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ABSTRACT f o l l o w i n g  sec t i ons  p r o v i d e  a summary o f  
t h e  model ing approach and i t s  computer 

A t h ree  dimensional  f r a c t u r e  system syn thes i s  implementat ion.  t h e  RRGP-5B boreho le  
and f l o w  s i m u l a t i o n  has been developed t o  c h a r a c t e r i z a t i o n ,  f r a c t u r e  system syn thes i s  
c o r r e l a t e  drawdown c h a r a c t e r i s t i c s  measured and f low c o r r e l a t i o n ,  and recommendations 
i n  a geothermal w e l l  and t o  p rov ide  the  f o r  f u r t h e r  f r a c t u r e  c h a r a c t e r i z a t i o n .  
bas i s  f o r  an a n a l y s i s  o f  t r a c e r  t e s t s .  A 
new dual  p e r m e a b i l i t y  approach was developed MODELING APPROACH 
which i nco rpo ra tes  s imu la t i ons  a t  two l e v e l s  
t o  b e t t e r  represent  a d i s c r e t e  f r a c t u r e  The f l u i d  t r a n s p o r t  system i n  a f r a c t u r e d  
system w i t h i n  computer 1 i m i t a t i o n s .  The geothermal r e s e r v o i r  i s  composed o f  
f i r s t  i nco rpo ra tes  a d i s c r e t e  s i m u l a t i o n  i n te rconnec ted  condu i t s  rang ing  i n  sca le  
o f  t he  l a r g e s t  f r a c t u r e s  i n  t h e  system p l u s  f rom major f a u l t  zones th rough l a r g e  f r a c t u r e s  
d i s t r i b u t e d  o r  r e p r e s e n t a t i v e  element down t o  mic rocracks  w i t h  a minimum aper tu re  
s i m u l a t i o n  o f  t he  sma l le r  f r a c t u r e s .  The f o r  f l o w  o f  0.2 pm (Romm, 1966). The 
second determines the  r e p r e s e n t a t i v e  element cha l lenge presented t o  the  f l o w  modeler 
p r o p e r t i e s  by d i s c r e t e  s i m u l a t i o n  o f  t he  i s  t he  necess i t y  o f  e x p l i c i t l y  s i m u l a t i n g  
sma l le r  f r a c t u r e s .  The f r a c t u r e  system t h e  upper p o r t i o n  o f  t h i s  range w i t h i n  
was syn thes ized f rom a c o u s t i c  t e l e v i e w e r  computer memory and run  c o s t  l i m i t a t i o n s .  
da ta  on t h e  o r i e n t a t i o n  and separa t ion  o f  So lu te  and heat t r a n s p o r t  p resent  an even 
th ree  d i s t i n c t  f r a c t u r e  se ts ,  t oge the r  w i t h  l a r g e r  cha l lenge s ince  t h e  m a j o r i t y  o f  t he  
a d d i t i o n a l  da ta  f rom t h e  l i t e r a t u r e .  rock  sur face  f o r  heat t r a n s f e r  and s o r p t i o n  
Lognormal and exponent ia l  d i s t r i b u t i o n s  occurs i n  t h e  sma l le r  end o f  t h i s  f l o w  range. 
of  f r a c t u r e  spacing and r a d i u s  were s tud ied  I n  a d d i t i o n  the  mic rocracks  sma l le r  than 
w i t h  t h e  exponent ia l  d i s t r i b u t i o n  p r o v i d i n g  0.2 wn must be i nc luded  as t h e  hos t  f o r  
more reasonable r e s u l t s .  Hyd rau l i c  ape r tu res  t h e  "ma t r i x "  d i f f u s i o n  process. 
were es t imated  as a f u n c t i o n  o f  d i s tance  
from t h e  model boundary t o  a cons tan t  head The approach i n  t h i s  work i s  an ex tens ion  
boundary. Mean values o f  6.7, 101 and 46 o f  e a r l i e r  work on two-dimensional models 
vm were chosen as t h e  most r e p r e s e n t a t i v e  by M i l l e r  (1983). Clemo (1985),  and H u l l  
values f o r  t h e  t h r e e  f r a c t u r e  se ts .  (1985). The a n a l y t i c  bas i s  f o r  t h e  approach 
Recommendations a re  g iven f o r  t he  a d d i t i o n a l  i s  , g i ven  by Clemo (1986).  F rac tu res  a re  
f r a c t u r e  c h a r a c t e r i z a t i o n  needed t o  reduce addressed i n  t h r e e  d i f f e r e n t  ranges o f  s i ze ,  
t he  u n c e r t a i n t i e s  i n  the  model. termed f a u l t s ,  g loba l  f r a c t u r e s ,  and 

d i s t r i b u t e d  f r a c t u r e s .  F a u l t s  a re  c l a s s i f i e d  
INTRODUCTION as those condu i t s  s u f f i c i e n t l y  l a r g e  as 

t o  p rov ide  a t r i v i a l  head g r a d i e n t  f o r  
The o b j e c t i v e  of t he  work presented i n  t h i s  s u b s t a n t i a l  f l ows .  These elements a re  
paper i s  t o  model t he  f l o w  system i n  t h e  represented  as cons tan t  head boundar ies.  
v i c i n i t y  o f  a geothermal w e l l  as t h e  b a s i s  ' They may e i t h e r  be d e t e r m i n i s t i c a l l y  
f o r  a subsequent c o r r e l a t i o n  o f  measured i d e n t i f i e d .  f rom d r i l l i n g ,  f l o w  t e s t i n g  o r  
t r a c e r  responses. Data from Raft  R i v e r  geophysical  methods o r  may be t h e  l a r g e s t  
Well RRGP-5B was used as the  bas i s  f o r  t h e  elements o f  a complete p r o b a b i l i t y  
study. Th is  w e l l  was t e s t e d  i n  September d i s t r i b u t i o n ,  i f  one cou ld  be de f ined.  The 
th rough November, 1982 as p a r t  of a Department g l o b a l  f r a c t u r e s  a re  the  nex t  sma l le r  s e t  
o f  Energy research  program on t h e  i n j e c t i o n  and a r e  d i s c r e t e l y  descr ibed w i t h  p r o p e r t i e s  
o f  spent geothermal f l u i d s .  A s e r i e s  o f  chosen f rom p r o b a b i l i t y  d i s t r i b u t i o n s  s ince  
drawdown t e s t s  were conducted a long w i t h  t h e y  cannot, a t  t h i s  sca le ,  be d i s t r i b u t e d  
a number o f  i n j e c t i o n - b a c k f l o w  t r a c e r  t e s t s .  and they  cannot be s p e c i f i c a l l y  descr ibed.  
Th is  a n a l y s i s  i s  p a r t  o f  an ongoing e f f o r t ,  The d i s t r i b u t e d  f r a c t u r e s  a r e  t h e  remainder.  
i n c o r p o r a t i n g  f i e l d  s t u d i e s  and a n a l y t i c ,  They a r e  i nco rpo ra ted  i n  a r e p r e s e n t a t i v e  
phys i ca l  model and computer s imu la t i on ,  e lement bounded by t h e  g loba l  f r a c t u r e s .  
which i s  d i r e c t e d  towards an understanding The p r o p e r t i e s  o f  t h i s  r e p r e s e n t a t i v e  element 
o f  t he  processes c o n t r o l l i n g  t h e  movement a re  found from a sub-scale model i n  which 
o f  f l u i d s  i n  a geothermal r e s e r v o i r .  The the  smal l e r  f r a c t u r e s  a re  descr ibed 
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d i s c r e t e l y .  To summarize, t h e  complete 
f l o w  s imu la t i on  i nco rpo ra tes  two models: 
a l a r g e  sca le  model which i nco rpo ra tes  t h e  
w e l l  and the  f a u l t s  as i t s  f l o w  o r  head 
boundaries, t h e  l a r g e  f r a c t u r e s  as d i s c r e t e  
elements and the  sma l le r  f r a c t u r e s  as 
r e p r e s e n t a t i v e  o r  d i s t r i b u t e d  elements. 
The second model descr ibes  t h e  r e p r e s e n t a t i v e  
element w i t h  g loba l  f r a c t u r e s  omi t ted  and 
w i t h  t h e  nex t  sma l le r  s e t  o f  f r a c t u r e s  modeled 
d i s c r e t e l y .  Each o f  these models i s  as 
d e t a i l e d  as poss ib le  w i t h i n  computer memory 
and cos t  l i m i t a t i o n s .  

The model, o f  necess i t y ,  i nco rpo ra tes  a 
number o f  approximat ions.  As i s  common 
i n  the  d i s c r e t e  f r a c t u r e  a n a l y s i s  and 
s i m u l a t i o n  l i t e r a t u r e ,  f r a c t u r e s  a re  i d e a l i z e d  
as c i r c u l a r ,  p a r a l l e l  s ided, p l a n a r  d i s c s .  
Real f r a c t u r e s  a re  rough, curved o r  l a t e r a l l y  
stepped and a re  p robab ly  n o t  c i r c u l a r  due 
t o  i n t e r f e r e n c e  w i t h  o t h e r  f r a c t u r e s .  Indeed, 
some f r a c t u r e s  te rm ina te  on o t h e r  f r a c t u r e s  
(3e rshow i t r  e t  a l . ,  1985).  The model, i n  
a d d f t i o n ,  neg lec ts  the  v a r i a t i o n  o f  f r a c t u r e  
o r i e n t a t i o n  f rom t h e  mean o f  each o r i e n t a t i o n  
se t .  The remainder o f  t he  geometr ic 
approx imat ions  have t o  do w i t h  the  p r o b a b i l i t y  
d e n s i t y  d i s t r i b u t i o n s  o f  spacing, r a d i u s  
and aper tu re  which a r e  discussed i n  a 
subsequent sec t i on .  

Based on t h e  subsequent ly descr ibed acous t i c  
t e l e v i e w e r  survey, t h e  RRGP-5B f r a c t u r e  
system model c o n s i s t s  o f  a h y d r o f r a c t u r e  
and t h r e e  d i f f e r e n t l y  o r i e n t e d  p r o b a b i l i s t i c  
se ts  o f  p a r a l l e l  f r a c t u r e s .  Each f r a c t u r e  
i s  represented  as a c i r c u l a r  d i s c .  F igu re  
1 shows t h e  approach g iven by Huang and 
Evans (1985) and adopted f o r  t h i s  s tudy :  
a g iven  f r a c t u r e  i n t e r s e c t s  another f r a c t u r e  
( o r  t h e  boundary o f  t h e  model) i n  a l i n e .  
The head i s  assumed cons tan t  over  t h e  l e n g t h  
o f  t h e  l i n e  and i s  l oca ted ,  f o r  re fe rence,  
a t  a node a t  i t s  m idpo in t .  A f l o w  p a t h  
e x i s t s  i n  a f r a c t u r e  between two l i n e s  o f  
i n t e r s e c t i o n .  Laminar f l o w  i s  computed 
i n  t h i s  pa th  us ing  t h e  cub ic  law (Lamb, 
1945) i n  which f l o w  v a r i e s  as t h e  cube o f  
t h e  aper tu re .  The l e n g t h  o f  t he  p a t h  i s  
t h e  d i s tance  between nodes and the  w i d t h  
i s  approximated as t h e  average o f  t h e  two 
i n t e r s e c t i o n  l eng ths ,  w i t h o u t  c o n s i d e r a t i o n  
o f  t h e i r  o r i e n t a t i o n .  As shown i n  F i g u r e  
1, i n  a f r a c t u r e  w i t h  more than two 
i n t e r s e c t i o n s  o r  nodes, a f l o w  i s  computed 
independent ly  between each node and eve ry  
o t h e r  node. Cons ide ra t i on  o f  a more 
s o p h i s t i c a t e d  model i s  de fe r red  t o  f u t u r e  
s tud ies .  

Th is  a n a l y s i s  depar ts  f rom t h e  Huang and 
Evans approach i n  t h e  i n c l u s i o n  o f  t h e  
d i s t r i b u t e d  f r a c t u r e  f l o w  paths.  As desc r ibed  
p rev ious l y ,  t h e  c o n d u c t i v i t i e s  o f  these 
pa ths  are  determined f rom r e p r e s e n t a t i v e  
element s imu la t i ons  w i t h  f r a c t u r e s  o f  g loba l  
s i z e  excluded. Separate r e p r e s e n t a t i v e  
element s imu la t i ons  a r e  conducted t o  determine 
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Figure  1. D i s c r e t e  F rac tu re  Flow Paths 

t h e  c o n d u c t i v i t y  normal t o  each o f  t h e  t h r e e  
f r a c t u r e  se ts .  A h y d r a u l i c  g r a d i e n t  i s  
imposed normal t o  t h e  s e t  be ing  eva lua ted .  
The th i ckness  o f  t h e  r e p r e s e n t a t i v e  element 
model i s  an impor tan t  parameter. As shown 
by Clerno (1986). t h e  c o n d u c t i v i t y  between 
two planes decreases w i t h  i n c r e a s i n g  
separa t i on  between those planes because 
o f  t he  r e d u c t i o n  i n  number o f  c ross  f r a c t u r e s  
l a r g e  enough t o  d i r e c t l y  span them. 
Thicknesses were chosen equal t o  the  mean 
separa t i on  o f  t h e  corresponding f r a c t u r e  
s e t  i n  the  g loba l  model. 

F i g u r e  2 shows the  computat ional  process. 
Consider a f r a c t u r e  somewhat sma l le r  than 
those inc luded  i n  t h e  g loba l  model, which 
b r idges  two g loba l  f r a c t u r e s  o f  a common 
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Figure  2. D i s t r i b u t e d  F rac tu re  Flow Paths 
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set .  The c o n t r i b u t i o n  o f  t h i s  f r a c t u r e  
t o  t h e  c o n d u c t i v i t y  between the  two g loba l  
f r a c t u r e s  i s  computed d i s c r e t e l y  and i s  
averaged, i n  t h e  r e p r e s e n t a t i v e  element, 
over  the  c ross -sec t i ona l  area o f  t h a t  model. 
App ly ing  the  r e s u l t a n t  c o n d u c t i v i t y  over  
the  shadow o r  ove r lap  area between t h e  two 
g loba l  f r a c t u r e s  i n  t h e  d i s c r e t e  s i m u l a t i o n  
then in t roduces  t h e  requirement t h a t  t h e  
d i s t r i b u t e d  f r a c t u r e  l i e  i n  a reg ion  which 
i n t e r c e p t s  b o t h  g loba l  f r a c t u r e s .  The 
d i s c r e t e  pathway due t o  t h e  smal l  f r a c t u r e  
has been rep laced by t h e  c o n d i t i o n s  t h a t  
a f r a c t u r e  be l o n g  enough t o  b r i dge  t h e  
gap and t h a t  i t  occurs i n  a s u i t a b l e  l a t e r a l  
p o s i t i o n .  

The de te rm ina t ion  o f  t h e  d i s t r i b u t e d  f r a c t u r e  
pa ths  t o  t h e  h y d r o f r a c t u r e  i s  more complex 
s ince  i t  i s  n o t  p a r a l l e l  t o  any o f  t h e  
f r a c t u r e  se ts .  A p r o b a b i l i s t i c  f r a c t u r e  
i s  assigned a d i s t r i b u t e d  f r a c t u r e  p a t h  
t o  t h e  h y d r o f r a c t u r e  i f  i t  shadows i t  w i t h o u t  
shadowing a f r a c t u r e  neare r  t o  t h e  
hyd ro f rac tu re .  These c a l c u l a t i o n s  a re  made 
assuming a l l  f r a c t u r e s  p a r a l l e l  t h e  
hyd ro f rac tu re .  The p a t h  c rossec t i on  i s  
t h e  area  o f  t h e  e n t i r e  f r a c t u r e  as p r o j e c t e d  
on to  t h e  p lane o f  t h e  h y d r o f r a c t u r e  and 
i t s  l e n g t h  and c o n d u c t i v i t y  a re  computed 
as be fore .  

I n  a l l  cases, d i s t r i b u t e d  f r a c t u r e  f l o w  
i s  computed between t h e  average heads f o r  
each o f  t h e  two f r a c t u r e s .  I t  should be 
no ted  t h a t  t h i s  c a l c u l a t i o n  i d e n t i f i e s  t h e  
e n t i r e  f r a c t u r e  as a p ressu r i zed  body which 
rece ives  o r  p rov ides  f l o w  t o  t h e  number 
o f  s m a l l e r  f r a c t u r e s  which i n t e r c e p t  it. 

COMPUTER IMPLEMENTATION 

The conceptual  model desc r ibed  above i s  
implemented i n  a sequence o f  two codes which 
a r e  t o g e t h e r  c a l l e d  FRACSL3D (FJactured 
media f l o w  and t r a n s p o r t  - Advanced Cont inuous 
- Simu la t i on  Language, 3D). The f i r s t  code 
i s  i n i t i a t e a  w i t h  a z y n t h e s i s  o f  f r a c t u r e  
l o c a t i o n ,  o r i e n t a t i o n  and rad ius .  F rac tu re  
cen te rs  a r e  loca ted ,  i n  d i r e c t i o n s  p a r a l l e l  
t o  t h e  f r a c t u r e  plane, randomly th roughout  
t h e  model. As d iscussed subsequent ly,  two 
d i f f e r e n t  approaches were used t o  l o c a t e  
t h e  f r a c t u r e  cen te rs  i n  t h e  t h i r d  (normal)  
d i  r e c t i  on. 

A f t e r  d e s c r i b i n g  the  h y d r o f r a c t u r e  and 
syn thes i z ing  t h e  t h r e e  p r o b a b i l i s t i c  sets,  
t h e  d i s t r i b u t e d  f r a c t u r e  pa ths  were found 
as desc r ibed  i n  t h e  preced ing  sec t i on .  The 
f r a c t u r e - t o - f r a c t u r e  and f rac tu re- to -boundary  
i n t e r s e c t i o n s  were then found us ing  
subrout ines  developed by Huang and Evans 
(1984). The f r a c t u r e ,  d i s t r i b u t e d  f r a c t u r e  
pa th ,  and i n t e r s e c t i o n  i n f o r m a t i o n  was then  
ou tpu t  t o  a da ta  f i l e .  

The second code reads t h e  da ta  f i l e  and 
a d d i t i o n a l  data,  c a l c u l a t e s  t h e  f r a c t u r e  
pa ths  and so lves  f o r  t h e  head and f l o w  

d i s t r i b u t i o n s .  Th is  program was developed 
a t  t h e  Idaho Na t iona l  Eng ineer ing  Labora tory  
as a s e r i e s  o f  subrout ines  w i t h  suppor t i ng  
r o u t i n e s  f rom t h e  ACSL (Advanced Continuous 
S imu la t i on  Language) problem s o l v e r  code 
( M i t c h e l l  and Gauth ie r ,  1981). 

Aper tu res ,  w id ths ,  leng ths ,  and c o n d u c t i v i t i e s  
a re  computed f o r  t h e  va r ious  f r a c t u r e  paths.  
Aper tu res  a r e  assumed t o  v a r y  1 i n e a r l y  w i t h  
f r a c t u r e  r a d i u s  w i t h  p r o p o r t i o n a l i t y  cons tan ts  
chosen as discussed subsequent ly.  F ixed 
head o r  f l u x  boundary c o n d i t i o n s  may be 
a p p l i e d  a t  any node. A l t e r n a t i v e l y ,  
connect ion  t o  a remote cons tan t  head boundary 
may be made by  s p e c i f y i n g  t h e  d i s tance  t o  
t h a t  boundary. The p a t h  c o n d u c t i v i t y  i s  
assumed t o  be equal t o  t h e  mean f o r  t he  
g loba l  f r a c t u r e s  w i t h i n  t h e  model. 

A f i r s t  o r d e r  d i f f e r e n t i a l  equa t ion  i s  w r i t t e n  
f o r  t h e  conserva t ion  o f  mass a t  each node 
and t h e  steady s t a t e  f l o w  and head 
d i s t r i b u t i o n  i s  found by i t e r a t i n g  t o  d r i v e  
t h e  head d e r i v a t i v e s  t o  zero.  Both codes 
a re  implemented on a CDC CYBER 176 computer 
w i t h  130,368 decimal words o f  smal l  core  
a v a i l a b l e  t o  t h e  user.  The f l o w  code i s  
l i m i t e d  t o  severa l  hundred nodes w h i l e  the  
syn thes i s  code can analyze much l a r g e r  
systems. The t o t a l  c o s t  o f  t h e  13 computer 
runs  p r o v i d i n g  the  repo r ted  da ta  was 
approx imate ly  $75. These c o s t s  a re  low 
enough t o  p e r m i t  t h e  m u l t i p l e  r e a l i z a t i o n s  
necessary f o r  some s tud ies .  

RRGP-5B BOREHOLE CHARACTERIZATION 

R a f t  R i v e r  Well  RRGP-SB was completed i n  
metasedimentary q u a r t z i t e  and s c h i s t  a t  
a depth  o f  4911 ft. An a c o u s t i c  t e l e v i e w e r  
survey was made by t h e  Un i ted  S ta tes  
Geo log ica l  Survey f o r  a 495 f o o t  boreho le  
i n t e r v a l  p r i o r  t o  w e l l  complet ion.  A second 
survey o f  t h e  p roduc t i on  i n t e r v a l ,  made 
a f t e r  t h e  l i n e r  was i n s t a l l e d  and t h e  w e l l  
was hyd ro f rac tu red ,  showed no new f r a c t u r e s  
o t h e r  than t h e  h y d r o f r a c t u r e  i t s e l f .  A 
t o t a l  o f  142 d i s c o n t i n u i t i e s  were found 
i n  t h e  495 f o o t  p re-comple t ion  i n t e r v a l .  
F igu re  3 shows a p l o t  o f  t h e  cumula t ive  
f requency o f  occurrence vs. separa t i on  
d i s tance  f o r  t h e  r e g i o n  between 4445 and 
4695 ft. Th is  r e g i o n  was se lec ted  because 
i t  i s  homogeneous i n  f r a c t u r e  d i s t r i b u t i o n  
and i n c l u d e s  t h e  observed p o r t i o n  o f  t h e  
h y d r o f r a c t u r e  below t h e  l i n e r  and the  
p o s t u l a t e d  p o r t i o n  above t h e  bottom o f  t h e  
l i n e r .  The data,  shown f o r  t h r e e  o r i e n t a t i o n  
se ts ,  a r e  f i t t e d  by lognormal d i s t r i b u t i o n s .  
Table 1 summarizes t h e  c h a r a c t e r i s t i c s  of  
t h e  t h r e e  f r a c t u r e  se ts .  

FRACTURE SYSTEM SYNTHESIS 

As shown schemat i ca l l y  i n  F igu re  4, t h e  
model i s  e s t a b l i s h e d  by d e s c r i b i n g  t h e  
hyd ro f rac tu re ,  a model space, and t h e  
probab i  1 i s t i  c f r a c t u r e s  w i t  h i  n t h a t  space. 
Based on acous t i c  t e l e v i e w e r  observa t ions  
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of the portion of the wellbore below the 
well l i n e r ,  the hydrofracture was described 
a s  a 100 f t  radius c i r c l e ,  centered on the 
bottom of the l i n e r  and oriented in a ver t ica l  
plane w i t h  s t r i ke  t o  the north. A cubic 
model space 200 f t  on a s ide  was chosen 
t o  surround the hydrofracture and thereby 
model the d is t r ibu t ion  of flow from the 
well through the hydrofracture a n d  i n to  
the formation. This volume was centered 
on the bottom of the wellbore l i n e r  and 
oriented w i t h  ver t ica l  faces r u n n i n g  N-S 
and E-W. 

In the  i n i t i a l  synthesis of probabi l i s t ic  
f r ac tu res ,  the spacing between successive 
members of the same s e t  was based on the 
lognormal d is t r ibu t ion  shown in Figure 3 
and Table 1.  Since t h i s  d i s t r ibu t ion  i s  
t h a t  of a scanline (borehole) sampling, 
the spacing between f rac tures  which a re  
located l a t e r a l l y  throughout the model region 
must be considerably smaller. The model 
separations were adjusted unt i l  scanline 
samplings equalled the measured mean 
separations . 
These r e su l t s  a re  sens i t ive  t o  the f rac ture  
radius d is t r ibu t ion .  Since r a d i u s  
d i s t r ibu t ions  a re  not known f o r  the Raft 
River f rac ture  system, data on radius- 
to-spacing r a t i o  from the l i t e r a t u r e  was 
used. Mahtab e t  a l .  (1973) reported t race  
length,  separation and physical apertures 
f o r  a copper mine i n  a granite batholith.  
Three nearly orthogonal f rac ture  s e t s  were 
found in quartz monzonite and i n  monzonite 
porphyry. While the d is t r ibu t ions  were 
not f i t t e d  by the author, the means were 
given. The Mahtab e t  a l .  t race  length means 
were f i r s t  multiplied by .635 t o  provide 
the expected value of radius. The r a t i o  
of mean-radius-to-mean-spacing was found 
t o  be 3.16 when averaged over the 6 f rac ture  
set-rock type combinations. Gale e t  a l .  
(1  985) reported mean-radi us-to-mean-separation 
values f o r  the Stripa vent i la t ion  d r i f t  
which average .1.15 f o r  the four f rac ture  
s e t s .  A value of 2.15 was assumed f o r  the  
Raft River analysis a s  the mean of the values 
from the l i t e r a t u r e .  The d i s t r ibu t ion ,  
f o r  the f i r s t  ana lys i s ,  was assumed t o  be 
lognormal. 

Fractures were synthesized within a 300 
f t .  cube centered on and para l le l  t o  the 
model cube. The additional space was prnvided 
t o  extend f rac tures  in to  the model from 
centers located outside i t .  Synthesis and 
scanline s tudies  were conducted separately 
f o r  each of the three f rac ture  sets. 

In  order t o  reduce the number of nodes t o  
the capabi l i ty  of the flow code, i t  was 
necessary t o  l imi t  the f rac tures  t o  those 
l a rge r  than 250 f t .  radius. Two observations 
can be made from t h i s  r e su l t .  The f i r s t  
i s  t ha t  the resu l t ing  model i s  unsatisfactory 
since the ex t ra  f r ac tu re  generating space 
outside the model only provides f o r  f r ac tu res  
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TABLE 1 

WELL RRGP-5B FRACTURE SET CHARACTERISTICS 
DEPTHS 4445-4695 f t  

Number 
Mean Borehole Spacing 

Mean of std dev Normal (1 )  
of loglo of loglo Spacing 

El? ~ _ _ _  f t  f t  f t  Set Separations S t r ike  - 
1 21 N12W 79E * 753 .539 2.036 
2 3 N34E 46E 1.480 .551 30.77 
3 12 N18W 20E .701 .708 14.17 

(1) normal spacing = (borehole spacing) (cos d ip)  

with rad i i  l e s s  than 50 f e e t .  The more 
s igni f icant  observation i s  t h a t  the 
synthesized f rac ture  system i s  dominated, 
probably excessively so,  by large f rac tures .  
Reduction of the mean-radius-to-mean-spacing 
r a t i o  of 2.15 would probably not a f f e c t  
the r e su l t s  s ign i f i can t ly  since a la rger  
number o f  f rac tures  would then be required 
t o  provide the required scanline spacing. 

While the acoustic televiewer spacing data 
i s  obviously well f i t t e d  by the lognormal 
cha rac t e r i s t i c  shown i n  Figure 3 i t  should 
be noted tha t  the smaller f rac tures  may 
not be detected. I n  the l i t e r a t u r e  a s  
reviewed by Evans (1983), scan1 ine length 
d i s t r ibu t ions  were best f i t t e d  by a lognormal 
d is t r ibu t ion  by some researchers while an 
exponential d i s t r ibu t ion  provided the best 
f i t  t o  data f o r  others.  In addition, a 
power l a w  d is t r ibu t ion  w i t h  probabili ty 
varying w i t h  t race  length to  an exponent 
varying between -1.3 and -1.8 was found 
best by Segall and Pollard (1983). The 
ana lys i s  o f  f rac ture  permeability a t  the 
S t r ipa  vent i la t ion  d r a f t  by Gale e t  a l .  
(1985) u t i l i zed  b o t h  lognormal and  exponential 
d i s t r ibu t ions .  

As an a l t e rna t ive ,  a second analysis was 
performed f o r  exponential d i s t r ibu t ions  
of spacing and radius, again d i f fe r ing  by 
a f ac to r  of 2.15. The exponential spacing 
was provided by randomly locating the f r ac tu re  
centers in the normal direction ( P r i e s t  
and Hudson, 1981). The  sing1.e parameter 
in the exponential d i s t r ibu t ion  of the 
spacing, the mean value, was chosen a s  the 
ari thmetic mean of the measured spacings. 
Fractures a re  located randomly i n  the three  
d i rec t ions  u n t i l  a scanline has accumulated 
the  number of interceptions which provide 
the required mean spacing. T h i s  procedure 
was modified ana ly t ica l ly  t o  avoid t r ea t ing  
the very large number of small f r ac tu re s  
which would not in te rcept  the scanline.  
The d is t r ibu t ion  of rad i i  was limited t o  
the la rger  values and the mean spacing fo r  

the scanline was increased accordingly. 
After providing f o r  the correct scanline 
sampling r a t e ,  the f rac tures  simulated 
d iscre te ly  i n  the global analysis were limited 
t o  those greater t h a n  100 f t  radius t o  provide 
a manageable global flow model. The three 
representative elements shown schematically 
i n  Figure 4 were then developed using the 
same d is t r ibu t ions .  Fracture r a d i i  were 
limited t o  100 f t  a t  the maximum and minimums 
of 27 t o  32 f t .  Table 2 summarizes the 
four geometric models. While these 
calculations would normally be made on the 
basis of the mean of a number of f rac ture  
system rea l iza t ions ,  the f rac ture  system 
s t a t i s t i c s  a re  not su f f i c i en t ly  well defined 
t o  warrant  the refinement. 

FLOW CORRELATION 

Drawdown t e s t s  were conducted a t  well RRGP-5B 
a t  flow ra tes  ranging from 75 t o  300 gpm. 
Steady-state conditions were reached in 
an average of 235 seconds a f t e r  the s t a r t  
of drawdown and the well recovered t o  the 
i n i t i a l  condition i n  an average of 130 seconds 
a f t e r  the end of production. Figure 5 shows 
the variation w i t h .  flow ra t e  of drawdown 
and recovery heads a t  steady-state. The 
drawdown and recovery heads a re  e s sen t i a l ly  
ident ica l  and the mean values r i s e  w i t h  
increasing flow a t  a r a t e  greater than l i nea r .  
The formation cha rac t e r i s t i c s ,  found by 
subtracting a calculated wellbore l o s s ,  
a l so  r i s e s  a t  a grea te r  than l i nea r  r a t e ,  
showing the presence of non-linear or  
turbulent flow i n  the formation. A l i nea r  
formation drawdown was estimated by drawing 
a tangent t o  the i n i t i a l  portion of the 
formation;curve. 

Predicted ,drawdowns were found by solving 
f o r  the flow d i s t r ibu t ions  in the four 
geometric models previously described. The 
individual representative element models 
were used to  evalute the conductivity normal 
t o  the hydrofracture and f rac ture  s e t s  2 
and 3. Distributed flow between global 
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TABLE 2 

GLOBAL AN0 REPRESENTATIVE ELEMENT MODELS 
EXPONENTIAL OlSTRlBUTlON OF SPACING AN0 RADIUS 

# # Representa i e 
Fracture ( # I Oiscrete Distributed Element14r 

Generating Model( l ) (z)  Fracture # Internal Boundary Fracture Fracture Conductivity 
Model Reqlon - f t  Reqion - f t  Radius-ft Fractures Nodes Nodes Paths Paths __ f t/day 

--- Global 600/600/600 200/200/200 above 100 31 64 102 765 14 

Element(3) 1 400/250/400 200/50/200 32 t o  100 33 32 114 294 -- .047 2 

Element 2 238/400/400 38/200/200 27 t o  100 23 20 98 131 - -  .0209 

Element 3 239/400/400 39/200/200 27 t o  100 26 41 98 310 -- .2520 

(1) x by Y by z 

(2) 

(3 )  representative element f o r  conductivity normal t o  hydrofracture 

(4 )  through smallest model dimensfon; a t  aperture-to-radius r a t i o  = .5E-5 

model region centered i n  fracture generating region 

f r ac tu res  i n  s e t  1 was neglected since these 
f r ac tu res  a re  widely separated. Flow 
solutions f o r  the three representative element 
models yielded conductivit ies f o r  a pa r t i cu la r  
aperture-to-radi us V a l  ue. These 
conductivit ies were then incorporated i n  
the global model where a single value o f  
aperture-to-radius r a t i o  was used t o  ad jus t  
the apertures and the conductivity of both 
representative element f rac tures  and global 
f rac tures .  The selection of a distance 
from the model boundary t o  a remote, 
fixed-head boundary completes the input 
s e t  and a flow solution i s  obtained. Since 
a l l  component head r i s e s  a re  dependent on 
the cube of the aper ture ,  system head r i s e s  
f o r  other values of aperture-to-radius r a t i o  
a re  obtained by a simple r a t io .  

The contribution of the representative element 
t o  the computed drawdown was found by zeroing 
the representative element conductivit ies 
used i n  the global flow simulation. The 
drawdown head increased by 9.0%. corresponding 
t o  the cube of the r a t i o  of the dominant 
apertures in the representative element 
models t o  those i n  the global model. 

Flow ca lcu la t ions ,  f o r  both global and 
representative element models, were based 
on l i nea r  flow between smooth para l le l  p la tes .  
However, the existence of non-linear flow 
in some of the f r ac tu re  paths i s  shown by 
the non-linear drawdown cha rac t e r i s t i c  given 
i n  Figure 5. As summarized by Gale e t  a l .  
(1985), the onset of non-linear flow has 
been observed a t  a Reynolds number of 80 
a t  a r e l a t ive  roughness of 1.0 and a t  about 
100 a t  a r e l a t ive  roughness of 0.862. The 
average Reynolds number over the 534 d i sc re t e  
f rac ture  paths in the global model i s  10.5, 
based on a hydraulic diameter equal t o  twice 
the  aperture. T h i s  value i s  independent 
of the aperture values f o r  a system otherwise 
fixed i n  flow and geometry. True Reynolds 
numbers , however, range t o  considerably 

140 - 

120 - 
e Drawdown 

100 - 0 Recovery 

c c - Total drawdownlrecovery 

% 80 
I 

- 
Total less wellbore a, 

60 - 

40 - ormation drawdown 

~ ~~ 

50 100 150 200 250 300 
Flow rate (gpm) 

6 0291 

Figure 5. Fleasured and Linear Drawdown 
Characterist ics 

numbers, however, range t o  considerably 
higher values because the model may have 
multiple f rac ture  paths i n  a given. portion 
of a f rac ture .  Indeed, 120 f rac ture  paths 
occur i n  the l a rges t  f rac ture  i n  the system 
(273 f t  radius) and 66 f rac ture  paths occur 
i n  the 100 f t  radius hydrofracture. Since 
these tend t o  be the longest paths i n  the 
system, a substantial  portion of the flow 
path may have e f f ec t ive  Reynolds numbers 
grea te r  than one hundred. In the absence 
of information on f rac ture  roughness, the 
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a n a l y s i s  was completed by  matching values 
p r e d i c t e d  by l i n e a r  f l o w  r e l a t i o n s h i p s  t o  
t h e  es t imated  l i n e a r  fo rma t ion  drawdown 
shown i n  F igure  5. 

F igu re  6 shows t h e  v a r i a t i o n  o f  p r e d i c t e d  
drawdown head w i t h  remote boundary d i s tance  
and aper tu re - to - rad ius  r a t i o  f o r  a 150 gpm 
f l o w  ra te .  A 100 ft d is tance  was chosen 
as t h e  bes t  es t imate ,  based p a r t i a l l y  on 
t h e  de tec t i on ,  d u r i n g  d r i l l i n g .  o f  a h i g h  
t r a n s m i s s i v i t y  a q u i f e r  a t  a p o i n t  nea r  t h e  
t o p  o f  t h e  modeled reg ion .  Whi le t h i s  does 
n o t  d e f i n e  t h e  d i s tances  t o  a cons tan t  head 
boundary f rom t h e  o t h e r  f i v e  faces  o f  t h e  
model, t he  p r e v i o u s l y  discussed 235 second 
(drawdown) and 130 second ( recovery )  t imes 
tend t o  con f i rm  t h e  ex i s tence  o f  r e l a t i v e l y  
c lose  cons tan t  head boundar ies.  A more 
p r e c i s e  d e f i n i t i o n  w i l l  be p rov ided by work 
i n  p rogress  on a f u l l y  t r a n s i e n t  s o l u t i o n .  
The mean s e t  ape r tu res  a t  t he  100 f t  remote 
boundary d i s tance  and a 20 f t  l i n e a r  drawdown 
head a r e  6.7, 101, and 46 ~lm f o r  se ts  1, 
2, and 3, r e s p e c t i v e l y .  These values a r e  
s u b j e c t  t o  cons iderab le  u n c e r t a i n t y ,  as 
t o  t h e  shape o f  t he  spacing and r a d i u s  
d i s t r i b u t i o n s ,  t h e  mean o f  t h e  r a d i u s  
d i s t r i b u t i o n  and t h e  non- l i nea r  f l o w  te rm 
and may o n l y  be accura te  t o  w i t h i n  a f a c t o r  

10 

0 .  

set (ft) (w) 
1 2.04 6.7 
2 30.8 101 
3 14.2 46 

--- - 

1 I I I 

F igu re  6. L inea r  Drawdown C o r r e l a t i o n  

o f  th ree .  They may be compared t o  h y d r a u l i c  
ape r tu res  of 6 ~lm a t  S t r i p a  (Gale e t  a l . ,  
1985) and 11.8 vm a t  Chalk R i v e r  (Raven 
e t  a l . ,  1985). I n  a d d i t i o n  t o  t h e  d i f f e r e n c e  
i n  n a t u r a l  f r a c t u r e  systems, i t  should be 
no ted  t h a t  t h e  R a f t  R i v e r  f r a c t u r e s  may 
have been opened by  t h e  h y d r a u l i c  s t i m u l a t i o n  
t rea tment .  

RECOMMENDED FRACTURE CHARACTERIZATION 

A s u b s t a n t i a l  body o f  work on f r a c t u r e  mapping 
and c h a r a c t e r i z a t i o n  has been repo r ted  i n  
t h e  i n t e r i m  s ince  t h i s  w e l l  was completed 
and tes ted .  Acous t ic  t e l e v i e w e r  da ta  has 
been complemented by t h e  use o f  t he  tube 
wave dev ice  ( P a i l l e t  and Keys, 1984) which 
shows t h e  presence o f  water  i n  a f r a c t u r e  
i n t e r s e c t i n g  t h e  we l l bo re  as a d i s c o n t i n u i t y  
i n  an acous t i c  wave propagated down t h e  
borehole.  The same au tho rs  d iscuss  t h e  
use o f  t h e  heat-pulse f l ow  meter which 
measures ex t remely  low v e l o c i t i e s  i n  the  
we l l bo re  as a means o f  d e t e c t i n g  f l u i d  bea r ing  
f r a c t u r e s .  Neutron l o g g i n g  c o r r e l a t e d  w e l l  
w i t h  c o n d u c t i v i t y  measurements a t  t h e  Orac le  
t e s t  s i t e  i n  Ar izona (Jones e t  a l . ,  1985) 
and a d d i t i o n a l  f r a c t u r e  c h a r a c t e r i z a t i o n  
was prov ided by o r i e n t e d  cores. Doe and 
Osnes (1985) p resent  methods f o r  de te rm in ing  
f r a c t u r e  c h a r a c t e r i s t i c s  f rom packer t e s t i n g  
o f  i n d i v i d u a l  f r a c t u r e s .  The de te rm ina t ion  
o f  f r a c t u r e  ex ten t ,  however, may u l t i m a t e l y  
r e q u i r e  o t h e r  geophysical  techniques, such 
as radar ,  o r  t he  d r i l l i n g  o f  o f f s e t  boreholes.  
Another avenue o f  approach which may be 
o f  b e n e f i t  i n  de te rm in ing  f r a c t u r e  e x t e n t  
and f r a c t u r e  d i s t r i b u t i o n  i n  space i s  t h e  
a p p l i c a t i o n  o f  e x i s t i n g  techno logy  t o  t h e  
d e s c r i p t i o n  o f  t h e  s t r u c t u r a l  and hydrothermal 
processes which c rea ted  t h e  f r a c t u r e  system. 
Approaches such as those by  Sega l l  and P o l l a r d  
(1983) and Knapp and Nor ton  (1981) may be 
developed t o  c o r r e l a t e  boreho le  
c h a r a c t e r i z a t i o n  da ta  and, i n  so doing, 
p rov ide  a q u a n t i t a t i v e  d e s c r i p t i o n  o f  f r a c t u r e  
c h a r a c t e r i s t i c s  n o t  e a s i l y  ob ta ined f rom 
boreho le  s tud ies .  

SUMMARY 

A new, dua l  p e r m e a b i l i t y  s i m u l a t i o n  o f  
f r a c t u r e  system f l o w  has been developed 
as an e f f e c t i v e  means o f  s i m u l a t i n g  t h e  
range o f  f r a c t u r e  s i z e  i n  a 3D d i s c r e t e  
f r a c t u r e  model w i t h i n  t h e  l i m i t a t i o n s  o f  
computer c o s t  and core  s i ze .  A g loba l  model 
i nco rpo ra tes  d i s c r e t e  rep resen ta t i ons  o f  
t h e  l a r g e r  f r a c t u r e s  and a' r e p r e s e n t a t i v e  
element r e p r e s e n t a t i o n  o f  t he  sma l le r  
f r a c t u r e s .  The c o n d u c t i v i t y  o f  t h e  
r e p r e s e n t a t i v e  element i s  found by  a separate 
d i s c r e t e  s i m u l a t i o n  o f  t h e  sma l le r  f r a c t u r e s .  
The combined s i m u l a t i o n  i nco rpo ra ted  f r a c t u r e s  
w i t h  r a d i i  down t o  13.5 t o  16 pe rcen t  o f  
t he  s i z e  o f  t h e  model. The l e v e l  o f  d e t a i l  
and t h e  cos t  o f  t he  s i m u l a t i o n  a r e  such 
as t o  pe rm i t ,  w i t h  s u i t a b l e  model ex tens ions ,  
accura te  s tud ies  o f  s o l u t e  t r a n s p o r t  i n  
f r a c t u r e d  geothermal systems. 
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D e f i n i t i o n  o f  t he  f r a c t u r e  system i n  t h i s  
s tudy  depended on t h e  fo rm of t h e  d i s t r i b u t i o n  
o f  spacing i n  three-dimensional  space and 
on assumptions as t o  f r a c t u r e  s i z e  
d i s t r i b u t i o n .  I n  a d d i t i o n ,  sma l le r  
u n c e r t a i n t i e s  were i n t roduced  by t h e  absence 
o f  a de f i ned  pressure  boundary c o n d i t i o n  
and by the  presence o f  n o n - l i n e a r  f r a c t u r e  
f l ow .  Fu r the r  i n f o r m a t i o n  on f r a c t u r e  
c h a r a c t e r i s t i c s  w i l l  be p rov ided  by t r a n s i e n t  
f l o w  s imu la t i on  and by t h e  a d d i t i o n  o f  a 
t r a n s p o r t  model and c o r r e l a t i o n  w i t h  measured 
t r a c e r  responses. The u n c e r t a i n t i e s  i n  
these s tud ies  can be reduced by more ex tens i ve  
f r a c t u r e  c h a r a c t e r i z a t i o n  da ta  ob ta ined  
on t h e  bas i s  o f  recen t  advances i n  packer 
t e s t i n g ,  f l o w  measurement, tube wave and 
neut ron  l o g g i n g  and o t h e r  geophysical  methods, 
and f rom o r i e n t e d  cores. Fu r the r  da ta  may 
u l t i m a t e l y  be prov ided by c o r r e l a t i n g  sampled 
da ta  w i t h  a s t ruc tu ra l -hyd ro the rma l  r a t i o n a l e  
f o r  t he  e v o l u t i o n  o f  t he  f r a c t u r e  system. 

Th is  work was funded by t h e  U. S. Department 
o f  Energy under Cont rac t  No. 
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