s t i  cs of the s i x  dual -permeabi 1 i t y  systems simulated. 

Number of Connecting Hydraul ic  I n t r i n s i c  Act ive Pore 
System Descr ip t ion  Fractures Paths Conduct iv i t y  Permeabi 1 i t y  Volume 

(m/day) (darcy) ( X )  

1 Matr ix  on ly  0 0 7.9 1.62 108 

2 No f r a c t u r e  connection 5 0 0.78 0.16 78 
between we1 1 s 

3 One cross connection 10 4 0.42 0.086 36 
between we1 1 s 

4 Several connections . 14 12 0.18 0.037 44 
between we1 1 s 

5 F u l l  network 22 , 21 0.009 0.002 40 

6 Single f r a c t u r e  1 1 0.009 0.002 16 

e n t i r e l y  o f  porous matr ix .  The s i x t h  and f i n a l  
system i s  a s i n g l e  f r a c t u r e  connecting the  
i n j e c t i o n  and product ion wel ls .  

System 5.  was def ined as t h e  base case and the  
o ther  systems 'were der ived from System 5. 
Table 1. shows the c h a r a c t e r i s t i c s  o f  the  s i x  
systems. A l l  the  systems have the  same 
e f f e c t i v e  hydrau l i c  conduct iv i t y .  For the same 
steady-state i n j e c t i o n  and product ion rates, 
t h e  pressure d i f fe rence between i n j e c t i o n  and 
product ion w e l l s  i s  i d e n t i c a l .  This i s  
accompl i shed by i ncreasi ng m a t r i x  permeabi 1 i t y  
as f r a c t u r e s  are removed from t h e  system. For 
System 6, the  .matrix permeab i l i t y  was s e t  equal 
t o  t h a t  f o r  System 5 and. t h e  aper ture o f  t h e  
s i n g l e  f r a c t u r e  adJusted . u n t i l  the pressure 
d i f f e r e n c e  matched t h a t  o f  System 5. 

The p o r o s i t y  o f  the f r a c t u r e  system, ca lcu lated 
by d i v i d i n g  the  volume o f  f r a c t u r e s  i n  System 5 
by the t o t a l  volume o f  t h e  reservo i r ,  i s  

' Therefore, t h e  m a t r i x  p o r o s i t y  o f  the  
s i x  systems was s e t  t o  lom4 t o  mimic t h a t  o f  
t h e  f r a c t u r e  system. .. T h i s  small m a t r i x  
p o r o s i t y  was used so t h a t  t h e  m a t r i x  f l o w  r a t e s  
would be s i m i l a r  t o  f l o w  r a t e s  i n  the f r a c t u r e  
system. One consequence o f  t h i s  very small 
m a t r i x  p o r o s i t y  i s  t h a t  d i f f u s i o n  o f  t r a c e r  
i n t o  the m a t r i x  i s  e s s e n t i a l l y  prevented f o r  
t ime scales o f  i n t e r e s t  i n  t h i s  study. Tracers 
can, however, be c a r r i e d  i n t o  the mat r ix  by 
advection f o r  the systems w i t h  s i g n i f i c a n t  
m a t r i x  permeabi l i ty .  

The a c t i v e  pore volume shown i n  Table 1 i s  the  
r a t i o  o f  pore volume c a l c u l a t e d  from t r a c e r  
breakthrough t o  t o t a l  system pore volume. 
Tracer breakthrough pore volume i s  ca lcu la ted  
from the volume o f  f l u i d  which had been pumped 
a t  the  t ime 50% o f  an i n j e c t e d  t r a c e r  pulse had 
been recovered. For t h e  s i n g l e  f r a c t u r e  
representat ion of t h e  r e s e r v o i r ,  on ly  a very 

small volume o f  t h e  system i s  a c t i v e l y  invo lved 
i n  s o l u t e  t ranspor t .  For t h e  porous m a t r i x  
representat ion,  t h e  a c t i v e  pore volume i s  
somewhat greater  than 100% due t o  residence 
t ime i n  the i n j e c t i o n  and product ion 
wellbores. The var ious  f r a c t u r e  systems have 
an in termediate va lue f o r  a c t i v e  poros i ty .  

SIMULATION RESULTS 

Simulations f o r  each o f  t h e  . s i x  systems 
prov ided steady-state pressure d i s t r i b u t i o n ,  
t r a c e r  breakthrough, and s p a t i a l  d i s t r i b u t i o n  
o f  t h e  t r a c e r '  f r o n t .  

Pressure D i s t r i b u t i o n  

The steady-state pressure d i s t r i b u t i o n  f o r  
Systems 1 and 6 showed a uniform, fea ture less  
pressure dec l ine  from t h e  i n j e c t i o n  we l l  t o  t h e  
product ion we1 1 . The f r a c t u r e  networks, 
however, showed s p a t i  a1 v a r i a t i o n s  i n  pressure 
due t o  t h e  d i s t r i b u t i o n  o f  f r a c t u r e s  (F igure  
2). The s p a t i a l  v a r i a t i o n s  i n  pressure are 
very s i m i l a r  f o r  a l l  o f  the f r a c t u r e  networks. 
This  ind ica tes  t h a t  o n l y  the la rges t ,  most 
s i g n i f i c a n t  f r a c t u r e s  need be inc luded i n  a 
s imu la t ion  t o  o b t a i n  a reasonable estimate of 
s p a t i a l  pressure d i s t r i b u t i o n .  As a r e s u l t ,  
the  general d i s t r i b u t i o n  o f  f l o w  i n  the  systems 
should be f a i r l y  s i m i l a r .  Th is  s i m i l a r i t y  . 
requi  r e s  rep1 a c i  ng the  smal l e s t  f r a c t u r e s  w i t h  
mat r ix  and e x p l i c i t l y  s imulat ing the  l a r g e r  
f ractures.  The more dominant e f f e c t s  o f  t h e  
major f rac tu res  must be retained. 

Tracer Transport 

The method of represent ing permeabi 1 i t y  has a 
subs tan t ia l  e f fec t  on t r a c e r  t ranspor t .  F igure 
3 shows t r a c e r  breakthrough f o r  Systems 1, 5, 
and 6. fo r  t h e  s i n g l e  f r a c t u r e ,  a l l  f l u i d  
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-Syste'ml ' ------ System 5 -.- System 5 

moves along a s i n g l e  path which encompasses a 
very small volume o f  the  reservo i r .  As a 
r e s u l t ,  t racer  breakthrough occurs r a p i d l y  and 
i s  d i s t r i b u t e d  over a very sho r t  t ime 
i n t e r v a l .  On the o the r  hand, the  e n t i r e  volume 
o f  the  reservo i r  i s  swept by the  t r a c e r  when a 
porous matr ix  representat ion i s  used. Thus the 
a c t i v e  poros i ty  i s  a maximum, and the a r r i v a l  
o f  the  t racer  takes the  longest time. Because 
f l o w  i s  un i formly d i s t r i b u t e d  over the  
reservo i r ,  the d i s t r i b u t i o n  o f  a r r i v a l  t imes i s  
very c lustered, and the  breakthrough curve i s  
f a i r l y  steep. 

For the  f racture network, an in termediate 
breakthrough curve i s  obtained; Some t r a c e r  
a r r i v e s  f a i r l y  r a p i d l y ,  moving along the  most 
d i r e c t  . d i s c r e t e  f r a c t u r e  pathway. Other t racer  
moves along less d i r e c t  pathways and takes a 

. longer  time t o  a r r i v e  a t  the  product ion wel l .  
Because o f  the wide d i s t r i b u t i o n  o f  f l o w  ra tes  
i n  the  many f r a c t u r e  f l o w  paths, the  
d i s t r i b u t i o n  o f  t r a c e r  a r r i v a l  t imes i s  very 

. broad. . Thus, s imply using a m a t r i x  w i t h  a 
smal l  . p o r o s i t y .  t o  represent f r a c t u r e s  can 
d i  s t a r t  the shape o f  the  breakthrough curve. 

Breakthrough curves are more s i m i l a r  f o r  the  
th ree  systems where a f r a c t u r e  connection 
between the i n j e c t i o n  and product ion w e l l s  was 
r e t a i n e d  (Figure 4). Small d i f f e rences  e x i s t  
due t o  the number o f  connecting paths and the 
rep1 acement o f  d i s c r e t e  f r a c t u r e  pathways w i t h  
permeable matrix. The general shape o f  the  
breakthrough curves i s  s i m i l a r  because most o f  
t h e  t r a c e r  s t i l l  t r a v e l s  through the  f r a c t u r e  
system. The t a i l  on the  breakthrough curves 
fo r  Systems 3 and 4, however, i s  much longer 
than the  t a i l  f o r  System 5. This i s  because 
s i g n i f i c a n t  matr ix  pe rmeab i l i t y  i n  Systems 3 
and 4 r e s u l t s  i n  t r a c e r  enter ing the  matr ix .  
Even though the m a t r i x  po ros i t y  i s  
t h e r e  i s  a s i g n i f i c a n t  increase i n  the  
residence time o f  t r a c e r  i n  the reservo i r .  

The increase i n  a c t i v e  po ros i t y  i s  shown by 
comparison o f  Figures 5a and 5b. These f i g u r e s  
show the  spat ia l  d i s t r i b u t i o n  o f  t r a c e r  .10 
days i n t o  the i n j e c t i o n  tes t .  For System 5 
(F igure 5a), the t r a c e r  has remained i n  the 
f r a c t u r e s  and the m a t r i x  does no t  p a r t i c i p a t e  
i n  the  movement o f  t r a c e r .  Figure 5b shows the 
d i s t r i b u t i o n  o f  t r a c e r ' f o r  System 3 ,  which has 
s i g n i f i c a n t  matr ix  p e r ~ e a b i l i t y  r e l a t i v e  t o  
System 5. I n  t h i s  case, t racer  moves f r o m  the 
f rac tu res  through the  matr ix .  Th is  ma t r i x  
increases the residence t ime o f  the t r a c e r  t h a t  
t r a v e l s  by these paths'. 

The e f f e c t  o f  f r a c t u r e s  on channeling flow 
through the system can be seen i n  F igure 5b. 
Tracer i s  not  un i fo rm ly  d i s t r i b u t e d  throughout 
the  matr ix ,  but  i s  conf ined t o  ma t r i x  i n  a f e w  
areas between f rac tu res .  The r a t e  o f  t r a c e r  
~ovement  i s  no t  dependent on the  pore vo~ume o f  
the  e n t i r e  reservo i r ,  b u t  on the p o r o s i t y  of a 
f r a c t i o n  o f  the r e s e r v o i r .  This f r a c t i o n  o f  
the  r e s e r v o i r  which i s  a c t i v e l y  invo lved i n  the  
t r a n s p o r t  o f  t racer  i s  the a c t i v e  poros i ty .  

Time (days) 
7.161 1 

Figure 3.  Tracer breakthrough curves f o r  t h e  
s i n g l e  f rac tu re ,  f u l l  f r a c t u r e  network, and the  
porous matr ix  representat ion of the geothermal 
rese rvo i r .  Recovery o f  1000 p a r t i c l e s  i n j e c t e d  
as a pulse. 
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Figure 4. Tracer breakthrough curves f o r  t h r e e  
f r a c t u r e  networks which r e t a i n  a d i s c r e t e  
f r a c t u r e  connection between the i n j e c t i o n  and 
product ion w e l l s  but  which have d i f f e r e n t  
numbers o f  f rac tu res  and matr ix  conduc t i v i t y .  

The a c t i v e  po ros i t y  f o r  t h i s  r e s e r v o i r  i s  on 
the  :order o f  40% f o r  t racer  t ranspor t  (Table 
1). 

When f r a c t u r e  permeabi 1 i t y  was replaced w i t h  
m a t r i x  permeab i~ i ty ,  the  a c t i v e  p o r o s i t y  o f  
t h a t  p a r t  o f  the system was increased. Based 
on the  r e s u l t s  f r o m  System 6, a Sing le f r a c t u r e  
has an a c t i v e  p o r o s i t y  0.16 times the  t o t a l  
p o r o s i t y .  As most matr ix  blocks represent  
replacement o f  a s i n g l e  f rac tu re ,  us ing  a 
m a t r i x  p o r o s i t y  o f  1.0~10-4 may overest imate 
the  a c t i v e  p o r o s i t y  by a factor  o f  6.25. 
System * 8 was resimulated using a va lue o f  
0.16X10' f o r  the matr ix  . po ros i t y  t o  
determine i f  the a c t i v e  po ros i t y  d i d  a b e t t e r  
j o b  o f  emulating the  f u l l  network. The a c t i v e  
p o r o s i t y  f o r  the e n t i r e  reservo i r ,  based on 
Systems 3,  4, and 5, i s  onsthe order o f  40%. 
System 1 was resimulated using a p o r o s i t y  o f  
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0.4X10'4 to match the active porosity of the 
fracture networks. 

Figure 6 shows the effects of using the active 
porosity to simulate transport in the matrix 
rather than the total porosity. Using an 
active porosity of 0.16X10'4 in System 2 
resulted in a significant improvement in 
matching the response o f  the fu1.l fracture 
network. Using an active porosity'for the full 
matrix representation improved the match to the 
mean arrival time, but the breakthrough curve 
has the wrong shape. Critical information on 
the distribution of flow velocities I s  lost 
when all the fracture permeablitity is replaced 

with matrix permeabi 1 i ty. When the major 
fractures are explicitly considered, sufficient 
i~formation on the flow system remains to 
achieve a good match between the full fracture 
system ana a system where most of the fracture 
permeability has been replaced with matrix 
permeabi 1 i ty. 

Thermal Response 

As used for these simulations, the code does 
not take into account the effects of density 
.differences between fluids. Simp1 e 
calculations indicate that density differences 
can induce presure differences as large or 

Horizontal distance (m) 
7.1815 

a. System 5 

~ ~ r i z ~ n t a l  distance (m) 

b. System 3 
7.1818 

Figure 5. Spatial distribution of tracer remaining in the reservoir after 10 days. 
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1. arger than those devel oped f o r  f 1 ow a1 one. 
Therefore, the  r e s u l t s  presented here are more 
app l icab le  t o  the  phenomenon o f  heat conduction 
from f rac tu res  t o  m a t r i x  than f o r  r e s e r v o i r  
sca le  t ranspor t .  . 

---- Tracer 
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I 
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The t ime requi red f o r  t h e  system t o  respond 
thermal ly  i s  much grea ter  than the  t ime 
requ i red  f o r  the system t o  respond t o  t r a c e r  
i n j e c t i o n  (Figure 7) .  Th is  d i f fe rence i s  
a t t r i b u t a b l e  t o  two d i f fe rences  between t r a c e r  
and heat. D i f f u s i o n  o f  t r a c e r  i n t o  t h e  m a t r i x  
i s  dependent on the  open p o r o s i t y  o f  the  t h e  
m a t r i x  and the d i f f u s i o n  c o e f f i c i e n t  o f  t h e  
t racer .  Both these numbers are. r e l a t i v e l y  
small .  The d i f f u s i o n  o f  heat  i n t o  the  m a t r i x  
(conduction) i s  dependent on t h e  heat capac i ty  
o f  the  mat r ix  and the  thermal d i f f u s i v i t y  o f  
t h e  rock. These numbers combine t o  g i v e  a 
d i f f e r e n c e  between t r a c e r  d i f f u s i o n  and thermal 
conduction on the  order o f  three orders o f  
magnitude. 

F igure 8 shows the  p o s i t i o n  o f  the  thermal 
f r o n t  i n  the r e s e r v o i r  2000 days a f t e r  
i n j e c t i o n  began. The l a r g e  d i f f e r e n c e  between 
t h e  advance o f  t h e  thermal and t r a c e r  f r o n t s  
can be seen by comparing F igures 5a and 8. On 
one hand, there i s  much more i n t e r a c t i o n  
between the f r a c t u r e s  and m a t r i x  w i t h  t h e  
m a t r i x  around the f r a c t u r e s  coo l ing  o f f .  Thus 
t h e  mat r ix  immediately surrounding t h e  
f r a c t u r e s  i s  more invo lved i n  advance o f  t h e  
thermal f r o n t  than o f  the  t r a c e r  f r o n t .  On t h e  
o ther  hand, the  thermal f r o n t  genera l l y  f o l l o w s  
t h e  a c t i v e  f ractures,  r a t h e r  t h a t  sweeping t h e  
heat  from the e n t i r e  r e s e r v o i r .  Thus, t h e  
in fo rmat ion  on a c t i v e  p o r o s i t y  w i l l  p rov ide a t  
l e a s t  q u a l i t a t i v e  in fo rmat ion  on the  a c t i v e  
p o r o s i t y  o f  the system f o r  p r e d i c t i o n  o f  
thermal breakthrough. 

For the  porous m a t r i x  representat ion o f  t h e  
reservo i r ,  the thermal f r o n t  moves very s lowly  
across the  reservo i r  e x t r a c t i n g  heat from t h e  
e n t i r e  volume o f  the r e s e r v i o r .  The porous 
media approach t o  p r e d i c t i o n  o f  o f  thermal 
breakthrough would g r e a t l y  overestimate t h e  
breakthrough time. 

CONCLUSIONS 

Simulations were conducted o f  s i x  
representat ions o f  a geothermal reservo i r .  The 
systems d i f f e r e d  w i t h  respect  t o  the  number o f  
f rac tu res ,  the c o n n e c t i v i t y  o f  the f r a c t u r e  
system, and the  permeab i l i t y  o f  t h e  m a t r i x  
mater ia l .  Steady-state pressure response and 
t r a c e r  breakthrough were ca lcu la ted  f o r  each of 
t h e  systems. Very good agreement was obta ined 
between dual -permeabi 1 i t y  representat ions o f  
t h e  f r a c t u r e  network and t h e  network i t s e l f  
when a c t i v e  p o r o s i t y  was used i n  the  m a t r i x  
elements and the most s i g n i f i c a n t  d i s c r e t e  
f ractures were e x p l i c i t l y  simulated. 

15001 I I 1 
System 5,normd porosity 

System 2, reduced porosity 

a" ":I OO 
20 40 

Time (days) 
7.1809 

Figure 6. E f f e c t  on t racer  breakthrough o f  
. a d j u s t i n g  mat r ix  p o r o s i t y  t o  match a c t i v e  

p o r o s i t y  est imates. 

2 I I I - Temperature 

Time (days) 

7.1 608 

Figure 7. Comparison o f  t r a c e r  and' thermal 
breakthrough f o r  System 6, a s i n g l e  f r a c t u r e  
connecting t h e  i n j e c t i o n  and product ion we1 1s. 

Thermal response o f  the s i n g l e  f r a c t u r e ,  the  
complete f r a c t u r e  system, and t h e  porous medium 
systems showed t h a t  the a c t i v e  p o r o s i t y  concept 
i s  a l s o  important f o r  heat  t ranspor t .  
Conduction o f  heat away from the  f r a c t u r e s  
r e s u l t s  i n  a greater  volume o f  the  r e s e r v o i r  
p a r t i c i p a t i n g  i n  heat t r a n s f e r  than i n  t r a c e r  
t ranspor t .  However, the e f f e c t s  o f  channel i ng 
along t h e  major f r a c t u r e  pathways was s t i l l  
evident. 
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Figure  8. Spat ia l  d i s t r i b u t i o n  o f  the  coo l ing  f r o n t  i n  the  geothermal r e s e r v o i r  2000 days a f t e r  the  
beginning o f  i n j e c t i o n .  
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