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INTRODUCTION 

Progress in energy extraction modeling of hydrothermal reservoirs 
has been achieved in two major directions. One was the development of an 
analytic model of heat transfer in a fractured geothermal system. The other 
was an experimental study of the effects of thermal stressing on rock 
strength and porosity. 

The analytic model of linear sweep heat transfer was developed by 
Iregui et a1 (1978)  and described by Hunsbedt et a1 (1979) .  This one- 
dimensional model calculates the water temperature as a function of time 
and position in the idealized geothermal system depicted in Fig. 1. Cold 
water enters the reservoir through a series of injection wells at one end 
and flows horizontally to a series of production wells at the other end. 
The injection and production flow rates are steady and the permeability 
of the formation is such that the flow is considered uniform. Reservoir 
pressure prevents boiling at any point in the formation. Results from 
the analytic model are compared with experimental data obtained from the 
Stanford Geothermal Program (SGP) large reservoir model, shown schematically 
in Fig. 2. 

In fractured hydrothermal reservoirs, circulation of colder water 
induces tensile thermal stress at and below the rock surface. Murphy (1978) 
has shown analytically that such stresses have the potential to create 
self-driven cracks of sufficient depth and aperture to enhance energy 
extraction and prolong useful production life. 
of producing self-driven cracks, thermal stressing may also influence both 
the mechanical and thermal properties of the rock. Changes in these 
properties may alter ;he heat transfer characteristics of the rock over 
the production period of a reservoir. To gain some insight into the 
potential significance of the effects of thermal stressing on heat transfer 
characteristics, an exploratory study was conducted to observe the effects 
of thermal stressing on rock strength and porosity. 

Aside from the potential 

ENERGY EXTRACTION MODELING 

The linear sweep model estimates reservoir rock-to-water heat transfer 
by treating a collection of rock fragments as an equivalent sphere. Water 
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temperature- t ime b e h a v i o r  i s  computed from t h e  f o l l o w i n g  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  and i n i t i a l  and boundary c o n d i t i o n s :  

* * * 
* * + -  1 aTr * - + - -  = q  

ax a t  Y a t  
a-r, aTf * 

* 
aTr = * * 

t u  (Tf - Tr 
- * a t  

* *  * *  * 
Tf (x  ,o)  = T r  ( x  , o )  = 1, o f x - < 1 

* * * 
Tf ( o , t  ) = o t > o  

T f *  = 

d i s t a n c e  from t h e  i n l e t  w e l l s  
d i s t a n c e  between i n l e t  and p r o d u c t i o n  w e l l s  
x/L 
t i m e  
t /  t r e  
water r e s i d e n c e  t i m e  = L@/uf 
r o c k  matrix p o r o s i t y ,  uf = water v e l o c i t y  

normalized water temp. = 
T f ( x , t )  - T i n j e c t i o n  

T i n i t i a l  - T i n j e c t i o n  

T r  (x, t )  - T i n j e c t i o n  

T i n i t i a l  - T i n j e c t i o n  
normalized rock temp. = 

P f  Cf 0 
y = s t o r a g e  r a t i o  = - - Prcr 1 - @ 

p f , p r  = water and r o c k  d e n s i t y ,  r e s p e c t i v e l y  
Cf 9 C r  = water and r o c k  s p e c i f i c  h e a t ,  r e s p e c t i v e l y  

q* = normalized e x t e r n a l  heat t r a n s f e r  i n t o  
qL r o c k  m a t r i x  = 

fi Cf ( T i n i t i a l  - T i n j  e c t i o n )  

1;1 = mass f low rate 
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Ntu = number of transfer units = tre/-ce 

R 2  e 

Re = effective rock radius, a = thermal diffusivity 

NBi = rock Biot number 

These equations were solved using a Laplace transform technique combined 
with a numerical inversion algorithm developed by Stehfest (1970) .  

The solution for the water and rock temperatures in the Laplace space 
are : 

- -KsX* 1 - I -  + - I  I I-e " *  
Tf 

r q * .  1 r .  
2 I Ks S I I 

L J 

- 1 A *  
- 

S+Ntu Tr 

N tu where: K = 1 + Y (s+Ntu) 

* 
-KsX l-e 

( 3 )  

( 4 )  

The water and rock temperatures as functions of time and space were 
obtained by the numerical inversion technique with variables of the form 

Initial comparison of analytic and experimental data obtained from the 
SGP reservoir model was presented by Hunsbedt et a1 (1979) .  Further com- 
parisons were given by Nelson and Hunsbedt (1979) incorporating data from 
the most recent experiment. 

The comparison of experimental water temperatures with sweep model 
results obtained by the Laplace transform/numerical inversion solution 
showed considerable disagreement for some points in the SGP model. Fig. 3 
shows the experimental and predicted water temperatures as functiorls of 
time at various locations along the model centerline. It is noted that 



-267-  

t h e  s l o p e  of t h e  p r e d i c t e d  temperature  curves  are g e n e r a l l y  g r e a t e r  than 
t h e  exper imenta l  d a t a  sugges t .  

The sweep model w a s  a l s o  eva lua ted  us ing  a f i n i t e  d i f f e r e n c e  s o l u t i o n  
t o  check t h e  adequacy of t h e  Laplace t ransform s o l u t i o n .  Comparison of 
f i n i t e  d i f f e r e n c e  r e s u l t s ,  a l s o  given i n  Fig.  3,  wi th  t h e  Laplace s o l u t i o n  
shows poor agreement. The f i n i t e  d i f f e r e n c e  technique w a s  examined f u r t h e r  
by vary ing  t i m e  s t e p  and mesh s i z e ,  bu t  no s i g n i f i c a n t  improvement i n  
r e s u l t s  w a s  obtained.  

The obse rva t ion  t h a t  t h e  p red ic t ed  temperature  ve r sus  t i m e  curves  are  
g e n e r a l l y  s t e e p e r  than  t h e  experimental  curves  l e d  t o  a c l o s e r  examination 
of t h e  a c t u a l  behavior  of t h e  p h y s i c a l  system and t h e  modeling assumptions.  
One of t h e  r e s u l t s  w a s  an observa t ion  t h a t  t h e  temperature-time c h a r a c t e r i s t i c  
of t h e  water e n t e r i n g  t h e  SGP model fo l lows  an exponen t i a l  r a t h e r  than a 
s t e p  change assumed i n  t h e  a n a l y t i c  model. The e f f e c t  of an  exponen t i a l  
r educ t ion  i n  water i n l e t  temperature  w a s  i n v e s t i g a t e d  us ing  t h e  Laplace 
s o l u t i o n ,  and r e s u l t s  are given i n  Fig.  4 .  It i s  noted t h a t  t h e  s l o p e s  of 
t h e  p r e d i c t e d  curves  are s i m i l a r  t o  those  of t h e  experimental  d a t a .  However, 
a t i m e  l a g  i s  p r e s e n t  i n  t h e  p r e d i c t e d  curves t h a t  might be r e l a t e d  t o  
a x i a l  h e a t  conduct ion i n  t h e  rocklwater  ma t r ix  and non-uniform h e a t  t r a n s f e r  
from t h e  s tee l  vessel. The l a t t e r  e f f e c t  i s  c u r r e n t l y  modeled by a cons t an t  
hea t  t r a n s f e r  t e r m ,  as shown p rev ious ly  i n  Eq.  1. 

The e f f e c t  of a x i a l  conduction w a s  i n v e s t i g a t e d  wi th  a f i n i t e  d i f f e r e n c e  
s o l u t i o n ,  and r e s u l t e d  i n  a r educ t ion  of bo th  t h e  s l o p e  and t i m e  l a g  of t h e  
c a l c u l a t e d  temperature-time curves.  S tud ie s  of t h e  combined e f f e c t s  of 
a x i a l  conduct ion and exponen t i a l  water i n l e t  temperature  r educ t ion  are n o t  
y e t  completed, bu t  are expected t o  g ive  p r e d i c t e d  r e s u l t s  which ag ree  more 
c l o s e l y  w i t h  t h e  exper imenta l  d a t a .  However, i t  i s  clear t h a t  t h e  mathe- 
m a t i c a l  modeling of t h e  l abora to ry  model needs f u r t h e r  improvement. 

I n  a t t empt ing  t o  model t h e  long-term h e a t  t r a n s f e r  behavior  of l a rge -  
scale f r a c t u r e d  hydrothermal systems, s e v e r a l  u n c e r t a i n t i e s  i n  t h e  p r e s e n t  
sweep model need t o  be  reso lved .  One concerns t h e  i n f l u e n c e  of h e a t  t r a n s f e r  
from t h e  steel  v e s s e l ,  which releases an amount of energy comparable t o  t h a t  
from t h e  rock loading.  Another i s  modeling hea t  t r a n s f e r  from t h e  d i s t r i b u -  
t i o n  of rock fragments comprising a p a r t i c u l a r  geothermal r e s e r v o i r  h e a t  
source.  Also,  t h e  p o t e n t i a l  change i n  rock h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
r e s u l t i n g  from thermal  s t r e s s i n g  due t o  r e s e r v o i r  r e i n j e c t i o n  needs t o  be 
i n v e s t i g a t e d  and, i f  s i g n i f i c a n t ,  incorpora ted  i n  t h e  model. 

THERMAL STRESS EXPERIMENTS 

To exp lo re  t h e  e f f e c t  of thermal  s t r e s s i n g  on rock s t r e n g t h  and 
p o r o s i t y ,  r e c t a n g u l a r  g r a n i t e  s l a b s  w e r e  hea ted  t o  450'F. 
t h e  s l a b s  w e r e  i n s u l a t e d .  A f t e r  a uniform temperature  had been achieved, 
t h e  i n s u l a t i o n  on one end of t h e  s l a b  w a s  qu ick ly  removed and t h e  f a c e  quenched 
wi th  a 70°F w a t e r  spray.  This  produced t e n s i l e  thermal  stress on and below 

A l l  s i d e s  of 
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t h e  quenched f a c e  and compressive thermal stress deeper i n  t h e  s l ab .  Details 
of t h e  temperature-time and t r a n s i e n t  thermal  stress behavior i n  t h e  s l a b s  
w e r e  repor ted  p rev ious ly  by Nelson and Hunsbedt (1979). 

Af t e r  quenching, t h e  s l a b s  were c u t  i n t o  smaller r ec t angu la r  specimens 
and loaded t o  f r a c t u r e  i n  three-point  bending. It  w a s  found t h a t  specimens 
taken from reg ions  of t e n s i l e  thermal  stress had, on average,  less than one- 
ha l f  t h e  s t r e n g t h  of unquenched specimens. On t h e  o t h e r  hand, t h e r e  w a s  
no l o s s  of s t r e n g t h  i n  specimens taken from regions  of compressive thermal 
stress. Loss of s t r e n g t h  w a s  no t  due t o  hea t ing  alone.  It  w a s  a l s o  ob- 
served t h a t  repea ted  t e n s i l e  thermal s t r e s s i n g  ( f i v e  cyc le s )  reduced s t r e n g t h  
t o  at>out one-third of t h a t  i n  unquenched rock. The reduct ion  i n  s t r e n g t h  
may be due t o  microcracking caused by t e n s i l e  thermal stress. 

Poros i ty  measurements were made on t h e  same specimens used i n  t h e  bend 
tests. The average p o r o s i t y  of unquenched specimens w a s  1 .6%, whereas t h e  
average f o r  specimens experiencing one and f i v e  a p p l i c a t i o n s  of t e n s i l e  
thermal stress w a s  3.8% and 4.8%, r e spec t ive ly .  The i n c r e a s e  i n  p o r o s i t y  
may a l s o  be a r e s u l t  of microcracking. 

The above r e s u l t s  w e r e  ob ta ined  from tests conducted a t  atmospheric 
pressure .  I d e a l l y ,  such experiments should be  conducted under s imulated 
t e c t o n i c  stresses. Never the less ,  t h e  observed r educ t ion  i n  rock s t r e n g t h  
and increase i n  p o r o s i t y  caused by t ens i l e  thermal  stress may favor  forma- 
t i o n  and growth of s e l f -d r iven  thermal  c racks  i n  geothermal r e s e r v o i r s .  It 
a l s o  seems p l a u s i b l e  t h a t  t e n s i l e  thermal  stress may a l te r  rock h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  (e.g., thermal  conduc t iv i ty ) .  Fur ther  tests are underway 
t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  

FUTURE EFFORTS 

Addi t iona l  h e a t  e x t r a c t i o n  experiments i n  t h e  SGP l a r g e  r e s e r v o i r  model 
are underway. These experiments w i l l  u t i l i z e  r e g u l a r l y  shaped, l a r g e  g r a n i t e  
blocks.  This  rock loading  w i l l  a l low a more d e t a i l e d  a n a l y s i s  of t h e  h e a t  
t r a n s f e r  behavior  us ing  t h e  one-lump parameter a n a l y t i c  model adapted f o r  
rocks wi th  a known s i z e  and shape d i s t r i b u t i o n .  The experiments w i l l  a l s o  
test  t h e  in f luence  of t h e  number of h e a t  t r a n s f e r  u n i t s  parameter ,  N t u ,  on 
model behavior.  It i s  a n t i c i p a t e d  t h a t  N va lues  w i l l  be as low as 3.0,  
which i s  w e l l  i n t o  t h e  r e s e r v o i r  “hea t  t r a n s f e r  l imi t ed”  reg ion ,  t h a t  is ,  
where l a r g e  rock-to-water temperature  d i f f e r e n c e s  e x i s t .  
should a l s o  induce s i g n i f i c a n t  t e n s i l e  thermal  stresses i n  t h e  rock. 

t u  

Those d i f f e r e n c e s  

A second major e f f o r t  i s  t h e  improvement of t h e  a n a l y t i c a l  means t o  
eva lua te  experimental  da t a .  The f i r s t  s t e p  is  t o  develop a f i n i t e  element 
model t o  account f o r  t h e  h e a t  t r a n s f e r  from t h e  steel  vessel  of t h e  SGP 
r e s e r v o i r  model. Removal of t h a t  component from t h e  h e a t  e x t r a c t i o n  d a t a  
w i l l  i n c r e a s e  the  understanding and use fu lness  of t he  one-lump rock h e a t  
t r a n s f e r  model Over t h e  range of Ntu. A second s t e p  w i l l  be  t o  eva lua te  
experimental  r e s u l t s  w i t h  t h e  c u r r e n t  sweep model us ing  t h e  Laplace t rans-  
form s o l u t i o n  i n  o rde r  t o  f u r t h e r  develop t h e  model as a s imple means f o r  
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a s s e s s i n g  h e a t  t r a n s f e r  performance of f r a c t u r e d  geothermal r e s e r v o i r s .  A 
t h i r d  s t e p  w i l l  b e  t o  i n c o r p o r a t e  t h e  r e s u l t s  of thermal  s t r e s s i n g  exper i -  
ments from t h e  l a r g e  b lock  loading  i n t o  t h e  model t o  account f o r  p o s s i b l e  
changes i n  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  
development of t h e  model t o  ana lyze  t h e  hea t  t r a n s f e r  performance of f u l l -  
s c a l e  f r a c t u r e d  hydrothermal systems, such as t h e  Baca f i e l d  i n  New Mexico 
and t h e  Los Alamos f r a c t u r i n g  experiment a t  t h e  S i t e  2 l o c a t i o n .  

The f i n a l  s t e p  w i l l  be  t h e  
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FIGURE 1. LINEAR SWEEP MODEL 

T h e r m o c o u p l e  r e f e r e n c e  numbers 
@ R o c k  n u m b e r  1 

FIGURE 2 .  SGP RESERVOIR MODEL 
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FIGURE 3 .  COMPARISON OF EXPERIMENTAL AND PREDICTED RESERVOIR TEMPERATURES 
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FIGURE 4 .  COWARISON OF EXPERIMENTAL DATA WITH LAPLACE SOLUTION 
FOR AN EXPONENTIAL I N L E T  BOUNDARY CONDITION 




