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I NT RO DUCT I ON 

A number o f  t e c h n i c a l  d i f f i c u l t i e s  are  encountered i n  produc ing geothermal 
energy f rom r e s e r v o i r s  c o n t a i n i n g  b r i n e s  w i t h  h i g h  concen t ra t ions  o f  
d i sso lved  s o l  i d s .  The r e d u c t i o n  i n  temperature and pressure assoc ia ted 
w i t h  b r i n e  p roduc t ion  r e s u l t s  i n  t h e  p r e c i p i t a t i o n  o f  s o l i d s  which can 
form heavy sca le  i n  produc ing and i n j e c t i o n  w e l l s  and i n  surface equipment. 
E v i d e n t l y  under many c o n d i t i o n s  p r e c i p i t a t e s  form i n  t h e  r e s e r v o i r  
sur rounding produc ing w e l l s ,  thereby reduc ing t h e i r  p r o d u c t i v i t y .  
some cases t h e  p r e c i p i t a t i o n  o f  s o l i d s  i s  so severe t h a t  i t  can prevent  
economic product ion.  

I n  

Th is  paper presents  r e s u l t s  of  an i n v e s t i g a t i o n  o f  t he  p o s s i b i l i t y  o f  
i n j e c t i n g  a d i f f e r e n t  water  i n  a geothermal r e s e r v o i r  as a means o f  
reduc ing problems caused by s o l  i d s  p r e c i p i t a t i o n  and sca le  format ion.  
Corros ion problems may a l s o  be reduced depending upon t h e  water- rock-metal  
behav ior .  The r e s u l t s  are  conf ined c h i e f l y  t o  r e s e r v o i r  mechanics, a 
l o g i c a l  f i r s t  s tep  i n  e v a l u a t i n g  t h e  process f o r  a g iven r e s e r v o i r .  
Water- rock chemis t ry ,  water t r e a t i n g ,  water  supply,  b r i n e  d isposa l  and 
o v e r a l l  economics a re  discussed o n l y  b r i e f l y  o r  a r e  beyond t h e  scope o f  
t h i s  paper. 

I n  general  t h e  composi t ion o f  water  i n j e c t e d  i n t o  geothermal r e s e r v o i r s  
does n o t  remain t h e  same. 
t h e  i n j e c t e d  water tends t o  e q u i l i b r a t e  w i t h  t h e  r e s e r v o i r  rock .  
f r e s h  water i s  i n j e c t e d  i t  may p i c k  up such m inera ls  as s i l i c a ,  carbonate,  
i r o n ,  su lphur ,  e t c .  These m inera ls  may p r e c i p i t a t e  and cause problems 
i n  produc ing t h e  r e s e r v o i r .  Nevertheless,  under s u i t a b l e  c o n d i t i o n s ,  a 
change i n  t h e  r e s e r v o i r  water may be an a t t r a c t i v e  a l t e r n a t i v e  t o  c y c l i n g  
t h e  o r i g i n a l  r e s e r v o i r  b r i n e .  

I n  a d d i t i o n  t o  F i x i n g  w i t h  t h e  o r i g i n a l  water  
I f  

D I S C U S S I O N  

F igures 1 and 2 i l l u s t r a t e  one method o f  r e p l a c i n g  t h e  o r i g i n a l  r e s e r v o i r  
b r i n e  w i t h  i n j e c t e d  water.  F igu re  1 i l l u s t r a t e s  a s i n g l e  w e l l  i n j e c t i n g  
water.  Region 1 con ta ins  i n j e c t i o n  water t h a t  has coo led t h e  r e s e r v o i r  
rock .  
rock  and ad jacent  format ions.  
h i g h  temperatures.  F igu re  2 i 1 l u s t r a t e s  c y c l  i n g  operat ions.  
i n j e c t i o n  w e l l  cont inues as an i n j e c t i o n  w e l l  and two produc ing w e l l s  
produce h o t  i n j e c t i o n  water f rom Region 2 .  

Region 2 con ta ins  i n j e c t i o n  water  t h a t  has been heated by t h e  
Region 3 conta ins  t h e  o r i g i n a l  b r i n e  a t  

The o r i g i n a l  

An a l t e r n a t e  method t o  t h a t  i l l u s t r a t e d  i s  t o  produce t h e  r e s e r v o i r  heat  
by cont inuous water c y c l i n g .  The o r i g i n a l  r e s e r v o i r  b r i n e  i s  produced 
b u t  a d i f f e r e n t  water i s  i n j e c t e d .  Th is  method may be p a r t i c u l a r l y  
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a t t r a c t i v e  fo r  very low porosity reservoirs  in which many pore volumes 
o f  water a re  required t o  produce the heat by water cycling, 

The r a t i o  o f  the volume of Region 1 t o  the volume of Regions 1 and  2 of  
Figures 1 a n d  2 i s  the r a t i o  of the cold water volume t o  the inject ion 
water volume. This r a t i o  i s  determined by the r a t i o  of the velocity of 
the cold bank separating Regions 1 and  2 and the velocity o f  the inject ion 
water bank separating Regions 2 and  3 .  

The velocity of the inject ion water b a n k ,  u f ,  i s :  

w 2  U 

U f  = 

Where @ i s  the porosity a n d  uw2 i s  the volumetric f low r a t e  o f  the h o t  
inject ion water per unit cross section area. The re la t ion  fo r  the 
velocity of the cold b a n k ,  u c ,  can be obtained by applying mass a n d  heat 
balances across the cold bank 

Where the subscripts  1 and  2 r e fe r  t o  Regions 1 and 2 respectively,  and 

h r  i s  the enthalpy of the so l id  portion of the  rock 
hw i s  the enthalpy of  the water 
pr  i s  the density of the so l id  portion of the rock 
pw i s  the density of the water 

The desired r a t i o ,  u c / u f  i s  (from equations 1 and 2 )  

1 U 

' f  1 + (Y)N 
where 

( 3 )  

I n  most potential applications N l i e s  between . 5  a n d  1.0. Using the 
poros i t ies  found i n  o i l  a n d  gas reservoirs  as a guide, one would expect 
the porosi t ies  of  geothermal reservoirs  t o  vary from a b o u t  .01 for some 
fractured reservoirs  with no ma t r ix  porosity t o  a b o u t  .35 fo r  h i g h l y  
porous sandstone reservoirs .  These ranges o f  N a n d  41 r e su l t  in a range 
of u c / u f  from a b o u t  .01 t o  a b o u t  .50. Thus, the volume of inject ion 
water may vary from a b o u t  twice t h a t  o f  the cold water t o  perhaps as 
much as 100 times larger .  

-43- 



The proposed method o f  water  i n j e c t i o n  appears f a v o r a b l e  f o r  low values 
o f  uc/uf.  
f l u s h i n g  t h e  b r i n e  f rom t h e  r e s e r v o i r  and r e p l a c i n g  i t  w i t h  i n j e c t i o n  
water  migh t  remove o n l y  a smal l  f r a c t i o n  o f  t h e  u s e f u l  hea t  i n i t i a l l y  
con ta ined i n  t h e  r e s e r v o i r .  The prospec:ts a r e  much l e s s  f a v o r a b l e  f o r  
h i g h l y  porous r e s e r v o i r s  as i l l u s t r a t e d  by t h e  example d iscussed i n  t h e  
f o l  1 owing paragraphs. 

These low values correspond t o  low p o r o s i t y  r e s e r v o i r s  where 

Performance p r e d i c t i o n s  were made f o r  an i d e a l i z e d ,  uniform, two-dimensional ,  
r a d i a l l y  symmetric r e s e r v o i r  w i t h  t h e  i n i t i a l  temperature d i s t r i b u t i o n  
g iven  i n  F i g u r e  3-a. The c a l c u l a t i o n s  were made u s i n g  a s t ream tube 
model i n  which t h e  f l u i d  m o b i l i t y  v a r i e s  a long  t h e  st ream tubes as 
r e q u i r e d  by t h e  t e m p e r a t u r e - v i s c o s i t y  re1  a t i o n .  A cons tan t  p ressure  
d i f f e r e n c e  of 1000 p s i  was main ta ined between i n j e c t i o n  and p r o d u c t i o n  
w e l l s ,  and a cons tan t  p ressure  o u t e r  boundary was assumed a t  a r a d i a l  
d i s t a n c e  o f  20,000 f e e t .  No heat  recharge was assumed, t h e  change i n  
water  d e n s i t y  was neg lec ted ,  and hea t  conduc t ion  e f f ec t s  were ignored .  
Other  parameters were : p o r o s i t y  .25, permeabi 1 i ty  500 md, uc/uf f i x e d  
a t  .257, and w e l l  bore  r a d i i  o f  .46 feet;. 

F i g u r e  3 p resents  t h e  temperature d i s t r i b u t i o n ,  t h e  st ream l i n e s ,  t h e  
w e l l  p a t t e r n s ,  and t h e  i n j e c t i o n  water  and t h e  c o l d  banks a t  va r i ous  
t imes .  Continuous o v e r - i n j e c t i o n  was main ta ined ove r  most o f  t he  l i f e  
of  t h e  r e s e r v o i r  i n  o r d e r  t o  ma in ta in  a s u f f i c i e n t l y  wide r e g i o n  o f  h o t  
i n j e c t i o n  water  i n  which t o  l o c a t e  t he  p r o d u c t i o n  w e l l s .  
c o l d  wa te r  breakthrough produc ing  w e l l s  were e i t h e r  conver ted  t o  i n j e c t i o n  
w e l l s  o r  shu t  i n  u n t i l  a more a p p r o p r i a t e  t ime  t o  c o n v e r t  them t o  i n j e c t o r s .  
The p r o d u c t i o n  w e l l s  were l o c a t e d  and opera ted  so t h a t  none o f  t h e  
o r i g i n a l  b r i n e  was produced. 

I n  genera l ,  a t  

The cumu la t i ve  water  i n j e c t e d  and produced and t h e  temperature o f  t h e  
produced water  versus t i m e  a r e  p resented  i n  F igu re  4. The two sharp 
drops i n  temperature o f  t h e  produced water  d u r i n g  t h e  f i r s t  f i v e  yea rs  
and t h e  sharp drop d u r i n g  t h e  t w e n t y - f o u r t h  y e a r  a r e  t h e  r e s u l t  o f  c o l d  
wa te r  b reak through i n t o  t h e  p r o d u c t i o n  w e l l s .  The o t h e r  t h r e e  sharp 
temperature drops r e s u l t  f r om l o c a t i n g  p r o d u c t i o n  w e l l s  i n  areas w i t h  
l ower  temperatures.  The gradual  r i s e s  f o l l o w i n g  these t h r e e  drops a r e  
caused by h i g h e r  temperatures be ing  propagated outward f r om t h e  c e n t e r  
o f  t h e  r e s e r v o i r .  

The average i n j e c t i o n  r a t e  pe r  w e l l  p e r  f oo t  o f  i n t e r v a l  d u r i n g  t h e  
f i r s t  twen ty- th ree  years o f  p r o d u c t i o n  was 676 B / D / f t ,  and t h e  average 
p r o d u c t i o n  r a t e  was 633 B / D / f t .  Dur ing  t h i s  t ime  t h e r e  was an average 
o f  16 a c t i v e  i n j e c t i o n  w e l l s ,  8 a c t i v e  p r o d u c t i o n  w e l l s ,  3 w e l l s  shu t  i n  
and 39 w e l l s  abandoned. 
were u t i l i z e d  a t  any t ime.  Since w e l l  c o s t  can be t h e  dominant c o s t  o f  
geothermal r e s e r v o i r  development, t h e  p r o d u c t i o n  o f  i n j e c t i o n  water  
heated by t h e  geothermal r e s e r v o i r  as i l l u s t r a t e d  i n  t h i s  i d e a l i z e d  
example can add s i g n i f i c a n t l y  t o  t he  p r o d u c t i o n  cos t s  i n  a h i g h  p o r o s i t y  
r e s e r v o i  r. 

On t h e  average o n l y  about 57% o f  t h e  w e l l s  
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The i d e a l i z e d  two-dimensional model i l l u s t . r a t e s  some o f  the  problems 
assoc ia ted w i t h  h i g h  p o r o s i t y  r e s e r v o i r s .  
t h e  processes whereby i n j e c t i o n  water  i s  heated w i t h i n  t h e  r e s e r v o i r  and 
then produced should become more economical t o  app ly  f o r  r e s e r v o i r s  w i t h  
sma l le r  p o r o s i t i e s .  

water r e l a t i v e  t o  t h e  c o l d  water reg ions.  
i n d i c a t e  t h a t  l a r g e r  reg ions c o n t a i n i n g  h o t  water  a l l o w  more e f f i c i e n t  
use o f  w e l l s .  

As p o i n t e d  o u t  p r e v i o u s l y ,  

Smal ler  p o r o s i t i e s  a r e  assoc ia ted w i t h  sma l le r  

Th is  i n d i c a t e s  l a r g e r  reg ions c o n t a i n i n g  h o t  i n j e c t e d  Of  'C'"f. 

Resu l ts  presented i n  F igu re  3 

CONCLUSIONS 

1. Problems w i t h  s o l i d s  p r e c i p i t a t i o n  and sca le  fo rmat ion  may be 
reduced i n  some geothermal r e s e r v o i r s  by r e p l a c i n g  t h e  o r i g i n a l  
r e s e r v o i r  b r i n e  w i t h  f r e s h  water o r  a water  w i t h  a d i f f e r e n t  
d i s s o l v e d  s o l i d s  content .  

2. I n j e c t i o n  o f  a water d i f f e r e n t  f rom t h e  o r i g i n a l  r e s e r v o i r  b r i n e  i s  
p a r t i c u l a r l y  a t t r a c t i v e  f o r  very  low p o r o s i t y  r e s e r v o i r s  where many 
pore volumes of water a r e  needed t o  produce t h e  r e s e r v o i r  heat  by 
water c y c l i n g .  
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FIGURE 1 

AN ILLUSTRATION OF WATER INJECTION 
INTO A GEOTHERMAL RESERVOIR. REGION 1 
CONTAINS COOL INJECTION WATER, REGION 2 
CONTAINS HOT INJECTION WATER, AND REGION 3 
CONTAINS HOT BRINE. 
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AN ILLUSTRATION OF A INJECTION WATER 
CYCLING OPE RATION. 
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FIGURE 3 
POSITIONS OF COLD AND INJECTED WATER BANKS, TEMPERATURE DISTRIBUTIONS, STREAM 
LINES, AND WELL IATTERNS AT W A R M  TIYES DURING RESERVOIR IROOUCflON FOR ONE 
QUARTER OF THE IDEALIZED TM) D I M E " M  RESERVOIR. 
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