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The s i z i n g  of a h o t  d r y  r o c k  r e s e r v o i r  f rom a h y d r s u l i c  
f r a c t u r i n g  ex p e r  imen t 

George Zyvoloski  
Los Alamos Na t iona l  L a b o r a t o r y  
Los Alamos, New Mexico 87545, U.S.A. 

Abstract  Hot d r y  r o c k  (HER) r e s e r v o i r s  do n o t  l e n d  themselves t o  
t h e  s t a n d a r d  methods of r e s e r v o i r  s i z i n g  developed  i n  t h e  
petroleum i n d u s t r y  such a s  t h e  buildup/drawdown t e s t .  I n  a HER 
r e s e r v o i r  t h e  r e s e r v o i r  is created b y  t h e  i n j e c t i o n  of f l u i d .  
T h i s  p r o c e s s  o f  h y d r a u l i c  f r a c t u r i n g  of t h e  r e s e r v o i r  rock u s u a l l y  
i n v o l v e s  i n j e c t i o n  of a l a r g e  volume (5 m i l l i o n  g a l l o n s )  a t  h igh  
r a t e s  (40EPM). A methodology is p r e s e n t e d  for s i z i n g  t h e  HER 
r e s e r v o i r  c r e a t e d  d u r i n g  t h e  h y d r a u l i c  f r a c t u r i n g  p rocess .  The 
reservoir c r e a t e d  d u r i n g  a r e c e n t  f r a c t u r i n g  exper iment  i s  s i z e d  
u s i n g  t h e  t e c h n i q u e s  p r e s e n t e d .  T h i s  r e s e r v o i r  is t h e n  i n v e s t i g a t e d  
f o r  commercial  p o t e n t i a l  by  s i m u l a t i o n  o f  l o n g  term power 
p r o d u c t i o n .  

Packground The c r e a t i o n  of a geothermal  r e s e r v o i r  by  h y d r a u l i c  
f r a c t u r i n g  i s  a major  component i n  ene rgy  e x t r a c t i o n  b y  t h e  HDR 
method. I n  i ts  s i m p l e s t  form,  t h e  HDR r e s e r v o i r  is a f low p a t h  
c o n s i s t i n g  o f  an i n j e c t i o n  well, a f r a c t u r e d  rock  mass ( c r e a t e d  by  
h y d r a u l i c  f r a c t u r i n g )  and a p r o d u c t i o n  w e l l b o r e  i n t e r s e c t i n g  t h e  
f r a c t u r e d  r o c k  a t  a s u f f i c i e n t  d i s t a n c e  from t h e  i n j e c t i o n  well f o r  
a good h e a t  t r a n s f e r  area t o  be e s t a b l i s h e d  i n  t h e  f r a c t u r e  sys tem.  
The i d e a l i z e d  r e s e r v o i r  is shown i n  F i g u r e  1. 

T h i s  s t u d y  was mot iva t ed  by  a l a r g e  f r b c t u r i n g  o p e r a t i o n  
( E x p e r i m e n t  2 0 3 3 )  c o n d u c t e d  December 6-9, 1983 i n  wh ich  5 .6  K 
g a l l o n s  (21,200m of water were i n j e c t e d  i n t o  wellbore EE-2 a t  t h e  
Fenton H i l l  Hot Dry Rock s i t e .  A v a r i e t y  of d a t a  were a c q u i r e d  i n  
t h e  expe r imen t .  The da ta  inc luded  f lowrite , bottom h o l e  p r e s s u r e  
and seismic e v e n t  mapping. During f lowback of t h e  i n j e c t e d  f l u i d  
u s e f u l  geochemical  and t e m p e r a t u r e  d a t a  WES o b t a i n e d  as  was an 
e s t i m a t e  of t h e  volume of t h e  r e t u r n e d  f l u i d .  

A c r i t i c a l  parsmeter i n  a n a l y z i n g  t h e  f low and p r e s s u r e  da t a  is 
t h e  f r a c t u r e  a p e r t u r e  s ize  and how t h e  f r a c t u r e  a p e r t u r e  behaves  
w i t h  p r e s s u r e .  The a p e r t u r e  s ize  can be estimated us ing  a p rocedure  

In  t h e i r  deve loped  by  Geertsma and de K l e r k  (1969). 
a n a l y s i s  t h e  maximum a p e r t u r e  w i s  e x p r e s s e d  as a f u n c t i o n  o f  
f l o w r a t e ,  Q, f l u i d  v i c o s i t y ,  1, rock shear  m o d u l u s ,  G ,  and  
f r a c t u r e  r a d i u s  R: 

[ l l  .25 w = 2(pQR/G) 
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F i  gure 1 . Ideali v ed reservoir created durina 
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Experiment 2032 

Velues  a p p r o p r i a t e  t o  Fenton H i l l  and , txpe r imen t  2C32 ( c c  = l c p ,  C = 
.111 m / s ,  R = 500 m ,  G = 2.65 x 1C Pz), g i v e  a maximum a p e r t u r e  
o f  0 . 0 0 2  m .  B e c a u s e  of t h e  l / 4  power i n  Eq. 1 ,  t h e  r e s u l t  i s  
r e l a t i v e l y  i n s e n s i t i v e  t o  chsnges  i n  f l o w r a t e  (or  t h e  number of  
f r a c t u r e s ) .  G e e r t s m a  and  d e  K l e r k ' s  a n a l y s i s  a l s o  p r e d i c t s  a 
p a r a b o l i c  v a r i e t i o n  i n  a p e r t u r e  to  t h e  t o p  o f  t h e  r a d i b l  f r a c t u r e .  
T h i s  0 .002  m was u s e d  a s  t h e  a p e r t u r e  v a l u e  a t  t h e  o b s e r v e d  
f r a c t u r i n g  p r e s s u r e .  A f i n i t e  e l emen t  based geotherniE1 r e s e r v o i r  
s i m u l a t o r  ( Z y v o l o s k i  1 9 8 3 )  was u s e d  t o  mode l  t h e  pumping  and 
f lowback  d u r i n g  t h e  f r a c t u r i n g  expe r imen t .  To model t h e  
e x p e r i m e n t a l  resul ts ,  it was n e c e s s a r y  t o  use a p r e s s u r e  dependent  
aperture model w i t h  t h e  a p e r t u r e  b e i n g  a r a p i d l y  v a r i n g  f u n c t i o n  o f  
p r e s s u r e  : 

w = 1E-4 exp  ( 0 . 2 0 S A P )  c21 

where A P  i s  t h e  d i f f e r e n c e  between t h e  c u r r e n t  p r e s s u r e  and t h e  
i n i t i a l  p r e s s u r e ,  w i t h  Eq. 2, w = 2.E-71~1 a t  A P  = 0 and w = O.CC2 m 
a t  A P  = 44 MPa, t h e  obse rved  f r a c t u r i n g  p r e s s u r e .  O the r ,  more 
r a p i d l y  opening  a p e r t u r e  laws could be u s e d ,  and t h i s  i s  i n d i c a t e d  
by t h e  e x p e r i m e n t a l  d a t a .  However, a more r a p i d l y  v a r y i n g  law would 
produce numer ica l  i n s t a b i l i t y .  The p e r n l e i b i l i t y  was r e l a t e d  t o  t h e  
f r a c t u r e  a p e r t u r e  u s i n g  t h e  u s u a l  p a r a l l e l  p l a t e  model 

131 2 k = f w  /12 

where k is t h e  p e r m e a b i l i t y  and f is a f r i c t i o n  f a c t o r .  In  t h e  
u s u a l  flow between p l a t e s  t h e o r y , f  is t a k e n  t o  be 1; however ,  Bar ton  
e t  a1 (1984) have observed  t h a t  for f low i n  rock j o i n t s  f may be a s  
low a s  0.01. I n  t h i s  work fzC.01 was u s e d ,  t h i s  c o r r e s p o n d s  t o  a 
v e r y  rough j o i n t .  F i g u r e  2 shows t h e  v a r i a t i o n  of w w i t h  P a s  well 
as t h e  v a r i a t i o n s  of k wi th  P. The cornputs t ions1  g r i d  f o r  t h e  
s i m u l a t o r  r u n s  is  shown i n  F i g u r e  3. A less complex mesh cou ld  have 
been used to model t h e  f r a c t u r i n g  e x p e r i m e n t ,  b u t  t h i s  mesh was a l s o  



, 

used for t h e  long  term drawdown s i m u l a t i o n s .  Other pa rcme te r s  used 
i n  t h e  computer model are shown i n  Table I. 

Tab le  I Experiment 2032 S i m u l a t i o n  

Par am e t er Symbol Value 

P e r m e a b i l i t y  

Thermal c o n d u c t i v i t y  
P o r o s i t y  

Rock d e n s i t y  
Rock s p e c i f i c  heat  
F r a c t u r e  r a d i u s  
F r a c t u r e  w i d t h  
I n i t i a l  p r e s s u r e  
I n i t i a l  t e m p e r a t u r e  
I n j e c t i o n  r a t e  

k 

P 

PO 
TO 

I O I A ~ ~ ~  m a t r i x  
10 m f r a c t u r e  (maximum) 
2.7 W/m°C 
0.001 matrix 
1.0 f r z c t  r e  
2700 kg/m 
lOOG J/kg°C 
500 m 
O.OC2 ITI (maximum) 
36.2 MPa 
216 C 
l l l k g / s e c  ( a v e r a g e )  

Y 

Model Resul ts  To model t h e  r e s u l t s  of Experiment  2032 severdl 
p r e l i m i n a r y  c a l c u l a t i o n s  were made. The seismic s u r v e i l l a n c e  p u t  
bounds on t h e  d imens ions  o f  t h e  computa t iona l  g r i d .  S i n c e  t h e r e  
were no e v e n t s  r eco rded  500 m o r  f a r t h e r  from t h e  i n j e c t i o n  p o i n t  
t h e  l i m i t  on t h e  f l o w  e x t e n t  was placed  a t  600 rn ( F i g u r e  3 ) .  I n  
o t h e r  words, i f  a s i g n i f i c a n t  A P  were observed  i n  t h e  model a t  600m 
(AP>SMPa), t h e n  t h e  model was c o n s i d e r e d  i n v s l i d .  The minimum 
d i s x a n c e  of t h e  seismic e v e n t  c loud  was 200 m ( t a k e n  o r t h o g o n a l  t o  
t h e  f r a c t u r e s ) .  T h i s  was u s e d  t o  bound t h e  s p s c i n g  b e t h e e n  
f r a c t u r e s .  A u n i t  f r a c t u r e  concep t  was used whereby t h e  f low was 
d i v i d e d  i n t o  n p a r a l l e l  f r a c t u r e s  each c a r r y i n g  l / n  o f  t h e  t o t a l  
f l o w .  Each f r a c t u r e  was bounded  b y  a p e r m e a b l e  m a t r i x .  This 
concep t  l eads  t o  o p t i m i s t i c  v e l u e s  o f  t h e  water l o s s  i n  a HDR system 
d u e  t o  t h e  i n a b i l i t y  t o  r e p r e s e n t  t h e  p e r m e a t i o n  f rom t h e  e n d  
f r a c t u r e s ;  however,  f o r  t h e  sma l l  times invo lved  i n  t h e  f r a c t u r i n g  
p r o c e s s  l i t t l e  e r r o r  wou ld  r e s u l t .  A m a t e r i a l  b a l a n c e  on  t h e  
i n j e c t e d  f l u i d  would y i e l d  about  13 f r sc tu re s  o f  .C02 m a p e r t u r e  and 
500 m r a d i u s .  However there are probably less than t h i s  number of  
" l a r g e  a p e r t u r e "  f Y a c t u r e s  due to  permeat ion  a long  o r t h o g o n a l  j o i n t s  
and t h e  fac t  t h a t  t h e  seismic r e s u l t s  i n d i c a t e d  a preponderance  of 

many times smaller. The f i n a l  p i c t u r e  i s  someth ing  l i k e  t h i s ;  
s e v e r a l  l a r g e  a p e r t u r e  ( t e n s i l e )  f rac tures  and sur rounded by many 
small a p e r t u r e  ( s h e a r )  f r a c t u r e s .  In  t h i s  work it i s  assumed t h a t  
t h e  l a r g e r  t e n s i l e  fractures c a r r y  t h e  b u l k  o f  t h e  f l u i d  and t h s t  
t h e  small s h e a r  f r a c t u r e s  can  be accounted  f o r  by  permeat ion .  The 
p e r m e a b i l i t y  i n  t h e  d i r e c t i o n  o r t h o g o n a l  t o  t h e  l a r g e  f r a c t u r e s  was 
set to  a v a l u e  of s e v e r a l  darcies ( t h e  -- i n  s i t u  p e r m e a b i l i t y )  ' bu t  
allowed to  i n c r e a s e  t o  a v a l u e  de t e rmined  by p a r a l l e l  p l a t e  t h e o r y  
for  an a p e r t u r e  of 0.0002 m (Dey 1985) .  T h i s  v a l u e  was  t h e n  
a v e r a g e d  o v e r  t h e  mean j o i n t  s p a c i n g  o r t h o g o n a l  t o  t h e  main  
fractures. The j o i n t  f r equency  was t a k e n  as 1 meter based on 
s u r f a c e  o u t c r o p  o b s e r v a t i o n s .  T h i s  gave  an e f f e c t i v e  maximum 
p e n q y b g l i t y  i n  t h e  d i r e c t i o n  o r t h o g o n a l  t o  t h e  fracture of a b o u t  
10- m . The p o r o s i t y  of  t h e  m a t r i x  m a t e r i a l  u s i n g  s i m i l a r  
a rguments  i s  0.0002. 

s h e a r  e v e n t s  which would y i e l d  a p e r t u r e s  a long  t h e  shea red  surf-  aces 
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F i g u r e  4 shows t h e  Experiment  2032 p r e s s u r e  r e s p o n s e s ,  w h i l e  
F i g u r e  5 shows t h e  computer  g e n e r a t e d  r e sponse .  F i g u r e  5 a l s o  shows 
t h e  e f f e c t  of  t h e  number of f r 6 c t u r e s  o n  t h e  p r e s s u r e  a t  t h e  
i n j e c t i o n  p o i n t  and a t  600 m. It i s  i n s t r u c t i v e  t o  n o t i c e  i n  t h e  
f i g u r e  t h e  p r e s s u r e  a t  t h e  p o i n t  600 m away from t h e  i n j e c t i o n  
p o i n t .  The p r e s s u r e  there must  be s m a l l  ( L 5 M P a )  for resul ts  t o  
match t h e  seismic d a t s ,  even t h e  10 f r a c t u r e  case would be on t h e  
"h igh  s i d e  of p r e s s u r e " ,  though it fits t h e  d a t a  be t te r  t h a n  t h e  
other c a s e s .  The seven f r s c t u r e  case was used a s  a c o n s e r v a t i v e  
e s t i m a t e .  It was n e c e s s a r y  t o  make t h e  p o r o s i t y  i n  t h e  m a t r i x  
m a t e r i a l  0.0075 t o  o b t a i n  t h e  results. S i n c e  t h i s  is  o v e r e s t i m a t i n g  
t h e  r e s p o n s e  of t h e  j o i n t s ,  t h e  r e s u l t s  w i l l  be c o n s e r v a t i v e  w i t h  
respect t o  t he  number of f r a c t u r e s .  So f a r  no h e t t  t r a n s f e r  d a t a  
were u s e d  i n  t h e  m o d e l l i n g  p r o c e s s ,  t h i s  i n f o r m a t i o n  i s  v e r y  
q u a l i t a t i v e .  The computer generGted temperzture nea r  t h e  i n j e c t i o n  
p o i n t  showed a quick  rise t o  t h e  i n i t i a l  t e m p e r a t o r e  o f  216OC.  T h i s  
may be compared t o  a v a l u e  o f  t h e  r e t u r n  t e m p e r s t u r e  i n f e r r e d  b y  
geochemica l  a n a l y s i s  of t h e  r e t u r n  f l u i d  which a l s o  i n d i c a t e d  a 
r a p i d  t e m p e r s t u r e  r i s e  t o  t h e  t e m p e r G t u r e  o f  t h e  f l u i d  a t  t h e  
i n j e c t i o n  p o i n t .  
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Figure 4 .  Pressure history during Experiment 

2032 
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The l e s t  p i e c e  of i n f o r m a t i o n  used t o  v e r i f y  t h e  model i s  t h e  
amount of f l u i d  v e n t e d  a f t e r  pumping, and it is s p e c u l a t i v e .  It was 
e s t i m a t e d  ( P o t t e r ,  1 9 8 4 )  t h a t  a b o u t  50% of  t h e  i n j e c t e d  f l u i d  
r e t u r n e d  i n  3 d a y s  f o l l o w i n g  t h e  end of pumping. F i g u r e  6 shows t h e  
flowrate c a l c u l a t e d  by  t h e  computer model. Using t h e  a r e 6  under tk1e 
c u r v e  a s  an i n d i c a t o r ,  it is e v i d e n t  t h a t  t h e  model 
r e q u i r e d  amount of f l u i d  a f te r  t h e  end of pumping. 
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The f r a c t u r e d  model  o f  t h e  r e s e r v o i r  i s  n o t  t h e  o n l y  m o d e l  
p o s s i b l e .  A b lock  model may be a p p r o p r i a t e  i f  e a r t h  stresses a r e  
n o t  a l i g n e d  wi th  t h e  p a t h  be tkeen  t h e  i n j e c t i o n  and p r o d u c t i o n  
wells. I n  t h i s  case s e v e r a l  j o i n t  s e t s  may open up e q u a l l y  making a 
b l o c k  v o l u n e t r i c  model a b e t t e r  c h o i c e .  The a n a l y s i s ,  however,  
would be  s i m i l a r .  Using a p r e s s u r e  dependent  a p e r t u r e  l aw ,  an 
e f f e c t i v e  b l o c k  s i ze  would be o b t a i n e d .  

Summary o f  K o d e l i n g  Resul t s  The mode l  needed  t o  f i t  t h e  d & t &  
c o n s i s t e d  o f :  

1. An a p e r t u r e  law of t h e  form w = 2E-82exp ( .209 PPI 
2. A p e r m e a b i l i t y  law of t h e  form k = f w  /12 ( f = O . G l )  
3. Ten f r a c t u r e s  (7 used i n  long  term s i m u l a t i o n )  
4. F r a c t u r e  Spac ing  of 20 m 

A p p l i c a t i o n  of t h e  Nodel ing R e s u l t s  of Experiment 2032 t o  Long 
Term Heat E x t r a c t  i o n  

With an e s t i m a t e  of t h e  r e s e r v o i r  c r e b t e d  d u r i n g  t h e  f rscture  
o p e r a t i o n ,  an i n v e s t i g a t i o n  of t h e  commercial  p o t e n t i a l  can  be made. 
The r e s e r v o i r  parameters g i v e n  i n  T a b l e  I and  a f l o w r c t e  o f  
0.05m / s  (20BPM) were used .  S e v e r a l  d i f f e r e n t  w e l l b o r e  s p s c i n g s  
were i n v e s t i g a t e d  because  d e s p i t e  t h e  l a r g e  f r a c t u r e s  c r e a t e d ,  i t  is 
l i k e l y  t h a t  t h e  f i n a l  c o n n e c t i o n  d i s t s n c e  may b e  l e s s  t h a n  50C rn. 
Shown i n  F i g u r e  7 are t h e  o u t l e t  t e m p e r a t u r e s  f o r  s e v e r a l  w e l l b o r e  
s p a c i n g s .  From t h e  f i g u r e  it is e v i d e n t  t h a t  t h e  most probEble 
f r a c t u r e  c e s e  ( 7 )  and most p robab le  s p a c i n g  (340m) w i l l  s u p p l y  45 
K W t  f o r  1 C  y r s .  I t  a l s o  shows t h a t  i f  o n l y  5 f r s c t h r c s  were 
a v a i l a b l e  t h e n  t h e  r e s e r v o i r  c o u l d  n o t  s u p p o r t  45PWt o f  power 
p r o d u c t i o n .  
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Figure 7. Long term thermal drawdown for Experiment 2032 reservoir 



The results p r e s e n t e d  do  n o t  i n c l u d e  t h e  b e n e f i c i a l  e f fec ts  of 
t h e r m a l  stress c r a c k i n g  which would t e n d  t o  e n l z r g e  t h e  reservoir a s  
it c o o l e d  down. 

Conc lus ions  

1. The Experiment  2032 (5.6 E: g a l l o n  pump) can b e  d e s c r i b e d  w i t h  
a m u l t i p l e  f r a c t u r e  pressure-dependent  a p e r t u r e  law based  
computer  code. 

2. Long term thermal drswdown c a l c u l a t i o n s  r e v e a l  a reservoi r  
c a p a b l e  of p roduc ing  45 K W t  for 10 y e a r s  w i t h  7 f r a c t u r e s ,  
340m wellbore s e p a r a t i o n  and an e x t r a c t i o n  r a t e  of 0.05m3/s. 
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