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I DISCLAIMER 

INTRODUCTION 

Most r e c e n t  i n t e r e s t  i n  t h e  i n j e c t i o n  of co ld  water i n t o  a 
geothermal r e s e r v o i r  has  been r e l a t e d  t o  t h e  d i s p o s a l  of geothermal 
b r i n e s .  I n j e c t i o n  a l s o  o f f e r s  t h e  p o t e n t i a l  b e n e f i t  of pro longing  
t h e  u s e f u l  l i f e  of a vapor-dominated system by provid ing  a d d i t i o n a l  
water  t o  e x t r a c t  energy out  of t h e  rock m a t r i x .  In  a l iquid-dominated 
r e s e r v o i r  i n j e c t i o n  may h e l p  t o  ma in ta in  p r e s s u r e s  nea r  t h e  produc- 
t i o n  w e l l s  by pushing t h e  hot water toward them and p reven t ing  t o o  
much l o c a l  b o i l i n g .  P res su re  maintenance can a l s o  be achieved 
f o r  superhea ted  steam zones ,  because i n j e c t i o n  w i l l  cause p r e s s u r e s  
t o  i n c r e a s e  towards t h e  s a t u r a t i o n  p r e s s u r e  (Schroeder  e t  a l .  
(1980) 1. 

The g e n e r a l  p h y s i c a l  p r i n c i p l e s  governing t h e s e  p rocesses  a r e  
unders tood  but  no q u a n t i t a t i v e  informat ion  i s  a v a i l a b l e .  The 
p r e s e n t  work is  aimed a t  h e l p i n g  t o  improve t h e  q u a l i t a t i v e  and 
q u a n t i t a t i v e  unders tanding  of i n j e c t  ion  i n t o  a geothermal r e s e r v o i r  
by c o n s i d e r i n g  a few i d e a l i z e d  problems. F i r s t  a vapor-dominated, 
s i n g l e  l a y e r  r e s e r v o i r  i s  cons ide red ,  next  a vapor-dominated, 
fou r  l a y e r  r e s e r v o i r ,  and f i n a l l y  a l iquid-dominated, s i n g l e  l a y e r  
r e s e r v o i r .  I n  each case  vary ing  i n j e c t i o n  r a t e s  a r e  cons idered  and 
i n  some cases  t h e  i n j e c t i o n  i s  changed at  d i f f e r e n t  t i m e s .  

The SHAFT79 s imula to r  ( s e e  P ruess  and Schroeder (1979) f o r  
example) i s  used t o  c a l c u l a t e  t h e  r e s e r v o i r  behavior  i n  each case .  
It is  only  with t h e  advent of e f f i c i e n t  geothermal r e s e r v o i r  
s i m u l a t o r s ,  such as SHAFT79 and o t h e r  c o d e s - ( s e e  Coats (19771, 
Faus t  and Mercer (1979) and Brownell e t  a l .  (1975) , f o r  example) , 
t h a t  it i s  p o s s i b l e  t o  c a l c u l a t e  t h e  behavior  of a' two-phase 
r e s e r v o i r  du r ing  i n j e c t i o n .  The' d e n s a t i o n  of steam and t h e  
movement of thermal and hydrodyn f r o n t s  through t h e  r e s e r v o i r  
a s  a co ld  zone around an i n j e c t i  11 expands a r e  seve re  t e s t s  of 
t h e  c a p a b i l i t i e s  of a s imula to r  and are ve ry  d i f f i c u l t  phenomena t o  
model a c c u r a t e l y .  
Pruess  (1980) , Schroeder e t  a l .  (1980))  h a s  demonstrated t h e  
accuracy  of  SHAFT79 i n  modeling i n j e c t  ion problems. 

Previous  work byL  t h e  a u t h o r s  (0' S u l l i v a n  and 

Th i s  work w a s  supported by t h e  A s s i s t a n t  S e c r e t a r y  f o r  liesource 
A p p l i c a t i o n s ,  O f f i c e  o f  I n d u s t r i a l  and U t i l i t y  A p p l i c a t i o n s  and 
Opera t ions ,  Geothermal Energy Div i s ion  of t h e  U.S .  Department of 
Energy under Con t rac t  W-7405-ENG-48. 
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Our c a l c u l a t i o n s  are made f o r  a f ive-spot  c o n f i g u r a t i o n  of 
a l t e r n a t e ,  o f f - s e t  rows of producers  and i n j e c t o r s  ( s e e  F igu re  1 ) .  
A c a l c u l a t i o n  mesh wi th  34 nodes ( s e e  F igu re  1 )  i s  used ,  which is  
b a r e l y  s u f f i c i e n t  t o  g i v e  a c c u r a t e  r e s u l t s .  In  f a c t ,  some of t h e  
r e s u l t s  e x h i b i t  smal l  o s c i l l a t i o n s  wi th  t i m e  due t o  t h i s  r e l a t i v e l y  
c o a r s e  d i s c r e t i z a t i o n .  

Five-spot problems f o r  water f lood ing  of o i l  r e s e r v o i r s  have 
r ece ived  cons ide rab le  a t t e n t i o n  over  t h e  y e a r s ,  and more r e c e n t l y  
steam f lood ing  problems are a l s o  be ing  cons idered  ( s e e  Taschman 
(1980) , Greaser and Share (1980) ) .  I n  o i l  r e s e r v o i r  i n j e c t  ion/ 
product ion  problems t h e  b a s i c  problem i s  one of mass recovery  and 
t h e  i n j e c t e d  and produced f l u i d  a r e  not  m i s c i b l e .  For geothermal 
r e s e r v o i r s  t h e  problem invo lves  both mass and energy recovery  
and t h e  i n j e c t e d  f l u i d  may be u s e f u l l y  produced once it absorbs  
h e a t  from t h e  rock .  The i n t e r a c t i o n  of h e a t  and mass t r a n s f e r  
makes t h e  geothermal f ive-spot  problem more d i f f i c u l t  t han  t h e  
cor responding  o i l  problem. 
on i t .  

And so f a r  l i t t l e  work has  been done 

For t h e  i n j e c t i o n  of  c o l d  water  i n t o  an e n t i r e l y  hot water 
r e s e r v o i r  no two-phase e f f e c t s  are p r e s e n t ,  making t h e  problems 
much more t r a c t a b l e ,  and . s eve ra l  workers have i n v e s t i g a t e d  them 
( s e e  Lippmann e t  a l .  (19771, f o r  example). 

VAPOR-DOMINATED RESERVOIR 

The r e s e r v o i r  parameters  are l i s t e d  i n  Table  1. They were 
chosen t o  be similar t o  t h o s e  for vapor-dominated f i e l d s  such as 
t h a t  at  L a r d e r e l l o ,  I t a l y ,  b u t  are b a s i c a l l y  r a t h e r  a r b i t r a r y .  The 
product ion  r a t e  w a s  s e l e c t e d  t o  g i v e  a f l u i d  supply of  approximately 
30 y e a r s .  
kg/s.m i n  a l l  c a s e s ,  and d i f f e r e n t  i n j e c t i o n  ra tes  t e s t e d .  The 
c a l c u l a t i o n  w a s  stopped when t h e  p r e s s u r e  i n  t h e  product ion  
node dropped below 0.7 MPa, t aken  t o  be a r e p r e s e n t a t i v e  minimum 
v a l u e  r e q u i r e d  t o  s u s t a i n  flow i n  t h e  w e l l .  

The r e s e r v o i r  was produced a t  a cons t an t  r a t e  of 0.0025 

The r e s u l t s  i n  Table  2 summarize t h e  energy and f l u i d  produc- 
t i o n  d a t a  ( f o r  t h e  c a l c u l a t i o n  zone and a r e s e r v o i r  of 10 m t h i c k -  
n e s s ) .  With no i n j e c t i o n  t h e  r e s e r v o i r  l a s t s  33.2 y e a r s ,  a t  which 
t i m e  n e a r 1  a l l  t h e  f l u i d  has  been e x t r a c t e d ,  bu t  of t h e  o r i g i n a l  
57.4 x 1 0 l 3  J o f  energy i n  t h e  r e s e r v o i r  on ly  7.3 x 1013 J have 
been e x t r a c t e d .  Not a l l  of  t h e  o r i g i n a l  energy could be e a s i l y  
e x t r a c t e d .  
40.8 x 1013 J ,  i n d i c a t i n g  t h a t  t h e r e  i s  more high q u a l i t y  energy 
l e f t  i n  t h e  rock  than  was produced. 
t h e  f i e l d  when l i t t l e  mass remains ,  t h e  p r e s s u r e  drops ve ry  f a s t  
( s e e  F igu re  2 ) .  

For comparison, t h e  rock  a lone  a t  180 OC would c o n t a i n  

Towards t h e  end of t h e  l i f e  of 
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I f  co ld  water  (40  OC> i s  i n j e c t e d  a t  t h e  same r a t e  a s  i t  i s  
produced, t h e  r e s e r v o i r  l as t s  39.7 y e a r s ,  and an e x t r a  1 .0  x 1013 J 
of energy a r e  e x t r a c t e d .  Now t h e  p r e s s u r e  d e c l i n e s  not because t h e  
r e s e r v o i r  is running out of mass, bu t  because the: mass i s  too  f a r  
from t h e  product ion  w e l l ,  and t h e  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  
cause it t o  flow a c r o s s  is  so g r e a t  t h a t  t h e  p re s su re  i n  t h e  
product ion  b lock  drops  u n t i l  t h e  c u t  o f f  of 0.7 MPa i s  reached. 

An i n j e c t i o n  r a t e  of double t h e  product ion  ra te  causes  t h e  
f i e l d  t o  l a s t  49.6 y e a r s ,  and t h e  f i n a l  energy con ten t  i s  now 47.5 
x 1013 J .  
t h e  f l u i d  t o  flow from t h e  i n j e c t i o n  we l l  t o  t h e  producing w e l l .  
An i n j e c t i o n  r a t e  of t h r e e  t imes t h e  product ion  r a t e  produces a 
premature break-through of co ld  wa te r .  The high i n j e c t i o n  r a t e  
causes  a tongue of co ld  water  t o  reach  t h e  producer at  around 40 
y e a r s .  However, energy recovery  can be improved by a h igh  i n i t i a l  
i n j e c t i o n  r a t e  and then  c u t t i n g  o f f  a l l  i n j e c t i o n .  The l a s t  
f i g u r e s  i n  Table 2 a r e  f o r  26.9 yea r s  of 300% i n j e c t i o n  followed by 
a per iod  of no i n j e c t i o n  up  t o  57.3 yea r s .  A t  t h i s  s t a g e  only 45.6 
x 1013 J remain i n  t h e  r e s e r v o i r .  
e x t r a c t i o n  of 11.8 x 1013 J a s  opposed t o  7.3 x 1013 J wi th  no 
i n j e c t i o n .  

But aga in  t h e  p r e s s u r e  drops  too  low, t r y i n g  t o  induce 

This s t r a t e g y  r e s u l t s  i n  t h e  

The p r e s s u r e  d e c l i n e  curves  i n  F igu re  2 show c l e a r l y  t h e  
s l i g h t l y  f a s t e r  r a t e  of p re s su re  drop r e s u l t i n g  from t h e  r educ t ion  
of t h e  volume a v a i l a b l e  f o r  b o i l i n g  when i n j e c t i o n  takes p l ace .  

GRAV I TY E F FE C T S 

No f u r t h e r  a t t empt s  were made t o  opt imize  energy e x t r a c t i o n  
because t h e  r e s e r v o i r  cons idered  has some l i m i t a t i o n s  i n  i t s  
p r a c t i c a l i t y .  Probably the  most severe  l i m i t a t i o n  i s  t h a t  i n  a 
s i n g l e  l a y e r  r e s e r v o i r  a l l  v e r t i c a l  flow is  neg lec t ed .  When dense 
co ld  water  i s  being i n j e c t e d  i n t o  a hot high vapor s a t u r a t i o n  
r e g i o n ,  g r a v i t y  induced v e r t i c a l  flows w i l l  be l<arge.  To i n v e s t i g a t e  
t h i s  e f f e c t  a four  l a y e r  r e s e r v o i r ,  each 25 m t h i c k ,  was cons ide red .  
The r e s e r v o i r  p r o p e r t i e s  used were i d e n t i c a l  t o  t h o s e  f o r  t h e  
s i n g l e  l a y e r  case .  A s  expec ted ,  t h e  i n j e c t e d  wa te r  mostly moves t o  
t h 2  bottom of t h e  r e s e r v o i r  and a f t e r  11.6 y e a r s  t h e  product ion  
from t h e  bottom l a y e r  is  a two-phase mix tu re  r a t h e r  than  dry  steam. 
The vapor s a t u r a t i o n  p r o f i l e  
w e l l s  i n  each l a y e r ,  l a b e l e d  A , B , C , D ,  i n  descending o r d e r ,  i s  shown 
i n  F igu re  3 with  t h e  s i n g l e  layer  r e s u l t < g i v e n  f o r  comparison. 
Because t h e  mesh used i s  three-d imens iona l ,  t h e  c a l c u l a t i o n  i s  
expens ive  and no f u r t h e r  expe r imen ta t ion  w a s  c a r r i e d  o u t ,  bu t  
obvious ly  g r a v i t y  is  v e r y  important i n  de te rmining  t h e  optimum 
energy recovery  s t r a t e g y  f o r  a r e s e r v o i r .  

between t h e  product ion  and i n j e c t i o n  
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LIQUID-DOMINATED RESERVOIR 

A s i n g l e  layer r e s e r v o i r  w i th  t h e  same p r o p e r t i e s  a s  t hose  
g iven  i n  Table 1 f o r  t h e  vapor-dominated c a s e  was cons idered .  
i n i t i a l  p r e s s u r e  was t aken  as 3.58 m a ,  approximately 0.13 MPa above 
t h e  b o i l i n g  p r e s s u r e  a t  240 OC. 
qu ick ly  b o i l s  and as t h e  vapor s a t u r a t i o n  i n c r e a s e s  nea r  t h e  
product ion  w e l l ,  and t h e  m o b i l i t y  t h e r e f o r e  d e c l i n e s ,  t h e  p r e s s u r e  
drops  i n  t h e  product ion  b lock  s t e a d i l y  wi th  f a i l u r e  of t h e  r e s e r v o i r  
a f t e r  9.6 y e a r s .  
i n  t h e  r e s e r v o i r .  The f a i l u r e  has  occurred  s o l e l y  as a r e s u l t  
of l o c a l  b o i l i n g  nea r  t h e  p roduc t ion  w e l l .  
equa l  t o  t h e  product ion  r a t e ,  b o i l i n g  i n  t h e  r e s e r v o i r  i s  kept  at a 
low l e v e l ,  and product ion  can be cont inued  f o r  120 y e a r s  wi th  t h e  
u s e f u l  hea t  i n  t h e  r e s e r v o i r  mos t ly  swept ou t .  An i n j e c t i o n  ra te  
h a l f  of t h e  product ion  r a t e  m a i n t a i n s  product ion  p r e s s u r e s  f o r  
approximately 16 years,  bu t  t h e n  l o c a l  b o i l i n g  aga in  causes  a s h a r p  
d e c l i n e  i n  p r e s s u r e  ( s e e  F igu re  4 ) .  The e f f e c t  of de l ay ing  in j ec -  
t i o n  was i n v e s t i g a t e d  by having  no i n j e c t i o n  f o r  s i x  yea r s  and then  
i n j e c t i n g  a t  t he  same ra te  as product ion .  In  t h i s  case the  produc- 
t i o n  b lock  p r e s s u r e  f i r s t  d rops  even more s t e e p l y .  
because t h e  f i r s t  e f f e c t  of i n j e c t i o n  i s  t o  reduce t h e  volume of 
b o i l i n g  f l u i d  a v a i l a b l e  f o r  steam produc t ion .  Af t e r  a s h o r t  t h e  
t h e  e x t r a  steam produced by t h e  i n j e c t e d  f l u i d  nea r  t h e  i n j e c t i o n  
w e l l  r eaches  t h e  product ion  b lock ,  i n c r e a s i n g  t h e  p r e s s u r e  and 
tempera ture  t h e r e .  This  e f f e c t  is  shown i n  t h e  tempera ture  
p r o f i l e s  at 7.2 y e a r s  and 8.7 y e a r s  r e s p e c t i v e l y  ( s e e  F igu re  

The 

With no i n j e c t i o n ,  t h e  r e s e r v o i r  

' 
A t  t h i s  s t a g e ,  p l e n t y  of  mass and energy remain 

With an i n j e c t i o n  r a t e  

This  occurs  

5 ) .  

A s  t h e  steam product ion  i n  t h e  middle of  t h e  r e s e r v o i r  proceeds,  
i t  c o o l s  ( s e e  F igu re  5 a t  10.7 y e a r s )  and i s  not  a b l e  t o  s u s t a i n  
such a h igh  ra te  of steam produc t ion .  Then b o i l i n g  nea r  t h e  w e l l  
i n c r e a s e s  and t h e  p r e s s u r e  subsequent ly  d rops ,  r each ing  a f a i l i n g  
l e v e l  a t  about 20 y e a r s .  Thus de layed  i n j e c t i o n  cannot ma in ta in  
p r e s s u r e s  i n  t h i s  r e s e r v o i r .  

A f u r t h e r  l iquid-dominated r e s e r v o i r  was cons idered  wi th  a 
h i g h e r  pe rmeab i l i t y  (100 md). 
l o c a l i z e d ,  and wi th  no i n j e c t i o n  t h e  r e s e r v o i r  l as t s  approximately 
2 0  y e a r s  ( s e e  F igu re  6 ) .  In  t h i s  c a s e  t h e  f a i l u r e  r e s u l t s  from 
l o c a l i z e d  coo l ing  n e a r  t h e  p roduc t ion  w e l l .  The tempera ture  t h e r e  
drops  t o  around 180 OC,  where t h e  p r e s s u r e  of s a t u r a t e d  steam i s  
0.8 MPa. As f o r  t h e  p rev ious  c a s e  i n j e c t i o n  at t h e  same ra te  as 
product ion  w i l l  ma in ta in  p r e s s u r e s  i n  t h e  r e s e r v o i r  u n t i l  most of 
t h e  energy i s  swept from i t .  

I n  t h i s  c a s e ,  b o i l i n g  i s  not so  

CONCLUSIONS 

The c a l c u l a t i o n s  presented  h e r e  are l i m i t e d  i n  t h e i r  scope. 
V i r t u a l l y  on ly  one set of r e s e r v o i r  parame;crs was cons ide red .  



* 

5 

However, some t e n t a t i v e  conc lus ions  can be reached. In a two-phase 
vapor-dominated r e s e r v o i r ,  i n j e c t i o n  cannot ma in ta in  p r e s s u r e s ,  bu t  
i t  can i n c r e a s e  t h e   energy recovered .  In liquid-dominated systems, 
i n j e c t i o n  can be used t o  ma in ta in  product ion  p r e s s u r e s  and i n c r e a s e  
l o n g e v i t y ,  bu t  i t  should be s t a r t e d  ear ly  and a t  a high r a t e .  

Much work remains t o  be done, p a r t i c u l a r l y  with regard  t o  
g r a v i t y  e f f e c t s ,  t h e  combined e f f e c t s  of i n j e c t i o n  and n a t u r a l  
r echa rge ,  and t h e  e f f e c t  of f r a c t u r e s .  

This  work w a s  suppor ted  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Resource 
App l i ca t ions ,  O f f i c e  of I n d u s t r i a l  and U t i l i t y  App l i ca t ions  and 
Opera t ions ,  Geothermal Energy Div i s ion  of t h e  U .  S .  Department of 
Energy under Con t rac t  W-7405-ENG-48. 
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Table 1. RESERVOIR PAFWIETERS 

$ = 0.1 

K = 4 0 m D  

Production Rate 0.0025 kg/s*m 

Well Spacing 1000 m 

Initial Temperature 2 4 O O C  

Initial Liquid Saturation 0.75 

Table 2 .  COMPARISON OF EXPLOITATION STRATEGIES 

DESCRIPTION 

~~ ~ 

TOTAL ENERGY FLUID ENERGY FLUID MASS 

( I O ~ ~ J  I ( 1 d 3 ~  I ( 106kg 1 

INITIAL STATE 
(240.C I 

57.4 2.6 27.0 

ROCK AT 180'C 40.8 0.0 0.0 

33.2yrs production 
no injection 50.1 0.2 0.8 

397yrs production 
100% qec t ion  49.1 2.2 27.0 

49.6yrs production ..- 

200% injection I 47.5 4.9 66.1 - -_ 

57.3yrs production 
300% injection 
f o r  2 6 . 9 ~  

45.6 3.3 45.3 
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Figure 2 .  Pressure i n  the production block for the vapor- 
dominated reservo ir .  
in jec t ion ,  C - 300% i n j e c t i o n .  

A - no in jec t ion ,  B - 100% 

XBL 8010-12543 

Figure 1 .  Five Spot Geometry. The spacing between production 
(or in jec t ion)  w e l l s  i s  1000 m, corresponding to 

The mesh design covering 1 /8  o f  the five-spot i s  
also shown. 

700 m d is tance  between producers and in jec tors .  

M 

3 
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0 
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,, Figure  3. Vapor s a t u r a t i o n  p r o f i l e s  i n  t h e  fou r - l aye r  
r e s e r v o i r  a f t e r  11 .4  y e a r s  o f .  200% i n j e c t i o n  
compared wi th  t h e  no-gravi ty  case. 

4'0 - 
3.0 

1.0 

I I I I I I 
0 5 IO 15 20 25 

Time (years) 
XBLBOIZ- 6584 

Figure  4 .  Pressu re  d e c l i n e  i n  t h e  product ion  block f o r  a 
l iquid-dominated r e s e r v o i r .  A - no i n j e c t  i on ,  
B - 50% i n j e c t i o n ,  C - 100% i n j e c t i o n  a f t e r  s i x  
y e a r s ,  D - 100% i n j e c t i o n .  
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Figure 5 .  Temperature p r o f i l e s  at various times ( i n  years) .  

3 

Figure 6 .  Pressure dec l ine  i n  the.production block for the 
liquid-dominated reservoir  with high permeability.  
A - no i n j e c t i o n ,  B - 100% injec t ion .  
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