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The Dry Hot Rock Geothermal Energy Program be ing conducted by the  

B a s i c a l l y  we have proposed t h a t  man-made geothermal energy 
Los Alamos S c i e n t i f i c  Laboratory has been descr ibed i n  d e t a i l  by Smith 
e t  a1 . l  
r e s e r v o i r s  can be created by d r i l l i n g  i n t o  r e l a t i v e l y  impermeable rock 
t o  a depth where the temperature i s  h i gh  enough t o  be usefu l ;  c r e a t i n g  
a l a rge  h y d r a u l i c  f r a c t u r e ;  and then complet ing the  c i r c u l a t i o n  loop by 
d r i l l i n g  a second h o l e  t o  i n t e r c e p t  t he  h y d r a u l i c  f r a c t u r e .  

Thermal power i s  ex t rac ted  from t h i s  system by i n j e c t i n g  co l d  water  
down t h e  f i r s t  ho le ,  f o r c i n g  the  water  t o  sweep by t h e  f r e s h l y  exposed 
ho t  rock  su r face  i n  t h e  r e s e r v o i r / f r a c t u r e  system, and then r e t u r n i n g  
the  ho t  water t o  t he  su r face  where the  energy i s  removed from the  water 
by t h e  appropr ia te  power producing equipment. 
mainta ined such t h a t  o n l y  one phase, l i q u i d  water ,  i s  present  i n  the  
r e s e r v o i r  and t he  d r i l l e d  ho les .  

System pressures a re  

I n  the  d i scuss ion  t o  f o l l o w ,  t h e  b e n e f i c i a l  e f f e c t s  of  thermal s t r ess  
c rack ing ,  a n t i c i p a t e d  because o f  the c o o l i n g  and thermal c o n t r a c t i o n  o f  
the  rock,  w i l l  be ignored. Instead, i t  w i l l  be assumed t h a t  the  f l u i d  
f low i s  e n t i r e l y  conf ined t o  the  gap between t h e  impermeable rock sur-  
faces and t h a t  heat i s  t r a n s f e r r e d  t o  t h i s  f l u i d  o n l y  by means o f  thermal 
conduct ion through t h e  s o l i d  rock.  

RESERVOIR FEATURES AND EXPECTED PERFORMANCE 

Based upon the  theory  o f  e l a s t i c i t y  and b r i t t l e  ma te r i a l  f r a c t u r e  
mechanics2, we i d e a l i z e  the  f r a c t u r e  as being c i r c u l a r  w i t h  a f r a c t u r e  
gap w id th ,  w, which v a r i e s  e l  1 i p t i c a l  l y  w i t h  rad ius .  
w i d t h  i s  extremely small  compared t o  t he  maximum f r a c t u r e  rad ius ,  R; a 
t y p i c a l  value being 3 mm (1/8 in . )  f o r  a rad ius  o f  500 m (1640 f t ) .  
Furthermore, s ince  the  d i r e c t i o n  o f  the  l eas t  p r i n c i p a l  e a r t h  s t r ess  i s  
expected t o  be h o r i z o n t a l ,  we a n t i c i p a t e  t h a t  t he  f r a c t u r e  plane w i l l  be 
v e r t i c a l l y  o r i e n t e d ,  i n d i c a t i n g  t h a t  f l u i d  buoyancy e f f e c t s  may be i m-  
po r t an t .  

The maximum f r a c t u r e  

The maximum thermal power t h a t  can be e x t r a c t e d  from the rock 
su r face  occurs when t he  e n t i r e  rock  sur face i s  suddenly and un i formly  
lowered i n  temperature from i t s  i n i t i a l  value, Tr ,  t o  the  co l d  water 
i n j e c t i o n  temperature, T.. Th is  power, E, i s  g i ven  as a f u n c t i o n  of  
t ime, t, by3 I 
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where A ,  p s ,  and cs  a r e  the  thermal c o n d u c t i v i t y ,  dens i t y ,  and s p e c i f i c  
heat  capac i t y  o f  the  rock. Because t he  thermal c o n d u c t i v i t y  of  the  rock 
i s  smal l ,  i t  can be shown t h a t  r a t h e r  l a r g e  f r a c t u r e  r a d i i  a re  requ i red  
to  produce s i g n i f i c a n t  amounts o f  power f o r  reasonable per iods of  t ime. 
For example, i f  t h e  temperature d i f f e r e n c e ,  T r -T i ,  i s  200°K, a 500 m 
f r a c t u r e  i s  r equ i red  i f  one wishes t o  be a b l e  t o  produce a t  l eas t  25 HW(t) 
con t inuous ly  f o r  10 years.  
t h a t  even a f t e r  10 years t he  i n i t i a l  rock temperature i s  d imin ished less  
than 5% for d is tances o f  40 m o r  more away from t h e  f r a c t u r e  sur face.  
Thus, i t  i s  seen t h a t  heat i s  being removed from the rock  o n l y  i n  a 
r e l a t i v e l y  narrow zone immediately ad jacent  t o  the f r a c t u r e ,  and we 
conclude t h a t  even f o r  more compl icated examples, where t he  sur face  
temperature i s  no t  un i form,  the  conduct ion i n  t he  rock w i l l  be e s s e n t i a l l y  
one dimensional ;  perpend icu la r  t o  t he  p lane  o f  the  crack. 

To con t inue  t h i s  same example, i t  can be shown3 

A s imple heat balance shows t h a t  the  minimum water f l o w  ra te ,  Q, 
r equ i red  t o  produce t h e  power i s  g i ven  by 

where p and c a r e  the  dens i t y  and s p e c i f i c  heat capac i ty  of water.  
Using t y p i c a l  va lues i t  can be shown t h a t  our  25 MW(t) example w i l l  
r e q u i r e  a minimum f l o w  r a t e  of  0.03 m3/sec ( 1  f t 3 / s e c  o r  500 gpm). 
Since t h i s  f l o w  i s  con f ined  w i t h i n  t h e  very  narrow f r ac tu re ,  t he  
water v e l o c i t i e s  w i l l  be o f  the  o rde r  o f  0.02 m/sec (0.07 f t / sec ) ;  
q u i t e  h i g h  compared to ,  say, the  usual  f l o w  v e l o c i t i e s  through porous 
media, and we conclude t h a t  heat t r a n s p o r t  due t o  f l u i d  conduct ion i s  
n e g l i g i b l e  compared t o  f l u i d  convect ion. 

RESERVOIR SIMULATION MODELS 

F l u i d  f l o w  and f l u i d  heat t r a n s p o r t  a r e  i d e a l i z e d  as be ing two 
dimensional ,  i n  t h e  p lane of  t h e  f r ac tu re .  The h o r i z o n t a l  coord ina te  
i s  taken as x, t he  v e r t i c a l  coo rd ina te  as y .  S o l i d  rock  conduct ion 
takes p lace  a long the  z- coord inate,  perpend icu la r  t o  the  x-y plane. 
Using Darcy 's  law w i t h  a pe rmeab i l i t y  for an open f r a c t u r e  o f  w2 , - 
the  x and y d i r e c t i o n  v e l o c i t i e s  become 12 
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where the e x t r a  term i n  the  equat ion f o r  v represents the  e f f e c t s  of 
buoyancy. 
of  mass and energy i n  the  f l ow ing  water  a r e  

Making t he  Boussinesq approximat ion t h e  equations of  conservat ion 

2 e = O  . pcwu - + p c w v  - - a T  a T  
ax aY 

F i n a l l y  the rock  conduct ion equat ion i s  

sub jec t  t o  the  i n i t i a l  and boundary c o n d i t i o n s  

( 4 )  

The a d d i t i o n a l  nomenclature i s  as f o l l ows :  

w = f r a c t u r e  w i d t h  

P = pressure 

1-1 = v i s c o s i t y  

p 

T = reference temperature 

T = temperature of  the f l u i d  

g = a c c e l e r a t i o n  of g r a v i t y  

B = vo lumet r i c  expansion c o e f f i c i e n t  of  water  

8 = temperature of  the rock 

e 

= reference water  d e n s i t y  (evaluated a t  To) 

0 

= the  f l u x  of energy d e l i v e r e d  t o  the  water  by one rock 
ae  
az 

surface;  eva luated as e ( t )  = X-(x,y,z=O,t). 

Equations (3)  through (8) represent  a cons iderab le  simp1 i f i c a t i o n  
o f  t he  equat ions f i r s t  proposed i n  the  p ioneer ing  work o f  Harlow and Pracht4  
and cont inued by M ~ F a r l a n d . ~  These w r i t e r s  had a t  t h e i r  d isposa l  very  
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powerful numerical method~logies~,~ which made it convenient to include 
advection as well as transient terms in Eq. (3), and conduction and 
transient terms in Eq. (4). By formal nondimensional ization and rational- 
ization of the complete equations it can be shown* that these additional 
terms are negligible for calculations of practical interest. 

At present the solution procedure consists of first solving the 
rock conduction Eq. (5 ) ,  with Eqs. (6) through (8>, via Duhamel Is super- 
position integral ,9 and then differentiating the result to evaluate e. 
Thus 

0 

This solution for e is substituted into Eq. (4). One then has a 
set of two coupled, nonl inear, time varying, integro-differential equations 
for T and P. This set of equations is then solved numerically via finite 
difference analogues to the real equations. 8 
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