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ABSTRACT 

F r a c t u r e  systems may be g e n e r a l i z e d  i n  terms 
o f  number and o r i e n t a t i o n  o f  s e t s  o f  p a r a l l e l  
f r a c t u r e s  and t h e  d i s t r i b u t i o n  o f  l eng th ,  
width,  t h i c k n e s s  and separa t i on .  Borehole 
measurements may be used t o  p a r t i c u l a r i z e  
these  parameters f o r  a s p e c i f i c  s i t e .  

Global  f l o w  a n d d i s p e r s i o n  i n  an a q u i f e r  occur  
i n  t h e  i n te rconnec ted  f r a c t u r e s  and may be 
r e l a t e d  t o  s p e c i f i c  f r a c t u r e  elements.  A 
f l u i d  dynamics code named SALE has been used 
t o  s o l v e  t h e  Navier -Stokes equa t ions  f o r  lam- 
i n a r  f l o w  i n  these  e lementa l  geometr ies.  A 
marker p a r t i c l e  c a l c u l a t i o n  has been added t o  
c h a r a c t e r i z e  l o n g i t u d i n a l  d i s p e r s i o n  due t o  
t h e  v e l o c i t y  p r o f i l e  across t h e  f r a c t u r e  and 
l a t e r a l  d i s p e r s i o n  due t o  f l o w  d i s tu rbances  
a t  j u n c t i o n s .  

Loca l  f l o w  and d i s p e r s i o n  i n  t h e  m a t r i x  occur  
i n  t h e  f i n e r  f r a c t u r e  s t r u c t u r e  and a r e  e v a l -  
uated u s i n g  porous media approaches. 

These r e s u l t s  o r  models a re  i n t e g r a t e d  i n  a 
20 i sothermal r e s e r v o i r  s i m u l a t o r  named FRACSL. 
D i s c r e t e  f r a c t u r e s  a r e  superimposed on t h e  
edges o r  d iagona ls  o f  r e c t a n g u l a r  g r i d  e l e -  
ments. Water may f low  f r o m  node t o n o d e  th rough  
t h e  m a t r i x  o r  t h rough  t h e  f r a c t u r e .  The heads 
a re  found by i t e r a t i n g  f o r  t h e  d i s t r i b u t i o n  
whic i i  cor!serves t h e  a p p r o p r i a t e  l o c a l  mass. 

Mar:<:?: p z r t i c l e s  a r e  used t o m o n i t o r  t h e  t r a c e r  
dispersion due t o  n o t i o n  i n  t h e  f r a c t u r e s ,  i n  
t h e  n a x r i x  and between t h e  two. 

Resu l t s  a r e  g i v e n  showing f l o w  and d i s p e r s i o n  
i n  an or thogonal  j u n c t i o n  and i n  a sample 
f r a c t u r e d  r e s e r v o i r .  

INTRODUCTION 

Geothermal, waste management and secondary 
and t e r t i a r y  pet ro leum recovery  a c t i v i t i e s  
have p rov ided  t h e  s t i m u l u s  f o r r e c e n t  advances 
i n  t h e  c h a r a c t e r i z a t i o n  o f  f r a c t u r e d  r e s e r -  
v o i r s .  Much o f  t h i s  work has been d i r e c t e d  
towards t h e  e v o l u t i o n  o f  s p e c i f i c  f r a c t u r e d  
media approaches which depar t  s i g n i f i c a n t l y  
from those u s e d f o r  porous media. An e s s e n t i a l  
c h a r a c t e r i s t i c  o f  t hese  approaches i s  t h e  de- 
t e r m i n a t i o n  o f  f r a c t u r e  system geometr ic  and 
f l ow  c h a r a c t e r i s t i c s .  

A r e s e r v o i r  f r a c t u r e  system may be desc r ibed  
i n  terms o f  two subsets:  A number o f  i n t e r -  
connected f r a c t u r e s w h i c h  c o n s t i t u t e  t h e g l o b a l  
f l ow  system anda system o f  p r o g r e s s i v e l y s n a l -  
l e r  f r a c t u r e s  which beg in  a t  t h e  g l o b a l  f l o w  
system and t e r m i n a t e  i n  t h e  m a t r i x  m ic roc rack  
s t r u c t u r e .  The secondary system, w h i l e  nom- 
i n a l l y  qu iescent ,  c o n s t i t u t e s  t h e  b u l k  o f  t h e  

. n a t r i x  p o r o s i t y  and s , - - ~  uI l ace  area. 

F rac tu red  r e s e r v o i r  c h a r a c t e r i z a t i o  f o r  p e t r o -  

f o r  c h a r a c t e r i z i n g  t h e  geometry o f  f r a c t u r e  
systems i s  presented by Ne1 son2 and by  Stearns 
and Friedman3 and a s i g n i f i c a n t  body o f  da ta  
i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  p a r t i c u l a r l y  
f r o m t h e  r e s e a r c h a t  t h e  S t r i p a  mine i n  Sweden 
and f rom t h e  Canadian waste management p r o -  
grams. 

Numerical  s i m u l a t i o n s  o f  f l o w  i n  f r a c t u r e d  
media depar t  f rom t h e  use o f  heterogeneous 
and a n i s o t r o p i c  porous media c h a r a c t e r i s t i c s  
and model t h e  f l o w  i n  un ique and d i s c r e t e  
f r a c t u r e s  o r  i n  repeated f r a c t u r e  p a t t e r n s .  
Some f l o w  s i m u l a t i o n s 4 ~ 5  superimpose d i s c r e t e  
f r a c t u r e s  on to  t h e  edges o f  porous media g r i d  
c e l l s .  Th i s  approach r e s u l t s  i n  a s i n g l e  s e t  
o f  g r i d  p o i n t  pressures and d i s t i n c t  m a t r i x  
and f r a c t u r e  f l ow  paths between those  g r i d  
p o i  n t  s . 
These f l o w  s i m u l a t i o n s  a r e  e s s e n t i a l  t o  t h e  
s,:dy o f  s o l u t e  t r a n s p o r t ,  b o t h  asan  end p ro -  
duc t  and as another  t o o l  f o r  c h a r a c t e r i z i n g  
f r a c t u r e d  r e s e r v o i r s .  T y p i c a l  s o l u t e  t r a n s -  
p o r t  models, however, r e v e r t  t o  porous media 
theo ry .  A common approach i s  t o  implement 
d i f f e r e n t  d i s p e r s i v i t i e s  i n  t h e  f r a c t u r e  and 
i n  t h e  m a t r i x .  

Whi le  s tud ies6  have shown t h e  s i g n i f i c a n c e  
o f  geometry and head g r a d i e n t  o r i e n t a t i o n  on 
d i s p e r s i o n  o r  m i x i n g  i n  i n d i v i d u a l  f r a c t u r e s  
and f r a c t u r e  j u n c t i o n s ,  t hese  c h a r a c t e r i s t i c s  
have n o t  been r e f l e c t e d  i n  r e s e r v o i r  l e v e l  
numer ica l  s imu l  a t i  on. 

leum recovery  i s  desc r ibed  by Ne1 son 7 . A bas i  s 

T h i s  paper desc r ibes  i n i t i a l  numer ica l  s t u d i e s  
aimed a t  c h a r a c t e r i z i n g  t h e  f l o w  and d i s p e r -  
s i o n  c h a r a c t e r i s t i c s  o f  t h e g l o b a l  f l o w  system 
i n  'terms o f  t hose  o f  i t s  e lements and 
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i n t e g r a t i n g  those c h a r a c t e r i s t i c s  w i t h  those  
o f  t h e  m a t r i x  i n  a complete r e s e r v o i r  
s i m u l a t i o n .  One o b j e c t i v e  o f  t h i s  work i s  t o  
develop a model whose parameters can be 
a d j u s t e d  t o  desc r ibe  a p a r t i c u l a r  r e s e r v o i r  
b y  match ing measured h y d r o l o g i c  and t r a c e r  
d i s p e r s i o n  responses. T h i s  model w i l l  
u l t i m a t e l y  be used f o r  assess ing t h e  thermal  
p o t e n t i a l  o f  a r e s e r v o i r .  S p e c i f i c  models 
w i l l  be developed t o  c o r r e l a t e  da ta  measured 
i n  1982 and 1983 a t  R a f t  River ,  Idaho and 
East  Mesa, C a l i f o r n i a  as  p a r t  o f  t h e  U.S. 
Department o f  Energy Hydrothermal I n j e c t i o n  
Research Program. O the r  phases o f  t h i s  
program a r e  r e p o r t e d  elsewhere i n  these  
proceedings.  

APPROACH 

The complete numer ica l  s i m u l a t i o n  e f f o r t ,  a 
p o r t i o n  o f  which i s  p resen ted  i n  t h i s  paper,  
i n c l u d e s  t h e  f o l 1  owing tasks :  

1 ) I n t e g r a t e  f o r m a t i o n  c h a r a c t e r i z a t i o n  da ta  
f rom t h e  l i t e r a t u r e  i n t o  a base which can be 
used t o g e t h e r  w i t h  s i t e - s p e c i f i c  da ta  such as 
l i t h o l o g y ,  co re  samples and a c o u s t i c  
t e l  e v i  ewer, sp inner ,  temperature and 
c o n d u c t i v i t y  l o g s  t o  generate r e p r e s e n t a t i v e  
f r a c t u r e  p a t t e r n s  f o r  t h e  s i t e  b e i n g  modeled. 

2)  Generate f l o w  and d i s p e r s i o n  
c h a r a c t e r i s t i c s  f o r  t h e  elements o f  t h e  
g l o b a l  f l o w  system as a f u n c t i o n  o f  geometry 
and f l o w  c o n d i t i o n s .  

3 )  I n t e g r a t e  t h e  e lement  c h a r a c t e r i s t i c s  
i n t o  a r e s e r v o i r  s i m u l a t i o n .  

4)  Develop s p e c i f i c  models o f  t h e  R a f t  R i v e r  
and East  Mesa r e s e r v o i r s  t o  c o r r e l a t e  
measured f l o w  and t r a c e r  d i s p e r s i o n .  

T h i s  work i s  an outgrowth o f  and i s  
complemented by  e x t e n s i v e  1 a b o r a t o r y  s c a l e  
p h y s i c a l  model ing.69’ 

The numer ica l  s i m u l a t i o n  accompl ished t o  d a t e  
c o n s i s t s  o f  i n i t i a l  development and 
demonstrat ion o f  t h e  f r a c t u r e  e lement  and 
r e s e r v o i r  s i m u l a t i o n s .  L a n p l e t i o n  o f  t h e  
c u r r e n t  s i m u l a t i o n s  and t h e  a d d i t i o n  o f  heat  
t r a n s f e r  and rock -wa te r  i n t e r a c t i o n s  i s  
i n c l u d e d  i n  f u t u r e  p l a n n i n g .  

ELEMENT SIMULATION 

The s p e c i f i c  m o t i v a t i o n  f o r  t h i s  phase o f  t h e  
program i s  exper imenta l  work showing t h a t  
complete m i x i n g  does n o t  o c c u r  a t  f r a c t u r e  
j u n c t i o n s . 6  This ,  t o g e t h e r  w i t h  c o n s i d e r a t i o n  
o f  t he  d i s p e r s i o n  r e s u l t i n g  f rom t h e  v e l o c i t y  
p r o f i l e  across a f r a c t u r e ,  suggests t h a t  
r e s e r v o i r  d i s p e r s i o n  may be a s t r o n g  f u n c t i o n  
o f  i d e n t i f  i a b l  e f r a c t u r e  e l  emen t 
c h a r a c t e r i s t i c s .  

The elements o f  i n t e r e s t ,  i n  t h e  o r d e r  
t r a v e r s e d  i n  i n j e c t i o n ,  a r e  t h e  wel l -head 

p i p i n g ,  t h e  we l l bo re ,  t h e  j u n c t i o n  o f  t h e  
w e l l b o r e  and t h e  i n i t i a l  f r a c t u r e s ,  s i n g l e  
f r a c t u r e s ,  f r a c t u r e  j u n c t i o n s  and the  
j u n c t i o n s  o f  f l o w i n g  and “dead-ended“ 
f r a c t u r e s .  Subsequent s m a l l e r  f r a c t u r e s  down 
t o  t h e  micro-crack l e v e l  are,  f o r  t h e  
p resen t ,  t r e a t e d  u s i n g  porous media models. 

The e s s e n t i a l  c a p a b i l i t y  r e q u i r e d  i n  t h e  
mathemat ica l  model i s  a f l o w  s i m u l a t i o n .  
Once t h e  s teady s t a t e  v e l o c i t y  f i e l d  has been 
e s  t a  b l  i shed t h e  d i  s p e r s i  on c ha rac te  r i  s ti cs  
a r e  found by  t r a c i n g  imag ina ry  marker  
p a r t i c l e s  th rough  t h e  f l o w  element, t h e r e b y  
de te rm in ing  t h e  l a t e r a l  p o s i t i o n  a t  t h e  e x i t  
as a f u n c t i o n  o f  t h a t  a t  t h e  i n l e t .  The 
r e s u l t i n g  p ressu re  d rop  and p a r t i c l e  
i n l e t - o u t l e t  d isp lacement  curve a r e  then  
t r a n s f e r r a b l e  t o  t h e  r e s e r v o i r  s i m u l a t i o n .  
T h i s  process i s  a d e t e r m i n i s t i c  s tudy  o f  
a d v e c t i v e  d i s p e r s i o n  o n l y .  D i f f u s i o n ,  where 
s i g n i f i c a n t ,  w i l l  be added i n  t h e  r e s e r v o i r  
s imu l  a t i  on. 

Whi le  t h e  m a j o r i t y  o f  t h e  elements considered 
a r e  e s s e n t i a l l y  two d imensional ,  t h e  w e l l b o r e  
- i n i t i a l - f r a c t u r e  j u n c t i o n  and t h e  s i n g l e  
f r a c t u r e  i t s e l f  r e q u i r e  t h r e e  d imensional  
t rea tmen t .  

The code se lec ted  f o r  these s i m u l a t i o n s  i s  
SA LE^ ( Simp1 i f i ed A r b i t r a r y  
Lag rang ian -Eu le r ian ) .  T h i s  code i s  used 
e x t e n s i v e l y  t o  s o l v e  a v a r i e t y  o f  f l u i d  
dynamics problems b y  numer ica l  s o l u t i o n  of 
t h e  Navier -Stokes equa t ions  i n  two 
dimensions. T h i s  code i s  ex t reme ly  w e l l  
documented and was a l r e a d y  i n s t a l l e d  ( i n  
two-dimensions) w i t h  p l o t t i n g  c a p a b i l i t y  a t  
t h e  Idaho N a t i o n a l  Eng ineer ing  Labora to ry  
( INEL).  A t h r e e  d imensional  v e r s i o n 9  i s  
a v a i l a b l e  b u t  has n o t  y e t  been i n s t a l l e d .  

SALE p rov ides  an i m p l i c i t  t r ea tmen t  o f  t h e  
p ressu re  c a l c u l a t i o n  f o r  f l o w  a t  t h e  
i ncompress ib le  1 i m i  t, the reby  a v o i d i n g  
Courant-1 i ke t ime  s tep  r e s t r i c t i o n s  
Whi le  t h e  g r i d  may be moved w i t h  t h e  f l u i d  i n  
t h e  Lagrangian manner o r  a r b i t r a r i l y  rezoned, 
i n  t h e  s u b j e c t  a p p l i c a t i o n  i t  i s  h e l d  f i x e d  
i,n t h e  E u l e r i a n  manner. A non - rec tangu la r  
g r i d  may be coded b y  t h e  user .  A problem may 
i n c l u d e  t h e  f o l l o w i n g  boundary c o n d i t i o n s :  1 )  
a f r e e  Lagrangian sur face,  2) a f r e e - s l i p  
(symmetry o r  non-v iscous)  v e r t i c a l  o r  
h o r i z o n t a l  w a l l ,  3)  a curved o r  t i l t e d  
f r e e - s l i p  w a l l ,  4 )  a n o - s l i p  w a l l ,  5 )  a 
c o n t i n u a t i v e  o u t f l o w  boundary, 6 )  a s p e c i f i e d  
i n f l o w  o r  o u t f l o w  boundary and 7) a s p e c i f i e d  
p ressu re  boundary. I n i t i a l  s i m u l a t i o n s  of 
s teady f l o w  between p a r a l l e l  p l a t e s  and 
acce le ra ted  f l o w  i n  a p i p e  agreed w e l l  w i t h  
theo ry .  

A f r a c t u r e  j u n c t i o n  model was b u i l t  i n t o  t h e  
SALE code a long  w i t h  a marker p a r t i c l e  
c a l c u l a t i o n .  F i g u r e  1 shows t h e  v e l o c i t y  
v e c t o r s  c a l c u l a t e d  f o r  t h e  or thogonal  
j u n c t i o n  o f  two p a r a l l e l  s ided  f r a c t u r e s  of 
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F i g u r e  1. V e l o c i t y  v e c t o r s  f o r  o r thogona l  
j u n c t i o n  o f  two f r a c t u r e s .  V e r t i c a l  i n l e t  
v e l o c i t y  a t  50% o f  h o r i z o n t a l  i n l e t  v e l o c i t y .  

equal  w id th .  The case shown i s  a 40 c e l l  b y  
40 c e l l  g r i d  w i t h  i n l e t  (bot tom and l e f t )  and 
e x i t  ( t o p  and r i g h t )  l e g  l e n g t h s  double t h e i r  
w id ths .  The l e f t  i n l e t  f l o w  i s  a t  a mean 
v e l o c i t y  o f  312.4 f t l d a y ,  t h e  bot tom i n l e t  
f l o w  i s  l o w e r  b y  a f a c t o r  o f  two and the  
w i d t h  o f  each f r a c t u r e  i s  .0625 i n c h .  
P o i s e u i l l e  v e l o c i t y  p r o f i l e s l o  a r e  imposed a t  
each o f  t h e  i n l e t s  and b o t h  e x i t s  a r e  a t  ze ro  
pressure.  Whi le  t h e  e x i t  f l o w  s t r a i g h t e n s  
w i t h i n  a l e n g t h  equal  t o  one w id th ,  a l e n g t h  
t w i c e  t h e  w i d t h  was found necessary t o  
r e e s t a b l i s h  a symmetr ical  P o i s e u i l l e  v e l o c i t y  
p r o f  i 1 e .  

The complete s e t  o f  i n p u t  parameters f o r  t h e  
f r a c t u r e  j u n c t i o n  i n c l u d e  angle o f  
i r a L z r s e c t i o n ,  r e l a t i v e  width,  and v e l o c i t i e s  
i n  t h r e e  o f  t h e  l e g s .  Three v e l o c i t i e s  a r e  
s u f f i c i e n t  s i n c e  t h e  f o u r t h  i s  found f rom 
c o n t i n u i t y .  S ince t h e  p ressu re  d rops  were 
found t o  be l i n e a r  w i t h  v e l o c i t y ,  t h e  
spectrum o f  v e l o c i t i e s  i s  d e f i n e d  b y  
s p e c i f y i n g  two v e l o c i t y  r a t i o s ,  e.g., l e g  B 
t o  l e g  A and l e g  C t o  l e g  A .  I n i t i a l  r e s u l t s  
a r e  1 i m i  t e d  t o  or thogonal  j u n c t i o n s  and equal  
w i d t h s  and were made f o r  3 d i f f e r e n t  r a t i o s  
o f  bot tom and l e f t  i n l e t  v e l o c i t i e s  w i t h  e x i t  
v e l o c i t i e s  corresponding t o  equal  e x i t  
pressures.  

C a l c u l a t e d  d i s p e r s i o n  c h a r a c t e r i s t i c s  a r e  
g i ven  as d isp lacement  f u n c t i o n s .  A 
disp lacement  f u n c t i o n  r e l a t e s  t h e  l a t e r a l  
p o s i t i o n  o f  a marker  p a r t i c l e  a t  t h e  i n l e t  t o  
i t s  p o s i t i o n  a t  t h e  o u t l e t  and, i n  t h e  case 

o f  an asymmetric j u n c t i o n ,  s p e c i f i e s  which 
o u t l e t .  L a t e r a l  p o s i t i o n  i n  t h e  f r a c t u r e  i s  
an e s s e n t i a l  c o n s i d e r a t i o n  s i n c e  t h e  
a d v e c t i v e  movement v a r i e s  so s t r o n g l y  f rom 
t h e  w a l l  t o  t h e  c e n t e r l i n e .  The e x i s t e n c e  o f  
m u l t i p l e  o u t l e t s  l e a d s  t o  t h e  p l o t  f o rma t  
shown i n  F i g u r e  2 .  The i n l e t  l a t e r a l  
p o s i t i o n  i s  shown on a cont inuous absc issa 
f o r  t h e  two i n l e t s  and t h e  e x i t  l a t e r a l  
p o s i t i o n  i s  shown on a cont inuous o r d i n a t e  
f o r  t h e  two e x i t s .  The sketches a t  t h e  t o p  
o f  t h e  f i g u r e  i l l u s t r a t e  t h e  g r a p h i c a l  
process o f  r o t a t i n g  t h e  l e f t  i n l e t  down t o  
t h e  x a x i s  and r o t a t i n g  t h e  t o p  e x i t  up t o  
t h e  y a x i s .  The r e s u l t  i s  a cont inuous 
f u n c t i o n ,  as shown f o r  v e r t i c a l  i n l e t  
v e l o c i t i e s  o f  l o % ,  50% and 100% o f  t he  
h o r i z o n t a l  i n l e t  v e l o c i t y .  The t h r e e  curves 
demonstrate t h e  i n t r u s i o n  o f  t h e  s t r o n g e r  
h o r i z o n t a l  stream i n t o  t h e  h o r i z o n t a l  e x i t  
f o r  smal l  v e r t i c a l  i n l e t  v e l o c i t i e s .  

Steady s t a t e  was achieved f o r  each o f  these 
cases i n  . 5  seconds o f  problem t ime.  T h i s  
c a l c u l a t i o n ,  a t  t i m e  steps o f  5 ms, and t h e  
subsequent t r a c i n g  o f  marker  p a r t i c l e s  
th rough  t h e  system was accompl ished i n  49 CP 

V 1  

F i g u r e  2. Displacement f u n c t i o n  f o r  
or thogonal  j u n c t i o n  o f  two f r a c t u r e s .  
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seconds o n a  CYBER176 computer. Whi le  t r i v i a l  
l e v e l s  of numer ica l  (non-phys ica l  ) s t a b i  1 i z a -  ' 

t i o n  were s u f f i c i e n t  t o  m a i n t a i n  s t a b i l i t y  and 
avo id  d i s t o r t i o n  due t o  a l t e r n a t e  node coup l -  
i n g  and donor c e l l  d i f f e r e n c i n g ,  a smal l  spa- 
t i a l  pressure o s c i l l a t i o n  was noted. Resolu- 
t i o n  o f  t h i s  problem and v e r i f i c a t i o n  by com- 
p a r i s o n  t o  p h y s i c a l  model r e s u l t s  a re  i n  p ro -  
gress. 

R E S E R V O I R  SIMULATION 

S u i t a b l e  codes desc r ibed  i n  t h e  l i t e r a t u r e  
w i t h  t h e  d i s c r e t e  f r a c t u r e  c a p a b i l i t y  essen- 
t i a l  t o  t h i s  approach were u n a v a i l a b l e  . f o r  
e x t e r n a l  use. A new codewas t h e r e f o r e  assem- 
b l e d  f rom t h e  b a s i c  f l o w  r e l a t i o n s h i p s  and 
s i m p l i f i e d  models o f  marker p a r t i c l e  d i s p l a c e -  
ment processes. The model c a l c u l a t e s  f l o w  
between p o i n t s  on a r e c t a n g u l a r  g r i d  through 
t h e  m a t r i x  o r  through a f r a c t u r e  which may 
connect ad jacen t  g r i d  p o i n t s  h o r i z o n t a l l y ,  
v e r t i c a l l y  o r  d i a g o n a l l y .  The g r i d  i s  two- 
d imensional ,  t h e  boundar ies a re  impermeable 
and s p e c i f i e d  e x t e r n a l  i n f l o w  o r  o u t f l o w  may 
be a p p l i e d  a t  any g r i d  p o i n t .  The heads a t  
t h e  v a r i o u s  g r i d  p o i n t s  a re  found by d i v i d i n g  
t h e  g r i d  i n t o  q u a r t e r - c e l l s a n d  ass ign ing  each 
q u a r t e r  c e l l  t o  t h e  neares t  g r i d  p o i n t .  Con- 
t i n u i t y  i s  then a p p l i e d  t o  t h e m a t r i x  f l o w  and 
f r a c t u r e  f l o w  e n t e r i n g  o r  l e a v i n g  t h e  volume 
assigned t o  each g r i d  p o i n t .  

The s i m u l a t i o n  was implemented w i t h i n  t h e  
A C S L l l  (Advanced Cont inuous S i m u l a t i o n  

Language) p r o b l e m s o l v e r  code. ACSL i s  a p ro -  
p r i e t a r y ,  author  supported codewhich p rov ides  
t h e  i n p u t / o u t p u t ,  f u n c t i o n  genera t i on ,  i n t e -  
g r a t i o n ,  e t c .  so f tware  t o s o l v e  a dynamic p ro -  
blem desc r ibed  by t h e  user  i n  terms o f  a lge -  
b r a i c  and f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  
equat ions.  It a l s o  p rov ides  a d i r e c t  c a l c u l a -  
t i o n  o f  a steady s t a t e  by a Newton-Raphson 
i t e r a t i o n  which d r i v e s  t h e d e r i v a t i v e s  towards 
zero.  

Sample f l o w c a l c u l a t i o n s  were per formed on t h e  
f r a c t u r e d  r e s e r v o i r  shown i n  F i g u r e  3. The 
r e s e r v o i r  i s  900 f t  long  by 360 f t  h i g h  by 
1 f t  t h i c k  and i n c o r p o r a t e s  a 9 c e l l  by 9 c e l l  
g r i d ,  an open w e l l b o r e  a t  t h e  l e f t  edge and 
an ex tens i ve  f r a c t u r e  system as shown by t h e  
heavy v e r t i c a l  o r  d iagonal  l i n e s .  H y d r a u l i c  
parameters a re  g i ven  i n  Table 1. I n  t h i s  
s i m p l i f i e d  model t h e  j u n c t i o n  r e s i s t a n c e  i s  
n o t  s p e c i f i c a l l y  s e l e c t e d  as a f u n c t i o n  of 
j u n c t i o n  c h a r a c t e r i s t i c s .  The ACSL d i r e c t  
steady s t a t e  mode was used t o  c a l c u l a t e  t h e  
head and f l o w d i s t r i b u t i o n  f o r  a 25 gpm i n j e c -  
t i o n  f l o w  and a 25 gpm wi thdrawal  f l o w .  I n  
each case, t h e  head d e r i v a t i v e s ,  a f t e r  sub- 
t r a c t i n g  t h e  steady s t a t e  drawdown r a t e ,  were 
f o r c e d  t o  zero.  Table 1 and F i g u r e  4 show t h e  
r e s u l t s  f o r  t h e  i n j e c t i o n  case. 

The f o l l o w i n g  a i s c u s s i o n  summarizes t h e  mar- 
k e r  p a r t i c l e  models i n c o r p o r a t e d  i n  t h e  code. 

The r e s u l t i n g  code i s  named FRACSL. 

f t  

I -  900 ft  

F i g u r e  3. Sample F r a c t u r e d  Reservo i r  
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I Table 1. Sample Reservo i r  Flow S i m u l a t i o n  

20 
15 
10 
n 5 -  

Water Temperature 
Well Flow Rate 
F r a c t u r e  Aper tu re  
F r a c t u r e  C o n d u c t i v i t y  
M a t r i x  C o n d u c t i v i t y  
Head a t  Well 
Minimum Head i n  F r a c t u r e  

( I n j e c t i o n )  
Minimum Head i n  M a t r i x  

( I n j e c t i o n )  
F r a c t u r e  V e l o c i t y  Range 
M a t r i x  V e l o c i t y  Range 

( x  o r  y component) 

Net horizontal fracture flow - 
- 1 , 

Head, f t I 

7OoF 
+ 25 gpm 

.01 f t  
2.25E+6 f t / d a y  

1.0 f t / d a y  
100 f t  

35.2 f t  

11.3 f t  
1560-178500 f t l d a y  

.00069-.672 f t / d a y  

- 

A t r a c e r  s l u g  i n j e c t i o n  i s  modeled by i n j e c t -  
i n g  t e n  groups o f  25 p a r t i c l e s  i n t o  t h e  f r a c -  
t u r e  system a t  s u i t a b l e  t i m e  i n t e r v a l s .  Each 
group o f  25 i s  d i s t r i b u t e d a c r o s s  t h e  w i d t h  o f  
t h e  5 f r a c t u r e s  w h i c h i n t e r s e c t  t h e  w e l l .  Each 
p a r t i c l e  i s  assigned a mass p r o p o r t i o n a l  t o  
i t s  v e l o c i t y ,  t he reby  approx ima t inga  cons tan t  
c o n c e n t r a t i o n  i n p u t .  D i s p e r s i o n  i n  t h e  w e l l -  
bore a n d t h e  j u n c t i o n s  o f t h e  w e l l b o r e  and t h e  
i n i t i a l  f r a c t u r e s  w i l l  be added l a t e r .  

I 

A p a r t i c l e  i n  a f r a c t u r e  i s  moved w i t h  a v e l -  
o c i t y  which corresponds t o  t h e  l o c a l  va lue  on 
a P o i s e u i l l e  v e l o c i t y  p r o f i l e  f i t t e d  t o  t h e  
mean f r a c t u r e  v e l o c i t y .  D i f f u s i o n  i s  added by 
drawing a sample f r o m  an a p p r o p r i a t e l y  sca led  
normal d i s t r i b u t i o n .  Three d imensional  d i s -  

GPM 

25 r 

p e r s i v e  e f fec ts  w i l l  bedetermined u s i n g  SALE- 
3D and i n c o r p o r a t e d  i n  t h e  r e s e r v o i r  model. 

A p a r t i c l e  t r a v e r s i n g  a j u n c t i o n  completes t h e  
t i m e  increment  i n  t h e  e x i t  f r a c t u r e .  The l a t -  
e r a l  p o s i t i o n  i n  t h e  e x i t  f r a c t u r e  i s  d e t e r -  
mined from t h e  SALE generated d isp lacement  
f u n c t i o n  f o r  t h e  a p p r o p r i a t e  i n l e t  p o s i t i o n ,  
geometry and f l ow  r a t i o s .  

P a r t i c l e s  move from t h e  f r a c t u r e s  i n t o  t h e  
m a t r i x  based on t h e  mass balances f o r  t h e  i n -  
d i v i d u a l  g r i d  p o i n t s  and t h e  m a t r i x  q u a r t e r  
c e l l s  and h a l f  f r a c t u r e s  which t e r m i n a t e  a t  
t h a t  g r i d  p o i n t .  The volume o f  water  moving 
from t h e  f r a c t u r e  i n t o  t h e  m a t r i x  i n  t h i s  
regime i s  equal t o  t h e  excess of f r a c t u r e  
i n f l o w  over f r a c t u r e  o u t f l o w ,  m u l t i p l i e d  by 
t h e  ,t ime i n t e r v a l .  T h i s  volume i s  d i s t r i b u t e d  
t o  t h e  va r ious  h a l f  f r a c t u r e s  a t  t h e  g r i d  
p o i n t  accord ing t o  t h e i r  l e n g t h - t i m e s -  
v o l u m e t r i c - f l o w  p roduc ts .  The assumption i s  
made t h a t  t h e  water  e n t e r s  t h e  m a t r i x  i n  a 
"dead-ended'' f r a c t u r e  which c r e a t e s  s u f f i c i e n t  
d i s p e r s i o n  i n  t h e  th rough- f l ow  t h a t  t h e  volume 
e n t e r i n g  t h e  m a t r i x  may come,with equal  l i k e -  
l i h o o d ,  f romany depth i n  t h e f l o w i n g  f r a c t u r e .  
The v a l i d i t y  o f  t h i s  s i m p l i f i c a t i o n  w i l l  be 
determined f rom f r a c t u r e  c h a r a c t e r i z a t i o n  and 
SALE d i s p e r s i o n  s t u d i e s .  

The model i s  implemented n u m e r i c a l l y  by d i v i -  
d i n g  t h e  volume t o b e  t r a n s f e r r e d  t o  t h e m a t r i x  
i n t o  10 equal c e l l s  and s e l e c t i n g  those  c e l l s  
a t  random over t h e  e n t i r e  w i d t h  and depth o f  

V '  

100 

Darcy velocity .729 ftlday ' 
F i g u r e  4. F r a c t u r e  Flow, Head Contours and M a t r i x  V e l o c i t i e s  f o r  25 gpm I n j e c t i o n  
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t h e  h a l f - f r a c t u r e .  Any markers i n  these  t e n  
c e l l s  a re  removed f rom t h e  f r a c t u r e  and 
assigned an equal p o s i t i o n  i n  t h e  m a t r i x .  

Marker p a r t i c l e  mot ion i n  t h e  m a t r i x  i s  com- 
puted as t h e  sum o f  advect ion,  porous media 
based d i s p e r s i o n  and mo lecu la r  d i f f u s i o n .  The 
advec t i ve  d i  s p l  acement i s  found by  i n t e r p o l  a- 
t i n g  f o r  t h e  v e l o c i t y  v e c t o r s  a t t h e  beg inn ing  
o f  t h e  t i m e  increment  and m u l t i p l y i n g  by t h e  
t i m e  increment .  D i s p e r s i v e  d isp lacements i n  
t h e  d i r e c t i o n  o f  t h e  advec t i on  and normal t o  
i t  a re  found f rom separate normal d i s t r i b u -  
t i o n s  w i t h  s tandard d e v i a t i o n s  equal  t o  t h e  
square r o o t  o f  t w i c e  t h e p r o d u c t  o f  t h e  appro- 
p r i a t e  d i s p e r s i v i t  i n  f e e t ,  t imes  t h e  advec- 
t i v e  displacement1$: Mo lecu la r  d i f f u s i o n  i s  
computed i n  a s i m i l a r  manner. 

The same models apply  d u r i n g  t h e  wi thdrawal  
phase except  t h a t  the fracture-to-matrix t r a n -  
s f e r s  a r e  reve rsed  a n d t h e  p a r t i c l e s  a r e  coun- 
t e d  as t h e y  l eave  t h e  i n i t i a l  f r a c t u r e s  t o  
r e e n t e r  t h e  w e l l .  The m a t r i x - t o - f r a c t u r e  
t r a n s f e r  i s  again based on t h e  mass balance 
f o r  t h e  a p p r o p r i a t e  g r i d  p o i n t  and assoc ia ted  
m a t r i x  and h a l f  f r a c t u r e s .  The volume o f  
water  moving f rom m a t r i x  t o  f r a c t u r e  d u r i n g  a 
t i m e  increment  i s  equal t o  theexcess  o f  f r a c -  
t u r e  e x i t  f l o w  ove r  f r a c t u r e i n l e t  f l o w ,  t imes  
t h e  t i m e  increment .  That  volume i s  assigned 
t o  t h e  i n d i v i d u a l  h a l f  f r a c t u r e s  on t h e  b a s i s  
o f  t h e i r  f l o w - t i m e s - l e n g t h  p roduc ts .  The 
t o t a l  volume o f  water  assoc ia ted  w i t h  t h e  g r i d  
p o i n t  i s  equal  t o t h e  area o f  m a t r i x  t imes  t h e  
u n i t  Chickness t imes  t h e  m a t r i x  p o r o s i t y .  The 
t r a n s f e r r e d  water  i s  t aken  f rom a s t r i p  o f  
a p p r o p r i a t e  w i d t h  a long t h e  f r a c t u r e .  Any 
marker i n  t h a t  s t r i p  a t  t h e  end o f  t h e  t i m e  
s tep  o r  which crosses i t  d u r i n g  t h e  t i m e  s t e p  
i s  movednormal ly i n t o  t h e f r a c t u r e  and ass ign-  
ed a l a t e r a l  p o s i t i o n  drawn f rom a random 
d i s t r i b u t i o n .  

Resu l t s  have been generated f o r  a s i m p l i f i e d  
model w i t h o u t  mo lecu la r  d i f f u s i o n  and w i t h  
p a r t i c l e  l a t e r a l  p o s i t i o n  a t  t h e  e x i t  o f  a 
j u n c t i o n  equal  t o  t h a t  a t  t h e  i n l e t .  The t e n  
groups o f  25 p a r t i c l e s  were re leased  i n t o  t h e  
i n i t i a l  f r a c t u r e s  a t  equal i n t e r v a l s  d u r i n g  a 

25 gpm injection for 0.01 days 
25 gpm withdrawal for 0.10 days \ matrix dispersion 

0.6 
0.5 

0.4 

0.31 \With matrix dispersion 
DL = 1.0 ft 

0.1 DT = 0.3 ft 

1 2 3 
Volume withdrawn 

Volume injected 

F i g u r e  5. Recovery Curves 

.01 day i n j e c t i o n  p e r i o d  w i t h  f l o w  c o n d i t i o n s  
as shown i n  F i g u r e  4.  Table 2 g i v e s  t h e  i n i -  
t i a l  and e n d - o f - i n j e c t i o n  p o s i t i o n s  f o r  t h e  
f i r s t  5 p a r t i c l e s  re leased  i n t o  t h e  lowest  
f r a c t u r e  i n  t h e  r e s e r v o i r  f o r  a case w i t h o u t  
m a t r i x  d i s p e r s i o n .  

As shown i n  t h e  t a b l e ,  t h r e e  o f  t h e  p a r t i c l e s  
had t r a n s f e r r e d  t o  t h e  m a t r i x  by t h e  end of 
i n j e c t i o n .  

Flow was then  reve rsed  f o r  a p e r i o d  o f  0.10 
days and t h e  p a r t i c l e  mass r e t u r n i n g  t o  t h e  
w e l l  was moni tored.  The r a t i o  o f  recovered-  
t o - i n j e c t e d  c o n c e n t r a t i o n  was found by  d i f f -  
e r e n t i a t i n g  t h e  t o t a l  t r a c e r  r e t u r n  and d i v i -  

Table 2. Marker P a r t i c l e  P o s i t i o n s  (No M a t r i x  D i s p e r s i o n )  

I n i t i a l  P o s i t i o n  E n d - o f - I n j e c t i o n  P o s i t i o n  i n  Reservo i r  
i n  F r a c t u r e  - L o n g i t u d i n a l  V e r t i c a l  Host - D is tance  
D is tance  f rom D is tance  from D is tance  F r a c t u r e  from 

P a r t i c l e  F r a c t u r e  Bottom L e f t  Edge f m .  Bottom o r  M a t r i x  F r a c t u r e  

1 10% 
2 30% 
3 50% 
4 70% 
5 90% 

52.2% 41 .l% F r a c t u r e  --- 
22.2% 6.7% M a t r i x  .046 ' r i  g h t  

3.4% 3.4% M a t r i x  .015' below 
82.1% 15.5% F r a c t u r e  --- 
33.9% 22.8% M a t r i x  .001'  below 
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ding by the  in jec t ion  r a t e .  Figure 5 shows 
the  concentration r a t i o  as  a function of the  
withdrawn-to-injected volume r a t i o .  A purely 
advective case would give a function which 
steps from 1 . 0 f o r  volume ra t io s  l e s s than  1.0 
t o  0 .  f o r  r a t io s  grea te r  than 1.0. Results 
for  the  injection-withdrawal sequence without 
matrix dispersion areshown by the  dot ted l ine .  
Substantial spreading o f  the  sharp f ront  has 
occurred and the t a i l  of the  curve extends t o  
zero concentration a t  a volume r a t i o  of 6.4. 
The solid curve shows the  e f f ec t  of the  addi- 
t ion  of matrix dispersion with longitudinal 
d i spers iv i ty  of 1.0 f t  and transverse disper- 
s i v i t y  of 0.3 f t .  The f ront  i s  spread fur ther  
and the  t a i l  isextended with 7.0% of the  t r a -  
cer s t i l l  in  t he  reservoir a f t e r  10 injection 
volumes have been withdrawn. 

SUMMARY 

An approach t o  numerical simulation o f  f rac-  
tured reservoirs has been developed which 
includes characterization o f  f rac ture  system 
geometry, numerical simulation of flow and 
dispersion in  f r ac tu re  elements, numerical 
simulation of flow and dispersion in  fractured 
reservoirs and cor re la t ion  w i t h  laboratory 
and f i e l d  t e s t  data .  

A general purpose f l u i d  flow code has been 
modified t o  simulate flow and the  dispersion 
of marker par t ic les  in  orthogonal f rac ture  
junctions. Results a re  given fo r  th ree  d i f -  
fe ren t  flow conditions. 

A reservoir simulation code has been assenbled. 
Flow i s  calculated in  the matrix and i n  d i s -  
c r e t e  f rac tures  arranged along the  edges or 
diagonals of the rectangular grid blocks. The 
dispersion of marker pa r t i c l e s  through the  
reservoir i s  simulated. Sample results a re  
gi ven. 

This work was funded by the  U.S. Department 
o f  Energy under Contract No. DE-AC07-76IDO 
1570. 
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