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The geothermal research program a t  the  U n i v e r s i t y  o f  Colorado 
encompasses th ree  pr imary areas o f  study. These inc lude:  

1 .  Analys is  and i n t e r p r e t a t i o n  o f  data from the  Mesa Anomaly. 
Development o f  a p h y s i c a l l y  v i a b l e  conceptual model o f  t h e  
undeveloped system. 

2. Heat and mass t r a n s f e r  i n  s imple models o f  l iqu id-dominated 
geothermal systems. Analys is  o f  f low,  temperature and pressure 
d i s t r i b u t i o n .  

3 .  Rock deformat ion processes associated w i t h  mechanical load ing  
( e a r t h  t i d e s ,  t ec ton i cs )  and e x t r a c t i o n  and r e i n j e c t i o n  o f  
1 iqu ids .  

Dur ing the  Second Workshop we w i l l  present r e s u l t s  o f  s tud ies  on: 

( 1 )  Steady Nonl inear  Convection on a Saturated Porous Medium w i t h  
Large Temperature Var ia t i on .  

(2) The V e r t i c a l  Convection o f  Heated L i q u i d  i n  a F a u l t  Zone i n  
the  Geothermal Environment. 

(3 )  The Enhancement o f  M ic ro f rac tu re  S t ruc tu re  i n  Rocks. 

Steady Nonl inear  Convection i n  a Saturated Porous Medium 
w i t h  Larae TemDerature V a r i a t i o n  

P o t e n t i a l l y  e x p l o i t a b l e  l iqu id-dominated geothermal basins must be 
h i g h l y  permeable and supp l ied  w i t h  heat from below. 
i n  these basins i s  such t h a t  s i g n i f i c a n t  f l u i d  mot ion i s  present,  then heat 
may be convected toward the  sur face such t h a t  h igh  enthalpy l i q u i d  i s  
a v a i l a b l e  a t  r e l a t i v e l y  shal low depths. 

I f  t he  phys ica l  s i t u a t i o n  

I n  order  t o  understand the  d i f f e r e n t  f a c t o r s  i n f l uenc ing  convect ive 
mot ion i n  a geothermal basin,  we consider  a s i m p l i f i e d  model. Our system i s  
a rectangul.ar, homogeneous, i s o t r o p i c ,  water-saturated porous medium w i t h  
r i g i d  boundaries. The v e r t i c a l  s ides a r e  insu la ted ,  w h i l e  the upper 
h o r i z o n t a l  boundary i s  isothermal a t  a temperature To and the  lower h o r i z o n t a l  
boundary i s  isothermal a t  a h igher  temperature TI. The dens i t y  and v i s c o s i t y  
o f  the water a r e  func t i ons  o f  t he  temperature w h i l e  a l l  o the r  p roper t i es  a re  
taken as temperature independent. For s i m p l i c i t y ,  we o n l y  consider  two- 
dimensional convect ion.  
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The d e s c r i b i n g  equat ions show t h a t  convec t ion  w i l l  s t a r t  i f  t h e  
v a l u e  o f  t h e  Ray le igh  number (R) o f  t h e  system which i s  a measure o f  t h e  r a t i o  
o f  t h e  buoyancy f o r c e  t o  t h e  v iscous  r e s i s t a n c e  exceeds a c r i t i c a l  v a l u e  
(R,) which i s  a monotonic decreas ing f u n c t i o n  o f  t h e  temperature d i f f e r e n c e  
AT = TI - To . I n  t h i s  case t h e  amount o f  heat  t r a n s f e r  increases 
s i g n i f i c a n t l y  f rom i t s  conduct ion  va lue .  

Because o f  t h e  n o n l i n e a r i t y  of t h e  d e s c r i b i n g  equat ions when convec t ion  
i s  p resent ,  numerical  s o l u t i o n  o f  t h e  equat ions i s  e s s e n t i a l .  However, when 
R i s  o n l y  s l i g h t l y  l a r g e r  than Rc weakly n o n l i n e a r  a n a l y s i s  i s  p o s s i b l e .  A 
r e s u l t  o f  t h i s  a n a l y s i s  shows t h a t  t h e  Nusse l t  number (Nu) which i s  t h e  r a t i o  
o f  t h e  heat  t r a n s f e r  across t h e  system t o  i t s  conduct ion  v a l u e  i s  g i v e n  
approx imate ly  by Nu 1 + R(R - Rc) 
such t h a t  f o r  a s p e c i f i c  v a l u e  o f  R t h e  Nusse l t  number was found 
t o  increase as AT a+bR+cR2 increases.  These approximate r e s u l t s  
were used t o  check t h e  numerical  code f o r  va lues  o f  R -+ Rc+ 

where a, b and c a r e  f u n c t i o n s  o f  AT 

The s o l u t i o n  t o  t h e  f u l l  i n i t i a l  boundary v a l u e  problem which descr ibes  
n a t u r a l  convec t ion  i n  t h e  system was found by t h e  f i n i t e  d i f f e r e n c e  method. 
The p a r a b o l i c  energy equat ion  was so lved by t h e  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  
method. The e l l i p t i c  momentum equat ion  was so lved by t h e  success ive over  
r e l a x a t i o n  method. An i n i t i a l  p e r t u r b a t i o n  i s  assumed f o l l o w e d  by marching 
i n  t i m e  u n t i l  a steady s t a t e  i s  reached. Est imates o f  accuracy w e r e  found by 
mesh s i z e  r e d u c t i o n .  

Our numer ica l  r e s u l t s  were checked a g a i n s t  pub l i shed r e s u l t s  f o r  
cons tan t  v i s c o s i t y  computat ions w i t h  good agreement. E x c e l l e n t  agreement 
w i t h  t h e  weakly n o n l i n e a r  t h e o r y  was a l s o  found f o r  va lues o f  - R 1.2. 

I t  was found t h a t :  RC 

1. A l though t h e  Nusse l t  number increases w i t h  an inc rease o f  AT 
a t  t h e  s p e c i f i e d  v a l u e  o f  R, a u n i v e r s a l  c u r v e  i s  found t o  d e s c r i b e  t h e  
v a r i a t i o n  o f  t h e  Nusse l t  number w i t h  R/Rc f o r  va lues  o f  0 < AT 20OoC. 

2. The v e l o c i t y  and temperature d i s t r i b u t i o n s  a r e  c o n s i d e r a b l y  
i n f l u e n c e d  by t h e  v i s c o s i t y  dependence on temperature.  The h o r i z o n t a l  mot ion  
i s  f a s t e r  near  t h e  lower boundary. The ascending h i g h  temperature f l u i d  i s  
moving f a s t e r  than t h e  c o l d e r  descending f l u i d .  

3 . .  Thermal boundary l a y e r s  w i t h  s t r o n g  temperature g r a d i e n t s  a r e  
found t o  e x i s t  a t  i n c r e a s i n g l y  s m a l l e r  va lues o f  
d i f f e r e n c e  increases.  

R/Rc as t h e  temperature 

4. Temperature d i s t r i b u t i o n s  w i t h  depth cannot always be used t o  
d e l i n e a t e  conduct ion  and convec t ion  reg ions .  

5. I n  t h e  u p f l o w  s e c t i o n  o f  t h e  convec t ion  c e l l  d i s t o r t i o n  o f  h i g h  
temperature isotherms may lead t o  f l a s h i n g  a t  r e l a t i v e l y  sha l low depths.  
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The V e r t i c a l  Convect ion o f  Heated L i q u i d  i n  a F a u l t  Zone 
i n  t h e  Geothermal Environment 

There i s  abundant evidence i n  Long V a l l e y ,  t h e  Imper ia l  V a l l e y ,  t h e  
Cos0 area, Wairakei ,  Broadlands, and t h e  R io  Grande R i f t  r e g i o n  among 
o t h e r s ,  which suggests t h a t  f a u l t  zones a r e  i n t i m a t e l y  assoc ia ted  w i t h  
geothermal a c t i v i t y .  I n  many o f  these areas thermal anomalies and h o t  
s p r i n g s  a r e  a l i g n e d  w i t h  t h e  f a u l t s  themselves. T h i s  j u x t a p o s i t i o n  i m p l i e d  
t h a t  t h e  f a u l t s  p r o v i d e  a p a t h  f o r  convec t ing  heated l i q u i d  f rom depth.  
When t h e  r i s i n g  h o t  water  i n t e r s e c t s  a r e l a t i v e l y  permeable h o r i z o n t a l  
a q u i f e r  a charg ing  process c o u l d  occur l e a d i n g  t o  a r e s e r v o i r  o f  geothermal 
f l u i d s .  I n  t h i s  sense i t  seems reasonable t o  suggest t h a t  l o c a l i z e d  g e o l o g i c a l  
s t r u c t u r e  ( f a u l t s  and a q u i f e r s )  c o n t r o l s  t h e  heat and mass t r a n s f e r  i n  
geothermal systems r a t h e r  than t h e  l a r g e  s c a l e  hydrodynamical convec t ion  
p a t t e r n s  s t u d i e d  so f r e q u e n t l y .  Wi th  t h i s  i n  mind we have i n i t i a t e d  a s tudy 
of heat  and mass t r a n s f e r  i n  models o f  a f a u l t  zone. 

The f a u l t  zone i s  imagined t o  be a r e g i o n  o f  h e a v i l y  f r a c t u r e d  rock  
w i t h  a f i n i t e  t r a n s v e r s e  dimension (as opposed t o  a s i n g l e  d i s c r e t e  c rack)  
which extends f o r  some i n d e f i n i t e  l e n g t h  a long t h e  e a r t h ' s  sur face .  
Microear thquake da ta  suggests t h a t  these f a u l t s  may descend t o  a depth f a r  
i n  excess o f  t h a t  assoc ia ted  w i t h  geothermal r e s e r v o i r s  ( 1 4  km). Thus i t  
i s  assumed t h a t  t h e  f a u l t  extends through a r e g i o n  o f  sedimentary m a t e r i a l  
i n t o  t h e  basement complex beneath. Due t o  p e r i o d i c  t e c t o n i c  a c t i v i t y  t h e  
f r a c t u r e  system i n  t h e  f a u l t  zone i s  mainta ined.  Thus t h e  f a u l t  r e g i o n ,  
w i t h  a r e l a t i v e l y  h i g h  f r a c t u r e  p e r m e a b i l i t y ,  can a c t  as a l o c a l i z e d  c o n d u i t  
f o r  t h e  mot ion o f  f l u i d .  I n  t h e  most general  model one imagines t h a t  
s u r f a c e  water  ( p r e c i p i t a t i o n ,  r i v e r  r u n o f f ,  e t c . )  p e r c o l a t e s  downward over  
a r e g i o n  o f  a r e a l  e x t e n t  l a r g e  compared t o  t h a t  o f  t h e  f a u l t .  A l though t h e  
genera l  p e r m e a b i l i t y  may be i n s i g n i f i c a n t  w i t h  respect  t o  t h a t  o f  t h e  f a u l t  
reg ion ,  t h e  l a r g e  h o r i z o n t a l  area invo lved permi ts  s i g n i f i c a n t  q u a n t i t i e s  
o f  l i q u i d  t o  reach t h e  h o t  basement complex. S ince t h e  l a t t e r  i s  thought  t o  
be h e a v i l y  f r a c t u r e d ,  l i q u i d  f rom t h e  p e r i p h e r y  o f  t h e  geothermal area can 
m i g r a t e  th rough t h e  h o t  rocks toward t h e  f a u l t  zone. The d r i v i n g  mechanism 
f o r  t h i s  l a t e r a l  mot ion  a t  depth i s  a p ressure  g r a d i e n t  assoc ia ted  w i t h  t h e  
d i f f e r e n c e  between t h e  h y d r o s t a t i c  p ressu re  o f  t h e  c o l d  p e r i p h e r y  f l u i d  
and t h a t  o f  t h e  h o t  f l u i d  a t  t h e  same depth.  Hence t h e  f a u l t  can be charged 
w i t h  h o t  water  which then r i s e s  upward i n  t h e  channel composed o f  f r a c t u r e d  
m a t e r i a l .  A t  v a r i o u s  hor izons  i n  t h e  sedimentary s e c t i o n  h o t  water  may leave 
t h e  f a u l t  t o  charge a v a i l a b l e  a q u i f e r s .  Should t h e  f a u l t  extend t o  t h e  
s u r f a c q h o t  s p r i n g s  may appear. 

I n  our  f i r s t - o r d e r  model we imagine a f a u l t  zone (ex tend ing  t o  t h e  
sur face)  which i n t e r s e c t s  r e l a t i v e l y  impermeable sediments (no f l u i d  l o s s ) .  
The zone i s  model led as a narrow v e r t i c a l  s l a b  o f  porous m a t e r i a l .  I n  t h e  
sedimentary s e c t i o n  t h e  w a l l s ,  assumed t o  be impermeable, have a temperature 
t h a t  increases l i n e a r l y  w i t h  depth.  Beneath t h e  c o n t a c t  w i t h  t h e  basement 
complex we assume t h a t  mass can pass through t h e  w a l l s  which a r e  a t  a 
cons tan t  h i g h  temperature.  Two-dimensional s o l u t i o n s  a r e  sought f o r  t h e  
f l o w  c o n f i g u r a t i o n  i n  t h e  v e r t i c a l  s l o t  ( t h e  f a u l t  as observed i n  t h e  
t r a n s v e r s e  dimension).  S o l u t i o n s  a r e  developed f o r  t h e  f a u l t  charg ing  

I mechanism i n  t h e  basement complex, f o r  t h e  r e g i o n  o f  i n i t i a l  c o o l i n g  o f  
I l i q u i d  near t h e  c o n t a c t  and t h e  t r a n s i t i o n  t o  f u l l y - d e v e l o p e d  f l o w  near t h e  

~ 
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top  o f  the  f a u l t .  I t  i s  shown t h a t  t he  l a t t e r  con f igu ra t i ons  can e x i s t  
o n l y  i f  the  f a u l t  zone Rayleigh number i s  s u f f i c i e n t l y  small. The ana lys i s  
a l s o  i nd i ca tes  t h a t  two-dimensional s o l u t i o n s  a r e  poss ib le  o n l y  i f  a f a u l t  
zone i s  s u f f i c i e n t l y  narrow, a l l  o the r  phys ica l  p r o p e r t i e s  he ld  f i x e d .  For 
wider f a u l t s  o n l y  three-dimensional f l o w  con f igu ra t i ons  can e x i s t .  Such 
s o l u t i o n s  a r e  g iven f o r  a l i m i t e d  range o f  Rayleigh numbers. 

The Enhancement o f  M ic ro f rac tu re  S t ruc tu re  i n  Rocks 

A q u a n t i t a t i v e  d e t e r m i n i s t i c  model o f  d i l a t a n c y  (m ic ro f rac tu re  
development) has been developed t h a t  f i t s  the s t r e s s - s t r a i n  r e l a t i o n s  
f o r  c o n f i n i n g  pressures between 0 and 4 kb. This  includes loading, 
p a r t i a l  unloading and re load ing .  The d e s c r i p t i o n  has been tes ted  f o r  
ra tes  o f  10-5 t o  10-6/sec. 

In  connect ion w i t h  geothermal work, mode l l ing  i s  use fu l  i n  two ways. 
F i r s t ,  d i l a t a n c y  represents c o n t r o l l a b l e  p o r o s i t y  and t h i s  i s  obv ious ly  
important t o  geothermal work. Changing the  l o c a l  s t ress  f i e l d s  may make 
i t  poss ib le  t o  induce a d i l a t a n t  s t a t e  w i t h  the associated g r e a t l y  
increased permeab i l i t y .  The o the r  s ide  o f  t h i s  i s  t h a t  improper pumping 
can decrease e x i s t i n g  d i l a t a n c y .  I n  e i t h e r  case a model i s  very use fu l .  

Second, i n  the  l abo ra to ry ,  d i l a t a n c y  has been found t o  precede and 
c o n t r o l  ma te r ia l  f a i l u r e .  Pumping i n  a geothermal f i e l d  can lead to  
d i l a t a n c y  and f a i l u r e  w i t h  poss ib le  ca tas t roph ic  e f f e c t s  on the f i e l d  and 
the  surroundings. Th is  i s  no t  a l l  bad i n  t h a t  a small earthquake may 
g r e a t l y  increase f r a c t u r i n g .  

The general  approach adopted was s t a t i s t i c a l ,  based on t h e  s l i d i n g  
g r a i n  boundary c rack  model. 
p a r a l l e l  t o  the  maximum p r i n c i p a l  s t ress  a x i s  and produces vo lumet r ic  
s t r a i n  a long the  minimum compressive s t ress  ax i s .  D i s t r i b u t i o n  func t i ons  
fs, f,, f v  f o r  t he  boundary s t rength ,  l o c a l  s t ress ,  and crack volume a r e  
requ i red .  These must depend on the  s t ress  i nva r ian ts .  Th is  approach, as 
opposed t o  the  more common continuum mechanics approach, i s  c l o s e l y  r e l a t e d  
t o  the  micro-physics which makes i t  eas ie r  t o  i n t e r p r e t  observat ions i n  
terms o f  what i s  happening a t  i n d i v i d u a l  cracks.  Separat ing ou t  t he  
var ious  dependencies s i m p l i f i e s  the  problem o f  i nc lud ing  e f f e c t s  l i k e  
chemical weakening. I f  i t  i s  known what the  chemist ry  o f  the  f l u i d s  does 
t o  the  c rack  s t rength ,  then by mod i fy ing  f s  accord ing ly  the  e f f e c t  i s  
included. 

S l i p  on g r a i n  boundaries opens cracks t h a t  a re  

1 /2 J 3 '  1/3 
The s t ress  i n v a r i a n t s  Y = ( 3 / 4 J 2 ' )  and P -  P - 1 / 2 ( ~ )  were 

- chosen as the  va r iab les .  Y i s  a measure o f  the maximum shear t r a c t i o n  and 
P represents  the  average normal t r a c t i o n .  As P increases, the f r i c t i o n a l  
f o r c e  t h a t  must be overcome by Y t o  cause s l i d i n g  increases. The onset o f  
d i l a t a n c y ,  YDIF), i s  a measure o f  the  weakest c rack  and the shape o f  t h i s  
curve i n  Y - P space g ives  the  e f f e c t  o f  The 
s t reng th  d i s t r i b u t i o n  f s  i s  requ i red  t o  g i v e  a c u t o f f  a t  Y (n. 
form, used t o  descr ibe  f a i l u r e  i n  ceramics, i s  f s ( Y s  - YD ?m) = 
2a(Ys- YD1exp(-a(Y - YD)2). 
i s  dN(Y,,P) = fsd(Ys - Y o ) .  

on the  f a i l u r e  s t ress ,  Y s .  
A convenient 

Then the  d i f f e r e n t i a l  number o f  cracks opening 
The s t ress  d i s t r i b u t i o n  f, i s  taken t o  be a 
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d e l t a  f u n c t i o n  f o r  a f i r s t  o rder  theory. The form o f  the crack volume 
d i s t r i b u t i o n  fv  i s  unknown but  assumed t o  be i n v a r i a n t ,  so t h a t  i t s  e f f e c t  
can be computed from one va lue o f  the  d i l a tancy  on the loading curve. Using 
t h i s  approach, b i a x i a l  loading curves f o r  c o n f i n i n g  pressures o f  0 t o  4 Kb 
were f i t  by vary ing  o n l y  one constant which r e f l e c t e d  the e f f e c t  o f  
c o n f i n i n g  pressure on the average crack volume. 

Unloading i s  a very d i f f e r e n t  process from loading i n  t h a t  i t  i s  a 
more l i n e a r  process, w i t h  d i l a t a n c y  p e r s i s t i n g  u n t i l  unloading i s  complete. 
Deta i led  cons idera t ion  o f  the  l oca l  s t resses a t  an open crack suggests 
t h a t  c losu re  i s  by smooth l i n e a r  backs l i d ing  when the  s t ress  f a l l s  below 
the  fa i - lu re  s t ress .  The unloading curves a re  descr ibed we l l  by t h i s  
process. To descr ibe  the process we f i n d  t h a t  th ree  parameters must be 
obta ined from experiment: 
o f  p o t e n t i a l  c racks /un i t  volume. 

YD(P), fv, and a f a c t o r  r e l a t e d  t o  the  number 

Implementation o f  the  model i n  a computer code i s  s t ra igh t fo rward .  
The f i n i t e  element method i s  a na tu ra l  choice. The e f f e c t s  o f  cracks 
can be incorporated i n  a s imple and i n t u i t i v e l y  appeal ing way by t r e a t i n g  
the  cracks as d i s l o c a t i o n s  and us ing the  equiva lent  body f o r c e  d e s c r i p t i o n .  
Th is  in t roduces a body f o r c e  dens i ty  t h a t  can be t rea ted  e a s i l y  by f i n i t e  
elements. i t  a l s o  au tomat i ca l l y  includes crack i n t e r a c t i o n  e f f e c t s .  Pore 
pressure e f f e c t s  a r e  handled by us ing  the  i n t e r a c t i n g  cont inua method t o  
c a l c u l a t e  the  e f f e c t i v e  s t resses.  I t  i s  not  c l e a r  how pore pressure w i l l  
a f f e c t  the s t reng th  o f  the  cracks.  Changing, o r i en ted  p o r o s i t y  imp l ies  
t h a t  the pe rmeab i l i t y  i s  a n i s o t r o p i c  and va r iab le .  I t  i s  s t r a i g h t -  
forward t o  inc lude t h i s  e f f e c t  i n  a f l u i d  f l ow  f i n i t e  element code. The 
o v e r a l l  problem i s  h i g h l y  non l inear  and must be solved i t e r a t i v e l y .  
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