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A b s t r a c t  ~- 

A major  problem f a c i n g  geo the rma l  o p e r a t i o n s  
i s  t h e  d i s p o s a l  o f  l a r g e  q u a n t i t i e s  o f  r e l a t i v e l :  
c o o l  w a s t e  geo the rma l  w a t e r s .  Envi ronmenta l  r e g  
u l a t i o n s  may r e q u i r e  r e i n j e c t i o n  i n t o  t h e  reser- 
v o i r .  S i n c e  t h e  r e s e r v o i r  i s  t h u s  coo led  a round 
t h e  i n j e c t i o n  w e l l s ,  t h e r e  is some r e l u c t a n c e  t o  
r e i n j e c t  i n t o  w e l l s  t h a t  might b e  used  f o r  f u t u r l  
p r o d u c t i o n .  

I n  t h i s  pape r  t h e  r e sponse  of  a l iqu id-domi-  
n a t e d  geo the rma l  r e s e r v o i r  t o  i n j e c t i o n  and pro- 
d u c t i o n  from a s i n g l e  w e l l  i s  s t u d i e d .  D i f f e ren i  
i n j  e c t  i on -p roduc t ion  schemes are ana lyzed  t o  
e x p l o r e  how t o  minimize  temporary  c o o l i n g  a round 
t h e  i n j e c t i o n  w e l l  and t o  o p t i m i z e  t h e r m a l  recov- 
e r y .  The p r e s s u r e  r e sponse  i s  a l s o  c a l c u l a t e d ,  
and found t o  b e  a f f e c t e d  s i g n i f i c a n t l y  by temper- 
a ture-dependent  v i s c o s i t y  v a r i a t i o n s .  T h i s  w i l l  
have  i m p l i c a t i o n s  on wel l - tes t  methods f o r  geo- 
the rma l  r e s e r v o i r s .  V e r t i c a l  c o n s o l i d a t i o n  o f  
t h e  geo the rma l  sys tem d u r i n g  f l u i d  wi thd rawa l  i s  
a l s o  d i s c u s s e d ,  showing t h e  need t o  e s t a b l i s h  
p r e v i o u s  stress h i s t o r y  b e f o r e  a t t e m p t i n g  t o  p re -  
d i c t  t h e  r e s e r v o i r  de fo rma t ion .  

The t r a n s p o r t  o f  h e a t  and f l u i d  th rough  a 
porous  r e s e r v o i r  i s  computed u s i n g  a n u m e r i c a l  
model deve loped  a t  t h e  Lawrence Berke ley  Labora- 
t o r y .  The one-d imens iona l  c o n s o l i d a t i o n  t h e o r y  
o f  Te rzagh i  h a s  been coupled  t o  t h e  h e a t  and 
f l u i d  f low t o  c a l c u l a t e  r e s e r v o i r  compaction. NO 

Refe rences  and I l l u s t r a t i o n s  a t  end of  pape r .  

a t t empt  i s  made t o  model chemica l  r e a c t i o n s  o r  
p r e c i p i t a t i o n  t h a t  might o c c u r  when waters of  a 
d i f f e r e n t  t e m p e r a t u r e  and s a l i n i t y  a r e  i n j e c t e d  
i n t o  t h e  r e s e r v o i r .  

A .  I n t r o d u c t i o n  

A major  problem f a c i n g  geo the rma l  energy  
development is t h e  d i s p o s a l  o f  l a r g e  q u a n t i t i e s  
of  r e l a t i v e l y  c o o l  waste geo the rma l  waters. Oper- 
a t o r s  are r e l u c t a n t  t o  r e i n j e c t  t h e s e  f l u i d s  a s  
t h e y  cou ld  i r r e v e r s i b l y  c o o l  t h e  r e s e r v o i r  arounc 
t h e  i n j e c t i o n  w e l l s  and a f f e c t  nearby  p roduc ing  
wells. 

G r i n g a r t e n  and Sau ty  ’ used  a two-dimensional  
s e m i a n a l y t i c a l  model t o  i n v e s t i g a t e  t h e  e f f e c t  
of r e i n j e c t i o n  w e l l s  on n e i g h b o r i n g  p roduc ing  
wells. 
model t o  s u g g e s t  t h e  s c r e e n i n g  e f f e c t  t h a t  may 
b e  found i n  a m u l t i p l e - w e l l  sys tem.  However, 
t h i s  model assumes a s t e a d y  f l u i d - f l o w  f i e l d ,  
n e g l e c t s  g r a v i t y  and ,  even more i m p o r t a n t ,  i g -  
no res  t h e  dependence of  pa rame te r s  ( such  a s  v i s -  
c o s i t y  and d e n s i t y )  on t e m p e r a t u r e  v a r i a t i o n s .  
rhus  a d e t a i l e d  u n d e r s t a n d i n g  of  t h e  b e h a v i o r  o f  
a geo the rma l  r e s e r v o i r  canno t  b e  expec ted  w i t h  
t h i s  s e m i a n a l y t i c  approach .  

Tsang and Witherspoon’  used t h e  same 

Rea l i s t i c  two- o r  t h ree -d imens iona l  numeric.al 
models have  been  developed  t o  a n a l y z e  l i q u i d -  
dominated geo the rma l  sys t ems  (Mercer and P i n d e r 3 ;  
P r i t c h e t t  e t  a l . 4 ;  Sorey5 ,and  o t h e r s ) .  To d a t e ,  
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no one h a s  a p p l i e d  t h e s e  models t o  t h e  r e s p o n s e  
o f  geo the rma l  sys t ems  under  d i f f e r e n t  i n j e c t i o n -  
p r o d u c t i o n  schemes. T h i s  p a p e r  i s  s u c h  an  a t -  
tempt .  Using a n u m e r i c a l  model ( c a l l e d  "CCC") 
developed a t  t h e  Lawrence Berke ley  L a b o r a t o r y ,  
d e t a i l e d  t h e r m a l  and f l u i d - f l o w  c a l c u l a t i o n s  a r e  
made f o r  a r a d i a l l y  symmetr ic  l i qu id -domina ted  
system. Emphasis i s  p l a c e d  on u n d e r s t a n d i n g  t h e  
Eol lowing problems:  

Temperature  r ecove ry  of a p roduc ing  w e l l  
a f t e r  r e i n j e c t i o n  o f  c o o l  f l u i d .  The w e l l  
i s  assumed t o  b e  used f o r  i n j e c t i o n  f o r  one  
y e a r ,  a f t e r  which it i s  changed i n t o  a pro- 
d u c t i o n  w e l l  w i t h  o r  w i t h o u t  a s h u t  i n  p e r i o d  
i n  between.  The e f f e c t  o f  u s i n g  a f u l l y  o r  
p a r t i a l l y  p e n e t r a t i n g  w e l l  i s  a l s o  a n a l y z e d .  

C o n s o l i d a t i o n  o f  t h e  r e s e r v o i r ,  cap rock  and 
bedrock  d u r i n g  pumping. The e f f e c t  o f  as- 
suming d i f f e r e n t  p r e v i o u s  stress h i s t o r i e s  
( i . e . ,  p r e c o n s o l i d a t i o n  v a l u e s )  on t h e  de- 
f o r m a t i o n  o f  t h e  sys t em is  s t u d i e d .  

V i s c o s i t y  e f f e c t s  on t r a n s i e n t  r e s e r v o i r  
p r e s s u r e  r e sponse .  An a n a l y s i s  i s  made of 
t h e  p r e s s u r e  changes r e s u l t i n g  from a pro- 
d u c t i o n - i n j e c t i o n - p r o d u c t i o n  o p e r a t i o n .  The 
s t u d y  o f  t h e  t y p e  of p r e s s u r e  r e s p o n s e  ob- 
s e r v e d  may l e a d  t o  t h e  development of new 
wel l - tes t  methods t o  e s t a b l i s h  t h e  t h e r m a l  
as w e l l  as h y d r a u l i c  p a r a m e t e r s  o f  a geo the r -  
mal sys t em.  

The f i r s t  two s e c t i o n s  w i l l  d e s c r i b e  t h e  
;ove rn ing  e q u a t i o n s  and t h e  computer program used 
in t h e  c a l c u l a t i o n s .  The r e s u l t s  w i l l  t h e n  b e  
, r e s e n t e d  and d i s c u s s e d ,  fo l lowed  by summary and 
:onclusion.  

3 .  Governing E q u a t i o n s  

S e v e r a l  a u t h o r s  have  deve loped  t h e  e q u a t i o n s  
zoverning t h e  h e a t  and mass f low th rough  porous  
ned ia ,  b a s e d  o n  t h e  p r i n c i p l e  o f  c o n s e r v a t i o n  o f  
nass, momentum and ene rgy  (Mercer er a l .  ; P r i t -  
Zhet t  e t  a l .  4 ;  Witherspoon e t  a l .  ', and o t h e r s ) .  

I n  o u r  s t u d i e s ,  w e  are i n t e r e s t e d  i n  a s l i g h t - -  
Ly-compressible l i qu id -domina ted  geo the rma l  sys -  
rem. I n  t h i s  c a s e ,  t h e  e q u a t i o n s  of  h e a t  and 
nass f low th rough  a s a t u r a t e d  deforming po rous  
nedia may be e x p r e s s e d  i n  i n t e g r a l  form as ,  

For a d e f i n i t i o n  of  t h e  symbols t h e  r e a d e r  i s  
r e f e r r e d  t o  t h e  Nomenclature.  

A comment needs  t o  b e  made on t h e  c a p a c i t y  
t e r m  on t h e  l e f t - h a n d - s i d e  o f  t h e  m a s s  f l ow equa- 
t i o n  (Eq. 2 ) .  T h i s  t e rm,  a s  shown , inc ludes  t h e  
compression o f  t h e  water (IC) and t h e  compression 
3f t h e  r o c k / s o i l  s k e l e t o n  ( d e / d a ' ) .  I n  hydrogeo- 
logy  i t  i s  more customary t o  w r i t e  t h e  l e f t  s i d e  
of Eq. 2 as 

g h e r e  S s ,  c o e f f i c i e n t  o f  s p e c i f i c  s t o r a g e ,  i s  
u s u a l l y  c o n s i d e r e d  t o  b e  a c o n s t a n t .  

I n  most examples  p r e s e n t e d  h e r e  a c o n s t a n t  
v a l u e  o f  S s  i s  used ,  imp ly ing  an  e l a s t i c  responsc 
o f  t h e  r o c k  s k e l e t o n  t o  p o r e  p r e s s u r e  changes.  
But i n  t h e  c a s e s  i l l u s t r a t i n g  t h e  compact ion o f  
t h e  sys t em,  t h e  form g i v e n  i n  E q .  2 i s  used ,  
imp ly ing  a r e s p o n s e  p a r t l y  e l a s t i c  and p a r t l y  
n o n - e l a s t i c .  According t o  t h e  one-dimensional  
c o n s o l i d a t i o n  model of Te rzagh i '  , t h e  v o i d  r a t i o  
( e )  of a material ,  which i s  a r a t i o  of t h e  v o i d  
t o  s o l i d  volumes, is a f u n c t i o n  o f  i t s  p r e s e n t  
e f f e c t i v e  stress ( a ' )  and i t s  p r e v i o u s  stress 
h i s t o r y .  
changes w i t h  e f f e c t i v e  stress ( i . e . ,  d e / d a ' )  
w i l l  b e  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  Because 
of t h e  one-dimensional  n a t u r e  of T e r z a g h i ' s  mode: 
v e r t i c a l  d i s p l a c e m e n t s  r e s u l t  from t h e  v o i d  ratic 
changes.  These d e f o r m a t i o n s  are r e s t r i c t e d  t o  
t h e  s a t u r a t e d  f o r m a t i o n s  which r e l e a s e  water fro1 
s t o r a g e  d u r i n g  t h e  f l u i d  wi thd rawa l .  These ver-  
t i c a l  d i s p l a c e m e n t s  may o r  may n o t  b e  r e f l e c t e d  
a t  t h e  ground s u r f a c e  as l a n d  s u b s i d e n c e .  The 
e x t e r n a l  l o a d i n g  o f  t h e  ove rburden ,  caused  by 
t h e  d e f o r m a t i o n  o f  t h e  deepe r  s a t u r a t e d  forma- 
t i o n s  may r e s u l t  i n  d i s p l a c e m e n t s  a t  t h e  s u r f a c e  
t h a t  may b e  q u i t e  d i f f e r e n t  i n  magnitude and 
d i r e c t  i o n .  

F u r t h e r  d e t a i l s  on how v o i d  r a t i o  

The gove rn ing  e q u a t i o n s  (Eqs.  1 and 2)  a r e  
non- l inea r  and a r e  i n t e r c o n n e c t e d  by,  

a .  t h e  second o r d e r  e q u a t i o n  o f  s t a t e  f o r  t h e  
f l u i d ,  p = Po [I - B(T - To) - Y(T - To) '1 , 

t h e  Darcy v e l o c i t y  (;d) used i n  t h e  convec- 
t i o n  t e r m  of t h e  ene rgy  e q u a t i o n  (Eq. 1 )  and 

3 .  

1. t h e  t e m p e r a t u r e  a n d / o r  p r e s s u r e  dependence 
of some p a r a m e t e r s .  

C .  Numerical  Model "CCC" 

The numer i ca l  model "CCC" ( f o r  Conduction- 
Convec t ion -Conso l ida t ion )  developed a t  t h e  
Lawrence Berke ley  Labora to ry  i s  used t o  s o l v e  
n u m e r i c a l l y  t h e  h e a t  and mass f low e q u a t i o n s  
and t o  compute t h e  one-dimensional  c o n s o l i d a t i o n  
of t h e  s i m u l a t e d  sys t ems .  Th i s  program which i s  
a m o d i f i c a t i o n  o f  program SCHAFF' and TRUST', 
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employs an I n t e g r a t e d  F i n i t e  D i f f e r e n c e  Method' " 
u s i n g  and e x p l i c i t - i m p l i c i t  i t e r a t i v e  p rocedure  
t o  advance i n  t i m e .  D e t a i l s  o f  t h e  a l g o r i t h m s  
a r e  g iven  by Edwards", Narasimhan' and Sorey' .  
I n  f i n i t e  d i f f e r e n c e  form t h e  ene rgy  and m a s s  
f low e q u a t i o n s  (Eqs .1  and 2) a r e  g iven  r e spec -  
t i v e l y  by ,  

The d e f i n i t i o n s  of  t h e  d i s t a n c e  dn,, and t h e  
a r e a  An 
i n  F i g .  '1. 

i n  t h e  above e q u a t i o n s  a r e  i l l u s t r a t e d  

The coupled  Eqs. 3 and 4 are s o l v e d  a l t e r n a -  
t i v e l y  by i n t e r l a c i n g  them i n  t i m e ;  t h i s  i s  
shown s c h e m a t i c a l l y  - i n  F i g .  2 .  The f low equa t ion  
s o l v e s  f o r  P ,  Vd and e assuming t h a t  t h e  temper- 
a t u r e  dependent  p r o p e r t i e s  remain c o n s t a n t .  Then 
t h e  ene rgy  e q u a t i o n  computes T assuming t h a t  vd 
and p r e s s u r e  dependent  p r o p e r t i e s  remain  c o n s t a n t  
S ince  t h e  p r e s s u r e  v a r i e s  much f a s t e r  t h a n  t h e  
t empera tu re ,  much s m a l l e r  t i m e  s t e p s  have  t o  b e  
t aken  i n  t h e  f low c y c l e s  t h a n  i n  t h e  ene rgy  cyc- 
les ( F i g .  2 )  i n  o r d e r  t o  compute p r e s s u r e  v a r i a -  
t i o n s  a c c u r a t e l y .  

Program "CCC" i s  des igned  t o  s i m u l a t e  one-, 
two- o r  t h ree -d imens iona l  he t e rogeneous  i s o t r o p i c  
ion - i so the rma l  s a t u r a t e d  porous  sys t ems .  Thermal 
m d  h y d r a u l i c  p r o p e r t i e s  may b e  t e m p e r a t u r e  and/ 
ir p r e s s u r e  dependen t ;  de fo rma t ion  pa rame te r s  
nay b e  n o n - l i n e a r  and n o n - e l a s t i c .  The f o l l o w i n g  
J h y s i c a l  e f f e c t s  r e l e v a n t  t o  f l u i d  i n j e c t i o n -  
J r o d u c t i o n  o p e r a t i o n s  can  b e  modeled u s i n g  t h i s  
:ode: 

3 .  Heat c o n v e c t i o n  and conduc t ion  w i t h i n  
and between t h e  r e s e r v o i r ,  cap rock  and bed- 
rock ;  

i. Flow of  waters o f  d i f f e r e n t  t e m p e r a t u r e s ;  

3 .  Regional  groundwater  f low;  

j. S p a t i a l  v a r i a t i o n  o f  rock  p r o p e r t i e s  
( h e t e r o g e n e i t y )  ; 

2. Tempera ture  and p r e s s u r e  dependence o f  rock  
and f l u i d  p r o p e r t i e s ;  

E. V e r t i c a l  compaction of  s a t u r a t e d  f o r m a t i o n s ;  

;. D i f f e r e n t  p r o d u c t i o n  and i n j e c t i o n  schemes 

u Tsang and P a u l  A .  Witherspoon 

(number o f  w e l l s ,  r a t e s ,  t e m p e r a t u r e  of  i n -  
j e c t e d  w a t e r s ) .  

The program h a s  been  v a l i d a t e d  a g a i n s t  d i f f e r e n t  
a n a l y t i c a l  and s e m i a n a l y t  i c a l  so lu t ions" .  

D. Study of  Tempera ture  Recovery of a Geothermal 
P r o d u c t i o n  Wel l  a f t e r  an  I n j e c t i o n  P e r i o d  

A number of  examples a r e  g iven  below t o  i l l u s -  
t r a t e  t h e  e f f e c t s  of  d i f f e r e n t  i n j e c t i o n  and pro- 
d u c t i o n  schemes on t h e  r e s e r v o i r  t e m p e r a t u r e  
d i s t r i b u t i o n  when one w e l l  i s  used f i r s t  
as an i n j e c t o r  and l a te r  as a p roduce r .  I n  some 
c a s e s  a f u l l y  p e n e t r a t i n g  w e l l  is  c o n s i d e r e d ,  
w h i l e  i n  o t h e r s ,  a p a r t i a l l y  p e n e t r a t i n g  one. I n  
most i n s t a n c e s  pumping immedia te ly  f o l l o w s  a 360- 
day i n j e c t i o n  p e r i o d ,  i n  a few o t h e r  c a s e s  t h e  
sys t em i s  s h u t  i n  f o r  360 days  between i n j e c t i o n  
and p r o d u c t i o n .  

The s i m u l a t e d  geo the rma l  sys t em c o n s i s t s  of a 
r e s e r v o i r ,  a cap rock  and a bed rock ,  each  100 m 
t h i c k .  The cap rock  and bedrock  are of  t h e  same 
t y p e  of material ,  w h i l e  t h e  r e s e r v o i r  i s  o f  a d i f  
f e r e n t  t y p e  ( s e e  Tab le  1). The w a t e r  2s assumei  
t o  b e  p u r e ,  i t s  p r o p e r t i e s  a r e  g iven  i n  T a b l e  2 .  
The sys t em i s  a x i s y m m e t r i c , i t s  i n i t i a l  t e m p e r a t u r e  
and p r e s s u r e  c o n d i t i o n s  are g iven  on  F ig .  3. The  
boundary c o n d i t i o n s  are as f o l l o w s :  

a. t h e  t o p  and lower  b o u n d a r i e s  a r e  impermeable  
and i s o t h e r m a l  (235' and 265"C, r e s p e c t i v e l y )  

i. t h e  r a d i a l  boundary a t  a d i s t a n c e  of  380 m 
i s  a cons t an t -p res su re -and- t empera tu re  boun- 
da ry  f o r  t h e  a q u i f e r  and a c l o s e d  boundary 
f o r  t h e  cap rock  and bedrock ,  

:. t h e  w e l l  l o c a t e d  a t  t h e  c e n t e r  o f  t h e  sys t em 
i s  pumped and i n ' e c t e d  a t  a c o n s t a n t  t o t a l  
r a t e  of 2 .5  x 10 kg lday .  The t e m p e r a t u r e  
of t h e  i n j e c t e d  w a t e r  i s  100°C. 

4 

[n a l l  c a s e s  i t  i s  assumed t h a t  t h e  i n t r i n s i c  p e r  
n e a b i l i t y  (k), t h e r m a l  conductivity (KM) and 
ieat c a p a c i t y  o f  t h e  rock  as w e l l  as t h e  compres- 
; i b i l i t y  (K) and c o e f f i c i e n t s  o f  t he rma l  expansioi 
16,~) of  t h e  water are c o n s t a n t .  The f l u i d  d e n s i t y  
:p), h e a t  c a p a c i t y  (CF) and v i s c o s i t y  (1-1) a r e  t e m  
) e r a t u r e  dependent.  The mesh used  i n  these  example: 
.s i l l u s t r a t e d  on F ig .  4 .  

Cxample D-1. F u l l y  P e c e t r a t i n g  Well 

I n  t h i s  example t h e  w e l l  i s  i n j e c t i n g  2 . 5  x 
LO6 kg/day of  100°C w a t e r  un i fo rmly  i n t o  t h e  100- 
neter t h i c k  r e s e r v o i r .  A f t e r  360 days  o f  i n j e c -  
: i on  ( t o t a l  t i m e ,  t =  360 d )  t h e  t e m p e r a t u r e  d i s -  
: r i b u t i o n  w i t h i n  t h e  a q u i f e r  i s  shown i n  F i g .  5A. 

If b e f o r e  pumping, t h e  w e l l  i s  s h u t  i n  f o r  a 
) e r i o d  o f  360 days  t h e r e  i s  t i m e  f o r  t h e  h igh  
) r e s s u r e  zone a round t h e  w e l l  t o  d i s s i p a t e .  The 
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t e m p e r a t u r e  a f t e r  t h e  s h u t  i n  p e r i o d  ( t =  720 d )  
i s  g iven  i n  F i g .  5B. Dur ing  t h e  s h u t  i n  p e r i o d  
t h e  r e s e r v o i r  h a s  ga ined  some h e a t  from t h e  cap- 
rock  and bedrock  as water f o r c e d  i n t o  them d u r i n g  
t h e  i n j e c t i o n  p e r i o d  f lows  back  i n t o  t h e  reser- 
v o i r .  A f t e r  t h e  s h u t  i n ,  p r o d u c t i o n  s t a r t s  a t  
t h e  same c o n s t a n t  r a t e  ( 2 . 5  x lo6 kg /day) .  A f t e r  
360 days  o f  p r o d u c t i o n  ( t = 1 , 0 8 0  d )  t h e  temper- 
a t u r e  d i s t r i b u t i o n  i s  shown i n  F i g .  5C. Some 
of  t h e  c o l d  water s t i l l  remains  i n  t h e  r e s e r v o i r .  
A s  a f u n c t i o n  of  p r o d u c t i o n  t i m e  t h e  t e m p e r a t u r e  
of  t h e  produced  water i s  s lowly  i n c r e a s i n g ,  ap- 
p roach ing  a s s y m p t o t i c a l l y  t h e  o r i g i n a l  a v e r a g e  
r e s e r v o i r  t e m p e r a t u r e  (250°C)(Fig .  6 ,  c u r v e  a ) .  
I f  i n s t e a d  of  s h u t t i n g  i n  t h e  w e l l ,  pumping i s  
s t a r t e d  immedia te ly  a f t e r  t h e  i n j e c t i o n  p e r i o d  
( t  = 360 d)  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a f t e r  
360 days  of  p r o d u c t i o n  ( t  = 720 d) i s  found n o t  
t o  d i f f e r  s i g n i f i c a n t l y  from t h a t  g i v e n  on F i g .  
5C. T h i s  i s  a l s o  i n d i c a t e d  by t h e  t e m p e r a t u r e  
of  t h e  produced w a t e r s  (F ig .  6 ,  curve  c ) .  

Example D-2. P a r t i a l l y  P e n e t r a t i n g  Well. 
~ . _ _ _  

I n j e c t i o n  and p roduc t ion  from t h e  upper  p a r t  
o f  t h e  r e s e r v o i r .  

I n  t h i s  c a s e ,  t h e  w e l l  i n j e c t s  i n t o  and pro- 
duces  from t h e  uppe r  40 m of t h e  r e s e r v o i r ,  a t  
t h e  s a m e  ra te  as i n  t h e  p r e v i o u s  example.  The 
t e m p e r a t u r e  p r o f i l e  a f t e r  360 days  o f  i n j e c t i o n  
i s  g iven  on F i g .  7A. I t  shows t h a t  t h e  c o l d  
water h a s  t r a v e l l e d  f a r t h e r  i n t o  t h e  upper  p a r t  
o f  t h e  a q u i f e r ,  and less i n t o  t h e  lower  p a r t ,  
t h a n  i n  t h e  f u l l  p e n e t r a t i o n  c a s e .  

A f t e r  360 days  o f  s h u t  i n  ( t = 7 2 0 d )  t h e  t e m -  
p e r a t u r e  d i s t r i b u t i o n  ( F i g  7B) r e f l e c t s  t h e  e f -  
f e c t  o f  t h e  c o l d e r  (and h e a v i e r )  w a t e r  s i n k i n g  
and mixing  w i t h  t h e  h o t t e r  water below. F i g .  
7C shows t h e  t e m p e r a t u r e  a f t e r  360 days  o f  pro-  
d u c t i o n  from t h e  t o p  43 m of t h e  r e s e r v o i r  ( t =  
1 ,1)80  d)  . The t e m p e r a t u r e  of  t h e  produced wa- 
t e r  i s  g i v e n  i n  F i g .  6 ,  c u r v e  b .  C l e a r l y  i n  
t h i s  c a s e  t h e  t e m p e r a t u r e  r e c o v e r y  i s  s imilar  
t o  t h a t  o f  t h e  f u l l y  p e n e t r a t i n g  w e l l  (Ex. D - 1 ) .  

- Example D-3. P a r t i a l l y  P e n e t r a t i n g  W e l l .  I n j e c -  
t i o n  i n t o  t h e  lower  p a r t ,  p r o d u c t i o n  from t h e  
upper  p a r t  o f  t h e  r e s e r v o i r .  

T h i s  example d i f f e r s  from t h e  p r e v i o u s  one  i n  
t h a t  t h e  i n j e c t i o n  i s  made i n t o  t h e  lower  40 m 
o f  t h e  r e s e r v o i r  i n s t e a d  o f  i t s  upper  p a r t .  I n  
t h i s  way t h e  c o l d  water i s  pushed a l o n g  t h e  bo t -  
tom of  t h e  r e s e r v o i r  and i t s  h i g h e r  d e n s i t y  and 
v i s c o s i t y  s lows  down i t s  m i g r a t i o n  towards  t h e  
upper  r e g i o n s  of  t h e  sys tem.  

F ig .  8 A  shows t h e  t e m p e r a t u r e  d i s t r i b u t i o n  
i n  t h e  r e s e r v o i r  a f t e r  360 days  o f  i n j e c t i o n .  A s  
expec ted  most of  t h e  c o l d  water s t a y s  a t  t h e  bo t -  
tom of  t h e  r e s e r v o i r .  I f  a f t e r  i n j e c t i o n  t h e  
w e l l  i s  s h u t  i n  f o r  360 days ,  o n l y  small temper- 
a t u r e  changes are obse rved .  The c o l d  w a t e r  i s  
r e l a t i v e l y  immobile.  S i n c e  t h e r e  a p p e a r s  t o  b e  

no advan tage  i n  s h u t t i n g  i n  t h e  w e l l ,  t h e  c a s e  
of  immediate  p r o d u c t i o n  a f t e r  i n j e c t i o n  i s  ana- 
l yzed .  I n  t h i s  example t h e  pumping i s  done from 
t h e  upper  40 m o f  t h e  r e s e r v o i r  t o  minimize  t h e  
e x t r a c t i o n  of  c o l d  w a t e r  from t h e  bot tom.  The 
t e m p e r a t u r e  d i s t r i b u t i o n  a f t e r  360 days  of  pump- 
i n g  ( t  = 720 d )  i s  g iven  on F ig .  8B. It  i n d i c a t e s  
t h a t  t h e  c o l d  water i s  o n l y  s lowly  m i g r a t i n g  to-  
wards t h e  p roduc ing  i n t e r v a l  because  of i t s  h i g h  
d e n s i t y  and v i s c o s i t y .  

T h i s  scheme of  i n j e c t i o n  and p r o d u c t i o n  a t  
d i f f e r e n t  l e v e l s  r e s u l t s  i n  pumped water whose 
t empera tu re  i s  a lways  h i g h e r  t h a n  t h a t  o f  t h e  i n -  
j e c t e d  water (F ig .  6 ,  c u r v e  d ) .  Because  t h e  co ld  
water i s  s lowly  pumped o u t  of  t h e  r e s e r v o i r  t h e  
t e m p e r a t u r e  of p r o d u c t i o n ,  even though i s  h i g h e r  
a t  t h e  b e g i n n i n g ,  does  n o t  approach  t h e  i n i t i a l  
ave rage  r e s e r v o i r  t e m p e r a t u r e  as f a s t  as i n  t h e  
two p r e v i o u s  c a s e s .  

Example D-4. P a r t i a l l y  P e n e t r a t i n g  W e l l .  I n j e c -  
t i o n  i n t o  t h e  r e s e r v o i r  below a low permeabi l -  
i t y  l e n s ,  p r o d u c t i o n  from above t h e  l e n s .  

T h i s  c a s e  i s  i n t e n d e d  t o  i l l u s t r a t e  t h e  dra-  
ma t i c  e f f e c t  o f  even  a s m a l l  l e n s  of  low permea- 
b i l i t y  m a t e r i a l  on t h e  t e m p e r a t u r e  of  t h e  pro- 
duced w a t e r s  when i n j e c t i o n  i n t o  r e s e r v o i r  i s  
done below t h e  l e n s  and p r o d u c t i o n  i s  from above 
i t .  The o n l y  d i f f e r e n c e  between t h i s  c a s e  and 
example D-3 i s  t h a t  a 20 m- th ick ,  25 m-radius 
l e n s  of  t h e  same material  as t h e  cap rock  i s  pre-  
s e n t  a t  t h e  c e n t e r  of  t h e  sys t em (F ig .  9 ) .  

A f t e r  360 days  o f  i n j e c t i o n  below t h e  l e n s  
t h e  t e m p e r a t u r e  i n  t h e  r e s e r v o i r  i s  shown i n  F i g .  
9A. The l e n s  h a s  g r e a t l y  r e s t r a i n e d  t h e  f low of  
c o l d  water towards  t h e  upper  p a r t  o f  t h e  sys tem.  
The i n j e c t e d  water h a s  moved a l o n g  t h e  bot tom of  
t h e  r e s e r v o i r  f a r t h e r  away from t h e  w e l l  t h a n  i n  
any of  t h e  c a s e s  c o n s i d e r e d  b e f o r e .  

A s  i n  t h e  p r e v i o u s  example no advan tage  i s  
expec ted  from s h u t t i n g  i n  t h e  sys t em a f t e r  i n -  
j e c t i o n .  T h e r e f o r e ,  p r o d u c t i o n  from above  t h e  
l e n s  i s  s t a r t e d  immedia te ly  a f t e r  t h e  i n j e c t i o n  
p e r i o d .  The t e m p e r a t u r e  i n  t h e  r e s e r v o i r  a f t e r  
360 days  of  pumping ( t =  720 d )  i s  shown on F i g .  
9B. 
t e m  i s  h i g h e r  t h a n  i n  example D-3, t h e  upward 
movement o f  t h e  c o l d e r  water i s  slowed down n o t  
on ly  by i t s  h i g h  d e n s i t y  and v i s c o s i t y  b u t  a l s o  
by t h e  p r e s e n c e  of  t h e  low p e r m e a b i l i t y  l e n s .  
T h i s  i s  r e f l e c t e d  by t h e  t e m p e r a t u r e  of  t h e  pro- 
duced w a t e r  ( F i g .  6 ,  curve  e ) .  The t e m p e r a t u r e  
d rops  s l i g h t l y  a t  t h e  b e g i n n i n g ,  t h e n  s t a b i l i z e s ,  
and f i n a l l y  s lowly  rises a f t e r  t h r e e  months o f  
p r o d u c t i o n .  

The t e m p e r a t u r e  i n  t h e  uppe r  p a r t  o f  t h e  sy: 

It n e v e r  d rops  below 210OC. 

Remarks 

These examples i l l u s t r a t e  t h e  impor t ance  of 
p l a n n i n g  a n  i n j e c t i o n  o p e r a t i o n  i f  t h e  w e l l s  are 
i n t e n d e d  t o  be  used  l a t e r  f o r  p r o d u c t i o n .  The 
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o l d e r  w a s t e  waters s h o u l d  b e  i n j e c t e d  i n t o  t h e  
ower p a r t  o f  t h e  geo the rma l  r e s e r v o i r  and pro-  
u c t i o n  shou ld  b e  made from t h e  uppe r  p a r t .  T h i s  
ill t a k e  advan tage  of t h e  water d e n s i t y  and v i s -  
o s i t y  v a r i a t i o n s  w i t h  t e m p e r a t u r e .  Most o f  t h e  
o l d  w a t e r  which i s  d e n s e r  and more v i s c o u s  t h a n  
h e  warmer geo the rma l  water w i l l  t e n d  t o  remain 
t t h e  bot tom of t h e  r e s e r v o i r .  When p r o d u c t i o n  
t a r t s  from t h e  t o p , t h e  w a r m e r  water w i l l  t e n d  t o  
ove  r a d i a l l y  towards t h e  w e l l  w i t h o u t  l a r g e -  
c a l e  mix ing  w i t h  t h e  c o l d  water from below. Ex- 
rnple D-4 i l l u s t r a t e s  t h e  i m p o r t a n t  e f f e c t  o f  a n  
e t e r o g e n e i t y  i n  t h e  r e s e r v o i r .  Even a s m a l l  
e n s  o f  25 m e t e r  r a d i u s  g r e a t l y  a f f e c t s  t h e  t e m -  
e r a t u r e  o f  t h e  produced water,  i f  i n j e c t i o n  i s  
one below i t  and pumping from above i t .  The 
l t ima te  c a s e  would b e  a c o n t i n u o u s  l a y e r  o f  low 
e r m e a b i l i t y  ( a q u i t a r d )  d i v i d i n g  t h e  r e s e r v o i r  
n t o  two p a r t s .  I n  t h i s  c a s e ,  t h e  t e m p e r a t u r e  
f t h e  upper  r e g i o n  w i l l  n o t  b e  a f f e c t e d  apprec -  
a b l y  i f  c o l d  water i s  i n j e c t e d  i n t o  t h e  lower 
a r t .  But i n  t h i p  c a s e  no  ma jo r  r e c h a r g e  o f  t h e  
p p e r  s y s t e m  w i l l  o c c u r ,  r e s u l t i n g  i n  l a r g e r  
r e s s u r e  d r o p s .  From F ig .  6 i t  may b e  concluded 
h a t  a w e l l  which h a s  been used  f o r  r e i n j e c t i o n  
ill e v e n t u a l l y  r e g a i n  i t s  i n i t i a l  t e m p e r a t u r e .  
t s  ra te  o f  r e c o v e r y  w i l l  depend on how t h e  r e i n -  
e c t i o n  o f  c o l d  w a t e r  was made. I f  some i n i t i a l  
r o p  o f  t e m p e r a t u r e  does  n o t  a f f e c t  i t s  i n t e n d e d  
se, t h e  produced water may b e  used  immediately 
ssuming t h a t  t h e  i n j e c t i o n  i s  made i n t o  t h e  b o t -  
om fo l lowed  by p r o d u c t i o n  from t h e  t o p  of t h e  
e s e r v o i r  ( F i g .  6 ,  c u r v e s  d and e ) .  I f  an  appre -  
i a b l e  t e m p e r a t u r e  change canno t  b e  t o l e r a t e d ,  a t  
h e  b e g i n n i n g  some o f  t h e  pumped w a t e r  w i l l  n o t  
e a d e q u a t e ,  b u t  a f t e r  a p e r i o d  o f  t i m e  t h e  t e m -  
e r a t u r e  o f  t h e  w a t e r  w i l l  approach i t s  i n i t i a l  
a l u e .  I n  t h i s  c a s e  a f u l l y  p e n e t r a t i n g  w e l l  
ill r e s u l t  i n  a f a s t e r  r ecove ry  ( F i g .  6 ,  cu rve  
) .  It h a s  been  shown t h a t  s h u t t i n g  i n  t h e  w e l l  
etween i n j e c t i o n  and p r o d u c t i o n  p e r i o d s  w i l l  
3 t  g r e a t l y  a f f e c t  t h e  t e m p e r a t u r e  o f  t h e  pro- 
uced w a t e r .  

The r e s u l t s  p r e s e n t e d  h e r e  may have been d i f -  
: r en t  if r e g i o n a l  f l ow i s  p r e s e n t  a c r o s s  t h e  s y s -  
?m. I f  one  c o n s i d e r s  o n l y  one  w e l l ,  t h e  r e g i o n a l  
Low, i f  i t  i s  o f  h o t  w a t e r  as i t  s h o u l d  b e  i n  a 
e o t h e r m a l  f i e l d ,  w i l l  a c c e l e r a t e  t h e  r e c o v e r y  
f t h e  w e l l  because  i t  w i l l  sweep t h e  i n j e c t e d  
a t e r s  away from t h e  w e l l .  

S e v e r a l  s i m p l i f y i n g  a s sumpt ions  w e r e  made 
h i ch  might  a f f e c t  t h e  c o n c l u s i o n s  g i v e n  above: 

. No p r e c i p i t a t i o n  o f  s a l t s  o r  chemica l  r eac -  
t i o n s  were c o n s i d e r e d .  
waters o f  d i f f e r e n t  p h y s i c a l  and chemica l  
c h a r a c t e r i s t i c s  i n t o  a h o t  geo the rma l  re- 
s e r v o i r  may produce some r e a c t i o n s  between 
t h e  waters and r o c k s  which may change t h e  
h y d r a u l i c  p r o p e r t i e s  o f  t h e  f o r m a t i o n .  

The i n j e c t i o n  o f  

. A l l  w a t e r s  were assumed t o  b e  p u r e .  I n  
g e n e r a l ,  geo the rma l  w a t e r s  have h i g h  s a l i n -  

i t i e s ;  t h e  c h a r a c t e r i s t i c s  o f  t h e  i n j e c t e d  
waters may be d i f f e r e n t  from t h o s e  of t h e  
geo the rma l  w a t e r s .  The p r o p e r t i e s  o f  t h e s e  
waters, e s p e c i a l l y  v i s c o s i t y  and d e n s i t y ,  
w i l l  d i f f e r  somewhat from t h o s e  of p u r e  
water. 

. The r o c k s  were assumed t o  b e  i s o t r o p i c .  
I n  g e n e r a l ,  r o c k s  p r e s e n t  some a n i s o t r o p y  
e s p e c i a l l y  i n  t h e i r  p e r m e a b i l i t y .  I n  most 
c a s e s ,  t h e  h o r i z o n t a l  p e r m e a b i l i t y  i s  lar- 
g e r  t h a n  t h e  v e r t i c a l .  T h i s  w i l l  enhance 
t h e  h o r i z o n t a l  f l o w  o f  f l u i d s  and r e d u c e  
t h e i r  v e r t i c a l  f low.  The l e n s  o f  low pe r -  
m e a b i l i t y  i n t e r c a l a t e d  i n  t h e  r e s e r v o i r  
shown i n  Example D - 4  h a s  a s i m i l a r  e f f e c t .  

. Study o f  C o n s o l i d a t i o n  During F l u i d  P r o d u c t i o n  

S e v e r a l  c a s e s  w e r e  s t u d i e d  t o  o b t a i n  some in -  
i g h t  on how t o  minimize compact ion r e s u l t i n g  from 
u c c e s s i v e  i n j e c t i o n  and p r o d u c t i o n  o p e r a t i o n s .  It 
a s  found t h a t  t h e  d e f o r m a t i o n  o f  t h e  sys t em depen 
ed h e a v i l y  on t h e  p r o p e r t i e s  a s s i g n e d  t o  t h e  d i f  
e r e n t  m a t e r i a l s .  I f  t h e  same p r o p e r t i e s  w e r e  u s e  
i m i l a r  r e s u l t s  were o b t a i n e d  when t o t a l l y  o r  pa r -  
i a l l y  p e n e t r a t i n g  wells were modeled. Rebound ac- 
ompanied i n j e c t i o n ,  b u t  a f i n a l  n e t  compact ion 
e s u l t e d  from pumping, because  of t h e  p a r t i a l  non- 
l a s t i c  r e s p o n s e  o f  t h e  materials t o  changes i n  
f f e c t i v e  s t r e s s  ( i . e , ,  t o t a l  stress minus pore-  
r e s s u r e )  . 

I n  t h e  model u sed ,  t h e  c o n s o l d a t i o n  b e h a v i o r  o f  
ach  m a t e r i a l  i s  d e s c r i b e d  by "e-log 0 '  curves"  ( F i  
0 ) .  The re  i s  a s o - c a l l e d  v i r g i n  c u r v e  and a s e r i  
f p a r a l l e l  swe l l ing - recompress ion  c u r v e s  ( t h e  
ode1  n e g l e c t s  t h e  h y s t e r e s i s  between s w e l l i n g  and 
ecompression c u r v e s ) .  When t h e  r o c k  ( s o i l )  i s  
oaded t o  l e v e l s  n e v e r  r eached  b e f o r e ,  i t s  d e f o r -  
a t i o n  i s  g iven  by t h e  v i r g i n  c u r v e ,  o f  s l o p e  Cc .  
s t h e  e f f e c t i v e  stress (a') i n c r e a s e s ,  t h e  v o i d  
a t i o  ( e )  of t h e  m a t e r i a l  d e c r e a s e s .  When 8' de- 
r e a s e s ,  t h e  changes i n  e are n o t  g iven  by t h e  
i r g i n  c u r v e ,  b u t  by s w e l l i n g  c u r v e s  of s l o p e  C,. 
e n e r a l l y  C, i s  one o r d e r  of magni tude s m a l l e r  1 

han C,. I f  U'  is f i r s t  d e c r e a s e d  and t h e n  i n c r e a ,  
e d ,  t h e  r e d u c t i o n  i n  v o i d  r a t i o  i s  g i v e n  by t h e  
a m e  c u r v e  (now c a l l e d  r ecompress ion  c u r v e )  u n t i l  
he  e f f e c t i v e  s t r e s s  r e a c h e s  i t s  p r e v i o u s  h i g h e s t  
a l u e  ( p r e c o n s o l i d a t i o n  s t r e s s ) .  A t  t h a t  p o i n t  
h e  sys t em starts t o  f o l l o w  t h e  v i r g i n  c u r v e  a g a i n  
h i s  means t h a t  t h e  de fo rma t ion  o f  t h e  sys t em i s  
ependen t  on i t s  p r e v i o u s  s t r e s s  h i s t o r y .  

When t h e  e f f e c t i v e  stress o f  a m a t e r i a l  i s  
q u a l  t o  i t s  p r e c o n s o l i d a t i o n  s t r e s s  i t  i s  s a i d  t o  
e no rma l ly  c o n s o l i d a t e d  ( i t s  v o i d  r a t i o  i s  g iven  
y t h e  v i r g i n  c u r v e ) .  I f  t h e  p r e c o n s o l i d a t i o n  
tress is  g r e a t e r  t h a n  t h e  e f f e c t i v e  s t r e s s ,  t h e  
a t e r i a l  i s  s a i d  t o  b e  o v e r c o n s o l i d a t e d  ( i t s  v o i d  
a t i o  i s  g i v e n  by one of t h e  swel l ing-recompres-  
i o n  c u r v e s ) .  

I 
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I n  a p r e v i o u s  pape r13  t h e  compaction of  l i q u i d  
dominated geothermal  sys t ems  h a s  been i l l u s t r a t e d  
Here ,  t h e  need t o  e s t a b l i s h  t h e  p r e v i o u s  stress 
h i s t o r y  ( i . e . ,  p r e c o n s o l i d a t i o n  s t r e s s e s )  o f  a 
sys t em b e f o r e  a t t e m p t i n g  t o  p r e d i c t  i t s  compact io  
b e h a v i o r  w i l l  he  emphasized. The v e r t i c a l  de fo r -  
mat ion  and p r e s s u r e  changes  v a r y  s i g n i f i c a n t l y  
when d i f f e r e n t  p r e c o n s o l i d a t i o n  v a l u e s  are assume 
The p r e c o n s o l i d a t i o n  stress d e t e r m i n e s  whether  a 
m a t e r i a l  f o l l o w s  t h e  v i r g i n  o r  a recompress ion  
cu rve  when pumping o c c u r s .  I n  t h e  c a s e  of i n j e c -  
t i o n  ( i . e . ,  r e d u c t i o n  of  e f f e c t i v e  stress) t h e  
m a t e r i a l  always behaves  a c c o r d i n g  t o  one  of  
t h e  s w e l l i n g  c u r v e s .  

The sys t em ana lyzed  i s  t h e  same as i n  t h e  pre-  
v i o u s  s e c t i o n ,  t h e  on ly  d i f f e r e n c e  i s  t h a t  t h e  
de fo rma t ion  o f  t h e  rock  s k e l e t o n  i s  g iven  by “e- 
l o g  o ‘  c u r v e s ” .  Tab le  3 lists t h e  de fo rma t ion  
pa rame te r s  used i n  t h e  c a l c u l a t i o n s .  The ove rbur  
den ( n o t  shown on F ig .  2 )  i s  assumed t o  b e  450 “I 
t h i c k  and i t s  ave rage  d e n s i t y ,  2,500 kg/m3. The 
w e l l  i s  f u l l y  p e n e t r a t i n g  t h e  r e s e r v o i r  and i s  
pumping a t  a r a t e  of 2.5 x lo6 kglday  f o r  a 30- 
day p e r i o d .  

I n  t h i s  example,  because  of  t h e  h i g h  overcon- 
s o l i d a t i o n  o f  t h e  mater ia ls  ( p r e c o n s o l i d a t i o n -  
e f f e c t i v e  stress = 7 x l o 5  N/m2),  t h e  de fo rma t ion  
b e h a v i o r  of  t h e  sys t em i s  g i v e n  by t h e  recompres- 
s i o n  c u r v e s .  The de fo rma t ion  of  t h e  300-m t h i c k  
sys t em i s  r e l a t i v e l y  small ( F i g .  11, curve  a ) .  
L i t t l e  w a t e r  i s  o b t a i n e d  from t h e  compress ion  of  
t h e  rock  s k e l e t o n .  T h i s  i s  r e f l e c t e d  by a r a p i d  
d e c r e a s e  i n  p o r e  p r e s s u r e  i n  t h e  r e s e r v o i r  (F ig .  
12A, cu rve  a ) .  The r a p i d  s t a b i l i z a t i o n  o f  t h e  
p r e s s u r e  i s  main ly  t h e  r e s u l t s  of  t h e  c o n s t a n t  
p r e s s u r e  c o n d i t i o n  assumed a t  t h e  o u t e r  boundary 
of t h e  system. The compaction o f  t h e  r e s e r v o i r  
i s  s i g n i f i c a n t  a t  t h e  beg inn ing  of  t h e  pumping 
p e r i o d  b u t  l a t e r  t h a t  of  t h e  cap rock  and bedrock  
becomes much more impor t an t  3 .  

of t h e  sys t em c o n t i n u e s  even a f t e r  t h e  p r e s s u r e  
h a s  s t a b i l i z e d  i n  t h e  r e s e r v o i r ,  because  t h e  
p r e s s u r e  i n  t h e  cap rock  and bedrock  c o n t i n u e s  t o  
d e c r e a s e  ( F i g .  1 3 ) .  

- Example E-2. 

The c o n s o l i d a t i o n  

Normally Conso l ida t ed  Materials. 
O v e r c o n s o l i d a t i o n  = 0. 

Because  of  t h e i r  normal c o n s o l i d a t i o n  d u r i n g  
a l l  t h e  pumping p e r i o d  t h e  materials deform ac- 
c o r d i n g  t o  t h e i r  v i r g i n  cu rves .  Cons ide rab le  con. 
s o l i d a t i o n  o c c u r s  ( F i g .  11, c u r v e  c ) , r e l e a s i n g  
l a r g e r  amounts o f  water t h a n  i n  t h e  p r e v i o u s  c a s e  
T h i s  i s  r e f l e c t e d  by a much s l o w e r  r e d u c t i o n  i n  
p o r e  p r e s s u r e  ( F i g .  12A, cu rve  c ) .  

Over- 

Example E-3. Overconso l ida t ed  Materials. Over- 
c o n s o l i d a t i o n  = 2 x l o 5  N / m 2 .  

Th i s  c a s e  is i n t e r m e d i a t e  t o  t h e  two p r e v i o u s  
examples.  A t  t h e  beg inn ing  t h e  sys t em deforms ac- 
c o r d i n g  t o  t h e  recompress ion  cu rves .  A f t e r  t h e  
p o i n t  where t h e  e f f e c t i v e  stress i n c r e a s e  ( i . e . ,  
p o r e  p r e s s u r e  d e c r e a s e )  is e q u a l  t o  t h e  overconso- 
l i d a t i o n  v a l u e ,  t h e  r e d u c t i o n  o f  v o i d  r a t i o  f o l l o w  
t h e  v i r g i n  cu rves .  T h i s  i n t e r m e d i a t e  b e h a v i o r  i s  
r e f l e c t e d  i n  t h e  p r e s s u r e  and de fo rma t ion  o f  t h i s  
sys t em ( F i g s .  11 and 1 2 ,  c u r v e s  b ) .  

Remarks 

F igs .  11 and 1 2  i l l u s t r a t e  t h e  c o n s o l i d a t i o n  
and p r e s s u r e  b e h a v i o r  of  a geothermal  sys t em when 
d i f f e r e n t  p r e v i o u s  stress c o n d i t i o n s  are assumed. 
For comparison pu rposes ,  t h e s e  f i g u r e s  a l s o  show 
t h e  p r e s s u r e  changes o b t a i n e d  when a t o t a l l y  elas- 
t i c  b e h a v i o r  of  t h e  m a t e r i a l  i s  assumed, as it i s  
normal ly  done i n  hydrogeology and pe t ro l eum eng i -  
nee r ing .  (The c o e f f i c i e n t s  o f  s p e c i f i c  s t o r a g e  
used i n  t h i s  p a r t i c u l a r  c a l c u l a t i o n  are g i v e n  on 
r a b l e  1.) 

The d i f f e r e n t  p r e s s u r e  r e sponse  t o  pumping i s  
2mphasized when r e s e r v o i r  p r e s s u r e  i s  p l o t t e d  
a g a i n s t  t h e  r e c i p r o c a l  of t i m e  (F ig .  1 2 B ) .  The 
I i f f e r e n c e  i n  c u r v a t u r e  shown by  t h e  g raphs  may 
i e l p  t o  e s t a b l i s h  t h e  de fo rma t ion  p r o p e r t i e s  o f  a 
5 iven  sys t em under  p r o d u c t i o n .  

F i g .  14 shows t h e  changes  of  p o r e  p r e s s u r e  ver -  
sus  c o n s o l i d a t i o n .  Th i s  graph  c l e a r l y  r e f l e c t s  
t he  e f f e c t s  o f  d i f f e r e n c e s  i n  o v e r c o n s o l i d a t i o n  
;tresses and i n  t h e  s l o p e s  o f  t h e  v i r g i n  and recom 
I r e s s i o n  cu rves .  The f l a t t e n i n g  o u t  o f  t h e  c u r v e s  
3 t  t h e  t o p  i s  r e l a t e d  t o  t h e  c o n s t a n t  p r e s s u r e  
)oundary used i n  t h e  model. 

The b e h a v i o r  o f  t h e  sys t em w i t h  a n  o v e r c o n s o l i -  
i a t i o n  e q u a l  t o  2 x l o 5  N / m 2  ( F i g .  1 4 ,  curve  b )  i s  
Je ry  i n s t r u c t i v e .  A t  t h e  beg inn ing  i t  i s  i d e n t i c a  
I O  t h a t  o f  t h e  sys t em w i t h  a h i g h e r  ove rconso l ida -  
r ion  ( c u r v e  a ) .  When t h e  p r e s s u r e  drop  i s  e q u a l  t c  
:he o v e r c o n s o l i d a t i o n  v a l u e ,  t h e  b e h a v i o r  i s  s i m i -  
Lar t o  t h a t  o f  t h e  normal ly  c o n s o l i d a t e d  sys t em 
[cu rve  c ) .  A t  t h a t  s t a g e ,  cu rves  b and c are es- 
s e n t i a l l y  p a r a l l e l .  Th i s  r e sponse  t o  p r o d u c t i o n  
is s imi l a r  t o  t h a t  obse rved  i n  t h e  Wai rake i  geo- 
.herma1 f i e l d  as shown i n  F ig .  1 5 ,  t aken  from 
’ r i t c h e t t  e t  a l l 4 .  

S o i l  mechanics  l a b o r a t o r y  t e c h n i q u e s  are a v a i l -  
i b l e  t o  measure t h e  o v e r c o n s o l i d a t i o n  and deforma- 
i o n  p r o p e r t i e s  o f  r n a t e r i a l ~ ’ ~ .  F i e l d  t e s t s  may 

b s t a b l i s h  t h e  t o t a l  stress16 and f l u i d  p r e s s u r e s  
hx i s t ing  a t  d i f f e r e n t  p o i n t s  o f  t h e  r e s e r v o i r ,  cap- 
ock  and bedrock .  These methods w i l l  a l l o w  us  t o  
b t a i n  t h e  c o r r e c t  pa rame te r s  so t h a t  a numer i ca l  
todel,  l i k e  t h e  one  p r e s e n t e d  h e r e ,  may be u t i l i z e d  
o p r e d i c t  t h e  compact ion behav io r  of a p a r t i c u l a r  
eo the rma l  sys tem.  A t  t h i s  t i m e  no g e n e r a l  conclu-  
i o n s  about  t h e  c o n s o l i d a t i o n  of  geo the rma l  sys tems 
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nay be  drawn from t h i s  s t u d y  s i n c e  t h e  r e s u l t s  
a r e  so dependent on m a t e r i a l  p r o p e r t i e s  (and as- 
sumed boundary c o n d i t i o n s .  

F. Study of E f f e c t  o f  Temperature-Dependent 
V i s c o s i t y  on T r a n s i e n t  P r e s s u r e  Response 

S e v e r a l  a u t h o r s  have  s t r e s s e d  t h e  i m p o r t m c e  
Jf v a r i a b l e  v i s c o s i t y  on t h e  o n s e t  o f  f r e e  con- 
rrection i n  geothermal  porous  r e s e r v o i r s 1 ” 1 8 .  
lowever,  t h e y  d i d  n o t  d i s c u s s  i t s  e f f e c t  on t r a n -  
s i e n t  well-test  a n a l y s i s .  

I n  t h i s  s e c t i o n  we w i l l  employ o u r  model t o  
s tudy  t h e  t r a n s i e n t  p r e s s u r e  r e sponse  d u r i n g  a 
Jroduction-injection-production sequence .  For 
t h i s  a n a l y s i s  a 100-m th ick ,1 ,000-m r a d i a l l y  sym- 
n e t r i c  r e s e r v o i r  i s  c o n s i d e r e d .  The same i n i t i a l  
t cmpera tu re  and p r e s s u r e  as g iven  on F i g .  3 a r e  
x e d .  However, i n  t h i s  c a s e  a l l  boundar i e s  of  
t h e  r e s e r v o i r  are c l o s e d  t o  h e a t  and mass f low.  
rhe  w e l l  f low ra te  and t h e  r e s e r v o i r  p r o p e r t i e s  
a r e  t h e  same as b e f o r e .  Near t h e  w e l l  t h e  mesh 
Jsed  i s  much f i n e r  t h a n  t h e  one  shown on  F i g .  4 ,  
J i t h  d i s c r e t e  r a d i a l  s t e p s  Ar set  t o  one me te r .  

The w e l l  i s  f i r s t  pumped f o r  f i v e  days  ( t o t a l  
t ime,  t =  0-5 d a y s ) ;  t h i s  i s  fo l lowed  by f i v e  day: 
Jf  i n j e c t i o n  of  100°C w a t e r  ( t = 5 - 1 0  d ) ;  f i n a l l y  
t h e  w e l l  is pumped f o r  a n o t h e r  1 5  days  ( t = 1 0 - 2 5  
3 ) .  The p r e s s u r e  changes  o b t a i n e d  a t  t h e  c e n t e r  
J f  t h e  r e s e r v o i r ,  1 . 5  meters from t h e  a x i s  o f  thc 
system i s  shown on F i g .  1 6 B .  The p r e s s u r e  decrez 
;es norma l ly  d u r i n g  t h e  f i r s t  pumping p e r i o d  ( t =  
3-5 d ) i  no t e m p e r a t u r e  changes  are observed .  Dur- 
i ng  i n j e c t i o n  t h e  p r e s s u r e  i n c r e a s e s  as expec ted  
( t =  5-10 d ) :  t h e  t e m p e r a t u r e  a lmos t  immedia te ly  
drops  as t h e  c o l d  water is i n j e c t e d .  

During t h e  f i n a l  p e r i o d  of p r o d u c t i o n  (F ig .  
1 6 B ;  t = 1 0 - 2 5  d)  t h e  p r e s s u r e  b e g i n s  f a l l i n g  muck 
f a s t e r  t h a n  d u r i n g  t h e  f i r s t  p e r i o d  of pumping. 
rhen  i t  s t a b i l i z e s  t o  a more o r  less c o n s t a n t  
p r e s s u r e  v a l u e  b e f o r e  c o n t i n u i n g  t o  d e c r e a s e .  Thc 
las t  p a r t  o f  t h e  cu rve  a p p e a r s  t o  b e  a cont inua-  
t i o n  of t h e  cu rve  co r re spond ing  t o  t h e  f i r s t  
pumping p e r i o d .  T h i s  r e sponse  can b e  e x p l a i n e d  
by s t u d y i n g  t h e  t e m p e r a t u r e  and v i s c o s i t y  v a r i -  
a t i o n  obse rved  d u r i n g  t h i s  p e r i o d  (F ig .  16A). 
During a lmost  t h e  f i r s t  two days  of  t h e  second 
pumping p e r i o d  t h e  t empera tu re  remains  low, t h e n  
i t  s lowly  i n c r e a s e s  as t h e  h o t t e r  water r e p l a c e s  
t h e  c o l d  water b e i n g  produced a t  t h e  w e l l .  On 
t h e  o t h e r  hand ,  t h e  v i s c o s i t y  o f  t h e  f l u i d  i s  
h igh  a t  t h e  beg inn ing  and t h e n  r a p i d l y  d e c r e a s e s  
as t h e  t e m p e r a t u r e  rises. 

For  t h e  same f low r a t e ,  t h e  h i g h e r  i n i t i a l  
v a l u e s  o f  v i s c o s i t y  r e s u l t  i n  l a r g e r  p r e s s u r e  
d e c r e a s e s .  A s  t h e  t e m p e r a t u r e  i n c r e a s e s ,  and 
t h e  v i s c o s i t y  d e c r e a s e s ,  t h e  p r e s s u r e  s t a b i l i z e s  
and t h e n  f i n a l l y  b e g i n s  t o  d rop  a g a i n  as a more 
o r  less c o n s t a n t  t e m p e r a t u r e  i s  a t t a i n e d .  A f t e r  
abou t  e i g h t  days  t h e  t e m p e r a t u r e  i n  t h e  r e s e r -  
v o i r  is sjrnildr t o  t h a t  p r e v a i l i n g  d u r i n g  t h e  

i n  Fu Tsang and P a u l  A 1  Wi therspoon 

i n i t i a l  pumping p e r i o d  ( t =  0-5 d ) .  Th i s  e x p l a i n  
why f o r  l a t e r  t i m e s  t h e  p r e s s u r e  c u r v e  f o r  t h e  
second p r o d u c t i o n p e r i o d  i s  a lmos t  a c o n t i n -  
u a t i o n  of t h e  dashed c u r v e  co r re spond ing  t o  
t h e  i n i t i a l  p e r i o d  of p r o d u c t i o n  (F ig .  1 6 B ) .  

I f  we assume t h a t  t h e  p r e s s u r e  d u r i n g  t h e  
i n i t i a l  pumping p e r i o d  ( t = 0 - 5  d)  t o  b e  observed  
p r e s s u r e s  d u r i n g  a normal  w e l l  t e s t ,  we can pe r -  
form a t y p i c a l  cons t an t - t empera tu re  The i s  w c l l -  
t e s t  a n a l y s i s .  We f i n d  t h a t  w e  r ep roduce  t h e  
r e s e r v o i r  pa rame te r s  c o r r e c t l y  so  l o n g  a s  w e  u s e  
t h e  d e n s i t y  and v i s c o s i t y  c o n s t a n t  co r re spond ing  
t o  t h e  ave rage  r e s e r v o i r  t e m p e r a t u r e .  Th i s  j u s -  
t i f i e s  t o  a c e r t a i n  e x t e n t  t h e  a p p l i c a t i o n  of  
u s u a l  pumping w e l l - t e s t  methods t o  geo the rma l  
s y s t e m s  . 

On t h e  o t h e r  hand ,  as d i s c u s s e d  above ,  a 
v e r y  i n t e r e s t i n g  p r e s s u r e  r e s p o n s e  cu rve  i s  
found when t h e  w e l l  is pumped a f t e r  a p e r i o d  of  
i n j e c t i o n  of  c o l d e r  w a t e r .  Th i s  opens t h e  pos- 
s i b i l i t y  of u s i n g  i n j e c t i o n - p r o d u c t i o n  w e l l  t e s t  
t o  e s t a b l i s h  some of t h e  the rma l  p r o p e r t i e s  of  
t h e  r e s e r v o i r .  We are i n  t h e  p r o c e s s  o f  making 
such  a s t u d y .  

G.  Conclus ions  

I n  t h i s  pape r  w e  have  employed a v a l i d a t e d  
n u m e r i c a l  model t o  s t u d y  t e m p e r a t u r e ,  p r e s s u r e  
and c o n s o l i d a t i o n  b e h a v i o r  of  a geo the rma l  re- 
s e r v o i r  under  d i f f e r e n t  i n j e c t i o n - p r o d u c t i o n  
schemes. The c a p a b i l i t y  of t h i s  program t o  s i -  
mula t e  t h e  r e sponse  of l i qu id -domina ted  geo the r -  
m a l  sys tems under  t h e s e  c o n d i t i o n s  h a s  been 
i l l u s t r a t e d .  

I n  t h e  examples s t u d i e d  w e  have  shown quan- 
t i t a t i v e l y  t h e  advan tages  o f  r e i n j e c t i o n  i n t o  
t h e  lower  zone of  t h e  r e s e r v o i r  and p r o d u c t i o n  
from t h e  upper  zone. C o n s o l i d a t i o n  a s s o c i a t e d  
w i t h  f l u i d  wi thd rawa l  w a s  a l s o  e x p l o r e d ,  show- 
i n g  t h e  need t o  e s t a b l i s h  t h e  s t r e s s  h i s t o r y  
b e f o r e  a t t e m p t i n g  t o  p r e d i c t  t he  r e s e r v o i r  de- 
fo rma t ion .  I n t e r e s t i n g  p r e s s u r e  r e sponse  c u r v e s  
are a l s o  o b t a i n e d  under  a p r o d u c t i o n - i n j e c t i o n -  
p r o d u c t i o n  p rocedure ,  p o i n t i n g  t o  new w e l l - t e s t  
methods f o r  geo the rma l  r e s e r v o i r s .  Th i s  i s  t h e  
s u b j e c t  of  one  of  o u r  c u r r e n t  i n v e s t i g a t i o n s .  

Nomenclature  

A area L 2  

s l o p e  o f  v i r g i n  c u r v e  i n  

s l o p e  of  swe l l ing - recompress ion  
c u r v e  i n  “e- log  a ’  p l o t ”  

f l u i d  s p e c i f i c  h e a t  c a p a c i t y  
a t  c o n s t a n t  volume 

CC “e- log  u t  p l o t ”  

CS 

CF L2t-’T- 
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d i s t a n c e  between n o d a l  p o i n t  
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TABLE 1 

M a t e r i a l  P r o p e r t i e s  o f  Rocks Used i n  t h e  Model 

Heat Capac i ty  
( j o u l e  kg-’ O C - ’ )  

D e n s i t y  
(kg m-3) 

Thermal C o n d u c t i v i t y  
(KM) ( j o u l e  m-lday-’ 
“C-’) 

I n t r i n s i c  Pe rmeab i l -  
i t y  (k )  (m2) 

S p e c i f i c  S t o r a g e  
C o e f f i c i e n t  (S,) 

(m-’) 

P o r o s i t y  

Caprock’ Reservoir  Bedrock 

9 30 9 70 

2,700 2,650 

i o 5  2 .5  x 1 0 5  

2.9 x 2.9 x lo-’ 

3 .9  x 3.9 x lo-: 

. 20  .10 

Tsang and P .  A. Witherspoon 

TABLE 2 

F l u i d  P r o p e r t i e s  o f  Water Used i n  t h e  Model 

C o m p r e s s i b i l i t y  (K)  

F i r s t  C o e f f i c i e n t  o f  
Thermal Expansion ( 6 )  
Second C o e f f i c i e n t  o f  
Thermal Expansion (Y) 
Refe rence  Temperature  

Refe rence  D e n s i t y  (Po) 
V i s c o s i t y  (1-1) and Heat 
Capac i ty  (CF) 

(To) 

6 . 5 X 1 0 - ’ ’  m2NN-’ 

3.17 x O C - ’  

2 .56 x 0 C - 7  

25°C 

997 kg m-’ 

f (T) 

TABLE 3 

Deformation P a r a m e t e r s  Used i n  Examples E-1-E-3 

Refe rence  Void R a t i o  
( eo )  

Refe rence  P o r o s i t y  

Refe rence  E f f e c t i v e  
S t r e s s  ( o 0 ’ )  (N/m2) 

S l o p e  o f  V i r g i n  
Curve (C,) 

S l o p e  o f  Swe l l ing -  
Recompression Curve 

(CS) 

Bedrock/ R e s e r v o i r  
Caprock 

. 2 5  .1lll 

. 20  .10 

8 . 7 1  x l o 6  8 . 7 1  x 10‘ 

.5 .05 

.01 .01 
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Figure 1. Typical node connection network 
and nomenclature. 
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Figure 2. Interlacing of flow and energy 
calculations. 
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Figure 3. Geometry and initial temperature and pressure conditions of 
the geothermal system modeled. 
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MESH USED 

. RADIAL DISTANCE (rn) XBL 773-5214 

F i g u r e  4 .  Mesh used i n  t h e  i n j e c t i o n - p r o d u c t i o n  and c o n s o l i d a t i o n  s t u d i e s  
(Examples D-1  t o  D-4 and E - 1  t o  E-3). 
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R A D I A L  DISTANCE (rn) 

C. A f t e r  360 days  o f  pumping ( t  = 1 ,080  d ) .  

X BL 773-5 223 

F i g u r e  5. Example D-1.  Tempera ture  d i s t r i b u t i o n  i n  t h e  r e s e r v o i r .  
(Hatched r e g i o n  i n d i c a t e s  p r o d u c t i o n / i n j e c t i o n  i n t e r v a l . )  
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C .  A f t e r  360 days  o f  pumping from t h e  uppe r  p a r t  ( t  = 1,080 d)  

F i g u r e  7 .  Example D-2. Tempera ture  d i s t r i b u t i o n  i n  t h e  r e s e r v o i r .  
(Hatched r e g i o n s  i n d i c a t e  p r o d u c t i o n / i n j e c t i o n  i n t e r v a l s . )  
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F i g u r e  8. Example D-3. Tempera ture  d i s t r i b u t i o n  i n  t h e  r e s e r v o i r .  
(Hatched r e g i o n s  i n d i c a t e  p r o d u c t i o n / i n j e c t i o n  i n t e r v a l s . )  
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R .  A f t e r  360 days  of  p r o d u c t i o n  from t h e  upper  p a r t  ( t =  720 d ) .  

F i g u r e  9 .  Example D-4. Tempera ture  d i s t r i b u t i o n  i n  t h e  r e s e r v o i r .  
(Hatched r e g i o n s  i n d i c a t e  p r o d u c t i o n / i n j e c t i o n  i n t e r v a l s .  
Cross-hatched r e g i o n  r e p r e s e n t s  a l e n s  o f  low p e r m e a b i l i t y  
m a t e r i a l . )  
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pigure 10. P l o t  o f  v o i d  r a t i o  ( e )  v e r s u s  
e f f e c t i v e  stress ( l o g  a ’ )  f o r  a 
h y p o t h e t i c a l  material .  

F i g u r e  11. P l o t  o f  v e r t i c a l  compact ion v e r s u s  
t i m e  under  d i f f e r e n t  o v e r c o n s o l i d a t i o r  
c o n d i t i o n s .  
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F i g u r e  1 2 .  P l o t  o f  r e s e r v o i r  p r e s s u r e  v e r s u s :  A )  t i m e ,  and B )  r e c i p r o c a l  
t i m e  u n d e r , d i f f e r e n t  r o c k  d e f o r m a t i o n  c o n d i t i o n s .  
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- ’ igurc 13. kxarnple E-1 .  P r e s s u r e  changes w l t h  
t ime i n  t h e  r e s e r v o i r  and cap rock .  
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F i g u r e  1 4 .  P l o t  of  r e s e r v o i r  p r e s s u r e  v e r s u s  
c o n s o l i d a t i o n  unde r  d i f f e r e n t  ove r -  
c o n s o l i d a t i o n  c o n d i t i o n s .  
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F i g u r e  15 .  R e s e r v o i r  p r e s s u r e  d rop  v e r s u s  
s u b s i d e n c e  a t  W a i r a k e i ,  New Zealand 
( t a k e n  from P r i t c h e t t  e t  
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Figure  1 6 .  E f f e c t  o f  v i s c o s i t y  v a r i a t i o n  on 
p r e s s u r e  r e s p o n s e .  P l o t  o f :  A )  
t e m p e r a t u r e  and v i s c o s i t y  v e r s u s  
t i m e  ( p e r i o d :  10-25 d a y s ) ;  B )  
p r e s s u r e  v e r s u s  t i m e ,  f o r  a p o i n t  
a t  t h e  c e n t e r  o f  t h e  r e s e r v o i r ,  
1 . 5  m from t h e  a x i s  o f  t h e  sys t em.  
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