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A B S T R A C T  

The model proposed has  been developed  t o  
s t u d y  t h e  f low of t r a c e r s  through naturally frac- 
t u r e d  geothermal  r e s e r v o i r s .  The r e s e r v o i r  i s  
t r e a t e d  a s  be ing  composed of two regions: a mobil 
r e g i o n  where d i f f u s i o n  and convection take place 
a n d  a s t a g n a n t  or immobile r e g i o n  where o n l y  
d i f f u s i o n  a n d  a d s o r p t i o n  a r e  a l lowed.  

S o l u t i o n s  t o  t h e  b a s i c  e q u a t i o n s  i n  t h e  
Laplace  space  were d e r i v e d  f o r  t r a c e r  injection 
a n d  were n u m e r i c a l l y  i n v e r t e d  using the Stehfest 
a l g o r i t h m .  Eventhough numerical  d i s p e r s i o n  i s  
p r e s e n t  i n  t h e s e  s o l u t i o n s ,  s t a r t i n g  a t  moderate 
d i m e n s i o n l e s s  t ime v a l u e s ,  a def ini te  t r e n d  was 
found as  t o  i n f e r  t h e  b e h a v i o r  of t h e  system 
under  d i f f e r e n t  f low c o n d i t i o n s .  For practical 
purpouses, i t  was found t h a t  t h e  s i z e  of the ma- 
t r i x  b l o c k s  does n o t  seem t o  a f f e c t  t h e  tracer 
c o n c e n t r a t i o n  r e s p o n s e  and t h e  s o l u t i o n  became 
e q u i v a l e n t  t o  t h a t  p r e v i o u s l y  p r e s e n t e d b y  Tang 
-- e t  a l .  Under t h e s e  c o n d i t i o n s ,  t h e  behavior  of 
the system can be d e s c r i b e d  by two dimensionless 
p a r a m e t e r s :  t h e  P e c l e t  number f o r  t h e  fractures, 
Pel , and  a parameter a (a = 5 ", ) ,  where 5 i s  
5 = @ e  D e / v ( w - 6 )  a n d  Pep i s  t h e  P e c l e t  number 
f o r  t h e  m a t r i x .  T r a c e r  r e s p o n s e  f o r  s p i k e  in- 
j e c t i o n  was a l s o  d e r i v e d  i n  t h i s  w o r k .  A l im- 
i t i n g  a n a l y t i c a l  s o l u t i o n  was found for  the case 
of a approaching  z e r o  and a g iven  Pel, which 
c o r r e s p o n d s  t o  t h e  c a s e  of  a homogeneous sys- 

tem. I t  i s  shown t h a t  t h i s  l i m i t i n g  s o l u t i o n  
i s  v a l i d  f o r  a < IO-'. For t h e  c a s e  of  cont i ;  
uous i n j e c t i o n  t h i s  s o l u t i o n  r e d u c e s  t o  t h a t  
p r e v i o u s l y  p r e s e n t e d  by Coats  and Smith.  For  
t h e  s p i k e  s o l u t i o n  i t  was found t h a t  the break- 
t h r o u g h  t ime f o r  maximum t r a c e r  c o n c e n t r a t i o n  
i s  d i r e c t l y  r e l a t e d  t o  t h e  d i m e n s i o n l e s s  group J g + x b p ~ 1 i - 3 .  T h e r e f o r e  i t  i s  p o s s i b l e  t o  obtain 

t h e  v a l u e  o f  Pel or X D .  A s e t  of graphs  of d i  
Pe I 

kut6noma de Mexico 

m e n s i o n l e s s  c o n c e n t r a t i o n  i n  t h e  f r a c t u r e  vs. 
d i m e n s i o n l e s s  t ime f o r  t r a c e r  r e s p o n s e  were 
deve loped .  I t  was found t h a t  i f  Pel i s  he ld  
c o n s t a n t  w h i l e  a i s  changing ,  t h e  l i m i t i n g s o -  
l u t i o n  becomes a l i m i t i n g  c u r v e  f o r  a f a m i l y  
of c u r v e s  in a p l o t  of C D  vs tD.  I n  t h i s  graph 

Pel 
e v o l v e s .  I t  was a l s o  found t h a t  t h e  break-  
through t ime f o r  a g i v e n  c o n c e n t r a t i o n  i s  a 
s t r o n g  f u n c t i o n  of  a .  

f i x e s  t h e  range  i n  which the family of curves 

INTRODUCTION 

R e i n j e c t i o n  of s e p a r a t e d  h o t  b r i n e  back 
i n t o  t h e  geothermal  r e s e r v o i r  can be considered 
a s  a promising r e s e r v o i r  p r e s s u r e  main tenance  
t e c h n i q u e .  In a d d i t i o n  t o  t h i s ,  secondary  
h e a t  mininy from t h e  r e s e r v o i r  seems t o  be de- 
s i r a b l e .  However, s e v e r a l  f i e l d  e x p e r i e n c e s  
i n  t h e  p a s t  y e a r s  i n d i c a t e  t h a t  u n l e s s  careful 
a n d  d e t a i l l e d  s t u d i e s  on t h e  s e l e c t i o n  o f  t h e  
r e i n j e c t i o n -  p r o d u c t i o n  p a t  t e r n  are  made, adverse 
e f f e c t s  such a s  e a r l y  thermal  breakthrough c a n  
r e s u l t  (Horne,  1 9 8 2 ) .  T h e r e f o r e ,  b e f o r e  a 
r e i n j e c t i o n  p r o j e c t  could  be implemented, a 
p r o p e r  r e s e r v o i r  c h a r a c t e r i z a t i o n  should  be 
g iven  a major  r o l e  i n  d e s i g n i n g  t h e  p r o j e c t .  

G e o t h e rma 1 r e  s e r v o  i r s a r e  hi ghl y-f rac tured , 
complex s y s t e m s ,  which r e q u i r e  t h e  use  of  so -  
p h i s t i c a t e d  t e c h n i q u e s  i n  o r d e r  t o  be properly 
c h a r a c t e r i z e d .  In a d d i t i o n  t o  well t e s t i n g ,  
t r a c e r  f low i n t e r p r e t a t i o n  t e c h n i q u e s  provide  
t h e  means t o  o b t a i n  b a s i c  r e s e r v o i r  parameters, 
a s  wel l  as  t h e  c o n n e c t i v i t y  between s e v e r a l  re 
g i o n s  of  t h e  r e s e r v o i r  and a good estimation of 

t r a n s i t  t i m e s  of  i n j e c t e d  f l u i d s .  Most i n t e r  
p r e t a t i o n  models p u b l i s h e d  t o  d e s c r i b e  t r a c e r  
f low through both a q u i f e r s  a n d  o i l  r e s e r v o i r s  
cannot  be d i r e c t l y  a p p l i e d  t o  geothermal  reser- 
v o i r s ,  because  they  t r e a t  t h e  f low system a s  
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a h o m o g e n e o u s  p o r o u s  med ium,  w h i c h  d o e s  n o t  
c o r r e s p o n d  t o  t h e  c a s e  o f  most geothermal f i e l d s .  
M o s t  o f  t h e  m o d e l s  f o r  g e o t h e r m a l  r e s e r v o i r s  

p u b l i s h e d  t o  d a t e  p r o v i d e  o n l y  q u a l i t a t i v e  e? 
t i m a t i o n  o f  r e s e r v o i r  p a r a m e t e r s  (Fossum,1983, 

T e s t e r  e t  a l ,  1 9 8 2 ,  J e n s e n ,  1 9 8 3 )  a n d  o n l y  a 

f e w  o f  t h e m  a l l o w  q u a n t i t a t i v e  d e t e r m i n a t i o n  
o f  t h e s e  p a r a m e t e r s  ( W a l k u p  a n d  H o r n e ,  1 9 8 5 ,  

T a n g  e t  a l . ,  1 9 8 1 ) .  

I n  t h i s  s t u d y  a f r a c t u r e d ,  two f l o w  r e g i o n  
m o d e l  was  d e v e l o p e d  t o  q u a n t i t a t i v e l y  determine 

b a s i c  g e o t h e r m a l  r e s e r v o i r  p a r a m e t e r s  f r o m  
t r a c e r  r e t u r n  c u r v e s .  T h i s  m o d e l  t a k e s  i n t o  

a c c o u n t  t h e  m a i n  mass t r a n s p o r t  m e c h -  
a n i s m s  t h a t  t a k e  p l a c e  i n  t h e  r e s e r v o i r  when  

a t r a c e r  i s  f l o w i n g  u n d e r  a c t u a l  r e s e r v o i r  
c o n d i t i o n s .  I n  s p i t e  o f  t h i s ,  t h e  m o d e l  c a n  

s t i l l  b e  c o n s i d e r e d  a s  s i m p l e r  t h a n  o t h e r  p u b  
l i s h e d  m o d e l s  ( W a l k u p  a n d  H o r n e ,  1 9 8 5 ) ,  s i n c e  

i t  r e q u i r e s  o n l y  o n e  n u m e r i c a l  i n v e r s i o n  i n  

o r d e r  t o  b r i n g  t o  r e a l  s p a c e  t h e  a n a l y t i c a l  
s o l u t i o n  f o r  t h e  c o n c e n t r a t i o n  p r o f i l e ,  which 
was w r i t t e n  i n  Lap lace ’s  Space. I t  i s  a l s o  

shown t h a t  u n d e r  c e r t a i n  c o n d i t i o n s ,  t h e  f r a c -  
t u r e d  s y s t e m  c a n  b e  p r o p e r l y  c h a r a c t e r i z e d  b y  
a m i n i m u m  o f  t w o  f i t t i n g  p a r a m e t e r s ,  w h i c h  

c o m p a r e  f a v o r a b l e  w i t h  f o u r  o r  f i v e  f i t t i n g  
p a r a m e t e r s  r e q u i r e d  b y  o t h e r  p u b 1  i s h e d  models. 

MODEL DESCRIPTION 

T h e  m o d e l  p r o p o s e d  i n  t h i s  w o r k  i s  a c t u -  

a l l y  a n  e x t e n s i o n  o f  t h a t  p r e v i o u s l y  p r e s e n t e d  
( R i v e r a  e t  a l . ,  1 9 8 7 )  a t  t h e  E leven th  Workshop on 

Geo t h e rma  1 Res e r  v o  i r E n g  i n e e r  i n g  . D i m ens ion1 ess 

p a r a m e t e r s  w e r e  r e d e f i n e d  i n  o r d e r  t o  s i m p l i f y  
t h e  s o l u t i o n  t o  t h e  m o d e l  a n d  a l s o  t o  e l i m i -  

n a t e  some n u m e r i c a l  d i s p e r s i o n  t h a t  was p r e -  

s e n t  i n  t h e  s o l u t i o n  t o  t h e  f o r m e r  m o d e l .  I n  

t h i s  w o r k  t h e  c h a r a c t e r i s t c  l e n g t h  was t a k e n  
a s  t h e  d i s t a n c e  f r o m  t h e  i n j e c t i o n  p o i n t  t o  
t h a t  i n  w h i c h  t h e  c o n c e n t r a t i o n  p r o f i l e  h a s  

t o  b e  c a l c u l a t e d .  

T h e  p r o p o s e d  m o d e l  i s  s h o w n  i n  F i g .  1. 
T h e  f r a c t u r e d  h e t e r o g e n e o u s  m e d i u m  i s  r e p r e -  

s e n t e d  b y  means  o f  a s y s t e m  o f  e q u a l l y  s p a c e d  
p a r a l l e l  f r a c t u r e s  a l t e r n a t e d w i t h  porous b locks.  
A s  s h o w n  i n  F i g .  1, t h i s  s y s t e m  i s  made of  two 
c o n n e c t e d  r e g i o n s  ; a m o b i l e  r e g i o n  c o n s t i t u t e d  
b y  t h e  f r a c t u r e  i t s e l f  , where d i f f u s i o n  a n d  

c o n v e c t i o n  p r o c e s s e s  a r e  t a k i n g  p l a c e  a n d  a n  

i m m o b i l e  r e g i o n  w h e r e o n l y  d i f f u s i o n  a n d  a d -  
s o r p t i o n  a r e  a1 l o w e d .  C o n n e c t i n g  b o t h  r e g i o n s  
t h e r e  i s  a v e r y  t h i n ,  s t a g n a n t  f l u i d  l a y e r  

o f  t h i c k n e s s  6 ,  w h i c h  a c t s  a s  a r e s i s t a n c e  
t o  mass t r a n s f e r  f r o m  t h e  m o b i l e  r e g i o n  t o  

t h e  i m m o b i l e  o n e .  F o r  a m o r e  d e t a i l e d d e s c r i p -  
t i o n  o f  t h e  m o d e l  t h e  r e a d e r  s h o u l d  r e f e r  e l s e -  
w h e r e  ( R a m F r e z ,  1 0 8 7 :  R i v e r a  e t  ?1., 1987). The 
i d e a  o f  r e p r e s e n t i n g  t h e  f l o w  s y s t e m  b y  means 
o f  t w o  i n t e r c o n n e c t e d  r e g i o n s  h a s  b e e n  u s e d  

i n  t h e  p a s t  by s e v e r a l  a n t h o r s  ( D e a n s ,  1 9 6 3 ,  
W a l k u p  a n d  H o r n e ,  1 9 8 5 ,  M a l o s z e n s k i  a n d  Zuber, 
1 9 8 5 ,  among o t h e r s ) .  

The  g o v e r n i n g  e q u a t i o n s  o f  t h e  m o d e l  a r e  a s  

f 0 1  1 ows : 

a )  F o r  t h e  m o b i l e  r e g i o n :  

= O  i acm $e 5 - -  a2cm 
ax 

v - - X C , - -  Drri- - ax w -  6 ay (w-6) a t  

...( 1) 

b )  F o r  t h e  i m m o b i l e  r e g i o n :  

a z c e  
ace = 0 . - . ( 2 )  De  

p k (  l - @ e T  - - - a t  
l+- $ e  

T h e  m a i n  a s s u m p t i o n s  f o r  d e v e l o p m e n t  o f  t h e  
m o d e l  a r e  t h e  f o l l o w i n g :  a )  no p r o d u c t i o n  b y  

r e a c t i o n  o f  t h e  c h e m i c a l  s p e c i e s  w i t h i n  t h e  

c o n t r o l  v o l u m e ;  b )  c o n t i n u o u s  i n j e c t i o n  o f  
t r a c e r  i n t o  t h e  f r a c t u r e  s y s t e m ;  c )  t r a c e r  

t r a n s p o r t  i n  t h e  f r a c t u r e s  i s  due t o  d i f f u s i o n  
a n d  c o n v e c t i o n ;  d )  t r a c e r  d i s t r i b u t i o n  across 
t h e  f r a c t u r e  w i d t h  c a n  b e  assumed  c o n s t a n t  
d u e  t o  e f f i c i e n t  t r a n s v e r s e  d i f f u s i o n  a n d  
d i s p e r s i o n ;  e )  c o n s t a n t  d e n s i t y ;  f )  i n  t h e  

i m m o b i l e  r e g i o n  o n l y  d i f f u s i o n  i n  t h e  y - d i r e c t i o n  
i s  i m p o r t a n t ;  g ) r e v e r s i b l e  a d s o r p t i o n  w i t h  

a 1 i n e a r  a d s o r p t i o n  i s o t h e r m  i s  t a k i n g  p l a c e .  

I n  d i m e n s i o n l e s s  f o r m ,  e q s .  (1) a n d  ( 2 )  c a n  
b e  e x p r e s s e d  a s  f o l l o w s :  

. . . ( 3 )  

... (4)  R a2CD2 acD2 = YCD2 - - 
‘e2 ~Y’D atD 

--- 
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where: 

" m L  P e l =  - 
Dm 

" m L  P e 2 =  - 
D e  

...( 5)  

. . . ( 6 )  

L A  
y = -  ...( 8) 

"Ill 

The i n i t i a l  and boundary conditions a r e  a s  follows: 

'D2"D' w-6 , tD) = CD1(xD,tD) ... ( 14) 

= o  . . . (15) 

w h e r e :  
cm-ci 

CD1 = - 
co-ci 

ce-ci 
CD2' - 

co-c i 

. . .( 16) 

. . . (17) 

X . . . (18) 'D = i 

... (20) 
L 

E q u a t i o n s  ( 3 )  and  ( 4 )  can  be  s o l v e d  by means 
o f  t h e  L a p l a c e ' s  t r a n s f o r m .  S o l u t i o n  f o r  c o z  
c e n t r a t i o n  d i s t r i b u t i o n  i n  t he  m o b i l e  and  im 
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m o b i l e  r e g i o n s  i n  L a p l a c e ' s  s p a c e  a r e  a s  f o l  
1 ows : 

. . . ( 2 1 )  

. . . ( 2 2 )  

where :  

. . . (23) 

ml(E - 2w + 26) 

2L 
al  = ...( 24) 

. . . (25) 

A p a r t i c u l a r  c a s e  o f  e q . ( 2 1 )  r e s u l t s  when a 
a s  d e f i n e d  by e q . ( 2 5 )  a b o v e  becomes v e r y  
s m a l l .  In a g i v e n  s i t u a t i o n ,  t h i s  can  be  
p r o d u c e d  by e i t h e r  one  o f  t h e  f o l l o w i n g  f a g  
t o r s  o r  any  c o m b i n a t i o n  o f  them: t h e  p o r o s -  
i t y  o r  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  im- 
m o b i l e  r e g i o n  a r e  v e r y  s m a l l ,  o r  t h e  v e l o c i t y  
i n  t h e  m o b i l e  r e g i o n  i s  v e r y  l a r g e .  In  t h i s  
c a s e ,  t he  immobi l e  r e g i o n  w i l l  behave  a s  i f  
i t  were  i m p e r m e a b l e ,  so  t h a t  o n l y  one  f l o w  
r e g i o n  w i l l  c o n t r i b u t e  t o  any  c h a n g e  i n  t h e  
t r a c e r  c o n c e n t r a t i o n .  U n d e r  t h e s e  c o n d i t i o n s ,  
e q . ( 2 1 )  becomes:  

-. . (26) 

In  r e a l  s p a c e ,  t h e  i n v e r s e  t r a n s f o r m  o f  e q .  
( 2 6 )  can  b e  w r i t t e n  a s  f o l l o w s :  

. . . (27) 



where: 
2 

4 
'el a2= - 

+ 'Pel ..(28) 

Eq.(27) corresponds to that case in which the 
influence of the immobile region is negligi- 
ble. This equation will reduce to that previ- 
ously presented by Coats and Smith (1963) for 
an infinite homogeneous system when y=O. 

concentration obtained at the producing end, 
or a t  any other location within the flow path. 
Under these conditions the system can be prop- 
erly described by just two dimensionless param 
eters: the Peclet number for the mobile region, 
Pel, and a. If the tortuosity o f  the fractured 
medium i s  considered, then xD should be added 
to these parameters. 

Thus far, all discussion has been centered in 
the continuous injection case. However, in 
field applications tracers are injected a s  fi- 
nite slugs in a short period o f  time , which 
has been called the "spike injection case" in 
the literature. A s  it was pointed out by Walkup 
and Horne, the solution for an spike-input i s  
the time derivative o f  a step input, that is: 

On the other hand, if for practical purpouses 
the size of the immobile region in the verti- 
cal direction, E, does not show any influence 
on the behavior o f  the system, eqs. (21) and 
( 2 2 )  can be expressed as follows: 

I . I  

. . . (29) 

,. 

The system described by eqs. (29) and (30) was previ- 
ously studied by Tang et al. (1981) and their 
solutions in Laplace's space agree very well 
with the solution presented here. Numerical 
inversion was used for the evaluation of eqs. 
(29) and (30) in real space. The algorithm 
presented by Stehfest (1970) was used for this 
purpouse. Data reported by Tang et a1 were used 
in the evaluation of eqs. (29) and (30) and 
then compared with those obtained from the in 
tegral solution previously presented by Tang 
- al. Results obtained from both evaluations 
agreed very well with each other. 

To determine the influence that the size of the 
repetitive element, E, could have under several 
combinations of practical values for the param- 
eters involved in the. solution to the model, 
extensive evaluations of the general solution, 
eq. (21), and the particular solution when the 
effect of E is negligible, eq. (29), were car- 
ried out. It was observed that for all condi- 
tions considered, the results obtained that 
can be expected in practical applications, the 
size of the repetitive element, E, does not 
have influence in the magnitude of the tracer 

Therefore to obtain the solution for a spike- 
input all that i s  needed is to multiply the 
expression for the step input in the (x,y,s) 
space by s and then invert the resulting 
equation to the (x,y,t) space. Two cases can 
be considered; the first one results by con- 
sidering the solution when the effect of E is 
negligible. From eq. (29): 

... (32) 
By analyzing eq. (32) it can be seen that a 
maximum (or limiting) solution can be obtain 
ed when a=O. Applying the inverse transfor- 
mation to eq. (32) when a=O the following 
expression i s  obtained: 

. . . (33) 
An estimation of the time of arrival of the 
maximum tracer concentration can be obtained 
by equating to zero the time derivative of 
eq. (33). Thus, the following expression i s  
obtained: 

49 + x;, Pi1'- 3 
t, = . . . (34) 

'el "cmax 
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This corresponds to that dimensionless time 
when the maximum dimensionless tracer concen- 
tration breaks through at the producing point 
location. Since it has been calculated from 
eq. ( 3 3 ) ,  it will hold for a=O. However, from 
the cases studied, it has been determined that 
although the maximum tracer concentration at a 
given location will change with a departing 
from zero, the time of arrival of the maximum 
concentration will have a small variation com- 
pared with that value predicted by eq. ( 3 4 ) .  
Therefore, this expression should be considered 
as a good estimation for the time of arrival of 
the maximum tracer concentration. 

DISCUSSION OF RESULTS 

Analysis of results generated from Eqns. (21) and (26) 
show that for practical purposes, w/L 2 0.005, 
15 Pel 5 10' and lo7 2 Pel - < 10l2, tracer response 
seems not to be affected by the size of the matrix blocks, 
this is, diffusion into the matrix blocks does 
not reach far enough as for matrix boundary 
effects tc be felt in the solution. Under these 
conditions the system can be described by two 
dimensionless parameters, a and Pel, as seen 
from equation (29) 

Diffusion of tracer into the matrix is governed 
by a .  When CL (0.01, tracer response is the same 
as would be for a=O, which corresponds to the 
zero diffusion into the matrix case. 

An analytical solution, equation (26), was found 
for this limiting case; this is shown in Fig.2 
for P e , = 2  and x =1 along with solutions for a f O ,  

generated from the numerical inversion of E q .  

(26). A s  a becomes larger, for a given tD, con- 
centration becomes smaller, thus indicating that 
more tracer has been transferred into the matrix 
along the injection path. Also, notice in Fig.2 
that instabilities on the solutions, due to the 
numerical Laplace space invertor used, become 
worst as a -->O and tD becomes larger. 

D 

The effect of Pel on the tracer response 
at XD=l, for a=0.01, is presented in Fig. 3 .  
These results were obtained from the numerical 
ipversion of Eq. (29). It can be seen that 

as Pel 
breaktrough become also larger. This seems 
to be contradictory, note however that both 

becomes larger, the time for tracer 

a and Pel depend on velocity and system length 
and that setting a to a constant implies that 
changes in Pel migth only be produced by 
changing the diffusivity of the tracer on the 
fractures, Dm. Then, as Dm becomes smaller, 

Pel becomes larger and s o  will the breakthrough 
time. Fig. 4 shows the same results as Fig. 
3 but obtained analytically from Eq. ( 2 7 ) .  

Figure 5 shows tracer concentration responses 
at X D  = 1 for the case of a spike injection, 
Pel = 2 and several values of a .  These results 
were obtained by numerical inversion of Eq.(29) 
and as it can be seen, instabilities due to 
the inversion algorithm become worse as time 
increases and for samll values of a. Oiriensionless 
concentration values greater than uni ty were 
obtanied for relatively small and large values 
of {:, 5 2 and 2 20, when a 5 0.01. This indicates 
that the mathematical treatment o f  the spike 
injection, CD (0, tD)= 6(tD), must only be 
va 1 i d under chrta i n conditions. These conditions 
are currently being investigated. 

NOMENCLATURE 

al= 

a2= 
C= Concentration, (M/L3) 

D= Diffusion coefficient, (L2/t) 

E= Fracture spacing, (L) 

k =  Adsorption constant, (L3/M) 

L-'= Inverse Laplace's operator 

rnl  = Dimensionless group defined by eq. (23) 

Pe = Peclet number, (dimensionless) 

R =  Dimensionless group defined by eq. (9) 

s =  Laplace parameter 

t= Time, (t) 

V =  Velocity, (L/t) 

w= Fracture half-width, (L) 

x= Distance in x-direction, (L) 

Dimensionless constant defined by eq.(24) 

Dimensionless constant defined by eq.(28) 

y =  Distance in y-direction 

Greek Symbols 

a = Dimensionless group def 

(L) 

ned by eq. (25) 
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y = D i m e n s i o n l e s s  g r o u p  d e f i n e d  by  eq. ( 8 )  5. Jensen, C.L.: Mat r i x  D i f f us ion  and I t s  E f f e c t  on 
the  Modeling o f  Tracer Returns from the  Fractured 
Geothermal Reservoir a t  Wairakei, New Zealand, SGP- 

6 = S t a n g n a n t  f l u i d  f i l m  t h i c k n e s s ,  ( L )  

5 = D i m e n s i o n l e s s  g r o u p  d e f i n e d  b y  eq. ( 7 )  TR-71 (Dec. 19830, Stanford, CA.) 

$ = P o r o s i t y ,  r e f e r r e d  t o  t o t a l - b u l k  volume, 6. Maloszewski. P. and Zuber, A.: "On the  Theory o f  
(dimension1 ess) 

R a d i o a c t i v e  decay  c o n s t a n t ,  ( t - ' )  

Tracer Experiments i n  Fissured Rocks w i t h  a Porous 

A = Matr ix" ,  Journal o f  Hydrology, 79 (1985) 333-358. 

P = D e n s i t y ,  (M /L3 )  7. Ramirez, J.S.: Modelo de Fracturas Paralelas Para 

e l  Estudio del F l u j o  de Trazadores en Yacimientos 
Geotennicos, MSc. Report, D i v i s ion  de Estudios de 

Posgrado, Facul tad de Ingen ier ia ,  Universidad Na- 
Subscr ipts 
D = Dimensionless va r iab le  (distance, t ime o r  

e = Refers t o  the  i w o b i l e  (stagnant)  region 8. Rivera, J.R., Vides, A.R., Cuel lar ,  G., Samaniego, 

concentrat ion) c iona l  Autonoma de Mexico, (1987). 

i = Refers t o  i n i t i a l  cond i t ions  

m = Refers t o  the  mobi le ( f rac tu red )  region 

0 = Refers t o  i n l e t  cond i t ions  

1 = Refers t o  mobile region 

2 = Refers t o  i m o b i l e  region 
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REAL SYSTEM I D E A L  SYSTEM 
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Fig. 1. Idealized proposed model f o r  representation 
of the naturally fractured medium. 



G 
0 
Z 
0 
i= a 
CL: 

-0 ............................................................................................................. .. ................................... 

l l m  *a ............................................................................................................. " ................................... 

F 
Z 
W 
0 z 
0 
0 
v) 
v) 
W 

DIMENSIONLESS TIME, t D  
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XD=l.O. Step up i n j e c t i o n  case. 
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F ig .  3. E f f e c t  o f  t he  Pec le t  number i n  t h e  mobi le  reg ion,  
Pel, on t h e  concen t ra t i on  p r o f i l e  XD=l.O. 
Step i n j e c t i o n ,  a=0.01 
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