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

R e i n j e c t i o n  of spent  geothermal f l u i d s  i s  becoming a common means 

of waste d i s p o s a l .  In  g e n e r a l ,  i n j e c t i o n  of geothermal b r i n e  has  been 

accomplished wi thout  major problems whenever t h e  f l u i d  i s  i n j e c t e d  i n t o  

l a r g e  f r a c t u r e s .  D e s c r i p t i o n s  of long-term i n j e c t i o n  have been made i n  

numerous r e p o r t s .  Chas teenl  d e s c r i b e s  t h e  i n j e c t i o n  a t  t h e  Geysers f i e l d  

and a t  V a l l e s  Caldera  (Baca) .  Since 1969, m i l l i o n s  of t ons  of condensate 

have been i n j e c t e d  a t  t h e  Geysers ,  and du r ing  long-term tes ts  a t  Baca 

thousands of t o n s  of produced geothermal f l u i d s  have been r e i n j e c t e d .  

C u e l l a r 2 ,  E ina r s son  e t  a13, and Witherspoon4 r e p o r t e d  i n j e c t  ion  of f l u i d s  

a t  Ahuachapan, E l  Sa lvador ,  where over seven thousand t o n s  of spent  f l u i d  have 

been i n j e c t e d  s i n c e  1970. Kubota and Aosaki5 d e s c r i b e  r e i n j e c t i o n  of spent 

f l u i d s  a t  Otake, Japan. More than  e i g h t  m i l l i o n  t o n s  had been i n j e c t e d  

by 1975. Smaller s c a l e  d i s p o s a l  of produced b r i n e ,  o r  spent  condensate has  

t aken  p l a c e  i n  H i l o ,  Hawaii; L a r d e r e l l o ,  I t a l y ;  and a t  t h e  Sa l ton  Sea,  

C a l i f o r n i a 6 .  

i n  e x i s t i n g  f r a c t u r e s .  

In a l l  of t h e s e  examples t h e  l a r g e - s c a l e  i n j e c t i o n  took p l ace  

When r e i n j e c t i o n  h a s  been a t tempted  i n t o  g e o l o g i c a l  format ions  t h a t  do 

no t  have l a r g e  f r a c t u r e s ,  t h e  b r i n e  d i s p o s a l  has  been l e s s  s u c c e s s f u l .  A t  

Eas t  Mesa c o n s i d e r a b l e  problems were encountered ,  p a r t i c u l a r l y  du r ing  i n i t i a l  

a t t empt s7 .  On t h e  o t h e r  hand, enormous amounts of b r i n e  have been i n j e c t e d  

i n t o  porous a q u i f e r s  and r e s e r v o i r s  around t h e  world. In  t h e  Gulf S t a t e s ,  
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water t h a t  i s  produced from gas  and o i l  wells i s  d isposed  of i n  r e l a t i v e l y  

sha l low aqu i fe r s* .  

u s ing  t h e  secondary recovery  method of water f looding9.  

examplelo,  4.2 m i l l i o n  b a r r e l s  per  day of s e a  w a t e r  were i n j e c t e d  i n  a 

water-flood p r o j e c t  i n  Saudi Arabia .  Numerous t e r t i a r y  steam f lood ing  p r o j e c t s  

a r e  underway t o  r ecove r  h igh  v i s c o s i t y  c rude .  Some p r o j e c t s  a r e  r ec l a iming  

t h e  b r i n e  t h a t  i s  produced du r ing  o i l  p roduc t ion ,  and i n  one p r o j e c t  up t o  

80 thousand t o n s  per day of b r i n e  has  been recovered ,  vapor i zed ,  and i n j e c t e d .  

In  numerous c a s e s  around t h e  world,  o i l  is  recovered  

In  a s i n g l e  

Although i n j e c t i o n  of  f l u i d s  has  been a common p r a c t i c e  i n  both  t h e  

o i l  and gas  i n d u s t r y ,  and i n  t h e  d i s p o s a l  of i n d u s t r i a l  waste water, t h e  

geothermal exper ience  i s  not  as e x t e n s i v e .  Temperature e f f e c t s  must be con- 

s i d e r e d  i n  geothermal i n j e c t i o n  which a r e  not u s u a l l y  important i n  o i l  and 

i n d u s t r i a l  a p p l i c a t i o n s  ( excep t  steam f l o o d i n g ) .  Not on ly  are t h e r e  b r i n e  

chemis t ry  problems, such a s  s i l i c a  d e p o s i t i o n ,  b u t  a l s o  s i g n i f i c a n t  r e s e r v o i r  

problems, such as co ld  water break-through, which must be r e so lved  p r i o r  t o  

geothermal i n j e c t i o n .  

One of t h e  o b j e c t i v e s  of t a s k  316 was t o  s tudy  t h e  problems encountered 

and expe r i ence  r e q u i r e d  i n  d i f f e r e n t  geothermal f i e l d s .  

The d a t a  on r e i n j e c t i o n  i n  vapor-dominated systems mainly come from 

L a r d e r e l l o .  R e i n j e c t i o n  i s  of  utmost i npor t ance  i n  t h i s  f i e l d  because of t h e  

dec rease  i n  product ion  d e t e c t e d  i n  v a r i o u s  p roduc t ive  a r e a s  a s  a consequence 

of more than  50 y e a r s  of e x p l o i t a t i o n .  S t u d i e s  of t h i s  f i e l d  are a l s o  of 

i n t e r e s t  as it i s  cons ide red  t h e  on ly  example of an "ageing" steam f i e l d ,  

where t h e  problem of m a i n t a i n i n g  product ion  becomes p a r t i c u l a r l y  c r i t i c a l .  

R e i n j e c t i o n  i s  cons idered  as a means of e x t r a c t i n g  h e a t  from t h e  geothermal 

r e s e r v o i r .  

R e i n j e c t i o n  has  been c a r r i e d  ou t  i n  p e r i p h e r a l  a q u i f e r s  on t h e  sou the rn  

margin of  t h e  f i e l d  (Lago, Monterotondo) s i n c e  1974, i n j e c t i n g  small f low 
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ra tes  (30-80 m3/h). 

and f l u i d  c h a r a c t e r i s t i c s  of t h e  w e l l s  n e a r e s t  t h e  i n j e c t i o n  p o i n t s .  

No v a r i a t i o n  w a s  noted i n  t h e  t r end  of p roduc t ion  r a t e s  

The s m a l l  

q u a n t i t i e s  of i n j e c t e d  water  are be l i eved  t o  mix wi th  much l a r g e r  volumes of 

c o l d  water  flowing toward t h e  steam f i e l d .  

p e r i o d s  on t h e  i n s i d e  of t h e  p roduc t ive  areas began only  r e c e n t l y ;  however, 

s e v e r a l  s h o r t  tes ts  have been run  i n  t h e  p a s t ,  and o c c a s i o n a l l y  more than  

100 m3/h of water w a s  i n j e c t e d  i n t o  t h e  r e s e r v o i r  over s e v e r a l  months, du r ing  

d r i l l i n g  o p e r a t i o n s  i n  t h e  deepes t  wells. 

a c c u r a t e l y  monitored i n  t h e  sur rounding  zone. 

The most important p o i n t s  o r i g i n a t i n g  from t h e s e  tes ts  are: 

Sys temat ic  i n j e c t i o n  tes ts  over  long 

In some c a s e s  product ion  was ve ry  

- noteworthy i n c r e a s e s  i n  steam product ion  were recorded  i n  t h e  w e l l s  

n e a r e s t  t h e  i n j e c t i o n  w e l l ,  when i n j e c t i o n  took p lace  i n  t h e  upper 

l a y e r s  of t h e  r e s e r v o i r ;  

t h e r e  were no n o t i c e a b l e  e f f e c t s  on t h e  q u a n t i t y  and c h a r a c t e r i s t i c s  

of t h e  f l u i d  produced when i n j e c t i o n  took p l ace  a t  dep th .  The depth  

l i m i t s  for t h i s  change va ry  from zone t o  zone and are not  always easy  t o  

d e f i n e ;  t h e  d i f f e r e n t  i n j e c t i o n  depths  can only  be i d e n t i f i e d  when us ing  

- 

completed wells of varying depths i n  t h e  same a rea  o r  when i n s e r t i n g -  t he  

c a s i n g s  du r ing  d r i l l i n g  o p e r a t i o n s .  

Another c h a r a c t e r i s t i c  of  t h e  L a r d e r e l l o  f i e l d  which i s  important i n  connec t ion  

wi th  t h e  r e i n j e c t i o n  problem i s  t h a t  l a r g e  volumes of r e s e r v o i r  s e e m  t o  c o n t a i n  

superhea ted  steam only  i n  t h e  pore volume. 

I n j e c t i o n  phenomena have been s t u d i e d  t h e o r e t i c a l l y  f o r  s e v e r a l  y e a r s ,  
. .  

and most of t h e  b a s i c  phenomena are now q u i t e  w e l l  unders tood .  Numerous 

t h e o r e t i c a l  and numerical  s t u d i e s  have been made of bo th  f r a c t u r e  flow and 

p r o d u c t i o n / i n j e c t i o n  behavior  of porous a q u i f e r s .  Bodvarssonl1rl2,  Gr inga r t en  

e t  a l l 3 ,  Kasameyer and Schroeder14, and Bodvarsson and Tsang15 have a l l  

examined t h e  tempera ture  behavior  of f low through f r a c t u r e s .  Gr inga r t en  and 
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Sauty16, Kasameyer17, Tsang and Tsangl*, Lippmann e t  a l l 9  ,’ and numerous 

o t h e r s  have s t u d i e d  d i f f e r e n t  a s p e c t s  of product ion  and i n j e c t i o n  i n  porous 

r e s e r v o i r s .  

Although t h e  b a s i c  i n j e c t i o n  phenomena a r e  known, t h e r e  a r e  many t e c h n i c a l  

and economic problems s t i l l  remaining t h a t  t h e  geothermal engineer  must contend 

w i t h ,  i n  p a r t i c u l a r  f o r  a q u i f e r s  t h a t  are not  f r a c t u r e  dominated. For example, 

t h e  amount of p a r t i c u l a t e s  can be a c r u c i a l  f a c t o r  i n  t h e  c o s t  of i n j e c t i o n  when 

f r a c t u r e s  are not  p r e s e n t ,  as they  tend  t o  c l o g  t h e  formation and t h e i r  removal 

through t h e  use  of  sand s e p a r a t o r s ,  s p e c i a l  w e l l  comple t ions ,  and i n - l i n e  

f i l t e r i n g  i s  expens ive .  Also t h e  b r i n e  u t i l i z a t i o n  scheme can have an important 

e f f e c t  on t h e  i n j e c t i o n  s y s t e m ,  since a s y s t e m  t h a t  resu l t s  i n  oxygenation of 

t h e  f l u i d  t o  be i n j e c t e d  can r e s u l t  i n  s e r i o u s  c o r r o s i o n  problems. The necessa ry  

t r ea tmen t  t o  prevent  e x c e s s i v e  c o r r o s i o n  w i l l  aga in  have an important impact on 

c o s t .  

There a r e  s i g n i f i c a n t  environmental  f a c t o r s  a s s o c i a t e d  wi th  t h e  i n j e c t i o n  

of  f l u i d s ,  and i n  a p rev ious  s e s s i o n  of t h i s  meeting some of t h e s e  f a c t o r s  

were d i scussed .  Induced s e i s m i c i t y ,  c o n t r o l  of subidence ,  geochemical b r i n e  

i n c o m p a t i b i l i t y ,  chemical t r ea tmen t  methods, and t h e  environmental  p o l l u t i o n  

of  groundwater ( i n  t h e  c a s e  of sha l low a q u i f e r  i n j e c t i o n )  a r e  a l l  q u e s t i o n s  

--although s i t e  s p e c i f  i c - - tha t  r e q u i r e  a d d i t i o n a l  s tudy  b e f o r e  a f u l l - s c a l e  

i n j e c t i o n  p r o j e c t  beg ins .  

The problems of i n j e c t i o n  we l l  t e s t i n g ,  p a r t i c u l a r l y  i n  t h e  c a s e  of a 

b o i l i n g  r e s e r v o i r  f l u i d  or f r a c t u r e  flow, are numerous and most ly  unreso lved .  

Recent s tud ies20s21  have de f ined  some of t h e  important phenomena. 

In a d d i t i o n  t o  t h e  problems a s s o c i a t e d  wi th  t h e  b r i n e  chemis t ry ,  t h e  

r e s e r v o i r  environment,  and w e l l  t e s t i n g ,  t h e r e  a r e  a l s o  s i g n i f i c a n t  f i e l d  

management problems. These problems a r e  r e l a t e d  t o  t h e  op t imiza t ion  i n  t h e  

u t i l i z a t i o n  of t h e  r e s o u r c e .  The number of w e l l s ,  t h e  we l l  p a t t e r n s ,  t h e  
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amount of f l u i d  i n j e c t e d ,  and t h e  tempera ture  of t h e  i n j e c t e d  f l u i d  must a l l  be 

chosen t o  provide  a minimum c o s t  f o r  p i p e l i n e s ,  pumps, and w e l l s .  A t  t h e  same 

t ime ,  t h e  r e s e r v o i r  p r e s s u r e  (and vapor s a t u r a t i o n  f o r  two-phase sys tems) ,  and 

h e a t  t h a t  i s  cap tu red  from t h e  rocks  must be maximized by t h e  i n j e c t i o n  wi thout  

premature cool-water breakthrough.  The "sweep" of h e a t  from t h e  rocks  by f l u i d  

i n j e c t i o n ,  and t h e  l a r g e  p o t e n t i a l  g a i n  i n  power product ion  t h a t  can be r e a l i z e d  

has  been r e p o r t e d  by Gr inga r t en  and Sauty16, Nathenson2I, Kasameyer and 

Schroeder14, f o r  example. 

The a v a i l a b i l i t y  of  l a rge - sca l e  mul t id imens iona l  and mult i phase  

numerical  r e s e r v o i r  s i m u l a t o r s  now makes it p o s s i b l e  t o  s tudy  t h e  r e s e r v o i r  

f low phenomena, w e l l  t e s t  behav io r ,  f i e l d  management problems, and some of 

t h e  environmental  problems a s s o c i a t e d  wi th  i n j e c t i o n .  Recent r e p o r t s  by 

Mangold, e t  a122, P r i t c h e t t ,  e t  a123, O 'Su l l ivan  and Pruess20 ,  and o t h e r s  

have shown t h a t  t h e  a p p l i c a t i o n  of numerical  s imula t ion  t o  geothermal 

i n j e c t i o n  i s  a very  f r u i t f u l  approach. 

The purpose of t h e  p r e s e n t  work i s  t o  review t h e  b a s i c  phys i ca l  

phenomena a s s o c i a t e d  wi th  geothermal i n j e c t i o n ,  t o  d i s c u s s  problems a s s o c i a t e d  

wi th  i t s  numerical  s imula t ion  and t o  p re sen t  t h e  r e s u l t s  of some numerical 

s t u d i e s .  The p a r t i c u l a r  problems chosen f o r  s tudy  are: 

( 1 )  

(2 )  a f ive-spot  p r o d u c t i o n / i n j e c t i o n  c o n f i g u r a t i o n  i n  a t h i n  ( s i n g l e  

i n j e c t i o n  of co ld  water  i n t o  a t h i n  ( s i n g l e  l a y e r )  r e s e r v o i r ;  

l a y e r )  r e s e r v o i r ;  

( 3 )  i n j e c t i o n  of co ld  water  i n t o  a t h i c k  ( m u l t i - l a y e r )  r e s e r v o i r ;  

( 4 )  i n j e c t i o n  of  co ld  water i n t o  a one-dimensional v e r t i c a l  column, 

r e p r e s e n t i n g  a c r o s s  s e c t i o n  of L a r d e r e l l o  geothermal r e s e r v o i r .  

These fou r  problems by no means inc lude  a l l  t hose  of i n t e r e s t  and i n  each 

c a s e  on ly  one set  of r e s e r v o i r  parameters  is cons idered .  However, t h e y  
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provide  a means of a s s e s s i n g  t h e  accuracy  of s i m u l a t o r s  such a s  SHAFT7924 

i n  s o l v i n g  i n j e c t i o n  problems and i n  q u a n t i t a t i v e l y  d i s c u s s i n g  t h e  most 

impor tan t  p h y s i c a l  phenomena which occur .  

2 .  I n j e c t i o n  Phys ic s  

I n  t h i s  s e c t i o n  t h e  phys ic s  of t h e  flow dur ing  i n j e c t i o n  of f l u i d s  i s  

reviewed i n  two p a r t s .  The f i r s t  p a r t  d e a l s  w i th  i n j e c t i o n  i n t o  a r e s e r v o i r  

t h a t  can be approximated as a uniform porous medium f o r  which Darcy's Law i s  

a good approximation, and t h e  second p a r t  d e a l s  wi th  flow i n  a r e s e r v o i r  

which i s  dominated by one o r  more l a r g e  f r a c t u r e s .  The d i f f e r e n c e  between 

flow i n  a porous m a t r i x  and a f r a c t u r e d  ma t r ix  i s  important f o r  bo th  thermal 

and hydrodynamic phenomena. In  a porous m a t e r i a l ,  t h e  tempera ture  of t h e  

f l u i d  i n  t h e  pores  i s  always c l o s e  t o  t h e  tempera ture  of t h e  porous m a t r i x .  

This  i s  not  n e c e s s a r i l y  t h e  case  i n  f r a c t u r e d  media. In  homogeneous porous 

media t h e  hydrodynamic flow i s  slow and o f t e n  approximately i s o t r o p i c .  In  

f r a c t u r e d  rock ,  t h e  flow can reach  t u r b u l e n t  v e l o c i t i e s  i n  t h e  f r a c t u r e s  

and, i n  g e n e r a l ,  f r a c t u r e  flow i s  not i s o t r o p i c .  

2 .1  Porous Matr ix  

When a f l u i d  of tempera ture  T i  i s  i n j e c t e d  i n t o  a porous rock  formation 

of tempera ture  T 2 ,  two f r o n t s  begin  t o  move away from t h e  i n j e c t i o n  p o i n t .  

The two f r o n t s ,  shown i n  F igu re  1, a r e  t h e  hydrodynamic f r o n t ,  which occurs  

a t  t h e  f a r t h e s t  d i s t a n c e  t r a v e l e d  by i n j e c t e d  f l u i d ,  and t h e  thermal f r o n t  

where tempera tures  jump from T i  t o  T2. 

Bodvarsson12 so lved  t h i s  problem f o r  l i n e a r  one-phase flow v e r y  e l e g a n t l y ,  

and s e v e r a l  o t h e r s  have done so f o r  r a d i a l  flow. 

Kasameyerl' showed t h a t  i n  a l i q u i d  s a t u r a t e d  r e s e r v o i r  a p a r t i c l e  of t h e  

i n j e c t e d  l i q u i d  remains a t  t empera ture  T1 f o r  an i n t e r v a l  of time given by 
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T 
t - -- A t  

T1 1 - T  

where t p  i s  t h e  t ime ( a f t e r  t h e  i n j e c t i o n  began) t h a t  t h e  p a r t i c l e  w a s  

i n j e c t e d  and T i s  t h e  r a t i o  of "thermal masses" g iven  by 

+pfc f  

+ c y f  + (1 - $>PrCr 
T =  (2 )  

Here 9 i s  p o r o s i t y ,  P i s  d e n s i t y ,  and C i s  t h e  s p e c i f i c  h e a t  c a p a c i t y .  The 

s u b s c r i p t s  f and r r e f e r  t o  f l u i d  and r o c k ,  r e s p e c t i v e l y .  For t y p i c a l  porous 

media, 
'1 3. 

A t  z 0.25 t 
T1 P 

( 3 )  

This  r e s u l t  is  a p p l i c a b l e  i f  t h e  i n j e c t e d  l i q u i d  moves wi th  a sha rp  f r o n t  

( p i s t o n  d i sp lacemen t ) .  The r a t i o ,  T, can  a l s o  be shown t o  g i v e  t h e  r a t i o  

of t h e  i n j e c t e d  volumes behind t h e  thermal  and hydrodynamic f r o n t s  

r e s p e c t i v e l y  , t h a t  is  

'TI 
= T  

'hydro 
( 3 )  

When coo l  l i q u i d  i s  i n j e c t e d  i n t o  a porous rock  t h a t  i s  f u l l y  s a t u r a t e d  

wi th  a two-phase f l u i d  having steam s a t u r a t i o n  S I ,  t h e  hydrodynamic f r o n t  

can be r a t h e r  broad .  The i n j e c t e d  f l u i d  causes  steam compression, condensa- 

t i o n ,  and p r e s s u r e  i n c r e a s e  i n  t h e  two-phase zone, g i v i n g  r ise  t o  outward 

. ->II 

flow o f  mobile water o u t s i d e  of t h e  swept volume. 

I n  a p a r t i c u l a r  problem s t u d i e d  by 0 '  S u l l i v a n  and Pruess20  , t h e  t h i c k n e s s  

of  t h e  zone where l i q u i d  water s a t u r a t i o n  changes from 1 t o  t h e  und i s tu rbed  

v a l u e  of .8 t u rned  ou t  t o  be about h a l f  an o r d e r  of magnitude i n  t h e  s i m i l a r i t y  

v a r i a b l e  t / R 2 .  

phase r e s e r v o i r  i s  d e r i v e d  i n  t h e  appendix. 

A formula analogous t o  ( 3 )  above f o r  i n j e c t i o n  i n t o  a two- 
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The v i s c o s i t y  o f  f lu ids- - inc luding  water--is s t r o n g l y  dependent upon 

tempera ture .  This  r e s u l t s  i n  s e v e r a l  important  phenomena when t h e  i n j e c t i o n  

t empera tu re ,  T i ,  d i f f e r s  s i g n i f i c a n t l y  from t h e  tempera ture  of t h e  count ry  

rock ,  T2. h a s  made s e v e r a l  numerical  s t u d i e s  of t h e  e f f e c t s  of  

i n j e c t i o n ,  and Lippmann e t  a l l 9  used r e s e r v o i r  s imula t ion  t o  s tudy  s ing le -  

phase v i s c o s i t y  e f f e c t s .  0' S u l l i v a n  and Pruess20  have obta ined  s i m i l a r  

r e s u l t s  f o r  a two-phase example. 

show t h a t  a t  e a r l y  times dur ing  i n j e c t i o n  of  co ld  water t h e  p re s su re  response  

a t  t h e  i n j e c t i o n  w e l l  is  determined by t h e  v i s c o s i t y  of t h e  r e s e r v o i r  f l u i d  a t  

tempera ture  T2. The response  then  qu ick ly  undergoes a t r a n s i t i o n  t o  a s t e e p e r  

growth r a t e  determined by t h e  much h i g h e r  v i s c o s i t y  of t h e  co ld  i n j e c t e d  

f l u i d .  Recent r e s u l t s  f o r  t h e  two-phase case are r epor t ed  below. 

The r e s u l t s  ob ta ined  by Tsang and Lippmann 

In  a d d i t i o n  t o  t h e  v i s c o s i t y  e f f e c t s  t h e r e  are a l s o  e f f e c t s  due t o  

t h e  d i f f e r e n t  f l u i d  d e n s i t i e s  a t  tempera tures  T i  and T 2 .  In  t h e  d i s c u s s i o n  

above we have assumed t h a t  the flow i s  r a d i a l  away from t h e  i n j e c t i o n  w e l l ,  and 

uniform wi th  depth  i n  t h e  r e s e r v o i r .  The e f f e c t  of d i f f e r e n t  d e n s i t i e s  of t h e  

f l u i d s  wi th  tempera tures  T i  and T2 i s  t o  have t h e  h e a v i e r  f l u i d  g r a v i t a t e  t o  

t h e  bottom of t h e  r e s e r v o i r .  During i n j e c t i o n  t h i s  r e s u l t s  i n  a f r o n t  t h a t  

becomes more and more i n c l i n e d .  As shown i n  F igu re  2 ,  i n j e c t i o n  of  coo l  f l u i d  

i n  a t h i c k  r e s e r v o i r  r e s u l t s  i n  a thermal  f r o n t  which moves f a s t e r  a t  t h e  bottom 

of  t h e  r e s e r v o i r .  

i n t o  a ho t  l i q u i d - s a t u r a t e d  r e s e r v o i r .  

workers have conducted s e v e r a l  numerical  s t u d i e s  of  i n j e c t i o n  inc lud ing  t h e  

g r a v i t y  seg rega t ion  e f f e c t s .  

Nathenson2I approximated t h e  case of  co ld  water i n j e c t e d  

Lippmannl9, and Tsang22 and co- 

The e f f e c t s  of  g r a v i t y  seg rega t ion  when coo l  l i q u i d  i s  i n j e c t e d  i n t o  a 

two-phase r e s e r v o i r  a r e  even more important  due t o  t h e  l a r g e r  d i f f e r e n c e  i n  

d e n s i t y  o f  t h e  l i q u i d  and steam. These e f f e c t s  have a l s o  been i n v e s t i g a t e d  

numer i ca l ly  f o r  two-phase r e s e r v o i r s  and w i l l  be covered i n  d e t a i l  below. 
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The e f f e c t s  of t h e  thermal  c o n d u c t i v i t y  of rocks  and water have been 

a s u b j e c t  of s tudy  by numerous modelers.  The consensus opin ion  i s  t h a t  t h e  

c o n d u c t i v i t y  of t h e  rock  i s  so low--even when f u l l y  s a t u r a t e d  wi th  l iqu id- -  

t h a t  i n  most c a s e s  t h e  broadening of t h e  thermal f r o n t  due t o  h e a t  flow i n  

f r o n t  of t h e  invading c o l d  water can be neg lec t ed .  That does not  mean t h a t  

thermal  c o n d u c t i v i t y  does not  p l ay  an important r o l e  i n  geothermal 

p r o c e s s e s ,  however. The h e a t  l o s s e s  over  l a r g e  boundaries--particularly 

from a t h i n  a q u i f e r  ( r e se rvo i r ) - - can  be apprec i ab le .  The v e r t i c a l  temper- 

a t u r e  p r o f i l e  n e a r  t h e  ground s u r f a c e  i n  a ve ry  t h i c k  geothermal r e s e r v o i r  
.. 

i s  governed by conduct ion  e f f e c t s .  We w i l l  no t  d i s c u s s  t h i s  s p e c i a l  

c o n s i d e r a t i o n  f u r t h e r .  

There a r e  two a d d i t i o n a l  phys i ca l  phenomena t h a t  p l ay  an important p a r t  

i n  t h e  development of hydrodynamic and thermal f r o n t s .  One i s  t h e  " f inge r ing"  

e f f e c t  t h a t  deve lops  when t h e  invading f l u i d  and i n  s i t u  f l u i d  a r e  misc ib l e26 .  

I n  t h e  c a s e  of a coo l  b r i n e  invading hot  b r i n e ,  t h i s  c o n s i d e r a t i o n  has 

importance only  wi th  r e s p e c t  t o  t h e  f l u i d  chemis t ry  of t h e  l i q u i d s .  This i s  

due t o  t h e  f a c t  t h a t  t h e  mixing occur s  a t  t h e  hydrodynamic f r o n t ,  and hence 

has only chemical no t  thermal significance. 

However, i n  t h e  c a s e  of l i q u i d  i n j e c t , i o n  i n t o  a two-phase f l u i d  t h e  

m i s c i b i l i t y  and phase i n t e r a c t i o n  o f ,  water  and steam might r e s u l t  i n  cons ider -  

a b l e  broadening of  t h e  b o i l i n g  zone ahead of the,hydrodynamic f r o n t .  In 

Figure  3 we show an example of f i n g e r i n g  t aken  from Blackwell ,  e t  a126. 

Although t h e  f l u i d s  i n  t h i s  example are no t  water  and steam, t h e  

phenomenon i s  common t o  any m i s c i b l e  f l u i d s  and becomes more s i g n i f i c a n t  as 

t h e  d e n s i t i e s  and r e l a t i v e  p e r m e a b i l i t i e s  of t h e  two m i s c i b l e  f l u i d s  become 

i n c r e a s i n g l y  d i f f e r e n t  ( e . g . ,  water and d ry  steam). 

steam a r e  i n t e r a c t i n g  phases obvious ly  compl i ca t e s  t h e  a n a l y s i s  of t h i s  

e f f e c t  . 

The f a c t  t h a t  water and 
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The second c o n s i d e r a t i o n ,  wi th  r ega rd  t o  f r o n t a l  advance, i s  hydrodynamic 

d i s p e r s i o n  which a p p l i e s  t o  bo th  t h e  thermal  and hydrodynamic f r o n t s .  For 

t h e  advance of a l i q u i d  i n t o  a two-phase f l u i d ,  t h e  well-known phenomenon of 
- 

hydrodynamic d i spe r s ion27  might p l ay  a s i g n i f i c a n t  secondary r o l e  i n  t h e  

sp read ing  of  t h e  moving two-phase zone ahead of t h e  hydrodynamic f r o n t .  

Hydrodynamic d i s p e r s i o n  r e s u l t s  i n  a spreading  of t h e  thermal f r o n t  a l s o  

( u s u a l l y  r e f e r r e d  t o  as thermal  d i s p e r s i o n 2 8 ) .  

been spent  i n  s tudy ing  d i s p e r s i o n  of s p e c i e s  c o n ~ e n t r a t i o n ~ ~ .  

l e s s ' h a s  been accomplished i n  modeling o r  a n a l y s i s  of thermal d i s p e r s i o n .  

Hydrodynamic d i s p e r s i o n  of a l iqu id l two-phase  i n t e r a c t i o n  i s  a t o t a l l y  new 

Cons iderable  e f f o r t  has  

But much 

c o n s i d e r a t i o n  and t o  our knowledge has  not  been i n v e s t i g a t e d .  

2.2 F r a c t u r e d . M a t r i x  

Some of thes e f f e c t s  d i s c u s s e d  above are a p p l i c a b l e  f o r  i n j e c t i o n  i n t o  

f r a c t u r e s .  However, t h e r e  are a number of s p e c i a l  c o n s i d e r a t i o n s  t h a t  are 

p e c u l i a r  t o  hydrothermal flow i n  f r a c t u r e s .  The most important f r a c t u r e  

phenomenon i s  t h e  a n i s o t r o p y  of t h e  flow t h a t  i s  r e l a t e d  t o  f r a c t u r e  

o r i e n t a t i o n .  It should be noted  t h a t  t h e  presence  of f r a c t u r e s  does not  

necessitate modeling t h e  d e t a i l e d  a n i s o t r o p i c  flow. Warren and Root30, 

Kasameyer and Schroeder14, and o t h e r s  have i n v e s t i g a t e d  t h e  f l u i d  and 

h e a t  f low i n  d i s t r i b u t e d  f r a c t u r e s .  They have shown t h a t  t h e r e  i s  a range 

of  f r a c t u r e  spac ing  and a p e r t u r e  over  which t h e  rock  behaves l i k e  a porous 
I 

a n i s o t r o p i c  medium. In t h i s  range t h e  f r a c t u r e  o r i e n t a t i o n  i s  i r r e l e v a n t .  

Outs ide  t h a t  range of  f r a c t u r e  spac ing  and a p e r t u r e  t h e  f r a c t u r e s  must be 

modeled, t a k i n g  i n t o  account bo th  t h e i r  o r i e n t a t i o n  and hydrothermal response .  

For example, t h e  numer ica l  r e s u l t s  f o r  p l ane ,  p a r a l l e l  f r a c t u r e s  i n d i c a t e  

t h a t  f o r  t y p i c a l  geothermal rocks  t h e  f r a c t u r e s  can be ve ry  widely spaced, 

>50 m s a y ,  whi le  s t i l l  d i s p l a y i n g  t h e  thermal  behavior  of an equ iva len t  

I 
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porous medium. The m a t e r i a l  parameters - -poros i ty  and permeabi l i ty - - for  t h e  

e q u i v a l e n t  porous rock  a r e  ve ry  d i f f i c u l t  t o  e s t i m a t e  o r  v e r i f y ,  which 

reduces  t h e  p r a c t i c a l  v a l u e  of t h e s e  o b s e r v a t i o n s .  I f  t h e  average f r a c t u r e  

spac ing  and a p e r t u r e  can be e s t ima ted  from d r i l l i n g ,  c o r i n g ,  and t e s t i n g ,  

t hen  t h e  a p p r o p r i a t e  modeling approach can be chosen. 

When t h e  f r a c t u r e s  m u s t  be modeled as d i s c r e t e  channe l s ,  bo th  t h e  f l u i d  

flow and hea t  f low from t h e  rock  t o  t h e  f l u i d  must be modeled a c c u r a t e l y .  

The f l u i d  flow i n  p a r a l l e l  smooth p l ana r  channels  was shown t o  fo l low t h e  

r e l a t i o n s h i p  
2 

AP 
Q = 27~[ -1 l n r e / r w  ( 4 )  

f o r  r a d i a l  flow. 

h o l d s  f o r  rough, i r r e g u l a r  f r a c t u r e s  even f o r  d i f f e r e n t  e f f e c t i v e  a p p l i e d  

s t r e s s e s  a c r o s s  t h e  f r a c t u r e  f a c e s .  Here w i s  t h e  f r a c t u r e  a p e r t u r e ,  p i s  

v i s c o s i t y ,  p i s  p r e s s u r e ,  r i s  r a d i u s ,  and Q i s  flow ra te .  The s u b s c r i p t s  

e and w r e f e r  t o  a r e f e r e n c e  r a d i u s  and t o  t h e  wel lbore  r a d i u s ,  r e s p e c t i v e l y .  

This  r e s u l t  sugges t s  t h a t  a " f r a c t u r e  permeabi l i ty"  should be de f ined  t o  

be w2/12. 

rock  has  some m a t r i x  p e r m e a b i l i t y  and "leaks" f l u i d  i n t o  t h e  f r a c t u r e ,  

e q u a t i o n  ( 4 )  no longer  ho lds  t r u e .  

Witherspoon e t  a131 have shown t h a t  t h i s  r e l a t i o n s h i p  

Equation ( 4 )  holds only  for r e l a t i v e l y  impermeable rock. If the 

The h e a t  flow from t h e  rock  t o  t h e  f l u i d  moving between p lane  p a r a l l e l  

p l a t e s  has  been approximated i n  s t u d i e s  of t h e  h e a t  t r a n s f e r  p r o p e r t i e s  of geo- 

thermal  f r a c t u r e s  by numerous i n v e s t i g a t o r s .  The important obse rva t ion  i s  t h a t  

a hydrodynamic and thermal  f r o n t  w i l l  no t  dove ou t  r a d i a l l y  from an i n j e c t i o n  

w e l l  when flow is predominantly through f r a c t u r e s .  

have begun numerical  s t u d i e s  of t h e s e  phenomena f o r  bo th  l i q u i d  flow and two- 

phase flow. When flow i s  through v e r t i c a l  f r a c t u r e s  t h e  g r a v i t a t i o n a l  e f f e c t s  

w i l l  be important wh i l e  t h e  e f f e c t s  of m i s c i b i l i t y  and d i s p e r s i o n  a r e  n o t .  

Bodvarsson and T ~ a n g ~ ~  
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3 .  Numerical S imula t ion  of I n j e c t i o n  

3.1 "Front-Dominated" Problems 

From t h e  po in t  of view of  numerical  modeling, t h e  problem of t h e  i n j e c t i o n  

of  co ld  water  i n t o  two-phase o r  steam zones i s  dominated by t h e  movement of 

f r o n t s  ( s e e  F igu re  1). As d i s c u s s e d  i n  s e c t i o n  2 ,  t h e r e  i s  a hydrodynamic 

f r o n t ,  which s e p a r a t e s  t h e  more d i s t a n t  p a r t s  of t h e  r e s e r v o i r  from t h o s e  

swept  by t h e  i n j e c t e d  w a t e r ,  and t r a i l i n g  behind t h i s  i s  a thermal f r o n t  

where t h e  i n j e c t e d  f l u i d  makes a t r a n s i t i o n  from r e s e r v o i r  tempera ture  t o  

i n j e c t i o n  tempera ture .  It i s  nea r  t h e s e  f r o n t s  where t h e  s i g n i f i c a n t  

changes occur .  The methods of s p a t i a l  d i s c r e t i z a t i o n  and volume ave rag ing ,  

which are employed i n  numerical  s i m u l a t o r s ,  have inhe ren t  l i m i t a t i o n s  f o r  

front-dominated problems. The shortcomings of t h e s e  methods a r e  now d i scussed  

i n  some d e t a i l .  Subsequently it i s  shown, by way of numerical  experiments 

as w e l l  as a n a l y t i c a l  methods, t h a t  s imula t ion  none the le s s  y i e l d s  s a t i s f a c t o r y  

r e s u l t s  i f  executed c a r e f u l l y .  

For one-dimensional r a d i a l  i n j e c t i o n  i n t o  a two-phase r e s e r v o i r  t h e  

s i t u a t i o n  i s  c h a r a c t e r i z e d  a t  a l l  times by a co ld  zone around t h e  i n j e c t i o n  

w e l l ,  surrounded by a swept zone c l o s e  t o  o r i g i n a l  r e s e r v o i r  tempera ture .  

Outs ide  of t h i s  swept zone, some condensa t ion  t a k e s  p l ace  which i s  accompanied 

by s l i g h t  tempera ture  and p r e s s u r e  i n c r e a s e s  and outward flow. The b a s i c  f law 

of  f i n i t e - d i s c r e t i z a t i o n  modeling of t h i s  p rocess  i s  caused by t h e  f a c t  t h a t  

f o r  some per iod  of t ime t h e  s e p a r a t i o n  between hydrodynamic and thermal f r o n t s  

i s  less  t h a n  t h e  g r i d  spac ing .  The re fo re ,  t h e  hydrodynamic f r o n t  i s  modeled as 

having  a lower tempera ture .  This causes  a spu r ious  flow from t h e  o u t e r  zone 

inward, toward t h e  hydrodynamic f r o n t .  Ac tua l ly ,  t h e  flow induced by co ld  water  

i n j e c t i o n  i n t o  a two-phase s y s t e m  i s  outward, away from t h e  i n j e c t i o n  wel l  a t  

a l l  t imes  ( s e e  below). 

In  mathematical  t e rms ,  t h e  d i f f i c u l t i e s  ar ise  from t h e  f a c t  t h a t  t h e  

a p p l i c a b l e  mass-and-energy-transport equa t ions  a r e  u s u a l l y  predominantly 



- 1 3  - 

d i f f u s i v e  ( p a r a b o l i c )  i n  n a t u r e ,  bu t  d i s p l a y  s t r o n g l y  convec t ive  (hype rbo l i c )  

c h a r a c t e r  i n  t h e  v i c i n i t y  of  t h e  f r o n t s .  

e q u a t i o n s ,  when so lved  on a d i s c r e t e  s p a t i a l  mesh, are s u b j e c t  t o  much 

s t r o n g e r  numerical  d i s p e r s i o n .  

It i s  w e l l  known t h a t  hype rbo l i c  

3 . 2  Radia l  Flow 

The s imples t  and most b a s i c  i n j e c t i o n  problem involves  one-dimensional 

r a d i a l  f low i n  a t h i n  r e s e r v o i r .  

s i m u l a t e  t h e  problem de f ined  i n  Table  1. (AR = 0.5 m y  1 m y  2 m y  4 m.) 

F igu res  4 and 5 compare s imula ted  r e s u l t s  wi th  semi-ana ly t ica l  s o l u t i o n s  

ob ta ined  from t h e  s i m i l a r i t y  s o l u t i o n  method ( r e f e r e n c e  20) .  There 

i s  v e r y  good agreement f o r  vapor  s a t u r a t i o n s  and p r e s s u r e s .  The numerical  

s imula t ion  does less  w e l l  f o r  t h e  tempera ture  f r o n t ,  which i s  p r e d i c t e d  i n  

t h e  proper  l o c a t i o n ,  bu t  has  been smeared ou t  cons ide rab ly .  

spac ing  used i n  t h e s e  s i m u l a t i o n s  i s  AR = 1 m. 

We have used v a r i o u s  g r i d  spac ings  t o  

The g r i d  

F igure  6 shows t h a t  a 

s i g n i f i c a n t  improvement i s  obta ined  f o r  a g r i d  spac ing  of  .5 m.  

The s a t i s f a c t o r y  agreement of t h e  numerical  s imula t ion  wi th  t h e  

s i m i l a r i t y - s o l u t i o n  method shows t h a t ,  i n  s p i t e  of  t h e  problems noted above, 

t h e  s imula t ion  seems t o  "work." We s h a l l  now examine t h e  numerical  s imula t ion  

i n  some more d e t a i l ,  i n  o r d e r  t o  deve lop  a b e t t e r  unders tanding  of  t h e  

o p e r a t i n g  mechanisms. 

A f t e r  i n j e c t i o n  s t a r t s ,  t h e  tempera ture  and p res su re  .in t h e  w e l l  

b lock  d e c l i n e  due t o  mixing wi th  c o l d e r  water.  

f low inward i n  t h e  r e s e r v o i r ,  towards t h e  w e l l  b lock .  (Note t h a t  water  i s  

mobile  a t  i n i t i a l  vapor  s a t u r a t i o n  of  20 %.) 

occur s  i n  t h e  w e l l  b lock .  Fu r the r  i n j e c t i o n  causes  p re s su re  t o  i n c r e a s e  

r a p i d l y ,  and water beg ins  t o  flow outward i n t o  t h e  second g r i d  b lock .  This  

water has  a tempera ture  i n t e r m e d i a t e  between t h e  i n j e c t i o n  tempera ture  and t h e  

o r i g i n a l  r e s e r v o i r  tempera ture .  

This causes  a ( s p u r i o u s )  

. , I )  L ! ? * -  

A f t e r  a while a phase t r a n s i t i o n  

The second g r i d  b lock  expe r i ences  a sequence 
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of  e v e n t s  s imilar  t o  t h e  f i r s t  g r i d  b lock:  t h e  water  in f low from t h e  w e l l  

b lock  occur s  a t  somewhat lower tempera ture ,  caus ing  tempera ture  and p res su re  

i n  t h e  second g r i d  b lock  t o  drop  and inducing inward flow from t h e  t h i r d  

g r i d  b lock .  Flow r e v e r s e s  a f t e r  t h e  second g r i d  b lock  makes a phase t r a n s i t i o n  

t o  l i q u i d  c o n d i t i o n s ,  and t h e  p rocess  con t inues  i n  t h e  t h i r d  g r i d  b lock .  

Due t o  r epea ted  c o n t a c t  wi th  t h e  rock  and mixing w i t h  f l u i d  of o r i g i n a l  r e s e r v o i r  

tempera ture ,  t h e  tempera ture  of t h e  hydrodynamic f r o n t  i nc reases  as i t  moves on 

from g r i d  b lock  t o  g r i d  b lock .  The ampli tude of  t h e  spur ious  inward f low 

d imin i shes  i n  t h e  p rocess ,  u n t i l  i t  f i n a l l y  d i s a p p e a r s  e n t i r e l y .  The advancing 

hydrodynamic f r o n t  causes  some steam t o  compress and condense,  t h u s  i n c r e a s i n g  

tempera tures  s l i g h t l y  above o r i g i n a l  r e s e r v o i r  tempera ture .  In  t h e  s i m u l a t i o n ,  

we observe  t h a t  t h e  hydrodynamic f r o n t  a t  l a t e  times exper iences  a tempera ture  

i n c r e a s e  of  AT = .374 O C .  Assuming complete condensa t ion  of t h e  steam presen t  

i n  t h e  swept volume a s imple h e a t  ba lance  c a l c u l a t i o n  g ives  a tempera ture  

i n c r e a s e  of  AT = .381 C ,  i n  ve ry  good agreement wi th  t h e  s imula ted  va lue .  

We b e l i e v e  t h a t  t h e  outward f low (most ly  wa te r )  caused by t h e  condensa t ion  

p rocess  i s  r e s p o n s i b l e  f o r  t h e  v e r y  d i f f u s e  hydrodynamic f r o n t  seen  i n  t h e  

s imula t ion .  Comparison wi th  t h e  s i m i l a r i t y  s o l u t i o n ,  F igure  4 ,  shows t h a t  t h i s  

r e p r e s e n t s  a "real" e f f e c t ,  no t  an a r t i f a c t  o f  t h e  s imula t ion .  

hydrodynamic f r o n t  i s  so d i f f u s e ,  good r e s u l t s  can be ob ta ined ,  even f o r  a l a r g e  

g r i d  spac ing  of AR = 4 m. The tempera ture  f r o n t  on t h e  o t h e r  hand is  v e r y  

0 

Because t h e  

sha rp ,  and s u b j e c t  t o  much s t r o n g e r  numerical  d i s p e r s i o n  ( s e e  F igu re  5 ) .  For 

completeness ,  we mention t h a t  a r a t h e r  s h a r p  hydrodynamic f r o n t  w i l l  occur  i n  

t h e  case where t h e r e  i s  no mobile  l i q u i d  water i n  t h e  r e s e r v o i r .  

F u r t h e r  i n s i g h t  i n t o  t h e  s imula t ion  can be obta ined  from a c o n s i d e r a t i o n  

o f  t / R 2  i nva r i ance .  Consider  a - g r i d  w i t h  spac ing  ARi: It i s  easy  t o  see 

from t h e  d i s c r e t i z e d  mass- and energy- t ranspor t  equa t ions  t h a t  t h e  e n t i r e  

s imula t ion  c a l c u l a t i o n  f o r  r a d i a l  geometry i s  i n v a r i a n t  un'der t h e  t r ans fo rma t ion :  
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ARi -> A R i l  = €ARi 

A t k  -> A t k '  = E A t  2 
k 

I f  a l l  r a d i i  i n  t h e  g r i d  a r e  s c a l e d  by a f a c t o r  E ,  and a l l  time s t e p s  

a r e  s c a l e d  by a f a c t o r  c2 ,  t h e  numerical  s imula t ion  produces i d e n t i c a l  

r e s u l t s ,  element f o r  element and t i m e  s t e p  f o r  t i m e  s t e p .  The reason f o r  

t h i s  i s  t h a t  i n  t h e  f i n i t e  d i f f e r e n c e  equa t ions  t i m e  s t e p s  and volumes 

appear on ly  i n  t h e  combination A t / V ; ,  and t h a t  t h e  flow terms c o n t a i n  

geomet r i ca l  f a c t o r s  i n  t h e  form A;j/(d; + d j ) .  

area between g r i d  b locks  i and j ,  and d i  and d j  are t h e  r e s p e c t i v e  d i s t a n c e s  

of t h e  nodal p o i n t s  from t h e  i n t e r f a c e .  Whereas t h e  s o l u t i o n  t o  t h e  d i f f e r -  

e n t i a l  equa t ions  i s  s t r i c t l y  dependent upon t / R 2 ,  t h e  s o l u t i o n  of t h e  

d i f f e r e n c e  equa t ions  has  t h i s  p rope r ty  on ly  approximately.  A t  d i f f e r e n t  mesh 

p o i n t s  t h e  s o l u t i o n s  a t  t imes  chosen t o  g ive  t h e  same t / R 2  v a l u e  are not  

i d e n t i c a l  because of t h e  t i m e  dependence of numerical  d i s p e r s i o n .  However, as 

Here A i j  i s  t h e  i n t e r f a c e  

exp la ined  above, s imul taneous  s c a l i n g  of bo th  t h e  t i m e  s teps  and t h e  g r i d  

produces a " d i s c r e t e "  t / R 2  i n v a r i a n c e .  

We have v e r i f i e d  t h e  above mentioned inva r i ance  p r o p e r t i e s  of t h e  

d i f f e r e n c e  equa t ions  e x p l i c i t l y  by means of numerical  s imula t ion .  Simulated 

r e s u l t s  a t  t = 160,000 s e c  f o r  a g r i d  w i t h  spac ing  AR = 4 m are i d e n t i c a l ,  

element f o r  element, ,  w i th  r e s u l t s  at t = 40,000 s e c  f o r  a g r i d  wi th  spacing 

AR = 2 m.  This p rope r ty  was then  used t o  o b t a i n  s i m u l a t i o n s  f o r  t h e  f i n e r  

a g r i d s ,  i n  t h e  fo l lowing  way. Simulated r e s u l t s  at  t = 160,000 sec  f o r  a g r i d  

wi th  AR = 2 m were used t o  i n i t i a l i z e  t h e  s i m u l a t i o n  with t h e  AR =: 1 m g r i d  

a t  t = 40,000 s e c ,  and s i m i l a r l y  f o r  t h e  AR = .5 m g r i d .  

The appendix p r e s e n t s  a simple lumped model f o r  computing t h e  movement 

of  hydrodynamic and thermal  f r o n t s .  From Equat ions  (A.4, A.3) we compute, f o r  

t = 1.6  x l o5  s e c ,  a r a d i u s  of t h e  swept zone, Rh = 28.31 m. A t  t h i s  
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r a d i u s ,  s imulated steam s a t u r a t i o n  i s  11.3 % ( s e e  F igure  61, which i s  c l o s e  

t o  t h e  mean of 0 % and 20 %. The s l i g h t  d e v i a t i o n  occurs  because t h e  hydro- 

dynamic f r o n t  i s  spread  ou t  i n  an asymmetric way, wi th  t h e  inne r  p a r t  be ing  

s t e e p e r  t han  t h e  o u t e r  p a r t .  The spreading  i s  a " t rue"  phys ica l  phenomenon, 

no t  inc luded  i n  our  lumped model, which i s  caused by water f lowing outward 

o u t s i d e  of  t h e  swept volume, as a consequence of  condensation-induced 

p r e s s u r e  i n c r e a s e .  From Equat ion  (A.4) t h e  lumped model p r e d i c t s  a r a d i u s  

o f  t h e  co ld  zone, &o ld  = 6.14 m.  A t  t h i s  r a d i u s ,  s imulated tempera ture  i s  

167 OC (AR = 0.5 m g r i d ) ,  which i s  t h e  exac t  mean between i n j e c t i o n  

tempera ture  and o r i g i n a l  r e s e r v o i r  tempera ture .  

I n  summary we conclude t h a t  comparisons wi th  t h e  s i m i l a r i t y  sol 'u t ion 

method and use  of  v a r i o u s  g r i d  spac ings  demonst ra te  t h a t  numerical  s imula t ion  

o f  i n j e c t i o n  can produce a c c u r a t e  r e s u l t s .  F u r t h e r  i n s i g h t  i n t o  t h e  workings 

and a p p l i c a b i l i t y  of numerical  s imula t ion  f o r  i n j e c t i o n  problems i s  obta ined  

from a lumped parameter  approximation,  and from t h e  inva r i ance  p r o p e r t i e s  of 

t h e  governing equa t ions  i n  f i n i t e  d i f f e r e n c e  form. 

4 .  Analys is  of  I n j e c t i o n  Well t e s t s  

The r e s u l t s  g iven  i n  F i g u r e s  4 - 7 app ly  t o  a s imple cons t an t  r a t e  

i n j e c t i o n  t e s t .  The semilog p l o t  of  t h e  p re s su re  bui ld-up curve  shows two 

s t r a i g h t  l i n e  s e c t i o n s  ( F i g u r e  7 ) .  The f i r s t  cor responds  t o  movement o f  

h o t  water and t h e  second t o  t h e  movement of co ld  water .  In  e i t h e r  c a s e ,  

t h e  m o b i l i t y  o f  t h e  water can e a s i l y  be c a l c u l a t e d .  This i s  not  g e n e r a l l y  

p o s s i b l e  f o r  product ion  tes ts  i n  two-phase r e s e r v o i r s  s i n c e  t h e  m o b i l i t y  

changes du r ing  t h e  cour se  of t h e  t es t  and depends i n  a non-obvious way on 

t h e  r e l a t i v e  p e r m e a b i l i t i e s .  

From t h e  s t r a i g h t  l i n e  p o r t i o n s  of  t h e  p re s su re  p l o t  t h e  k inemat ic  

m o b i l i t i e s  can be c a l c u l a t e d  from t h e  formulas  g iven  by Garg33 as 
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8.23  x 

wa te r .  These v a l u e s  compare ve ry  wel l  wi th  t h e  exac t  v a l u e s  of 8.24 x s 

and 1 .73  x s r e s p e c t i v e l y .  It i s  worth mentioning t h a t  t h e  wel lb lock  

p r e s s u r e ,  i f  r e f e r r e d  t o  a r a d i u s  of .56 Rw (Rw = wel l  b lock  r a d i u s )  a s  

sugges ted  by Garg, y i e l d s  a po in t  on F igure  7 which i s  wi th in  l i n e  t h i c k n e s s  

of t h e  "cold" s t r a i g h t  l i n e .  

s f o r  t h e  100 OC water and 1.79 x s f o r  t h e  234 OC 

It i s  shown i n  t h e  appendix t h a t  t h e  l o c a t i o n  of t h e  thermal f r o n t  can 

be used t o  e s t i m a t e  p o r o s i t y .  

(cor responding  t o  t / R c 2  = 4244.1 s /m2) ,  a s  read o f f  from Figure  6 i n t o  

Equat ion  (A.71, y i e l d s  a ve ry  a c c u r a t e  v a l u e  of 9 = 15.05 x .  However, 

t a k i n g  t/RC2 from F igure  7 a t  t h e  i n t e r s e c t i o n  of t h e  two s t r a i g h t  l i n e s ,  

t / R c 2  = 4600 s / m 2 ,  g i v e s  9 = 24.5 %. 

i n t o  l a r g e  i n a c c u r a c i e s  f o r  9 ,  because i n  t h e  numerator of Equation ( A . 7 )  

two l a r g e  numbers of equal  o rde r  of magnitude a r e  being s u b t r a c t e d .  F i e l d  

a p p l i c a t i o n  of t h i s  method of p o r o s i t y  e s t i m a t i o n  has t o  use t h e  i n t e r s e c t i o n  

of t h e  two s t r a i g h t  l i n e s ,  and one can not expect ve ry  a c c u r a t e  r e s u l t s  from 

t h i s  approach. 

I n s e r t i n g  Rc = 6.14 m f o r  t = 1.6  x 105 s e c  

Small i n a c c u r a c i e s  i n  t / R c 2  t r a n s l a t e  

The e x c e l l e n t  agreement between t h e  semi-ana ly t ic  r e s u l t s  and t h e  

SHAFT79 r e s u l t s  g i v e s  conf idence  i n  t h e  a b i l i t y  of t h e  s i m u l a t o r ,  with c a r e f u l  

mesh d e s i g n ,  t o  ana lyse  more complicated i n j e c t i o n  t e s t s  inc lud ing  inhomogen- 

e i t i e s  i n  t h e  r e s e r v o i r  ( s k i n ) ,  c o n s t a n t  p r e s s u r e  boundar ies  ( f r a c t u r e s ) ,  

and v a r i a b l e  i n j e c t i o n  ra tes .  

5 .  Five-spot R e s u l t s  

In  o r d e r  t o  i n v e s t i g a t e  t h e  op t ima l  use of r e i n j e c t i o n  i n  a vapor- 

dominated geothermal r e s e r v o i r ,  a f ive-spot  c o n f i g u r a t i o n  of product ion  and 

i n j e c t i o n  w e l l s  ( s e e  F igu re  8) was s t u d i e d .  A product ion  w e l l  spac ing  of 

1000 m was assumed and r e s e r v o i r  parameters  t y p i c a l  of t h e  I t a l i a n  r e s e r v o i r s  
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were used ( s e e  t a b l e  1 ) .  The product ion  ra te  of 0.025 kg/sec  was chosen t o  

g i v e  a supply of f l u i d  i n  t h e  r e s e r v o i r  s u f f i c i e n t  t o  s u s t a i n  approximately 

t h i r t y  yea r s  of p roduc t ion .  

Because of t h e  symmetry of  t h e  c o n f i g u r a t i o n  only one e i g h t h  of a t y p i c a l  

f ive-spot  has  t o  be cons ide red .  The mesh used i n  t h e  SHAFT79 c a l c u l a t i o n s  i s  

shown i n  F igu re  8. Three c a s e s  were cons ide red :  

(i) no i n j e c t i o n ,  

( i i )  

( i i i )  

an i n j e c t i o n  r a t e  e q u a l  t o  t h e  product ion  r a t e ,  

an i n j e c t i o n  ra te  double t h e  product ion  r a t e .  

The vapor s a t u r a t i o n  i n  t h e  r e s e r v o i r  i s  s u f f i c i e n t l y  high so t h a t  water i s  

immobile and t h e r e f o r e  v igorous  b o i l i n g  is  r equ i r ed  t o  ma in ta in  t h e  r equ i r ed  

product ion  ra te  from steam a lone .  Therefore  t h e  p r e s s u r e  must  d e c l i n e  as a 

consequence of b o i l i n g .  The p e r m e a b i l i t y  i n  t h e  r e s e r v o i r  i s  s u f f i c i e n t l y  

h igh  t o  a l low compara t ive ly  r a p i d  spreading  of b o i l i n g  and t h e  a s s o c i a t e d  

p r e s s u r e  d e c l i n e .  As can be seen i n  F igu re  9 ,  t h e  p r e s s u r e  drops  almost 

un i formly  acr.oss t h e  r e s e r v o i r  as t i m e  p r o g r e s s e s ,  with a cor responding  nea r  

uniform tempera ture  drop and vapor s a t u r a t i o n  i n c r e a s e .  Once t h e  r e s e r v o i r  

h a s  comple te ly  superhea ted  ( d r i e d  o u t )  t h e  amount of mass l e f t  i n  t h e '  

r e s e r v o i r  i s  v e r y  small and t h e  p r e s s u r e  d e c l i n e s  v e r y  r a p i d l y  ( s e e  F igu re  10 ) .  

A t  t h i s  s t a g e  t h e  r e s e r v o i r  tempera ture  is  s t i l l  high ( z  220 C) ,  t h a t  i s ,  

p l e n t y  of hea t  remains i n  p l ace .  I n  i t s  unexp lo i t ed  s t a t e  t h e  r e s e r v o i r  

c o n t a i n s  57.4 x 1013 J of  energy of  which only  3 x L O L 3  J a r e  conta ined  

i n  t h e  f l u i d .  C l e a r l y  not a l l  of  t h i s  energy i s  a v a i l a b l e  f o r  e x p l o i t a t i o n .  

There i s  a lower l i m i t  t o  t h e  tempera ture  of t h e  r e s e r v o i r  a t  which product ion  

i s  l i k e l y  t o  be u s e f u l .  For r e f e r e n c e ,  a simple c a l c u l a t i o n  g ives  t h e  energy 

con ta ined  i n  t h e  rock  m a t r i x  a t  18OoC as 39.8 x 1013 J. 

0 

A t  t h e  end of i t s  

u s e f u l  l i f e  t h e  r e s e r v o i r  s t i l l  c o n t a i n s  50.0 x 1013 J .  Some 4.4 x 1013 J 

have been t r a n s f e r r e d  from t h e  rock t o  t h e  f l u i d  t o  s u s t a i n  t h e  b o i l i n g .  
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I n  c a s e  ( i i )  where 100 % of  t h e  produced f l u i d  i s  r e i n j e c t e d ,  t h e  

i n j e c t e d  f l u i d  does not  s i g n i f i c a n t l y  i n f l u e n c e  t h e  product ion  u n t i l  a f t e r  

about t h i r t y  y e a r s ,  t h e  s t a g e  a t  which t h e  r e s e r v o i r  would be exhausted with 

no i n j e c t i o n .  The i n j e c t e d  f l u i d  being much more dense than  t h e  o r i g i n a l  

f l u i d ,  w i th  75 X vapor  s a t u r a t i o n ,  occupies  a much sma l l e r  volume. The 

p r e s s u r e  g r a d i e n t  r e q u i r e d  t o  push t h e  more v i scous  warm or  hot  water  

through t h e  r e s e r v o i r  i s  not  s u s t a i n e d  beyond t h e  condensa t ion  po in t  where 

t h e  b o i l i n g  f l u i d  meets t h e  ho t  wa te r .  The ve ry  l a r g e  e f f e c t i v e  compres- 

s i b i l i t y  i n  t h e  two-phase r e g i o n  pr'events p r e s s u r e  changes a t  t h e  i n j e c t i o n  

w e l l  from i n f l u e n c i n g  t h e  product ion  w e l l .  

A t  t h i r t y  y e a r s  about 50 % of t h e  r e s e r v o i r  has  d r i e d  o u t ,  a smal l  

f r a c t i o n  i s  completely l i q u i d  and t h e  rest  i s  b o i l i n g  ( s e e  F igure  1 1 ) .  

t h i s  t i m e  t h e  product ion  comes from b o i l i n g  i n ,  and ex tens ion  o f ,  t h e  two- 

phase r eg ion .  Some of t h e  water i s  mobile i n  t h e  b o i l i n g  r eg ion  and t h e r e f o r e  

i t  encroaches  i n t o  t h e  p rev ious ly  superhea ted  r eg ion .  Also a s  t h e  p r e s s u r e  

over  t h e  whole r e s e r v o i r  d rops ,  some of t h e  condensed hot water s ta r t s  b o i l i n g .  

The o v e r a l l  p r e s s u r e  con t inues  t o  d e c l i n e  i n  o rde r  t o  produce enough steam and 

the  g r a d i e n t  i n  t h e  superhea ted  r e g i o n  around t h e  we l l  s t eepens  once a l l  t h e  

mass supply  n e a r  t h e  we l l  i s  exhaus ted .  These two e f f e c t s  l ead  t o  unacceptab ly  

Af t e r  

low downhole we l l  p r e s s u r e s  at  about f o r t y  y e a r s .  A t  t h i s  s t a g e  t h e r e  i s  s t i l l  

p l e n t y  of  hea t  l e f t  i n  t h e  r e s e r v o i r  (48.9 x 1013 J ) .  

of t h e  r e s e r v o i r  tempera ture  d i s t r i b u t i o n  a f t e r  t h i r t y  yea r s  ( s e e  F igure  9 )  i s  

t h a t  because h e a t  i s  be ing  "mined" from t h e  b o i l i n g  r eg ion  i t s  tempera ture  drops  

below t h a t  of t h e  superhea ted  steam r e g i o n  sur rounding  t h e  w e l l .  

For c a s e  ( i i i ) ,  w i th  t h e  i n j e c t i o n  r a t e  double t h e  product ion  r a t e ,  

An i n t e r e s t i n g  f e a t u r e  

t h e  r e s u l t s  are q u a l i t a t i v e  s i m i l a r  t o  c a s e  ( i i )  ( s e e  F igu re  1 2 ) .  A t  t h i r t y  

y e a r s ,  t h e  r e s e r v o i r  has  a superhea ted  zone ( s m a l l e r  t han  i n  c a s e  ( i i ) ) ,  a 

b o i l i n g  zone and a l a r g e  l i q u i d  zone. Product ion  i s  p o s s i b l e  f o r  a f u r t h e r  
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twenty y e a r s  du r ing  which t h e  b o i l i n g  zone ex tends  i n t o  both t h e  superhea ted  

r e g i o n  and t h e  condensed r e g i o n .  The p r e s s u r e  throughout t h e  r e s e r v o i r  

d e c l i n e s  s t e a d i l y  whi le  t h e  tempera ture  d e c l i n e s  most r a p i d l y  i n  t h e  two-phase, 

b o i l i n g  zone. A t  t h e  end of u s e f u l  p roduc t ion ,  t h e  energy remaining 5n t h e  

r e s e r v o i r  i s  s t i l l  4 6 . 9  x 1013 J and c l e a r l y  h ighe r  i n j e c t i o n  r a t e s  would 

i n c r e a s e  t h e  longev i ty  of t h e  f i e l d  s t i l l  f u r t h e r .  

From t h e s e  c a s e s  i t  i s  c l e a r  t h a t  r e i n j e c t i o n  can extend t h e  l i f e  of a 

two-phase sys t em cons ide rab ly  but  it does no t  i n c r e a s e  power o u t p u t .  In  

f a c t ,  because t h e  i n j e c t e d  f l u i d  reduces  t h e  volume of t h e  b o i l i n g  zone 

a v a i l a b l e  f o r  steam produc t ion ,  t h e  product ion  p r e s s u r e  drops s l i g h t l y  f a s t e r  

when  m o r e  f l u i d  i s  i n j e c t e d  (see F i g u r e  10). 

The r e s u l t s  ob ta ined  h e r e  are f o r  an i d e a l i z e d  homogeneous, i s o t r o p i c ,  

t h i n  r e s e r v o i r .  I n  r e a l  r e s e r v o i r s ,  f r a c t u r e s  and g r a v i t y  w i l l  l e ad  t o  a 

p r e f e r e n t i a l  movement, wi th  r e s p e c t  t o  d i r e c t i o n  o r  dep th ,  of t h e  i n j e c t e d  

f l u i d .  The e f f e c t  of g r a v i t y  i s  s t u d i e d  i n  t h e  next s e c t i o n .  

6 .  Grav i ty  Segrega t ion  

A numerical  s tudy  of  g r a v i t y  s e g r e g a t i o n  e f f e c t s  has  been completed 

f o r  a s i n g l e  choice  of i n j e c t i o n  tempera ture  and r e s e r v o i r  s a t u r a t i o n .  

Seve ra l  d i f f e r e n t  c a s e s  were examined f o r  a r e l a t i v e l y  t h i c k  (100 me te r )  

p l ane  p a r a l l e l  r e s e r v o i r .  Water a t  z 33 C was i n j e c t e d  i n  a s i n g l e  w e l l  0 

wi th  t h e  r e s e r v o i r  i n i t i a l l y  a t  a steam s a t u r a t i o n  of S = 0.75. Table 1 and 2 

summarize t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  d i f f e r e n t  problems. The r e s u l t s  of 

t h e  computations are p resen ted  i n  s e v e r a l  f i g u r e s  showing some of t h e  most 

important p o i n t s .  F igu re  13  shows t h e  r e s u l t s  from Problems 1 and 2 desc r ibed  

i n  Table  2 .  The f i g u r e  shows a comparison of t h e  g r a v i t y  and no g r a v i t y  

c a s e s  , and demonst ra tes  d r a m a t i c a l l y  how important g r a v i t y  seg rega t ion  e f f e c t s  

a r e  when an a p p r e c i a b l e  amount of steam i s  p resen t  i n  t h e  r e s e r v o i r .  I n  t h e s e  

c a l c u l a t i o n s  t h e  a b s o l u t e  p e r m e a b i l i t i e s  were t h e  same i n  t h e  h o r i z o n t a l  and 
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v e r t i c a l  d i r e c t i o n s .  

s i d e r a b l y  less  than  t h e  h o r i z o n t a l ,  and w i l l  reduce t h e  tendency of t h e  i n j e c t e d  

f l u i d  t o  slump t o  t h e  bottom of t h e  r e s e r v o i r .  F igu res  14 and 15 show t h e  

cor responding  tempera tures  f o r  Problem 1. The spreading  of t h e  thermal f r o n t  i s  

a numerical  e f f e c t  due t o  t h e  c o a r s e  mesh (20  m). 

In  many c a s e s ,  t h e  v e r t i c a l  pe rmeab i l i t y  w i l l  be con- 

I n  F igu res  16 through 18 t h e  r e s u l t s  f o r  Problems 5 and 6 are p resen ted .  

The c a l c u l a t i o n s  show t h a t  t h e  i n j e c t e d  f l u i d  i n i t i a l l y  plumes upward, bu t  then  

t h e  motion is  outward and downward through t h e  remainder of t h e  i n j e c t i o n  per iod  

o f  about 120 days.  Obviously t h e r e  i s  a r e l a t i o n s h i p  between t h e  v e r t i c a l  

h e i g h t  of t h e  l ead ing  edge and t h e  i n j e c t i o n  flow ra te .  A t  t h e  h i g h e r  ra te  t h e  

hydrodynamic f r o n t  i s  much more spread  out  with an apparent  "second pulse" 

forming n e a r  t h e  w e l l .  A t  t h e  lower r a t e  t h e  l i q u i d  s i m p l y  slumps i n t o  t h e  

r e s e r v o i r  w i th  a l a r g e  g r a v i t a t i o n a l  e f f e c t .  

l i q u i d  a t  about 3 / 4  t h e  d i s t a n c e  of t h e  h ighe r  r a t e ,  even though t h e  h ighe r  r a t e  

i s  more t h a n  twice  as g r e a t  (15  compared t o  6 kg / sec  of i n j e c t e d  w a t e r ) .  

Although t h e  l i q u i d  advances ve ry  qu ick ly  nea r  t h e  bottom of t h e  a q u i f e r ,  t h e  

thermal  fronts--as shown i n  F igu re  18--lag f a r  behind. These o b s e r v a t i o n s  have 

important i m p l i c a t i o n s  f o r  p r o d u c t i o n / i n j e c t i o n  we l l  f i e l d s .  

This  r e s u l t s  i n  a l ead ing  edge of 

F igu res  19 and 20 show t h e  r e s u l t s  f o r  Problems 3 and 4 .  These r e s u l t s ,  

a l though not c a r r i e d  out  as f a r  as t h e  o t h e r s ,  show a s i g n i f i c a n t  downward 

mig ra t ion  of f l u i d ,  and sugge'st t h a t  t h e  hydrodynamic f r o n t  w i l l  e v e n t u a l l y  

deve lop  more n e a r l y  l i k e  t h e  f u l l  i n j e c t i o n  c a s e  desc r ibed  above. 

Due t o  t h e  l a r g e  c o m p r e s s i b i l i t y - i n  t h e  two-phase p o r t i o n s  of t h e  r e s e r v o i r ,  

we do not s ee  a s i g n i f i c a n t  p r e s s u r e  i n c r e a s e  beyond t h e  hydro-dynamic f r o n t .  I n  

t h e  case  of i n j e c t i o n  a t  t h e  t o p  of t h e  r e s e r v o i r  an i n t e r e s t i n g ,  bu t  r e l a t i v e l y  

unimpor tan t ,  p r e s s u r e  e f f e c t  occu r s .  Due t o  t h e  slumping, condensing l i q u i d ,  

t h e  p r e s s u r e  dec reases  s l i g h t l y  at t h e  t o p  of t h e  r e s e r v o i r  nea r  t h e  hydrodynamic 

f r o n t ,  which r e s u l t s  i n  a few percent  i n c r e a s e  i n  steam s a t u r a t i o n  l o c a l l y .  
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Since  a coa r se  g r i d  was used f o r  t h e s e  c a l c u l a t i o n s  (20  x 20 m),  a 

number of  ques t ions  remain regard ing ,  numerical  e f f e c t s  on t h e  d e t a i l e d  f r o n t  

propagat ion .  These q u e s t i o n s  were o u t s i d e  t h e  scope of t h e s e  i n v e s t i g a t i o n s .  

7 .  One-Dimensional Approximation of  L a r d e r e l l o  

We cons ide r  a one-dimensional v e r t i c a l  system wi th  p o r o s i t y .  F igu re  21 

shows our i d e a l i z e d  system and t h e  cor responding  real  r e s e r v o i r .  Rese rvo i r  

p r o p e r t i e s  and thermodynamic c o n d i t i o n s  are similar t o  those  encountered i n  

t h e  most dep le t ed  zones of L a r d e r e l l o .  

The w e l l s  produce from a f r a c t u r e  system a t  t h e  top  of t h e  r e s e r v o i r .  

The f r a c t u r e  system i s  presumed t o  make t h e  p r e s s u r e  uniform a t  t h e  t o p  and 

e q u a l  t o  bo t tomhole  values i n  t h e  product ive  w e l l s .  The steam produced by 

t h e  b o i l i n g  w a t e r  i n  t h e  deeper layers  r i s e s  v e r t i c a l l y  t o  c o l l e c t  i n  the  

f r a c t u r e s  at t h e  t o p  of t h e  r e s e r v o i r .  I n i t i a l  c o n d i t i o n s  are g iven  i n  

F igu re  22. P r e s s u r e  i s  main ta ined  p r a c t i c a l l y  c o n s t a n t  a t  t h e  t o p  and 

bottom boundar ies  by connec t ing  t h e  s y s t e m  w i t h  f i c t i c o u s  e lements  having  ve ry  

l a r g e  volumes. The system remains p r a c t i c a l l y  s t eady  i n  t h e s e  c o n d i t i o n s  

wi th  a steam product ion  r a t e  of 1 7  kg/ (sec*km2) .  An i n j e c t e d  f l o w r a t e  of 

20 kg/(sec*km*) o f  water a t  30 OC was s imula ted  a t  d i f f e r e n t  depths  

(F igu re  23). 

It has  a l r e a d y  been noted t h a t  i n  problems invo lv ing  sha rp  f r o n t s  and 

phase t r a n s i t i o n s ,  s i m u l a t i o n  produces o s c i l l a t i n g  t r e n d s  of a c e r t a i n  s i z e  

and t h a t  t h e s e  o s c i l l a t i o n s  are a consequence of f i n i t e  space d i ~ c r e t i z a t i o n . 3 ~  

These o s c i l l a t i o n s  occur i n  a l l  our examples of water i n j e c t i o n  i n t o  r eg ions  

of t h e  r e s e r v o i r  where P < Psat.  

and from t h e  hypo thes i s  t h a t ,  i n  each po in t  of t h e  r e s e r v o i r ,  t h e  rock  and 

f l u i d  a r e  a t  a l l  t i m e s  i n  thermal  e q u i l i b r i u m .  

They d e r i v e  from f i n i t e  d i s c r e t i z a t i o n  

F igu re  24 shows t h e  t r e n d  of t h e  product ion  flow ra te  and some q u a n t i t i e s  

i n  t h e  g r i d  elements nea r  t h e  i n j e c t i o n  p o i n t .  This r e f e r s  t o  c a s e  a) of  
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Figure  23  where t h e  t h i c k n e s s  of t h e  elements around t h e  i n j e c t i o n  po in t  i s  3 m .  

I n  t h i s  example, boundary p r e s s u r e  a t  t h e  bottom i s  a l i t t l e  h ighe r  t han  i n  

F igu re  2 2 .  

A s  t h e  i n j e c t e d  wa te r  e n t e r s  element no. 1, it i s  soon vapor i zed ,  t h e  

rock  and f l u i d  both  having t h e  same tempera ture  a t  a l l  times. This  con t inues  

u n t i l  s a t u r a t i o n  c o n d i t i o n s  are reached i n  t h e  element.  From t h i s  moment on 

no t  a l l  t h e  water i s  vapor i zed ,  t h e  product ion  r a t e  begins  t o  d e c r e a s e ,  and 

l i q u i d  s a t u r a t i o n  i n c r e a s e s  i n  t h e  element.  Subsequently t h e  behavior  of 

t h e  model i s  c o n t r o l l e d  by t h e  fo l lowing  phenomena: 

- l i q u i d  water flows g r a v i t a t i o n a l l y  ( i n  t h i s  ca se )  from one element 

t o  t h e  unde r ly ing  one each t i m e  t h e  immobile water  s a t u r a t i o n  i s  

exceeded i n  t h e  former; 

- a l l  t h e  l i q u i d  water e n t e r i n g  an element i s  vapor ized  u n t i l  

s a t u r a t i o n  c o n d i t i o n s  are reached i n  i t ;  

- v a p o r i z a t i o n  (and ,  hence ,  p roduct ion)  s tar ts  t o  i n c r e a s e  whenever 

t h e  l i q u i d  p e n e t r a t e s  a new element i n  which P < P s a t .  

- v a p o r i z a t i o n  begins  dec reas ing  whenever a new element r eaches  

saturation conditions. 

The amplitude and frequency of  t h e  o s c i l l a t i o n s  depends on space 

d i s c r e t i z a t i o n ,  on t h e  d i f f e r e n c e  between i n i t i a l  t empera ture  and s a t u r a t i o n  

t empera tu res  i n  t h e  e lements  p e n e t r a t e d  by t h e  l i q u i d  water, on t h e  p r e s s u r e  

v a r i a t i o n s  i n  t h e s e  e lements ,  and on t h e  shape of t h e  r e l a t i v e  p e r m e a b i l i t y  

curves  f o r  t h e  two phases.  

Our s imula t ion  tests have a lways  shown t h a t -  a f i n e r  space d i s c r e t i z a t i o n  

w i l l  reduce t h e  amplitude and i n c r e a s e  t h e  frequency of t h e  o s c i l l a t i o n s .  

Moreover, i n  t h e  c a s e  of d i s c r e t i z a t i o n s  t h a t  a r e  not t o o  c o a r s e ,  t h e  

o s c i l l a t i o n s  a l l  occur  around an average curve ;  t h e  r e s u l t  of numerical  

s i m u l a t i o n  g r a d u a l l y  approaches t h i s  curve as t h e  space d i s c r e t i z a t i o n  

becomes f i n e r  (see F igure  2 5 ,  r e l a t i v e  t o  t h e  same case as F igure  2 4 ) .  
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The r e l a t i v e  p e r m e a b i l i t y  of  t h e  two phases is  a ve ry  important parameter 

f o r  r e i n j e c t i o n  as it  a f f e c t s  bo th  t h e  p r e s s u r e  g r a d i e n t  and l i q u i d  propagat ion  

through t h e  rock  volume. Unfo r tuna te ly ,  t h e r e  would appear t o  be no s a f e  

c r i t e r i a  a t  p re sen t  f o r  a t t r i b u t i n g  one g iven  r e l a t i v e  p remeab i l i t y  curve  t o  

t h e  v a r i o u s  r e s e r v o i r  rocks .  F igu re  26 shows some t h e o r e t i c a l  and e m p i r i c a l  

cu rves .  

Curve a )  was ob ta ined  from a v e r s i o n  of Corey’s equa t ion .  

1’ -(1 - swc - sgc) ‘1 [’ - 1 - swc - sgc 

s w  - swc s w  - swc 

f o r  Swc < Sw < 1 - Sgc 

I K r w  = 0 
Krs = 1 

I Krw = 1 
Krs = 0 

for Sw L Swc 

f o r  Sw 2 1 - Sgc 

wi th  Swc = 0.3, Sgc = 0. 

This  i s  t h e  p a r a m e t r i z a t i o n  g e n e r a l l y  used i n  our one-dimensional model. 

Curve b)  i s  d e r i v e d  from Wairakei product ion  d a t a .  The p a r a b o l i c  curves  

i n  F igu re  26c were used by some a u t h o r s  t o  s i m u l a t e  two-phase r e s e r v o i r s 3 5 ,  

whi le  curves  d )  were based on p r e l i m i n a r y  l a b o r a t o r y  r e s u l t s  ob ta ined  a t  

S tan fo rd  Un ive r s i ty .36  

v a r i e d  they  can be.  

These cu rves  were t aken  as an example of j u s t  how 

The model’s behavior  is  s t r o n g l y  a f f e c t e d  by t h e  choice  of r e l a t i v e  

p e r m e a b i l i t i e s .  

t h e  d i s c r e t i z a t i o n  e f f e c t s  mentioned e a r l i e r .  

Usual ly  a h igh  Krw f o r  low water s a t u r a t i o n  v a l u e s  a t t e n u a t e s  

F igure  27, r e l a t i v e  t o  t h e  case  
‘i 
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of  F igu re  24 with  a 3 m space d i s c r e t i z a t i o n  i n  t h e  i n j e c t i o n  zone, shows t h a t  

t h e  o s c i l l a t i o n s  are g r e a t l y  reduced wi th  t h e  "Wairakei curve". While t h e  

o s c i l l a t i o n s  i n  t h e  two curves  d e r i v e  from f i n i t e  space d i s c r e t i z t i o n ,  t h e  

d i f f e r e n c e  i n  average product ion  ra te  from one case  t o  t h e  next  is  a r e s u l t  

of  a d i f f e r e n c e  i n  behavior  of r e s e r v o i r s  with d i f f e r e n t  r e l a t i v e  pe rmeab i l i t y  

cu rves .  I n  t h e  c a s e  of curve  b ) ,  t h e  per iod  of i n j e c t i o n  being e q u a l ,  t h e  

l i q u i d  propagates  through a l a r g e r  rock volume, which thus  imp l i e s  h i g h e r  

b o i l i n g  ra tes .  

F igure  28 shows t h e  v a r i a t i o n s  i n  product ion  ra te  coming from i n j e c t i n g  

20 kg/(sec*km2) a t  d i f f e r e n t  dep ths .  

The product ion  r a t e  i n c r e a s e  c l e a r l y  d imin i shes  when i n j e c t i o n  i s  made a t  

g r e a t e r  depth .  I n j e c t i o n  i n t o  t h e  s a t u r a t e d  zone even b r i n g s  about a s l i g h t  

product ion  dec rease .  

Consider ing c a s e s  a ) ,  b ) ,  and c )  o n l y ,  t h e  v a r i a t i o n  of  product ion  w i t h  

depth of i n j e c t i o n  is  due t o  t h e  fo l lowing  f a c t s :  

- v a p o r i z a t i o n  of t h e  i n j e c t e d  water produces a p res su re  i n c r e a s e  i n  

t h e  i n j e c t i o n  zone, wi th  a consequent i nc rease  i n  t h e  g r a d i e n t  above 

and r e d u c t i o n  i n  t h a t  below t h i s  zone. Vapor iza t ion  of i n j e c t e d  

water, t h e r e f o r e ,  c o n t r i b u t e s  t o  p roduc t ion ,  bu t  a l s o  reduces t h e  

c o n t r i b u t i o n  from deep b o i l i n g ;  

- t h e  f l u i d  s t a t e  i n  t h e  deep ho r i zons  is n e a r e r  t h e  s a t u r a t i o n  then  

i n  sha l lower  l a y e r s  ; 

- t h e  l i q u i d  s a t u r a t i o n  build-up i n  t h e  i n j e c t i o n  zone reduces t h e  

r e l a t i v e  pe rmeab i l i t y  t o  steam; 

- t h e  p re s su re  i n c r e a s e s  below t h e  i n j e c t i o n  hor izon .  I n  t h e  

p a r t s  of t h e  r e s e r v o i r  con ta in ing  two-phase f l u i d  even a small  

p re s su re  i n c r e a s e  can s t o p  b o i l i n g  and start  condensat ion.  

F igure  29 shows t h e  e v o l u t i o n  of s a t u r a t i o n  around t h e  i n j e c t i o n  poin t  

i n  c a s e s  a )  and c ) .  I n  t h e  l a t t e r ,  more l i q u i d  accumulates i n  t h e  i n j e c t i o n  
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zone. Furthermore,  whi le  t h e  l i q u i d  flows downwards by g r a v i t y  i n  t h e  h i g h e r  

p e r m e a b i l i t y  fo rma t ions ,  t h e  p r e s s u r e  g r a d i e n t  i n  t h e  low pe rmeab i l i t y  deep 

fo rma t ions  i s  h igh  enough t o  overcome g r a v i t y  and t h e  l i q u i d  i s  c a r r i e d  upwards. 

Obviously a one-dimensional model can reproduce only  p a r t  of t h e  phenomenology of 

a three-d imens iona l  r e s e r v o i r  w i th  d i s t a n t  i n j e c t i o n  wells. However, t h e  

r e s u l t s  of t h i s  s i m p l i f i e d  model are i n  agreement wi th  t h e  o b s e r v a t i o n s  made a t  

L a r d e r e l l o  w i t h  r ega rd  t o  sha l low and deep i n j e c t i o n .  In a l l  t h e s e  examples, 

t h e  tempera ture  of  t h e  steam produced a t  t h e  t o p  of t h e  r e s e r v o i r  remains 

p r a c t - i c a l l y  c o n s t a n t .  This  i s  due t o  t h e  f a c t  t h a t  t h e  steam produced from 

i n j e c t e d  water ( a f t e r  mixing wi th  steam from deep b o i l i n g )  c r o s s e s  a h o t  rock  

l a y e r  u n a f f e c t e d  by b o i l i n g .  Usual ly  it i s  d e s i r a b l e  t h a t  t h e  steam produced 

from i n j e c t e d  water  c r o s s e s  a c e r t a i n  i n t e r v a l  of  ho t  rock be fo re  r each ing  t h e  

producing w e l l s .  I f  t h e  i n j e c t i o n  po in t  i s  t o o  near t h e  e x t r a c t i o n  p o i n t ,  t h e  

thermodynamic c h a r a c t e r i s t i c s  of t h e  f l u i d  are adve r se ly  a f f e c t e d ,  wi th  t h e  r i s k  

of  e f f i c i e n c y  r e d u c t i o n  i n  t h e  convers ion  phase. On t h e  o t h e r  hand, i f  t o o  

l a r g e  rock  volumes are l e f t  ou t  of i n j e c t i o n ,  t h i s  may cause  a r e d u c t i o n  i n  

r ecove ry  o f  t h e  r e s e r v e s .  

8.  Conclusions 

I n j e c t i o n  i n t o  a two-phase r e s e r v o i r  u s u a l l y  pro longs  i t s  economic 

p roduc t ion  and i n c r e a s e s  t h e  r ecove ry  f a c t o r ,  b u t  may d e c r e a s e  t h e  p roduc t ion  

r a t e  i n  t h e  shor t - te rm.  In a f i e l d  such as L a r d e r e l l o ,  which has  been 

e x p l o i t e d  over a v e r y  long  p e r i o d  wi thou t  r e i n j e c t i o n ,  t h e  c o n d i t i o n s  a r e  now 

such as t o  permit a h i g h e r  long-term recove ry  as we l l  a s  i nc reased  shor t - te rm 

product ion .  In f a v o r a b l e  s i t u a t i o n s  t h i s  can be ob ta ined  wi thout  d e t r i m e n t a l  

e f f e c t s  on the thermodynamic c h a r a c t e r i s t i c s  of t h e  f l u i d  produced. As t h e  

i n j e c t e d  water c o n t a i n s  minimal amounts of noncondensable gas  and i s  qu ick ly  

vapor i zed ,  t h e  chemical c h a r a c t e r i s t i c s  of  t h e  steam produced may even improve, 

t o  t h e  advantage of  convers ion  e f f i c i e n c y .  
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The a p p l i c a t i o n  of numerical  s i m u l a t i o n  t o  t h e  s tudy  of r e i n j e c t i o n  

problems r e v e a l s  how u s e f u l  t h i s  approach can be ,  even though it i s  conf ined  

f o r  t h e  moment t o  i d e a l  systems or p a r t i c u l a r  problems. There have been t o o  

few f i e l d  d a t a  a v a i l a b l e  so f a r  t o  show whether t h e  model of  t h e  porous 

medium i s  capab le  of s i m u l a t i n g  f r a c t u r e d  r e s e r v o i r s  i n  which rock- f lu id  

h e a t  exchange i s  t h e  dominating phenomenon. 

S i m i l a r l y  t h e  l a c k  of  in format ion  on r e l a t i v e  p e r m e a b i l i t y ,  which a l s o  

has  a s t r o n g  i n f l u e n c e  on t h e  phenomena, p reven t s  format ion  of f u l l y  r e l i a b l e  

models. 

i n  t h e  nea r  f u t u r e .  P a r t i c u l a r l y  important i s  t o  i d e n t i f y ,  i n  t h e  geothermal 

F i e l d  and l a b o r a t o r y  t e s t s  w i l l  consequent ly  p l ay  an important r o l e  

f i e l d ,  t h e  zones i n  which P < Psat, t h e  volumes involved ,  and t h e  r e s e r v o i r  

c h a r a c t e r i s t i c s .  I n j e c t i o n  i t s e l f  could be used f o r  t h i s  purpose.  S imula t ion  

of i n j e c t i o n  i n  a r e s e r v o i r  whose f l u i d  i s  superhea ted  steam poses some 

problems: a v e r y  f i n e  space d e s c r e t i z a t i o n  must be used and t h e  t i m e  s t e p  

must a l s o  be shor tened  when c r o s s i n g  t h e  s a t u r a t i o n  l i n e  i n  t h e  water equa t ion  

of  s t a t e  diagram. However, i t  is  f e l t  t h a t  approximate r e s u l t s  a c c e p t a b l e  t o  

t h e  engineer  can be achieved even i n  t h e s e  c i rcumstances  a t  a r easonab le  c o s t .  

Finally, it should be noted t h a t  P < Psat does not always imply t ha t  

on ly  superhea ted  steam e x i s t s  i n  t h e  porous medium. 

can  be produced by s a l i n i t y ,  c a p i l l a r i t y ,  and a d s o r p t i o n  phenomena. These 

phenomena a l s o  r e q u i r e  more d e t a i l e d  s tudy .  

Vapor p r e s s u r e  lowering 

I n  summary, ou r  i n v e s t i g a t i o n s  t o  d a t e  r e s u l t  i n  t h e  fo l lowing  g e n e r a l  

conc lus ions :  

1. Numerical s imula t ion  is  a v a l i d  and v i a b l e  t o o l  f o r  s tudying  

i n j e c t  i on  i n t o  two-phase r e s e r v o i r s .  

2. I n j e c t i o n  we l l  tests i n  t h i n  format ions  can be analyzed by 

means of s ing le-phase  p r e s s u r e  t r a n s i e n t  techniques .  

I n j e c t i o n  i n t o  a producing two-phase r e s e r v o i r  may enhance 3 .  
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u l t i m a t e  energy  r ecove ry  by l a r g e  amounts, wi th  small e f f e c t s  

on power o u t p u t .  

4. Grav i ty  e f f e c t s  can be ve ry  s t r o n g  i n  t h i c k  r e s e r v o i r s .  

5. I n j e c t i o n  i n t o  superhea ted  steam zones may i n c r e a s e  product ion  r a t e s  

as w e l l  as energy recovery .  

It is  sugges ted  t h a t  f u t u r e  work on modeling i n j e c t  ion  should i n v e s t i g a t e  

t h e  e f f e c t s  of f r a c t u r e s .  Also, e f f o r t s  should be made f o r  modeling a c t u a l  

f i e l d  c a s e s  r a t h e r  t h a n  i d e a l i z e d  problems. 
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APPENDIX 

Consider i n j e c t i o n  of co ld  water wi th  tempera ture  T i n  a t  cons t an t  

r a t e  q i n t o  a t h i n  i n f i n i t e  two-phase r e s e r v o i r  w i th  uniform i n i t i a l  c o n d i t i o n s  

( t empera tu re  Tres,  vapor s a t u r a t i o n  SI. W e  p o s t u l a t e  t h a t  t h e  p rocess  w i l l  

g i v e  r i se  t o  a s h a r p  tempera ture  f r o n t ,  where r e s e r v o i r  tempera ture  changes 

from Tin  t o  Tres, and proceed t o  e s t i m a t e  t o t a l  swept volume V, and 

volume of  t h e  co ld  zone, Vc.  

Neglec t ing  t h e  d e n s i t y  of steam i n  comparison t o  t h a t  of l i q u i d  wa te r ,  

we have f o r  t h e  t o t a l  i n j e c t e d  mass: 

M = qt = V s + S P h  + Vcd)(Pw - Pi) (A.1) 

where P, and p,' a r e  l i q u i d  water d e n s i t i e s  a t  i n j e c t i o n  tempera ture  T i n  

and r e s e r v o i r  t empera tu re  Tres ,  r e s p e c t i v e l y .  

For t h e  t o t a l  i n t e r n a l  energy of  t h e  swept volume we have: 

I 

$PwCw + ( 1  - $)pRCR T ] res 

(A.4) 

a l s o ,  

M 

(A.2) 

This  i s  approximately equa l  t o  t h e  t o t a l  i n t e r n a l  energy p resen t  i n  swept 

volume and i n j e c t i o n  f l u i d  s e p a r a t e l y  ( n e g l e c t i n g  smal l  steam c o n t r i b u t i o n s ) :  

E = Vs(l - 9 )  pRCR Tres + MCwTin + Vs9(l - S) P ' C  Tres (A.3) 
w w  

from which: 
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. 

The l o c a t i o n  of t h e  thermal  f r o n t  can be used t o  e s t i m a t e  p o r o s i t y ,  i n  

t h e  fo l lowing  way. A t  t i m e  t ,  t h e  t o t a l  amount of i n j e c t e d  f l u i d  i s  q t .  Of 

t h i s ,  an amount Vc+pw i s  s t i l l  a t  i n j e c t i o n  t empera tu re ,  whi le  an amount 

( q t  - Vc@pw> has  moved on and has  been hea ted  up t o  Tres.  Assuming 

t h a t  t h e  energy t r a n s f e r r e d  t o  t h e  f l u i d  was supp l i ed  by t h e  cooled rock ,  we 

have : 

from which, u s ing  Vc = 'Q2H: 

+ =  ( A .  7 
p c - PRCR w w  



TABLE 1: Parameters used i n  I n j e c t i o n  S imula t ion  

PROBLEM 

PARAMETER 1-D RADIAL FIVE-SPOT 2-D VERTICAL 

Rock d e n s i t y  P r  (kg/m3> 2600 2600 2600 

Rock s p e c i f i c  h e a t  Cr  (J/kg°C) 770 755 755 

Rock hea t  c o n d u c t i v i t y  Kr  (W/m°C> 2.0 2 . 1  2.1 

P o r o s i t y  + (X I  15 10 10 ' 

Permeab i l i t y  k m2) 240 40 40 

Res idua l  immobile water s a t u r a t i o n  Swc * .30 .40 .40 

Residual  immobile team s a t u r a t i o n  Sgc * .05 0 .o 0 .o 

Rese rvo i r  t h i c k n e s s  (m) 1 10 100 

I n i t i a l  r e s e r v o i r  tempera ture  ( C )  

I n i t i a l  vapor s a t u r a t i o n  ( X I  20 75 75 

233.8 240 240 0 

I n j e c t i o n  en tha lpy  ( J / k g )  421938 147000 138300 

I n j e c t i o n  tempera ture  ( C )  

I n j e c t i o n  ra te  (kg / sec )  .40358 0.0, 0.025, 0.05 6.0, 15.0 

Product ion  r a t e  ( k g / s e c )  --- 0.025 

100.1 40.0 33 .O 0 

--- 

I 
w c- 

I '  

*Carey's equa t ions  as g iven  i n  Equat ion  5 were used f o r  r e l a t i v e  p e r m e a b i l i t i e s  
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TABLE 2:  I n j e c t i o n  Parameters 

Case number 1 2 3 4 5 6 . 
Grav i ty  (m/sec2) 0 9.81 9.81 9.81 9.81 9.81 

Open i n t e r v a l  l O O m  loom t o p  t O P  bottom bottom 
40m 40m 4om 4om 

I n j e c t i o n  r a t e  15 15 15 6 15 6 
( kg / s e  c 
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Figure  1. Fron t s  i n  a t y p i c a l  i n j e c t i o n  problem. 
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Figure 2. Inject ion of co ld  f l u i d  i n t o  a thick reservoir .  
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lOOOm 

I I I 

7 Production well 

t, Injection well 

Figure 8. The configuration of production and injection wells 
and the computational grid for the five-spot problem. 
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Figure 9a. Pressure p r o f i l e s  along a l i n e  jo in ing  the 

production and i n j e c t i o n  wells for  the five-spot 
problem. In jec t ion  r a t e  0 .0  kg/sec .  
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Figure 9b. Temperatures p r o f i l e s  along a l i n e  jo in ing  the  
production and i n j e c t i o n  w e l l s  f o r  the f ive-spot  
problem. In jec t ion  rate 0 . 0  kg/sec .  
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Figure  9c. Vapor s a t u r a t i o n  p r o f i l e s  a long a l i n e  j o i n i n g  t h e  
product ion  and i n j e c t i o n  w e l l s  f o r  t h e  f ive-spot  
problem. I n j e c t i o n  ra te  0.0 kg/sec. 
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Figure 10. Pressure decline in the production block for the 
f ive-spot problem. 
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Figure l l a .  Pressure p r o f i l e s  along a l i n e  jo in ing  the production 

and i n j e c t i o n  w e l l s  f o r  the five-spot problem 
i n j e c t i o n  r a t e  0.025 kg/sec (100% of production). 
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Figure l l b .  Temperature p r o f i l e s  along a l i n e  j o i n i n g  the 

production and i n j e c t i o n  w e l l s  €or t h e  f ive-spot  
problem. In jec t ion  ra te  0.025 kg/sec  (100% of 
product ion) .  
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Figure 12a. Pressure p r o f i l e s  along a l i n e  jo in ing  the production 
and i n j e c t i n  wells f o r  the f ive-spot  problem. 
I n j e c t i o n  rate 0 .05  kg/sec (200% of production). 
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Figure 12b. Temperature p r o f i l e s  along a l i n e  jo in ing  the 
production and i n j e c t i o n  w e l l s  f o r  the  f ive-spot  
problem. In jec t ion  r a t e  0.05 kg/sec  (200 % of 
production). 



i .c 

0.e 

b 
-< 0.6 F 
3 

b 8 0.4 
> 

0.2 

0.0 

Distance (m) 

Figure 12c. Vapor saturat ion p r o f i l e s  al'ong a l i n e  jo in ing  the 
production and i n j e c t i o n  w e l l s  f o r  the five-spot 
problem. Inject ion r a t e  0.05 kg/sec (200% of 
production). 
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Figure 13. Locations of the hydrodynamic front f o r  in jec t ion  
i n t 0 . a  thick reservoir .  Case 1, no grav i ty ,  ---; 
Case 2 ,  g r a v i t y ,  -. -. - 
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Figure  14. Temperature p r o f i l e s  f o r  i n j e c t i o n  i n t o  a t h i c k  
r e s e r v o i r  ( case  1 )  a long  a l i n e  i n  t h e  h o r i z o n t a l  
c e n t r a l  p l ane  (50 m depth) .  
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Figure 15. Locations of the  thermal front for  i n j e c t i o n  into a 
th ick  r e s e r v o i r  ( c a s e  ?) .  
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K = 5 0  mD 
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XBL 8012-12874 

Figure 21.. Linear flow model for r e i n j e c t i o n  s tud ies .  Rock and thermodynamic 
c h a r a c t e r i s t i c s  are s imi lar  t o  those e x i s t i n g  in  some zones of 
Larderello: 1 - caprock, 2 - Carbonate formations, 3 - fractured 
quartz i t e s  and p h y l l i t e s ,  and 4 - p h y l l i t e s .  
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Figure 23.  Depths of i n j e c t i o n  fo r  cases  a ) ,  b ) ,  c ) ,  d ) .  
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Figure  24. D i s c r e t i z a t i o n  e f f e c t s  i n  s imula t ions  of t h e  i n j e c t i o n  of co ld  water  
i n  superhea ted  steam zones of t h e - r e s e r v o i r .  a> product ion  r a t e ,  b) 
steam s a t u r a t i o n  (immobile water s a t u r a t i o n  is  0.71, and c >  b o i l i n g  
r a t e .  
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Figure 26. Examples of relative permeability curves for water and steam. 
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Figure 29.  Saturation around the i n j e c t i o n  point i n  cases  a> and c >  of 
Figure 23 .  




