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I n i t i a l  r e s u l t s  a r e  a v a i l a b l e  from t h e  f i r s t  
experiment t o  c a l i b r a t e  t h e  heat  e x t r a c t i o n  
h i s t o r y  o f  a p h y s i c a l l y  s imu la ted  f r a c t u r e d  
hydrothermal r e s e r v o i r  us i ng  a r o c k  l oad ing  o f  
l a r g e ,  regular-shaped g r a n i t e  b locks.  Thermo- 
couples embedded i n  a s e t  o f  t h e  rock  b locks  
and i n  water  a t  var ious  l o c a t i o n s  i n  t h e  
model p rov ide  heat  e x t r a c t i o n  data.  The da ta  
a r e  a l s o  used t o  eva lua te  t h e  e f f e c t s  o f  
thermal s t r e s s i n g  on heat  t r a n s f e r  p rope r t i e s .  

The r e s u l t s  o f  t h e  f i r s t  experiment show a 
s u r p r i s i n g l y  un i fo rm c ross- sec t iona l  water  
temperature throughout  t h e  phys ica l  model i n -  
d i c a t i n g  e f f e c t i v e  cross m i x i ng  between f r a c -  
t u r e  channels. The temperature d i f f e r e n c e  
between rock  cen te rs  and surrounding f l u i d  
reached lOOOF du r i ng  t h e  c o o l i n g  process, 
decreasing t o  smal le r  values by t h e  end o f  t h e  
experiment, i n d i c a t i n g  t h a t  t h e  r o c k  energy 
e x t r a c t i o n  was r e l a t i v e l y  complete, w i t h  a 
h igh,  cons tan t  temperature o f  t h e  produced 
water .  

For ana l ys i s  o f  t h i s  and f u t u r e  experiments, 
a f i n i t e  element method has been developed so 
t h a t  i n d i v i d u a l  b locks  can be represented as 
s i n g l e  elements. This approach a l lows  l e s s  
r e s t r a i n t s  on element shapes compared t o  
f i n i t e  d i f f e rence  models and provides poss i b l e  
a p p l i c a t i o n  t o  f u l l  s i z e  r ese rvo i r s .  

I n t r o d u c t i o n  A major  f a c e t  o f  t h e  S tan fo rd  
Geothermal Program s i nce  i t s  i n c e p t i o n  i n  1972 
has been t h e  r e a l i z a t i o n  t h a t  long- term com- 
merc i a l  development o f  geothermal resources 
f o r  e l e c t r i c  power p roduc t ion  w i l l  depend on 
optimum heat  e x t r a c t i o n  from hydrothermal 
r ese r vo i r s .  Optimum e x t r a c t i o n  i s  analogous 
t o  secondary and t e r t i a r y  recovery  o f  o i l  from 
petro leum rese rvo i r s ;  i n  t h e  geothermal case, 
t h e  resource may be e i t h e r  hea t- t r ans fe r  l i m -  
i t e d  o r  convec t i ng- f l u i d  l i m i t e d .  The e f f o r t  
i n  t h e  S tan fo rd  Geothermal Program has been 
a combinat ion o f  p h y s i c a l  and mathematical 
modeling o f  heat  e x t r a c t i o n  from f r a c t u r e d  
geothermal r ese r vo i r s .  Experiments have 
i nc l uded  severa l  rock  load ings  i n  t h e  SGP phys- 
i c a l  model o f  a rechargeable hydrothermal r e-  
s e r v o i r ,  examinat ion o f  thermal s t r e s s i n g  on 
r o c k  heat  t r a n s f e r  p rope r t i e s ,  and development 
of  mass t r a n s f e r  t r a c e r  methods f o r  comparative 
ana l ys i s  . 
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Al though t h e  present  model p r e d i c t s  t h e  over-  
a l l  energy e x t r a c t i o n  o f  t h e  experimental 
r e s e r v o i r  q u i t e  w e l l ,  i t  has several  s h o r t -  
comings w i t h  respec t  t o  model ing l a r g e  sca le  
systems. 
a x i a l  heat  conduct ion and heat  t r a n s f e r  from 
t h e  phys ica l  model i t s e l f .  

Th is  paper f ins t  d iscusses t h e  r e s u l t s  ob ta i n-  
ed from t h e  S tan fo rd  Geothermal Program (SGP) 
phys ica l  model o f  a f r a c t u r e d  hydrothermal r e s-  
e r v o i r  us i ng  a rock  m a t r i x  c o n s i s t i n g  o f  
g r a n i t e  b locks  w i t h  r e g u l a r  geometry. 
i n g  examinat ion o f  these exper imental  data, 
concepts a r e  in t roduced t o  extend standard 
f i n i t e  element model ing procedures f o r  reg ions  
exper ienc ing  steep temperature g rad ien ts  and 
t o  p rov ide  a methodology f o r  d e t a i l e d  i n v e s t i -  
ga t ions  o f  extended thermal s t r e s s i n g  on rock  
hea t  t r a n s f e r  p rope r t i e s .  

Heat E x t r a c t i o n  Experiments The SGP phys ica l  
model has been descr ibed i n  several  r e p o r t s ,  
e.g., Hunsbedt, Kruger and London (1977, 1978). 
The main component i s  a 5 f t  h i g h  by 2 f t  
diameter  i n s u l a t e d  pressure vessel .  
m a t r i x  used i n  these experiments cons i s t s  o f  
30 g r a n i t e  r o c k  b locks  o f  7.5" x 7.5" rectangu-  
l a r  cross sec t i on  and 24 t r i a n g u l a r  b locks as 
shown i n  F igure  1. The b locks  a r e  10.4 
inches h igh.  
m a t r i x  i s  17.5 percent .  

V e r t i c a l  channels between blocks a r e  spaced 
a t  0.25 i n c h  and h o r i z o n t a l  channels between 
l a y e r s  a r e  spaced a t  0.17 i n c h .  S i g n i f i c a n t  
v e r t i c a l  f l o w  can a l s o  occur i n  t h e  r e l a t i v e l y  
l a r g e  edge channel between t h e  o u t e r  r o c k  b locks  
and t h e  pressure vessel .  

Cold water  i s  i n j e c t e d  a t  t h e  bottom o f  t h e  ves- 
s e l  by a h i g h  pressure pump through a f l o w  d i s -  
t r i b u t i o n  b a f f l e  a t  t h e  i n l e t  t o  t h e  r o c k  matr ix .  
System pressure i s  mainta ined above s a t u r a t i o n  
by a f l o w  c o n t r o l  va l ve  downstream o f  t h e  vessel 
o u t l e t .  
t h i s  va l ve  w h i l e  t h e  r o c k  m a t r i x  has e s s e n t i a l l y  
i n f i n i t e  permeabi 1 i t y  . 
The water  temperature i s  measured a t  t h e  
severa l  l o c a t i o n s  shown i n  F igure  1: a t  t h e  
i n l e t  t o  t h e  vessel ,  t h e  I - p l a n e  j u s t  below 
t h e  b a f f l e ,  t h e  B-plane hal f-way up t h e  f i r s t  
r ock  l a y e r ,  t h e  M-plane hal f-way up t h e  t h i r d  
r ock  l a y e r ,  t h e  T-plane near t h e  t o p  o f  t h e  

One o f  these was t h e  u n c e r t a i n t y  of  

Fol low- 

The r o c k  

The average posos i t y  o f  t h e  

Most o f  t h e  system pressure drop i s  i n  
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r ock  ma t r i x ,  and a t  t h e  vessel  o u t l e t .  Temp- 
era tu res  were a l s o  measured a t  t h e  cen ter  o f  
f o u r  r ock  b locks  and a t  two a d d i t i o n a l  loca-  
t i o n s  i n  t h e  bottom c e n t r a l  rock .  

The rock-water-vessel system was heated t o  
un i fo rm i n i t i a l  temperature o f  463+2oF, by 
e l e c t r i c  s t r a p  heaters ou t s i de  t h e  vesse l .  
The experiment was i n i t i a t e d  by s t a r t i n g  t h e  
i n j e c t i o n  pump and opening t h e  f l o w  c o n t r o l  
va lve.  
t h e  experiment. 

Experimental Run 5-1 has been completed w i t h  
t h i s  r o c k  ma t r i x .  Data f o r  t h e  exper imental  
cond i t i ons  and parameter values a r e  summarized 
i n  Table 1. 

Experimental Data and Parameters f o r  Run 5-1 

The i n j e c t i o n  r a t e  was cons tan t  du r i ng  

Table 1 

Average Reservo i r  Pressure ( p s i a )  
I n i t i a l  Reservo i r  Temperature (OF) 
F i n a l  Top Temperature (OF) 
F i n a l  Bottom Temperature (OF) 
. I n j e c t i o n  Water Temperature (OF) 
I n i t i a l  Water Mass (lbm) 
I n j e c t e d  Water Mass ( lbm) 
Water I n j e c t i o n  Rate ( lbm/hr)  
Product ion Time ( h r )  

545 
463 
31 2 

67 
59 

148 
749 
150 

5 

The r e s u l t s  i n d i c a t e  t h a t  water  temperature a t  
t h e  I- p lane  i s  i n i t i a l l y  s l i g h t l y  h o t t e r  near 
t h e  sur face  w a l l  due t o  hea t i ng  by t h e  s t e e l .  
The i n j e c t e d  water  approached a uni form, 
cons tan t  temperature o f  59oF, a f t e r  about one 
hour. The da ta  a l s o  show t h a t  t h e  cross-sec- 
t i o n a l  water  temperatures were e s s e n t i a l l y  
un i fo rm i n  each o f  t h e  planes, w i t h  a maximum 
d e v i a t i o n  o f  ?4OF, w e l l  w i t h i n  t h e  est imated 
u n c e r t a i n t y  o f  thermocouple temperature d i f -  
ference o f  +5OF. 

Also g iven  i n  F igure  2 a r e  several  representa-  
t i v e  r ock  cen te r  temperature t r ans i en t s .  Com- 
pa r i son  o f  these temperatures w i t h  t h e  cor res-  
ponding surrounding water  temperatures showed 
t h a t  t h e  maximum rock  cen ter  t o  water  temp- 
e r a t u r e  d i f f e rences  o f  about  lOOOF, developed 
du r i ng  t h e  c o o l i n g  process decreasing t o  smal- 
l e r  values toward t h e  end o f  t h e  experiment. 
These data i n d i c a t e  t h a t  t h e  r ock  energy ex- 
t r a c t i o n  was r e l a t i v e l y  complete and t h e  energy 
ex t r ac ted  from t h e  r o c k  r e s u l t e d  i n  a h igh,  
cons tan t  e x i t  water  temperature. 

Data f o r  t h e  measured water  and r ock  tempera- 
t u r e s  a t  t h e  var ious  thermocouple l o c a t i o n s  a r e  
g iven  i n  F igure  2. 

F i n i t e  Element Mode l ing  I n  ana l yz i ng  t h e  heat  
e x t r a c t i o n  data from p r i o r  experiments i n  SGP 
phys ica l  r e s e r v o i r  as a one-dimensional 1 umped- 
parameter model , severa l  problems have become 
ev iden t :  ( 1 )  t h e  p o t e n t i a l  f o r  a x i a l  heat  
conduct ion adding t h e  need f o r  a second- 
dimension i n  t h e  ana l ys i s ,  ( 2 )  t h e  l a r g e  heat  
capac i t y  o f  t h e  p h y s i c a l  model which d i s t o r t s  
t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  a t  t h e  model 
boundaries, and ( 3 )  t h e  need t o  accu ra te l y  
model thermal s t r e s s i n g  e f f e c t s .  I n  o rde r  t o  

extend t h e  use o f  t h e  1 umped-parameter model 
t o  f u l l - s i z e  geothermal r ese rvo i r s ,  i t  i s  
d e s i r a b l e  t o  remove these u n c e r t a i n t i e s  i n  t h e  
phys ica l  model. For t h i s  purpose, a f i n i t e  
element heat  t r a n s f e r  model of  t h e  present  
regular- shaped r o c k  l oad ing  experiments has 
been developed. . In > t h i s  model, i n d i v i d u a l  
b locks  can be represented as s ing1 e elements . 
Th is  approach a l l ows  l e s s  r e s t r a i n t  on element 
shape compared t o  f i n i t e  d i f f e r e n c e  models. 

The code as a general computat ional  t o o l  can 
eva lua te  a c l ass  o f  problems descr ibed by 
conduct ion o r  conduct ion- convect ion p a r t i a l  
d i f f e r e n t i a l  equat ions w i t h  boundary cond i t i ons  
c o n s i s t i n g  o f  s p e c i f i e d  temperature- time 
h i s t o r i e s  and/or s p e c i f i e d  heat  f l  ux- t ime 
h i s t o r i e s  c o n t r o l l e d  e i t h e r  by a d i r e c t  source 
o r  by convec t ion  means. S p e c i f i c a t i o n  o f  i n -  
t e r n a l  heat  p roduc t ion  ( o r  l o s s )  sources can 
a1 so be i n c l  uded. 

Some o f  t h e  fea tu res  o f  t h e  f in i te- e lement  code 
i n c l u d e :  (1 )  f r e e - f i e l d  i n p u t  o f  t h e  model 
data; (2 )  automat ic  two- and three-dimensional 
b lock  mesh generat ion;  ( 3 )  automat ic  nodal r e-  
numbering t o  minimize t h e  e f f e c t i v e  bandwidth; 
(4 )  l i n e  graphics p resen ta t i on  o f  t h e  model 
mesh; and (5 )  p r i n t e r  and l i n e  graphics pres- 
len ta t ion  o f  t h e  r e s u l t s .  

The model s p a t i a l  d i s c r e t i z a t i o n  can be per-  
formed i n  two- o r  three-dimensional Car tes ian  
coord ina tes  o r  i n  axisymmetr ic  c y l i n d r i c a l  
coord ina tes .  An a r b i t r a r y  number o f  general 
a n i s o t r o p i c  m a t e r i a l  p rope r t i e s  can be used t o  
descr ibe  t h e  p a r t i c u l a r  r e s e r v o i r  being modeled. 
Resu l ts  generated by t h e  f i n i t e  element code 
c o n s i s t  o f  temperature- time h i s t o r y  curves and 
heat  f l u x  h i s t o r y  curves. The data can be d i s -  
played i n  t a b l e s  o r  g raph i ca l l y .  

The development o f  t h e  f i n i t e  element d i s c r e t e  
heat  t r a n s f e r  equat ions begin w i t h  t h e  govern- 
i n g  p a r t i a l  d i f f e r e n t i a l  equat ions g iven by: 

c X € R .  

s, = T X 6  E ( 3 )  

where c,r, t, lz, Q,&,,,c and Ts a r e  t h e  m a t e r i a l  
s p e c i f i c  heat ,  temperature f i e 1  d , time, con- 
d u c t i v i t y  tensor,  body hea t i ng  source, spec- 
i f i e d  normal component o f  heat  f l u x ,  sur face  
outward normal, and s p e c i f i e d  sur face  tempera- 
tu re ,  r espec t i ve l y .  
e q u i l i b r i u m  c o n d i t i o n  a t  each m a t e r i a l  p o i n t  5 
i n  t h e  d o m a i n R ,  w h i l e  Equations ( 2 )  and ( 3 )  
a r e  t h e  n a t u r a l  and essen t i a l  boundary cond i t i ons ,  
r espec t i ve l y .  

The t ime d e r i v a t i v e  appearing i n  Equat ion (1) 
i s  t h e  m a t e r i a l  t ime d e r i v a t i v e ,  

Equat ion (1) i s  t h e  thermal 
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where, y i s  t h e  v e l o c i t y  o f  t h e  m a t e r i a l  p o i n t  
ins tan taneous ly  pos i t i oned  a t  t h e  s p a t i a l  
p o i n t  and V i s  t h e  " d e l "  vec to r  opera to r  
w i t h  respect- to s p a t i a l  coordinates.  For a 
s o l i d  c o n s t i t u e n t  g i s  taken t o  be zero  
w h i l e  f o r  a f l u i d  domain &r i s  gene ra l l y  non- 
zero. We cons ider  t h e  v e l o c i t y  f i e l d  as given, 
be ing  determined by previous ana l ys i s .  

The d i s c r e t e  o r  weak form o f  Equations (1 )  - 
(3 )  a r e  developed us i ng  t h e  method o f  weighted 
r e s i d u a l  approach. Approximat ing t h e  temp- 
e r a t u r e  f i e l d  i n  terms o f  a f i n i t e  s e t  o f  
f unc t i ons  as 

T =  7 = 5 g,c-x)z,(t) ( 5 )  
4 . ' l  

and l e t t i n g u h b e  a gener ic  element from a s e t  
o f  we igh t ing  o r  t e s t  func t ions ,  we use, 

as t h e  bas is  f o r  t h e  d i s c r e t i z a t i o n  process. 
Note t h a t  a c o n s t r a i n t  i s  p laced on t h e  approx- 
imat ion,  Equation L5), and on t h e  f unc t i ons  

f o r  r e  G. 
Making use o f  t h e  Green-Gauss theorem (and 
assuming app rop r i a t e  c o n t i n u i t y  f o r  t h e 4  , 
t h e  second term i n  t h e  domain i n t eg rand  can be 
w r i t t e n  as 

u k  such t h a t  T(z,t)= T,Q,t)and u'c (z )=  o 

S u b s t i t u t i n g  (7) i n t o  (6) y i e l d s ,  

= 3 , N k Q d - R  - J jmdr'. (8) 9 
F i n a l l y ,  a cho ice  remains t o  s p e c i f i c a l l y  
i d e n t i f y  t h e  we igh t ing  f unc t i ons  fib. 
t h e  Ga le r k i n  
i d e n t i f i e d  as those 91 b a s i s  f unc t i ons  i n  Equa- 
t i o n  ( 5 )  such t h a t  31 (?I= o f o r  X c G .  
s t i t u t i n g  t h e  approx imat ion? and i nvok i ng  t h e  
Ga le r k i n  c r i t e r i o n ,  t h e  d i s c r e t i z e d  s e t  o f  heat  
t r a n s f e r  equat ions become, 

CCJ(Cir]+ L K ] { r ) =  CF] (3.0) 

We chose 
c r i t e r i o n  and l e t  t h e d k b e  

Sub- 

where t h e  m a t r i x  elements a r e  g iven  by, 

The convec t i ve  p a r t  o f  K d i s  'of course zero f o r  
s o l  i d  cons t i t uen t s .  

The eva lua t i on  of  t h e  m a t r i x  components 
appear ing above a r e  g r e a t l y  s i m p l i f i e d  and 
r e a d i l y  computer automated by making use o f  
f i n i t e  element methodology. Th is  approach 
takes t h e  r e s t r i c t i o n s  o f  t h e  b a s i s  f u n c t i o n  
$4 over  sub-domain elements as r e l a t i v e l y  
s imp le  polynomials expressed i n  terms of 
l o c a l  coord ina tes .  Fo l low ing  t h i s  approach, 
thecomponent terms, r e l a t i v e  t o  a gener ic  
element "e," can be w r i t t e n  as 

b 

Global r e s u l t s  a r e  ob ta ined  by summing 

When c o l d  water  i s  

where 2: i s  t h e  r e s t r i c t i o n  o f  gbon  t h e  
element domain J f a n d  element m a t e r i a l  boundary 
re . 
efement c o n t r i b u t i o n s .  

Ref ined Element Ana lys is  
f i r s t  i n j e c t e d  du r i ng  t h e  experiment s t a r t - up  
steep a x i a l  temperature g rad ien t s  e x i s t  i n  t h e  
lower h a l f  o f  t h e  phys ica l  model, see F igure  
3. I n  add i t i on ,  secondary hea t  e x t r a c t i o n  by 
cool-water  r e i n j e c t i o n  w i l l  induce t e n s i l e  
thermal s t resses  i n  r e s e r v o i r  reg ions  j u s t  
below t h e  f r a c t u r e  sur faces.  Such s t resses  
may r e s u l t  i n  impor tan t  changes i n  r e s e r v o i r  
energy e x t r a c t i o n  behavior, such as c r e a t i o n  
and growth o f  new cracks w i t h  a d d i t i o n a l  
heat  t r a n s f e r  area and a l t e r a t i o n s  i n  t h e  
mechanical and heat  t r a n s f e r  p rope r t i e s  o f  t h e  
r o c k  i t s e l f .  These cond i t i ons  r e q u i r e  t h a t  
e i t h e r  a r e f i n e d  mesh o f  low o rde r  elements o r  
a sparser  mesh o f  h i g h  o rde r  elements be used 
t o  accu ra te l y  represent  t h e  r a p i d l y  va r y i ng  
temperature f i e l d .  
approaches w i l l  i nc rease  t h e  number o f  problem 
degrees-of- freedom (DOF's) ,  i nc rease  t h e  
a n a l y s t ' s  model ing e f f o r t ,  produce longer  
computer runs, and l e a d  t o  o v e r a l l  increased 
expenses. I n  an e f f o r t  t o  achieve a balance 
between t h e  requirement f o r  h igh- order  temp- 
e ra tu re  approximat ion and t h e  des i r e  t o  r e-  
duce t h e  o v e r a l l  number o f  DOF's ,  a condensed 
super-element methodology was used. 

Consider a super-element, de f ined  as an assem- 
b l y  o f  many s imp le r  elements, as shown 
schema t i ca 1 1 y be l  ow. 

E i t h e r  o f  these model ing 

E 

17) = (11 1 
# 

The temperature parameters can be considered 
p a r t i t i o n e d  i n t o  two se ts ,  one con ta i n i ng  t h e  
" e x t e r i o r "  parametersgand t h e  second con ta in-  
i n g  t h e  " i n t e r i o r "  parameters 'tiz. I n  l i k e  
manner t h e  super-element thermal e q u i l i b r i u m  
equat ions can be p a r t i t i o n e d  and w r i t t e n  as 

-171- 



Reduction o f  t h e  t o t a l  number o f  DOF's i s  
e f f e c t e d  i n  two p a r t s .  
among t h e  f s e t  can be w r i t t e n  as 

Cons t ra i n t  cond i t i ons  

where ( G )  i s  a m a t r i x  o f  constants r e l a t i n g  
t h e  t o t a l  e x t e r i o r  s e t  @in  terms o f  a subset  
o f  r', rP, which a r e  t o  be r e t a i n e d  i n  t h e  
ana lys is .  

Secondly, c o n s t r a i n t  cond i t i ons  among t h e  2 s  
s e t  i s  taken t o  be o f  t h e  form 

z' = (s)q 
where (S) i s  a m a t r i x  o f  numbers a n d 9  i s  a 
vec to r  o f  genera l i zed  t ime dependent coord- 
i n a t e s .  Whi le t h e  ana l ys t  i s  a t  l i b e r t y  t o  
s e l e c t  ( S )  i n  any manner deemed appropr ia te ,  
a seemingly n a t u r a l  cho ice  i s  t o  choose t h e  
columns o f  ( S )  as c e r t a i n  e igenvectors o f  t h e  
genera l i zed  e igenvalue problem 

i i e re ,Hk i s  t h e  bh, eigenvalue assoc ia ted  w i t h  
t h e  khe igenvec to r  S I .  Phys ica l l y ,  S k c a n  be 
i d e n t i f i e d  as an approximat ion t o  tf;e k'+h 
thermal e i gen func t i on  assoc ia ted  w i t h  t h e  
continuum i n t e r i o r  o f  t h e  super-element domain 
w h i l e  Ockis an approximat ion t o  t h e  assoc ia ted  
c h a r a c t e r i s t i c  d i f f u s i v i t y .  

F i n a l l y  r educ t i on  o f  t h e  super-element equa- 
t i o n s ,  Equat ion (121, i s  performed us i ng  t h e  
t r a n s  f o  rma t i on 

and congruent t rans fo rmat ions ,  l ead ing  t o  

.:!here t h e  condensed super-element submatrices 
i n  t h i s  equat ion a r e  g i ven  b.y 

I t should be noted t h a t  w i t h  proper s c a l i n g  o f  
t h e  e igenvectors .&, t h e  submatrices Cnn and 
Knn a r e  t h e  i d e n t i t y  ma t r i x ,  I and t h e  d i a-  
gonal m a t r i x  o f  assoc ia ted  e igenvalues,  
r e s p e c t i  v e l  y . 

DISCUSSIOU The r e s u l t s  o f  t h e  f i r s t  exper i-  
ment us i ng  t h e  1 arge, r e g u l  ar-shaped g r a n i t e  
b locks i nd i ca tes  t h a t  t h e  a t tempt  t o  c a l i b r a t e  
t h e  s p a t i a l  t ime- temperature h i s t o r y  o f  t h e  
l oad ing  w i l l  be successfu l .  Several addi-  
t i o n a l  experiments a r e  planned w i t h  l a r g e r  
i n j e c t i o n  f l o w  r a t e s  t o  produce "heat  t r a n s f e r  
l i m i t e d "  r e s e r v o i r  cond i t ions ,  i n  which 
subs tan t i a l  rock-water  temperature d i f f e rences  
e x i s t  throughout  t h e  t r a n s i e n t .  Such con- 
d i t i o n s  should r e s u l t  i n  a much more r a p i d  
e x i t  water  temperature decrease. 

I n  t h e  completed experiment, t h e  observed 
c ross- sec t iona l  water  temperatures were r e l -  
a t i v e l y  un i fo rm even w i t h  t h e  r e l a t i v e l y  
l a r g e  f l o w  area a t  t h e  edge channels between 
t h e  r o c k  l oad ing  and t h e  vessel .  
exp lana t ions  o f  t h i s  apparent un i f o rm  cross-  
s e c t i o n a l  water  temperature, i n t e r - b l o c k  
channel area, i n c l u d e :  
o f  t h e  heat  a v a i l a b l e  a t  t h e  var ious  channels; 
( 2 )  r e l a t i v e  pressure drops i n  each channel; 
and ( 3 )  cross m i x i ng  between channels. 

Estimates o f  t h e  heat  t r a n s f e r  from around t h e  
edge channels ( i n c l u d i n g  heat  from t h e  s t e e l  
vessel ) compared t o  t h e  i n t e r - b l o c k  channels 
were about 1.65, n o t  q u i t e  as l a r g e  as t h e  f l o w  
area r a t i o  o f  2.07. Thus, t h e  edge channels 
may be lower i n  temperature than t h e  i n t e r -  
b l ock  channels. 
t i o n  b a f f l e  a t  t h e  bot tom o f  t h e  vessel  has been 
shown t o  be s u f f i c i e n t l y  e f f i c i e n t  i n  p rov i d i ng  
un i fo rm f low en te r i ng  t h e  rock  m a t r i x  below t h e  
lowes t  r o c k  l a y e r .  Channel t o  channel pressure 
d rop  d i f f e rences  a r e  n o t  expected t o  be su f-  
f i c i e n t l y  l a r g e  t o  a f f e c t  t h e  average channel 
f low v e l o c i t i e s  a t  t h e  mean f l o w  r a t e  o f  o n l y  
5 f t / h r .  
observed un i fo rm water temperatures appears t o  
be t h e  energy exchange between channels due t o  
mass t r a n s f e r .  Th is  aspect  o f  t h e  ana l ys i s  
warrants f u r t h e r  observa t ions  i n  t h e  f u t u r e  
experiments and i n  t h e  ana l ys i s .  

Examination o f  t h e  exper imental  data c l e a r l y  
i n d i c a t e  t h a t  s teep a x i a l  temperature g rad ien ts  
e x i s t  i n  t h e  lower h a l f  o f  t h e  phys ica l  model. 
The maximum s p a t i a l  a x i a l  temperature g rad ien t  
v a r i e s  w i t h  t ime,  be ing  l a r g e s t  a t  t h e  s t a r t  o f  
t h e  experiment and s l ow l y  decreasing as t h e  
experiment progresses. I n  add i t i on ,  t h e  phys- 
i c a l  l o c a t i o n  o f  t h e  peak a x i a l  temperature 
g rad ien t  s t a r t s  a t  t h e  base o f  t h e  r o c k  p i l e  
and g radua l l y  moves upward. S i g n i f i c a n t  
temperature v a r i a t i o n s  were a l s o  measured w i t h i n  
t h e  i n d i v i d u a l  g r a n i t e  b locks ;  temperature 
d i f f e rences  between t h e  cen ter  o f  t h e  b locks  
and t h e  surrounding f l u i d  measured as much as 
100°F. 

Observat ion o f  these temperature g rad ien ts  i n  
t h e  water  and i n  t h e  i n d i v i d u a l  b locks  has 
mot iva ted  t h e  development o f  a r e f i n e d  f i n i t e  
element methodology. The approach developed 
f o r  ana l ys i s  o f  t h e  phys ica l  chimney model uses 
a super-element technique w i t h  c e r t a i n  imposed 
cons t r a i n t s  t o  reduce t h e  o v e r a l l  degrees-of- 
freedom. Super-element DOF reduc t i on  was 

Poss ib le  

( 1 )  r e l a t i v e  magnitudes 

The pe r f o ra ted  f l o w  d i s t r i b u -  

The most l i k e l y  reason f o r  t h e  
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genera l ized by separa t ing  t he  ex te rna l  con- 
s t r a i n t s  r e l a t i o n s  from the  i n t e r n a l  cons t ra in t  
r e l a t i o n s .  This separa t ion  o f  c o n s t r a i n t  
equat ions permi ts  t he  ana l ys t  cons iderab le  
f l e x i b i l i t y  i n  approximat ing t h e  super-element 
" sur face"  temperature f i e l d  and t h e  " i n t e r n a l "  
temperature f i e l d  t o  a degree t h a t  i s  deemed 
app rop r i a te  f o r  each. I n i t i a l  exper ience has 
shown t h a t  r e f i n e d  super-elements perform w e l l  
i n  reg ions  where steep f l u i d  and rock  tempera- 
t u r e  grad ien ts  e x i s t  and h o l d  promise f o r  
e f f i c i e n t  hydro- thermal f i n i t e  element 
ana l ys i s  . 
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Figure  1. Experimental Rock M a t r i x  Con f i gu ra t i on  and 
Thermocouple Locat ions.  

-173- 



I i o  
0 1  I I I I 
0 I 2 3 4 5 

TIME ( h r )  

Figure 2 .  Water and Rock Temperatures as Functions o f  Time 
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Figure 3. Isochronal Water Temperature D i s t r i b u t i o n s  
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