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ABSTRACT. 

Three s imple  models of f l u i d  f low t h r o u g h ’ a  porous rock  
m a t r i x  a r e  used t o  match t h e  r e s u l t s  of t r a c e r  t e s t s  
a t  Wairakei .  I t  i s  found t h a t  a model which a l l o w s  
d i f f u s i o n  from f r a c t u r e s  i n t o  t h e  su r rounding  r o c k  
m a t r i x  g i v e s  a b e t t e r  match t o  t e s t  r e s u l t s  t h a n  a 
model which a l l o w s  o n l y  l o n g i t u d i n a l  d i s p e r s i o n  o r  a 
double  p o r o s i t y  model. Some t e s t s  r e q u i r e  a model 
n h i c h  i n c l u d e s  two f r a c t u r e s  t o  match t h e  f i e l d  d a t a .  

INTRODUCTION 

During a t r a c e r  t e s t  a p u l s e  of t r a c e r  i s  r e l e a s e d  a t  
t h e  i n j e c t i o n  w e l l  i n t o  t h e  r e s e r v o i r  f low f i e l d  and 
t r a c e r  c o n c e n t r a t i o n  i s  t h e n  monitored a t  nearby  . 

o b s e r v a t i o n  w e l l s .  From t h e s e  t r a c e r  r e t u r n s  i t  i s  
hoped t h a t  t h e  p e r m e a b i l i t y  s t r u c t u r e  of t h e  
su r rounding  r e g i o n  of t h e  r e s e r v o i r  c a n  be deduced. 

o b t a i n e d  by Jensen  and Horne (1983) a r e  v e r y  s i m i l a r  
t o  some of t h e  r e s u l t s  r e p o r t e d  h e r e .  

I n  a d d i t i o n  t o  t h e  E r a c t u r e  band model r e p o r t e d  by 
Jensen  and Horne (1983) t h e  p r e s e n t  work c o n s i d e r s  a 
uniform porous medium model w i t h  l o n g i t u d i n a l  d i s p e r s i o n  
s i m i l a r  t o  t h a t  of Saffmann (1959) and a pseudo- steady 
s t a t e  double  p o r o s i t y  model analogous t o  t h a t  d e r i v e d  
f o r  p r e s s u r e  r e s p o n s e s  i n  B a r e n b l a t t  e t  a 1  ( 1 9 6 0 ) .  The 
uniform porous medium mode1 . i~  mathemat ica l ly  i d e n t i c a l  
t o  t h e  f r a c t u r e  f low model w i t h  l o n g i t u d i n a l  d i s p e r s i o n  
c o n s i d e r e d  by Horne andRodr iguez  (1981) and Fossum and - 
Horne (1982) .  

For some of t h e  t e s t s  conducted a t  Wairakei  none of t h e  
above models can  match t h e  f i e l d  r e s u l t s  and a f u r t h e r  
double  f r a c t u r e  band model i s  i n t r o d u c e d .  

THEORY 
For geo thermal  r e s e r v o i r s  t r a c e r  t e s t s  may h e l p  i n  t h e  
p r e d i c t i o n  of the rmal  changes r e s u l t i n g  from r e i n j e c t i o n  
of coo l  was te  w a t e r .  

In each 
c o n n e c t i o n  between t h e  i n j e c t i o n  and o b s e r v a t i o n  w e l l s  
a long  a s t r e a m l i n e  s which i s  surrounded by a t h i n  

it is assumed that  there is a good 

s t r e a m  t u b e  S of approx imate ly  c o n s t a n t  c r o s s  s e c t i o n  A 
and a c r o s s  which t h e  t r a c e r  c o n c e n t r a t i o n  i s  c o n s t a n t .  
Dis tance  a l o n g  t h e  s t r e a m l i n e  i s  r ,  t h e  mass of 
i n j e c t e d  t r a c e r  e n t e r i n g  S i s  m and thevo lume f low r a t e  

I n  an e a r l y  s t u d y  of d i s p e r s i o n  Saffman (1959) models 
a uniform porous medium a s  a c o l l e c t i o n  of randomly 
o r i e n t e d  s t r a i g h t  pores  o r  f r a c t u r e s .  The d i s p e r s i o n  
of a t r a c e r  moving th rough  such a h i g h l y  and 
un i fo rmly  f r a c t u r e d  medium r e s u l t s  from t h e  d i f f e r e n t i a l  through is q. 
movement of t h e  t r a c e r  l a b e l l e d  f l u i d  th rough  t h e  d i f f e r  
- en t  f r a c t u r e s .  I t  i s  shown t h a t  p rov ided  t h e  f r a c t u r e  
l e n g t h s  a r e  s m a l l  and t h e  mean r e s i d e n c e  t ime i s  l a r g e  
t h e  d i s p e r s i o n  p r o c e s s  c a n  be r e p r e s e n t e d  by a uniform 
porous medium continuum model w i t h  an  e f f e c t i v e  
d i f f u s i v i t y  depending on t h e  average  pore  l e n g t h  and 
average  v e l o c i t y .  

When t h e  f r a c t u r e  l e n g t h s  a r e  no t  small t h e  continuum 
model i s  n o t  a p p r o p r i a t e .  

( a )  Uniform Porous Model 

I n  t h i s  c a s e  i t  i s  assumed t h a t  t h e  r e s e r v o i r ,  i n c l u d i n g  
t h e  s t r e a m  tube  S ,  c o n t a i n s  un i fo rmly  d i s t r i b u t e d  
m i c r o- f r a c t u r e s .  Dispers ion  i s  due t o  d i f f e r e n c e s  i n  
m i c r o- f r a c t u r e  p a t h  l e n g t h  ( s e e  Saffman, 1959) and i s  
modelled by a d i f f u s i o n  c o e f f i c i e n t  V i n  t h e  d i r e c t i o n  
of f low.  A t y p i c a l  c o n t r o l  volume f o r  a 1 e n g t h A r  of 
t h e  s t r e a m  t u b e  S i s  shown i n  f i g u r e  1. 

N e r e t n i e k s ,  Er ikson  and TZhtinen (1982) when a n a l y s i n g  
d a t a  from exper iments  on  t r a c e r  movement i n  a n a t u r a l  
f i s s u r e  i n  a g r a n i t e  c o r e  (30cm long  and 20cm i n  
d i a m e t e r )  found t h a t  c h a n n e l l i n g  and m a t r i x  d i f f u s i o n  
( t r a c e r  moving between t h e  f i s s u r e  and t h e  rock  m a t r i x )  
a r e  more i m p o r t a n t .  Schwar tz ,  Smith and Crowe (1983) 
conc lude  t h a t  a continuum d i f f u s i o n a l  model does  not  
a d e q u a t e l y  d e s c r i b e  t h e  d i s p e r s i o n  observed i n  t h e i r  
numerical  exper iments  on t r a c e r  f low i n  a d i s c r e t e  
f r a c t u r e  network model c o n s i s t i n g  of an  impermeable 
m a t r i x  w i t h  two s e t s  of o r t h o g o n a l  g r a c t u r e s .  
N e r e t n i e k s  (1983) shows a n a l y t i c a l l y  t h a t  f o r  f l u i d  
f low i n  a f r a c t u r e  w i t h  t r a c e r  d i f f u s i o n  i n t o  t h e  r o c k  
m a t r i x  ( r e f e r r e d  t o  i n  t h i s  work a s  t h e  f r a c t u r e  band 
model) t h e  e f f e c t i v e  l o n g i t u d i n a l  d i f f u s i o n  c o e f f i c i e n t  
i s  dependent  on t h e  d i s t a n c e  between i n j e c t i o n  w e l l  and 
o b s e r v a t i o n  p o i n t .  

Fossum and Horne (1982) modelled t r a c e r  t e s t s  by 
c o n s i d e r i n g  f low a long  two f r a c t u r e  pathways w i t h  
d i f f u s i o n  a l o n g  t h e  f r a c t u r e s .  The formula they  used 
f o r  e f f e c t i v e  d i f f u s i v i t y  was d e r i v e d  by Horne and 
Rodriquez (1983) assuming d i s p e r s i o n  was due t o  t h e  
f l u i d  v e l o c i t y  p r o f i l e  a c r o s s  t h e  f r a c t u r e  and molecu la r  
d i f f u s i o n  a c r o s s  t h e  f r a c t u r e  ( T a y l o r  d i s p e r s i o n ) .  The govern ing  e q u a t i o n  i s  

qC( r+ A r) - v A F l r + A  ?IC 

#- 

C j d - v A z l r  @ r + A  r 

CIC 

r 

f i g u r e  1 : C o n t r o l  volume f o r  t h e  1.iniform porous model 

Jensen  and Horne (1983) c o n s i d e r e d  f low a long  a s i n g l e  
f r a c t u r e  w i t h  d i f f u s i o n  of  t h e  t r a c e r  i n t o  t h e  neighbour-  V a z C  - 9 %  = ac 
i n g  m a t r i x .  Both of t h e  l a s t  two works d i s c u s s e d  used ar* A ar 4% 
Wairnkei d a t a  t o  t e s t  t h e i r  models. The r e s u l t s  
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where C(r,t) is the tracer concentration and Q is the 
porosity of the reservoir. The pulse at the injection 
well is represented by the boundary condition. 

Here 6(t) is the Dirac delta function. These equations 
can be solved to give the concentration at the 
observation well r-R 

( 3 )  

where t, = @RA/q is the mean arrival time and w = qR/VA 
is a Peclet number corresponding to the ratio of tracer 
transport by convection to tracer transport by diffusion. 

The physically dissimilar situation of fluid flow'in a 
fracture with longitudinal diffusion (Fossum ti Horne, 
1982) yields the same governing equation because for the 
uniform porous model tracer does not leave the stream 
tube and for Foss~n's model tracer stays in the fracture. 

(b) Pseudo-Steady State Double Porosity 

As in (a) the reservoir contains uniformly distributed 
micro-fractures. The micro-fractures divide the 
reservoir into 'blocks' that are assumed to have pores 
that are not swept for steady state fluid flow. 

Tracer particles enter the blocks, by lateral movement 
(there is a small amount of fluid exchange) and molecular 
diffusion, stay for a while and then return to the 
micro-fractures. Dispersion due to differential move- 
ment of fluid in the micro-fractures (modelled in (a)) 
is ignored here in order to compare it with the 
above dispersion mechanism. 

For this model, two uniform porous media - one with 
high permeability and low porosity (the micro-fracture 
network or the fractures) and the other with low 
permeability and high porosity (the blocks or the matrix) 
- are superimposed. There are two concentrations 
(fracture and matrix) at every point in the reservoir 
and the rate of tracer interchange per unit reservoir 
volume is assumed to be proportional to their difference. 
This is equivalent to assuming that the blocks are in a 
state of concentration equilibrium (the pseudo-steady 
state assumption). The wells are connected to the 
fracture only. A typical control volume is shown in 
figure 2 .  

matrix 

The governing equation for flow in the fractures is 

(4) 

where Cf is the tracer concentration in the fracture and 
Cm is the tracer concentration in the matrix. The matrix 
equation is 

The pulse of tracer at the injection well is represented 
by a boundary condition for Cf: 

The solution to 4 , 5 , 6  is: 

where y = 

Here tb = 

af = 

% =  

It should 

the pulse 

- 'fRA is the time at which the pulse would 
reach the observation well if there was 
no dispersion, 

is the rate of tracer interchange per a 

'f unit fracture volume and 
a 
'm 

- 

- is the rate of tracer interchange per 
unit matrix volume. 

be noted that 

convected through withoit change in shape but 
with reduction in mass. 
reasonable and restricts the validity of this model to 
those cases in which the proportion of mass carried to 

This is not physically 

the observation well in this way -u t (me f b)is small. 

(c) Fracture Band (arbitary orientation) 

In this model there is a large plane fracture with 
micro-fracturing on either side. The dispersion 
mechanism is the same as in (b) with tracer leaving the 
main fracture and then returning, but the affect is 
different because the smaller fractures in (b) divide . 
the rock matrix into small blocks that may be 'filled' 
with tracer, whereas here the matrix blocks are infinite. 

A plane fracture (q is constant across the thickness, a )  
with diffusion (diffusivity V) perpendicular to the 
fracture into an infinite uniform porous medium ( q = O )  
is used to model this rock geometry. Unlike the double 
porosity model, (b), there is no pseudo-steady state 
assumption about a linear concentration distribution in 
the block. 

The streamtube S fills the thickness of the fracture. 
A typical control volume is shown in figure 3 .  

fractures 

fip;ure 3. : Control volllmes for Slic doub1.e porosity model 
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EIATC H I N  G 

In each c a s e  t h e  pa ramete rs  were chosen so  t h a t  t h e  
model response  curve  had t h e  same peak time ( t  ) and 
response  s t a r t  t ime a s  t h e  d a t a  c u r v e s .  
i s  c a l c u l a t e d  by s o l v i n g  

The &ak t ime  

a c o b s  = 

a t  

then  t h e  pa ramete rs  a r e  a d j u s t e d  t o  match t h e  response  
s t a r t  t ime and shape of t h e  response .  The model 
response  c u r v e s  a r e  a u t o m a t i c a l l y  s c a l e d  t o  have t h e  
same maximum v a l u e  a s  t h e  d a t a  curve .  

1. Uniform porous model 

I n  t h i s  c a s e  c o n d i t i o n  ( 7 )  g i v e s  

tptm w = 6- 
f$ - t  

P f i g u r e  3 : C o n t r o l  volumes f o r  t h e  . i ~ ; l . c t u r e  band model 

The governing e q u a t i o n  f o r  f low i n  t h e  f r a c t u r e  i s  

Then t, i s  v a r i e d  u n t i l  t h e  response  s t a r t  t ime 
matches t h e  observed v a l u e  w i t h  w be ing  c a l c u l a t e d  
us ing  (13) i n  each  c a s e .  No o t h e r  pa ramete rs  a r e  
a v a i l a b l e  f o r  matching and s o  t h e  shape  of t h e  response  
curve  cannot  be f u r t h e r  m o d i f i e d .  

2 . .  Double p o r o s i t v  model 
(8) 

where C f ( r , t )  i s  t h e  c o n c e n t r a t i o n  of t r a c e r  i n  t h e  
f r a c t u r e ,  C m ( r , z , t )  is t h e  c o n c e n t r a t i o n  of t r a c e r  i n  
t h e  m a t r i x ,  a i s  t h e  f r a c t u r e  t h i c k n e s s  and z i s  t h e  

o c c u r s  a c c o r d i n g  t o  

For matching purposes t h e  s p u r i o u s  s m a l l  p u l s e  i n  ( 7 )  i s  
ignored  t h e n  ( 1 2 )  g i v e s  

d i s t a n c e  i n t o  t h e  m a t r i x .  For t h e  m a t r i x , d i f f u s i o n  a m =  - I O  --  1 
(14) t - t b  ' P 

a 2cm 3 Cm 
(9) where y = 2 & f a m t b ( t p - t b )  . 

response  s t a r t  t ime and t h e n  afa, i s  v a r i e d  u n t i l  t h e  
t b  i s  chosen t o  be t h e  v -  = 

a 2 2  + m a t  
Here i s  t h e  p o r o s i t y  of t h e  m a t r i x .  A t  t h e  boundary shape of t h e  e a r l y  response  curve  (between t b  and t P )  
between t h e  f r a c t u r e  and t h e  m a t r i x  c o n t i n u i t y  of t h e  matches .am i s  then  c a l c u l a t e d  us ing  ( 1 4 ) .  
t r a c e r  d i s t r i b u t i o n  i s  assumed 

3 .  F r a c t u r e  band s o d e l  

F o r t h i s m o d e l  ( 1 2 )  g i v e s  

2 t b  

C m ( r ,  a l 2 ,  t )  = C f ( r , t >  . 
I t  i s  assumed t h a t  a l l  t h e  t r a c e r  i s  i n j e c t e d  i n t o  t h e  
f r a c t u r e  a t  r = O  , w = - -  

3 t p - t b  

The s o l u t i o n  of (8) and ( 9 )  i s  

Here t b  = RA/q i s  t h e  t ime a t  which t h e  p u l s e  would 
r e a c h  t h e  o b s e r v a t i o n  w e l l  i f  t h e r e  was no d i f f u s i o n  
and w = t b ~ r $ ~ / a '  i s  a measure of  t h e  r a t i o  of t h e  
c o n v e c t i v e  and d i f f u s i v e  v e l o c i t i e s .  

( d )  Double F r a c t u r e  Band Model 

I t  i s  assumed t h e r e  a r e  two f r a c t u r e  bands t h a t  a r e  
s u f f i c i e n t l y  f a r  a p a r t  over  enough of t h e i r  l e n g t h  t h a t  
a n  i n s i g n i f i c a n t  amount of t r a c e r  i s  exchanged. Then 
t h e  r e s u l t  i n  (10) can s imply  be added f o r  two f r a c t u r e s :  

t b  i s  chosen a s  t h e  response  s t a r t  t ime 

4 .  Double f r a c t u r e  band model 

I n  t h i s  c a s e  t b l  i s  chosen a s  t h e  response  s t a r t  t ime.  
Then w 1  i s  c a l c u l a t e d  u s i n g  ( 1 4 )  and t h e  f i r s t  peak 
t i m e .  The t ime t b z  i s  when t h e  s i n g l e  f r a c t u r e  band 
response  w i t h  pa ramete rs  t b ,  arid w1 d i v e r g e s  from t h e  
d a t a  curve .  A rough e s t i m a t e  of t h e  second peak t ime . 
( t p 2 )  can be gained from t h e  d a t a  c u r v e .  
p and t p z  ( c a l c u l a t i n g  w, us ing  ( 1 4 ) )  a r e  t h e n  v a r i e d  
u n t i l  t h c  second peak matches.  Both t h e  t ime and t h e  - 
h e i g h t  of t h e  second peak ,  r e l a t i v e  t o  t h e  f i r s t  peak,  
m u s t  a g r e e .  

The parametcrr. 
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RESULTS 

F i g u r e  4 shows t h e  match of t h e  s i n g l e  p a t h  models t o  
t h e  t r a c e r  measured i n  WK24 i n  response  t o  i n j e c t i o n  i n  
WK107 (NcCabe e t  a l ,  1983).  The f r a c t u r e  band model 
g i v e s  t h e  b e s t  f i t  a l t h o u g h  t h e  t a i l  i s  too  l a r g e .  A s  
shown i n  f i g u r e  5 t h i s  a s p e c t  of t h e  f r a c t u r e  band model 
can  be improved a t  t h e  expense of  t h e  accuracy  of t h e  
peak t ime o r  break- through t ime .  However i t  i s  not 
p o s s i b l e  t o  o b t a i n  a response  w i t h  a l a r g e  t a i l  from 
e i t h e r  t h e  uniform porous  model o r  t h e  double  p o r o s i t y  
model. Fossum and Horne (1983) used a double f r a c t u r e  
model, co r responding  t o  two of t h e  uniform porous models 
c o n s i d e r e d  h e r e  o p e r a t i n g  i n  p a r a l l e l ,  t o  match 
t r a c e r  responses  w i t h  l a r g e  t a i l s ,  bu t  t h e  pa ramete rs  
r e q u i r e d  t o  produce a good f i t  were no t  p h y s i c a l l y  
r e a l i s t i c .  

' For t h e  ' b e s t  f i t '  f r a c t u r e  band model i n  f i g u r e  4 t h e  
d i f f u s i v i t y  i s  g i v e n  by 

Taking t h e  m a t r i x  p o r o s i t y  a s  lo-' and t h e  f r a c t u r e  
t h i c k n e s s  a s  lo-' m g i v e s  

which i s  r e a s o n a b l y  c l o s e  t o  , t h e  v a l u e  ob ta ined  
u s i n g  t h e  random walk model and e x p e r i m e n t a l  v a l u e s  i n  
Saf fman ' s  1959 paper .  

Geo log ica l  ev idence  s u p p o r t s  t h e  f r a c t u r e  band model 
a s  t h e  Wairakei  f a u l t  runs  from near  WK107 t o  near  
WK24 (McCabe e t  a 1  1983) .  

S i m i l a r  r e s u l t s  a r e  shown i n  f i g u r e  6 f o r  t h e  response  
of W K l O l  t o  t r a c e r  i n j e c t e d  a t  WK121 (McCabe e t  a l l  ' 

1983) .  The a c t u a l  r e s p o n s e  l i e s  between t h e  uniform 
porous  model and t h e  f r a c t u r e  band model. C a l c u l a t i o n  
of t h e  d i f f u s i v i t y  g i v e s ,  f o r  t h e  uniform porous  model 

The d i s t a n c e  from WKlOl t o  WK107 i s  500m and so  t h e  p a t h  
l e n g t h  R i s  a t  l e a s t  a s  l a r g e ,  g i v i n g  

vup >, 3 x x Q 

For t h e  f r a c t u r e  band model 

5 x x e w a 2  
cbm v f b  = 6 = 

Again t a k i n g  t h e  p o r o s i t y  a s  lo-' i n  each  c a s e  and t h e  
f r a c t u r e  t h i c k n e s s  a s  10-'m y i e l d s  

vUp 2 3 1 0 - ~  

and 

Here vfb  i s  much c l o s e r  t o  t h e  l a - "es t imate ,  s u g g e s t i n g  
t h a t  t h e  f r a c t u r e  band i s  a b e t t e r  model of t h e  m a t r i x  
geometry. A p o s s i b l e  compromise i s  t o  have e i t h e r  t h e  
i n j e c t i o n  o r  t h e  p roduc t ion  w e l l  n o t  i n t e r s e c t i n g  t h e  
f r a c t u r e  (combining uniform porous and f r a c t u r e  band 
mode ls ) .  

Using l e a s t  s q u a r e s  match ing ,  Jeiisen and Horne (1983) . 
o b t a i n e d  f r a c t u r e  band matches s i m i l a r  t o  t h o s e  shown i . h .  
f i g u r e s  4 and 6 .  

The response  of w e l l  WK48 t o  i n j e c t i o n  a t  WK107, shown 
i n  f i g u r e  7 ,  i s  more compl ica ted  - t h e r e  a r e  two peaks 
(PlcCabe e t  a l ,  1983).  The two f r a c t u r e  band model 
g i v e s  a ve ry  good match. The b e s t  f i t  parameter  v a l u e s  
g i v e  

w I  a: a: 

t b i  @ m l  @mi 
v 1 = - -  =-  x 2x10-5 

A s s u m i n g t h a t + m l = @ m 2  and t h e  mass of t r a c e r  e n t e r i n g  
a f r a c t u r e  i r  p r o p o r t i o n a l  t o  i t s  t h i c k n e s s  

(=>L = p )  t h e n  
a z  I-P 

The c l o s e n e s s  of V I  and V p  is s u p p o r t i n g  ev idence  f o r  
t h e . t w o  band model. 

CONCLUSION 

Matching t o  d i s t i n c t i v e  f e a t u r e s  (b reak through  t ime  and 
peak t ime)  of t h e  response  curve  i s  s t r a i g h t f o r w a r d  and 
g i v e s  good matches f o r  t h e  f r a c t u r e  band model, which 
a p p e a r s  t o b e  par t i cu1zr I .y  u s e f u l  f o r  t h e  f a s t  r e s p o n s e s  
modelled h e r e .  

The uniform porous and double  p o r o s i t y  models produce 
matches t h a t  a r e  a lmos t  t h e  same, whereas t h e  f r a c t u r e  
band response ,  w i t h  i t s  l a r g e  t a i l ,  i s  q u i t e  d i f f e r e n t .  
T h i s  means t h a t  i t  i s  easy  t o  d i s t i n g u i s h  when t h e  
f r a c t u r e  band model i s  a p p r o p r i a t e .  I t  a l s o  s u g g e s t s  
t h a t  d i s p e r s i o n  due t o  t r a c e r  being caught  up i n  t h e  
b l o c k s  can be modelled by d i f f u s i o n i n  t h e  d i r e c t i o n  o f  
f low when t h e  b l o c k s  a r e  s m a l l  (double  p o r o s i t y )  b u t  
no t  when t h e y  a r e  l a r g e  ( f r a c t u r e  band).  
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figure 4 : Matchs to the W K 2 4  response to injection at WK107. March 1979 
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--- fracture band - peak t ime does not match tb=13000,W=O.~3 

-------- fracture band - breakthrough time does not match tb=23000,w=0'85 
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figure 5 : Sensitivity of the fracture band model match to t h e  WK.76 ~ e ~ l v ~ t i ~ e  
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f i g u r e  6 : Hatchs t o  t h e  WK121 response  t o  i n j e c t i o n  a t  WKlOl. J u l y  1979 
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€ i g u r e  7 : Two f r a c t u r e  band model match t o  t h e  WK48 response to i n j e c t i o n  at WK107 




