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PREAMBLE 

L -  

The uni ted  S t a t e s  Department of  Energy, Divi i on  of Geo herma 
Energy (DOE/DGE) awarded Vetter Research (VR) a c o n t r a c t  to  
perform re sea rch  work r e l a t e d  to  the  i n j e c t i o n  and r e i n j e c t i o n  
problems i n  Geothermal Operations.  
DE-AC03-79ET27146) is e n t i t l e d :  " I n j e c t i o n ,  I n j e c t i v i t y  and 
I n j e c t a b i l i t y  i n  Geothermal Operations". The p r e s e n t  r e p o r t  is 
one o f  t h e  d e l i v e r a b l e s  under t h i s  DOE/DGE c o n t r a c t .  The 
p r e s e n t  r e p o r t  d e a l s  w i t h  t h e  subject of s e l e c t i v e  s c a l i n g  a s  a 
means o f  h e a t  recovery from a geothermal r e s e r v o i r .  

The r e p o r t  d i s c u s s e s  some conceptual modelling p r i n c i p l e s  t h a t  
might be u t i l i z e d  i n  accomplishing h e a t  mining from geothermal 
r e s e r v o i r s .  The r e p o r t  a l s o  summarizes some of t h e  l i t e r a t u r e  
informat ion  p e r t i n e n t  t o  the  subject. 

T h i s  Cont rac t  (No. 

- ( -  
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ABSTRACT 

The ,]eat-depleted b r i n e  has t o  be r e i n j e c t e d  whether i t  is f o r  
t e c h n i c a l ,  economical, environmental and/or l e g a l  purposes. 
The r e i n j e c t i o n  of t h i s  heat-depleted b r i n e  can a c t u a l l y  a id  i n  
extending t h e  geothermal resource by e x t r a c t i n g  a d d i t i o n a l  h e a t  
energy  from t h e  geothermal r e s e r v o i r .  However, there are many 
problems r e l a t e d  t o  i n j e c t i v i t y  and i n j e c t i b i l i t y  i n  a 
geothermal f i e l d .  The major drawback is t h e  dread of a n  e a r l y  
breakthrough of t h e  h e a t  deple ted  b r i n e  a t  t he  product ion 
wells. We b e l i e v e .  
s e l e c t i v e  s c a l i n g  . * 
S e l e c t i v e  s c a l i n g  is def ined  he re  a s  t h e  process  o f  
i n t e n t i o n a l l y  p r e c i p i t a t i n g  l a r g e  q u a n t i t i e s  o f  chemical 
compounds a t  selected l o c a t i o n s ,  such a s  high pe rmeab i l i t y  
s t reaks  or fractures, f o r  t he  purpose of r e t a r d i n g  t h e  flow o f  
i n j e c t i o n  f l u i d s  through these  flow channels .  Such flow 
r e t a r d a t i o n  w i l l  i nc rease  t h e  res idence  t i m e  of t h e  i n j e c t e d  
f l u i d s  i n  t he  r e s e r v o i r  by a more s u i t a b l e  " h e a t  sweep" thereby  
enhancing t h e  h e a t  e x t r a c t i o n  from t h e  geothermal r e s e r v o i r .  

Three d i f f e r e n t  methods o f  selec v e  s c a l i n g  a r e  d iscussed  i n  
t h i s  r epor t .  These methods a re :  

1. The i n j e c t i o n  of  a ther k n i c a l l y  uns t ab le  b r i n e .  

2. I n j e c t i o n  o f  a s lug  of " d i r t y  br ine"  or o t h e r  
thermodynamically uns t ab le  b r i n e  ' i n to  s e l e c t i v e  
l o c a t i o n s  of t h e  r e s e r v o i r .  

3. Mixing of an i n j e c t i o n  br ine  which is incompatible 
w i t h  a r e s e r v o i r  b r i n e .  

d 

&J 

.l.r 

. 
The basis  of  these methods and t h e i r  impact on t h e  perme i t Y  
c h a r a c t e r i s t i c s  o f  t h e  r e s e r v o i r  are d iscussed  i n  t h e  report 
through a p r e c i p i t a t i o n  model and through s imple f low models. 
The a p p l i c a t i o n  of  these models are i l l u s t r a t e d  using S a l t o n  
Sea b r i n e  and C u r r i e  

2.0 SUMMARY AND CON 

@ 

- 'y 

1. Proper r e i n j e c t i o n  of t h e  heat depleted b r i n e  back 
i n t o  a geothermal r e s e r v o i r  can be an  extremely use fu l  
way of  enhancing t h e  h e a t  recovery from geothermal 
r e s e r v o i r s .  However, an ear ly  breakthrough of  t h e  
heat-depleted br ine  poses a g r e a t  r i s k  to t h i s  
p rocess  . Y 

W 
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2. Limited exper iences  i n  Japan and o t h e r  p l a c e s  a s  
repor ted  i n  t h e  l i t e r a t u r e  show t h a t  these i n j e c t e d  
heat-depleted b r i n e s  can have an e a r l y  breakthrough a t  
t h e  product ion wells. This  may r e s u l t  i n  a d i s a s t r o u s  
e f fec t  on t h e  e n t i r e  geothermal opera t ion .  

W 
L 

3. A break-through e a r l i e r  than a n t i c i p a t e d  is normally 

geothermal r e s e r v o i r s .  These fractures and other h igh  
pe rmeab i l i t y  s t r e a k s  a c t u a l l y  a c t  a s  " s h o r t  circuits" 
t o  t h e  flow of f l u i d s  through t h e  r e s e r v o i r .  

h igh  pe rmeab i l i t y  s t r e a k s  wi th  scale by a forced  
p r e c i p i t a t i o n  of s a l t s  can a i d  i n  improving t h e  
s i t u a t i o n  by de lay ing  t h e  breakthrough o f  t h e  i n j e c t e d  
water. Such a process  is c a l l e d  s e l e c t i v e  s c a l i n g .  

S e l e c t i v e  s c a l i n g  may be accomplished b y  three 

W a t t r i b u t a b l e  t o  t h e  h igh ly  f r a c t u r e d  n a t u r e  o f  

t i a l  ' f i l l i n g  up" of  t h e  f r a c t u r e s  and o t h e r  

5. 
3 methods : 

a) 

b) 

The i n j e c t i o n  of a thermodynamically 
u n s t a b l e  b r ine .  

The i n j e c t i o n  of a s lug  of " d i r t y  br ine '  
ry o r  thermodynamically uns t ab le  b r i n e  i n t o  

s e l e c t i v e  l o c a t i o n s .  

a n  incompatible  i n j e c t i o n  b r i n e  i n  
s e l e c t i v e  l o c a t i o n s  (e.g., i f  one o f  

s;z t h e  b r i n e s  c o n t a i n s  S04-- i ons  and t h e  
other  Ca++ ions  i n  s u f f i c i e n t l y  l a r g e  
q u a n t i t i e s ,  t h e i r  mixing would r e su l t  
i n  Cas04 p r e c i p i t a t i o n )  . 

. .  

c) The mixing o f  t h e  r e s e r v o i r  b r i n e  w i t h  1 

6 .  The c a l c u l a t i o n  o f  t h e  pe rmeab i l i t y  change due t o  
p r e c i p i t a t i o n  i n  an  i d e a l i z e d  ' fracture system showed 
t h a t  a s u b s t a n t i a l  dec rease  i n  pe rmeab i l i t y  of t he  
m e d i u m  can be accomplished. However, t h e  d e s i g n  o f  
s u c h  a s e l e c t i v e  s c a l i n g  f o r  t h e  purpose o f  changing 
t h e  pe rmeab i l i t y  c h a r a c t e r i s t i c s  o f  t h e  r e s e r v o i r  
would r e q u i r e  a complete knowledge of 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  ( e s p e c i a l l y  t h e  l o c a t i o n  and e x t  
t h e  h e t e r o g e n e i t i e s )  . 
o p e r a t i o n ,  a thorough e v a l u a t i o n  should be undertaken 
t o  determine 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 ,  
p a r t i c u l a r l y ,  t h e  va r ious  c h a r a c t e r i s t i c s  of t h e  
fractures and o t h e r  high pe rmeab i l i t y  s t r e a k s .  

N 

rly 

7 .  P r i o r  t o  t h e  d e s i g n  and execut ion  o f  a n y - i n j e c t i o n  

Y 

k, 
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8 .  The use o f  r a d i o a c t i v e  or chemical t r a c e r s  can o f f e r  ,U 
va luab le  a id  i n  s tudying 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  
p r i o r  t o  t h e  des ign  of a f u l l  s c a l e  i n j e c t i o n  
o p e r a t i o n  and for  a c o n s t a n t  r e s e r v o i r  v e r i f i c a t i o n  a t  
l a t e r  s t a g e s  of t h e  ongoing i n j e c t i o n  ope ra t ions .  

9. The s imula t ion  o f  flow i n  geothermal s e r v o i r s  would 
r e q u i r e  a h igh ly  complex t h r e e  dimensional model 
coupled w i t h  a chemical p r e c i p i t a t i o n  model. No such 
models are  p r e s e n t l y  a v a i l a b l  
i n  a r e a l i s t i c  fashion.  

10. The f l o w  p a t t e r n  i n  h igh ly  fractured geo 
r e s e r v o i r s  cannot  be described by r a d i a l  s t r e a m l i n e  
models. * The flow p a t t e r n  i n  these r e s e r v o i r s  is more 
l i k e l y  t o  be l i n e a r  a s  opposed t o  r a  

' r e l a t i v e l y  homogeneous r e se rvo i r .  

11. I n  any modeling of geothermal o p e r a t i o n s  involving 
i n j e c t i o n  and product ion one should cons ider  t h e  
g r a v i t y  effects  imposed by d i f f e r e n c e s  i n  the  f l u i d  
d e n s i t i e s  of t h e  b r i n e s  involved . 

br' 

bd 

sll, I. 
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w 

3.0 RECOMMENDATIONS rti 
Following are some o f  t h e  sugges t ions  and recommendations on 
t h e  p r e s e n t  eva lua t ion :  

1. Tracer  tests and Reservoir  Engineering a n a l y s i s  should 
be used t o . i n v e s t i  u 

~ 

a) The geothe  r e s e r v o i r  c h a r a c t e r  
such as the .character is t ics  of 

(1) The e x i s t i n g  f r a c t u r e s ,  
( 2 )  The high pe rmeab i l i t y  s t r e a k s  and 
(3) The e x i s t i n g  d i r e c t i o n a l  permeabi l i ty .  

b) -The flow p e r n s  i n ' t h e  r e s e r v o i r .  T h i s  
means, any communication between r e s e r v o i r  
l a y e r s  and/or encroachnent from ano the r  
water body whether i t  is a bottom a q u i f e r  
or a neighboring sea  can be detected. 

0 

w -  

2. On t h e  b a s i s  of a c o n s t a n t  r e s e r v o i r  v e r i f i c a t i o n  
through t h e  use  of t r a c e r s ,  a f u l l  scale r e i n j e c t i o n  
process may be cons idered ,  n o t  on ly  for d i s p o s a l  
purposes  b u t  a l s o  f o r  enhancing t h e  h e a t  recovery  
through s e l e c t i v e  s c a l i n g .  

ci 

u 
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3. A three dimensional model coupled w i t h  a scale 
p r e d i c t i o n  model should be developed and used to  
determine t h e  optimum i n j e c t i o n  p a t t e r n  and a f o r e c a s t  
o f  t h e  corresponding u l t ima te  h e a t  recovery. 

A b r i n e  chemical ly  Incompatible w i t h  t h e  r e s e r v o i r  
b r i n e  should be i n j e c t e d  i n t o  a r e s e r v o i r  conta in ing  
l a r g e  fractures t o  slow down t h e  movement of t h e  
i n j e c t i o n  f r o n t  through s e l e c t i v e  s c a l i n g  . 

CL 
w 

4.  

u 

4.0 INTRODUCTION 

Heat energy is, by  f a r ,  t h e  primary resource  i n  a geothermal 
r e s e r v o i r .  The f l u i d s  i n  a r e s e r v o i r  can e x i s t  i n  t h e  vapor 
phase as w e l l  a s  i n  t h e  l i q u i d  phase. Based on t h e  r e l a t i v e  
amounts of t h e  l i q u i d  and vapor phases,  t h e  geothermal f i e l d s  
are  c l a s s i f i e d  a s  vapor dominated or l i q u i d  dominated, 
I r r e s p e c t i v e  of t h e  n a t u r e  of t h e  geothermal f l u i d  i n  t h e  

ma t r ix  r a t h e r  than i n  t h e  f l u i d s  ( more so i n  l i q u i d  dominated 
r e s e r v o i r s ) .  Therefore ,  one can s a f e l y  conclude t h a t  a primary 
r e s e r v o i r  d e p l e t i o n  w i l l  be ve ry  i n e f f i c i e n t  a s  f a r  a s  heat  

' e x t r a c t i o n  is concerned, 

U r e s e r v o i r  , t h e  m a j o r i t y  of t h e  h e a t  is s t o r e d  i n  t h e  rock 

.pi The h e a t  dep le t ed  b r i n e  has t o  be cted whether i t  is f o r  
t e c h n i c a l ,  economical, environmental and/or legal  purposes. 
Cur ren t ly ,  t h e  m a j o r i t y  of t h e  i n j e c t i o n  wells a t e  completed 
e i ther  above or below a producing geothermal r e s e r v o i r ,  The 
main reason for t h a t  is mainly t h e  cont roversy  around t h e  use 
of  h e a t  dep le t ed  b r i n e s  f o r  secondary recovery purposes,  I t  is 

.c3 unquest ionable  t h a t  e a r l y  breakthrough 'of a r e i n j e c t e d  b r i n e  
w i l l  have a d i s a s t r o u s  e f f e c t  on a geothermal f i e l d .  On t h e  
o t h e r  hand, primary d e p l e t i o n  a lone  w i l l  on ly  l e a d  t o  a poor 
heat  recovery u n l e s s  t h e  oducing r e s e r v o i r  is natur  
recharged . 

0 There a r e  v e r y  few re S e c t i o n  exper iences  r e l a t e d  t o  
geothermal o p e r a t i o n s  Borne [l], i n  a r e c e n t  p u b l i c a t i o n  
c l e a r l y  emphasized the  complexi ty  of t h e  r e s e r v o i r  engineer ing  

number of s t u d i e s  related to  geothermal i n j e c t i o n  o p e r a t i o n s  i n  
Japan) , . I n  many o €  t h e  examples presented [l], r e i n j e c t e d  

Y water seemed t o  have moved v e r y  f a s t  through t h e  r e s e r v o i r  
fractures or f i s s u r e s  of extremely h igh  pe rmeab i l i t y  and 
reached t h e  product ion wells a t  e a r l y  stages of t h e - f i e l d  l i f e .  

s u l t  i n  a d i s a s t r o u s  e f f e c t  on t h e  e n t i r e  geothermal 
I n  s p i t e  of t h e  e v i d e n t  drawbacks presented by 

it is rather obvious t h a t  methods should be 

, a s p e c t s  o f  t h e  geothermal r e i n j e c t i o n  (based on a l i m i t e d  

w developed t o  enhance t h e  heat recovery from a geothermal 
r e s e r v o i r ,  Re in j ec t ion  o f  a h e a t  dep le t ed  b r i n e  would be one 
of these methods and could be an extremely use fu l  way o f  
enhancing h e a t  recovery from a r e s e r v o i r  i f  e a r l y  breakthrough 

b, 

c 
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LlJ of t h e  hea t  deple ted  b r i n e  can be avoided. 
avoiding the  e a r l y  breakthrough o f  t h e  r e i n j e c t e d  b r i n e  is by 
p a r t i a l l y  " f i l l i n g  up" fractures o r  o t h e r  high pe rmeab i l i t y  
s t reaks  i n  t h e  r e s e r v o i r  by t h e  s e l e c t i v e  p r e c i p i t a t i o n  o f  
s a l t s .  The p r e c i p i t a t i o n  o f  s a l t s  i n  these r eg ions  can  be 
accomplished by means o f  mixing incompatible waters  w i th in  t h e  
r e s e r v o i r  (2,111, o r  by i n j e c t i n g  a b r i n e  which is 
thermodynamically uns t ab le  under r e s e r v o i r  cond i t ions .  

One p o s s i b l e  way o f  
w 

9 
5 . 0  OBJECTIVES OF THE REPORT -- 
The main o b j e c t i v e  of t h i s  r e p o r t  is t o  i n v e s t i g a t e  t h e  
f e a s i b i l i t y  o f  enhancing t h e  h e a t  recovery from a geothe  
r e s e r v o i r  through s e l e c t i v e  s c a l i n g ,  w i th in  t h e  h i g h  
pe rmeab i l i t y  s t r e a k s ,  du r ing  i n j e c t i o n  o r  r e i n j e c t i o n  o f  
b r i n e s .  The gene ra l  i d e a s  presented i n  t h i s  r e p o r t  a r e  h igh ly  
conceptual  i n  na tu re ,  however, t e based on sound basic 
s c i e n t i f i c  p r i n c i p l e s ,  

The r e p o r t  addres ses  t h e  following subjects: ri 

1. The lifetime o f  a geothermal r e s e r v o i r  through primary 

2. The e f f e c t  of a d o u b l e t  f i g u r a t i o n  of  

product ion  alone.  

- 
.rr - i n j ec to r Jp rodu  combination on t h e  lifetime of a 

r e s e r v o i r .  

3. The dangers  of an  e a r l y  breakthrough of i n j e c t e d  
f l u i d s  on t h e  l i fe t ime o f  a r 

4,- Various methods of overcoming ' t h e  e a r l y  breakthrough 
of  i n j  ec ted f l u i d s .  

5. f e a s i b i l i t y  of  s e l e c t i v e  s c a l i n g  through incompatible  
water  mixing i n  t h e  r e s e r v o i r  as a means of extending 

6 .  F e a s i b i l i t y  o f  s e l e c t i v e  s c a l i n g  through i n j e c t i o n  of 
a b r i n e  which is thermodynamically u n s t a b l e  under 
r e s e r v o i r  condi t ions .  

7 ,  . E s s e n t i a l  e lements  needed t o  accomplish s e l e c t i v e  

- 

- 

-. _I - - - - - -- . - - 

Y 

' t h e  lifetime o f  a geothermal r e s e r v o i r .  
Y 

0, s c a l i n g  for s p e c i f i c  s i t u a t i o n s .  

PRIMARY PRODUCTION -- FROM A GEOTHERMAL 
RESERVOIR 

6.0 

U Heat mining from a geothermal r e s e r v o i r  by primary d e p l e t i o n  
a l o n e ,  w i l l  resul t  i n  a poor h e a t  recovery e f f i c i e n c y .  T h i s  
s t a t emen t  is g e n e r a l l y  w e l l  accepted,  One o f  t h e  main r easons  
o f  a poor primary recovery is due t o  t h e  f a c t  t h a t  most o f  t h e  

b*! 
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td h e a t  energy is s t o r e d  i n  the  rock mat r ix  r a t h e r  than  i n  t he  

around the  world makes i t  ve ry  d i f f i c u l t  t o  g e n e r a l i z e  even t h e  
. - _  s i m p l e s t  concept  such a s  t h e  one w e  a r e  concerned w i t h  here 

i .e. primary dep le t ion .  I n  hydrocarbon r e s e r v o i r s ,  t h e  
d r i v i n g  mechanism is t h e  main c h a r a c t e r i z i n g  f a c t o r  of  t he  
primary recovery process .  I n  geothermal r e s e r v o i r s ,  however, 

_ ,  t h e  process  is complicated by t h e  f ac t  t h a t  f l u i d s  are  merely 
t h e  carrier of t h e  energy sought. T h i s  complexity is a l s o  
c r e a t e d  by t h e  following f a c t s :  

any  v i a b l e  geothermal process ,  w i l l  r e s u l t  i n  a ' r e l a t i v e l y  

- - - f l u i d s .  The extreme v a r i e t y  of  geothermal r e s e r v o i r  types  u. .- 

t' 

- - The high ra tes  of withdrawal,  which a r e  necessary  f o r  a lmost  

isl rapid b r i n e  encroachnent ei ther from t h e  underburden, 
i s  overburden or from the  sides of t h e  r e s e r v o i r  (e.g. 8 from t h e  
: s e a )  . The impact o f  underburden e n c r o a c h e n t  might be 

b e n e f i c i a l  i f  t h e  f l u i d s  e n t e r i n g  t h e  geothermal r e s e r v o i r  a r e  
of  equal or of  higher temperature.  On the  o t h e r  hand, a sea  
water  encroachnent might be de t r imenta l .  

So f a r ,  w e  mentioned t h e  case of a geothermal r e s e r v o i r  
connected t o  other  f l u i d  bodies.  I n  t h e  c a s e  o f  a volumetr ic  
or closed r e s e r v o i r ,  t h e  immediate effect  of a high withdrawal 

- --- -_- r a t e  could be t h e  r e s u l t i n g  subsidence e f f e c t  and a r a t h e r  
q u i c k  d e p l e t i o n  o f  t h e  energy t h a t  is recoverable  by a primary 

CI r e s e r v o i r  d e p l e t i o n  mechanism. I n  f a c t ,  i n  t h e  absence of any 
r e f l u x ,  t h e  l i fe t ime o f  s u c h  a r e s e r v o i r  would be extremely 
s h o r t .  

Y 

i 

. . .  
7 .0  IMPROVING RECOVERY THROUGH REINJECTION 

.w Heat dep le t ed  b r i n e  r e i n j e c t i o n  is t h e  o s t  obvious way t o  
enhance h e a t  recovery. - - I t  is t h e  most obvious way for many 
reasons  : 

1. Heat deple ted  b r i n e  has t o  be r e i n j e c t e d  anyway, 
whether  i t  is f o r  environmental  and/or l e g a l  purposes. 

2. I n  t h e  c a s e  of a c losed  r e s e r v o i r ,  r e i n j e c t i o n  of t h e  
aspent"  b r i n e  would be 'an f i c i e n t  way t o  avoid 
subsidence.  

An optim'um i n j e c t i o n  p a t t e r n ,  coupled wi th  s e l e c t i v e  
s c a l i n g  i n  t h e  main flow c o n d u i t s ,  could r e su l t  i n  an  

Y 

3. 
r3 

. i n c r e a s e  i n  - t h e  h e a t  mining e f f i c i e n c y .  

4. I n  t h e  c a s e  o f  a conduct ive  hea t  encroachnent from t h e  
underburden, t h e  convec t ive  downward movement of t h e  
"spent"  b r i n e - w i l l  resul t  i n  a b e t t e r  sweep e f f i c i e n c y  

Y and hence a bet ter  h e a t  recovery. 
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7.1 PRELIMINARY STUDIES P R I O R  TO REINJECTION - W 
Ir, 

T h e r e  a r e  s e v e r a l  problems which can develop a s  a resu l t  of t h e  
r e i n j e c t i o n  of a hea t  deple ted  br ine .  These  problems can 
develop  i n  t h e  wel lbore a s  well a s  i n  t h e  r e s e r v o i r  regions.  
The problems occuring i n  t h e  wel lbore a r e  l o c a l i z e d  i n  na ture .  
On t h e  other hand, those  occuring i n  t h e  r e s e r v o i r  can a f f ec t  

. -. t h e  whole r e s e r v o i r  l i f e - cyc le .  The problems a s s o c i a t e d  w i t h  
t h e  r e s e r v o i r  develop a s  a consequence o f  i nappropr i a t e  or 
i l l -conceived i n j e c t i o n  d e s i g n  f e a t u r e s  i n  l o c a t i n g  and 
ope ra t ing  t h e  in j ec to r s . -  An optimum h e a t  dep le t ed  br ine  
r e i n j e c t i o n  process  involves  a j u d i c i o u s  ba lance  between: 

Y 

Y 

w 

W 

u 

Y 

U 

a) The h e a t  removal i n  the  power p l an t .  

b) The cool ing  o f  t h e  r e s e r v o i r  by co ld  
b r i n e  r e i n j e c t i o n .  

c) The  p re s su re  maintenance o f  t h e  
r e s e r v o i r  by f l u i d  i n j e c t i o n .  

P r i o r  to  any f u l l  s c a l e  h e a t  deple ted  b r i n e  r e i n j e c t i o n ,  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  should be determined. Some o f  t h e  
most important  parameters  t o  be considered inc lude  t h e  
f o 1 1 owing : 

-_  

1. The c h a r a c t e r i s t i c s  of t h e  e x i s t i n g  f r a c t u r e s  i n  t h e  
r e s e r v o i r .  

2. The c h a r a c t e r i s t i c s  of high pe rmeab i l i t y  s t r e a k s .  

3.  Direc t iona l  permeabi l i ty .  

I n  a d d i t i o n ,  a knowledge o f  t h e  f low p a t t e r n ,  f o r  a g i v e n  
r e s e r v o i r  is a p r e r e q u i s i t e  f o r  t h e  de t e rmina t ion  of a n  optimum 
i n j e c t i o n  p a t t e r n  and t h e  l o c a t i o n  of f u t u r e  wells. 

7.2  TRACER TEST - 
Any e x i s t i n g  r e s e r v o i r  problems f a  from the i n j e c t i o  
and/or product ion  wel lbore,  cannot  be eva lua ted  i n  s u f f i c i e n t  
d e t a i l  using convent ional  r e s e r v o i r  engineer ing techniques  
(e.g., r a t e  and p res su re  t r a n s i e n t  t e s t i n g )  . Tracers ( 3  
through 61, on t h e  o the r  hand, a r e  i d e a l l y  s u i t e d  f o r  
i n v e s t i g a t i n g  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  a t  l a r g e r  d i s t a n c e s  
from t h e  wel lbores .  Thus, o n l y  a combination of r a t e  and 
p r e s s u r e  t e s t  work wi th  tracer s t u d i e s  w i l l  allow a s t u d y  and 
v e r i f i c a t i o n  o f  t h e  c r i t i c a l  r e s e r v o i r  c h a r a c t e r i s t i c s  w i t h  

t s u f f i c i e n t  d e t a i l .  4 d  
The b a s i c  concept  o f  t h e  t r a c e r  t e c h n i q u e  is t o  add a 
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convent ional  (chemical) o r  r a d i o a c t i v e  t r a c e r  t o  t h e  i n j e c t e d  
f l u i d  and then assume t h a t  t h e  added t r a c e r  fo l lows  t h e  same 
f low p a t t e r n  a s  t h e  i n j e c t e d  f l u i d .  Determining t h e  
concen t r a t ion  o f  t r a c e r  i n  t h e  produced f l u i d  ( e l u t i o n  
p r o f i l e s )  w i l l  then permit  t h e  de te rmina t ion  of t h e  following 
information : 

1. Breakthrough time a t  a g iven  producer and t h e  i n j e c t o r  
o r  i n j e c t o r s  r e spons ib l e  for -i t ,  

pe rmeab i l i t y  s t r e a k s ,  d i r e c t i o n a l  permeabi l i ty ,  
2. Flow p a t t e r n  i,e., l o c a t i o n  of  f r a c t u r e s ,  high 

3. Encroachnent 'and/or communication between r e s e r v o i r  
l a y e r s .  

4. Phase behavior of- t h e  r e i n j e c t e d  b r ines .  

I f  t r a c e r s  a r e  i d e a l l y  s u i t e d  f o r  i n v e s t i g a t i n g  a - r e s e r v o i r  a t  
l a r g e r  d i s t a n c e s  from a wel lbore t h e i r  u s e  can e q u a l l y  be 
important  around a wel lbore and i n  t h e  s u r f a c e  i n s t a l l a t i o n s  
( 3 1 .  Around t h e  wel lbore,  tracers are  i n j e c t e d  and 
back-produced i n  order t o  i n v e s t i g a t e  r e s e r v o i r  problems around 
t h e  wellbore.  Here aga in ,  an  i n t e r p r e t a t i o n  of t h e  e l u t i o n  
p r o f i l e s  w i l l  a l l ow conclus ions  t o  be drawn regarding a c e r t a i n  
number of f a c t o r s  s u c h  as a t h i e f  zones" and other r e s e r v o i r  
h e t e r o g e n e i t i e s  c l o s e r  t o  t h e  wellbore. I n  summarizing, i t  can 
be s t a t e d  t h a t  t h e  c h a r a c t e r i s t i c s  of - t h e  r e s e r v o i r  should be 
a s  thoroughly and f u l l y  determined a s  possible using t r a c e r  
techniques ,  p r i o r  t o  any f u l l  s c a l e  i n j e c t i o n  program. 

8. o ENHANCED RECOVERY THROUGH SELECTIVE SCALING 
. .  

The ex tens ion  o f  breakthrough time of t h e  i n j e c t i o n  
accompl fshed  by i nc reas ing  t h e  p re s su re  g r a d i e n t  i n  t h e  
f r a c t u r e s  connect ing a g iven  i n j e c t o r  t o  t h e  surrounding 
producers, The p re s su re  g r a d i e n t  is increased 
p r e c i p i t a t i o n .  The l a t t e r  w i l l  resu 

The thermodynamic i n s t a b i l i t y  of t h e  
i n j e c t e d  b r i n e  under r e s e r v o i r  c o n d i t i o n s  
and/or 

and r e s e r v o i r  b r i n e s .  
b) The i n c o m p a t i b i l i t y  between i n j e c t e d  

There  is a g r e a t  d e a l  o f  information,  i n  t h e  l i t e ra ture ;  about  
t h e  impact of s c a l e  and c o r r o s i o n  on i n j e c t a b i l i t y  (7 through 
121. Unfortunately,  t h i s  information is g e n e r a l l y  l i m i t e d  t o  
t h e  most obvious reasons  behind a l o s s  o f  i n j e c t a b i l i t y .  
a r e :  

These 
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W 1. Corrosion and s c a l e  deposits i n  t h e  wellbore.  

2. Suspended s o l i d s  i n  t h e  hea t  deple ted  b r i n e  which a r e  v 
produced during t h e  energy conversion process.  

The de t r imen ta l  effects occur ,  g e n e r a l l y ,  i t h e  immed i a  t e  
sur roundings  o f  an  i n j e c t o r  [13] . S e l e c t i v e  s c a l i n g ,  i f  
designed proper ly ,  should occur deeper i n s i d e  a r e s e r v o i r  . w 

8 1 SELECTIVE SCALING CONCEPT 

S e l e c t i v e  s c a l i n g  is t h e  process  of i n t e n t i o n a l l y  p r e c i p i t a t i n g  
la rge  q u a n t i t i e s  of chemical compounds a t  selected l o c a t i o n s ,  
s u c h  a s  high pe rmeab i l i t y  s t r e a k s  o r  f r a c t u r e s ,  f o r  t h e  purpose 
o f  r e t a r d i n g  t h e  flow o f  i n j e c t i o n  f l u i d s  through these flow 
channels .  Such flow r e t a r d a t i o n  w i l l  i nc rease  t h e  r e s idence  
t i m e  of t h e  i n j e c t e d  f l u i d s  i n  t h e  r e s e r v o i r  by a more s u i t a b l e  
" h e a t  sweep" thereby  enhancing t h e  h e a t  e x t r a c t i o n  from t h e  
geothermal r e s e r v o i r .  The s e l e c t i v e  s c a l i n g  may be 
accomplished by s e v e r a l  d i f f e r e n t  methods. Some of t h e  most 
important  ones inc lude  t h e  following: 

*' 

1. The i n j e c t i o n  of a thermodynamically uns t ab le  b r i n e .  

2. I n j e c t i o n  o f  a s lug  of ' d i r t y  brine'  o r  o t h e r  
thermodynamically uns t ab le  b r i n e  i n t o  s e l e c t i v e  
l o c a t i o n s  of t h e  r e s e r v o i r .  

Mixing of a n  i n j e c t i o n  b r i n e  which is incompatible  
w i t h  a r e s e r v o i r  b r ine .  

Y 

3. 

The b a s i s  of these methods and t h e i  
c h a r a c t e r i s t i c s  of t h e  rese ussed i n  subsequent  
sections, 

Y 

8.1.1 I N J E C T I O N  OF A THERMODYNAMICALL 
UNSTABLE B E N Z  w 

A b r i n e  is considered t o  be thermodynamically uns 
g iven  s e t  of thermodynamic cond i t ions ' ( e .g .  
p re s su re )  i f  i t  c o n t a i n s  d i s so lved  species i n  excess of t h e i r  
thermodynamic s o l u b i l i t i e s .  The occurance of thermodynamic 
i n s t a b i l i t y  of  t h e  i n j e c t i o n  b r i n e s  wi th  r e s p e c t  t o  c e r t a i n  

, s a l t s  having r e t r o g r a d e  s o l u b i l i t i e s  (e.g., CaS04, SrS04, 
etc.,) when these b r i n e s  are  heated and i t s  impact on t h e  
d e t r i m e n t a l  effects i n  o i l f i e l d  and geothermal o p e r a t i o n s  have 
been d iscussed  i n  s e v e r a l  p u b l i c a t i o n s  [2,11] . However, i t  
might  be mentioned here t h a t  t h e  thermodynamically u n s t a b l e  
n a t u r e ' o f  t h e  b r i n e s  can be u t i l i z e d  t o  an advantage t h r o u g h  
proper c o n t r o l  o f  t h e  i n j e c t i o n  b r i n e  and t h e  i n j e c t i o n  
process .  The gene ra l  b a s i s  f o r  t h i s  a s s e r t i o n  can be 
i l l u s t r a t e d  by t h e  following example. 

temperature ,  

0 

U 

W 

- 

Y 
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I n  r e c e n t  r e p o r t s  [2,15],  t he  problems a s soc ia t ed  wi th  
i n j e c t i n g  three source  waters  t h a t  a r e  a v a i l a b l e  f o r  t h e  
geothermal o p e r a t i o n s  i n  t h e  Imperial  Val ley  8 C a l i f o r n i a  are  
d iscussed .  The three waters  (so-cal led "foreign" wa te r s  i n  the  

t h e  d i t c h  water. I n  the  p r e s e n t  report, t h e  p o s s i b l e  u s e  o f  
S a l t o n  Sea water a s  a candida te  water f o r  t h e  purpose of  
s e l e c t i v e  s c a l i n g  i n  f r a c t u r e s  and/or other  high pe rmeab i l i t y  
s t r e a k s  is discussed  . 

w 
W 

. r e p o r t  -[2]) are the  S a l t o n  Sea water,  -Colorado River water and 

U 

8.1.1.1 EFFECT OF PRECIPITATION ON THE -- FRACTUR'FPERMEABILITY 

Table 1 shows the  composition o f  t h e  S a l t o n  Sea water. 
1 showg t h e  amount o f  Cas04 and SrS04 p r e c i p i t a t e  t h a t  can form 
Z s  t h e  S a l t o n  Sea water is heated. From Figure 1, i t  is 
e v i d e n t  t h a t  a maximum of  about  2800 mg.of p r e c i p i t a t e  can be 
depos i ted  from each l i t e r  o f  t h e  S a l t o n  Sea b r ine .  T h i s  means 
t h a t  each l i t e r  of t h e  b r i n e  can O f i l l  up" an approximate 
volume o f  1.12 m l  o f  t he  pore space (assuming t h a t  t h e  
p r e c i p i t a t e  has a d e n s i t y  of  2.5 g/ml). I n  o t h e r  words, t h e  
pore  spaces  o f  a high permeabi l i ty  s t r e a k  o r  f r a c t u r e  can be 
reduced , thereby  decreas ing  t h e i r  pe rmeab i l i t y  by p r e c i p i t a t i n g  
them. The r e s u l t i n g  change i n  pe rmeab i l i t y  a s  a f u n c t i o n  o f  
t h e  amount o f  p r e c i p i t a t e  can be c a l c u l a t e d  i f  a c o r r e c t  
c o r r e l a t i o n  between permeabi l i ty  and p o r o s i t y  is a v a i l a b l e .  
For t h e  purpose o f  i l l u s t r a t i o n , -  a s p e c i f i c  problem o f  a system 
o f  l i n e a r  f r a c t u r e s  i n  a t i g h t  matr ix  are considered.  The 
v a r i o u s  parameters  f o r  t h e  problem a r e  shown i n  Table  2. For 
pe rmeab i l i t y /po ros i ty  c o r r e l a t i o n ,  Muskats' exp res s ion  (see 
a l s o  Table  2) f o r  t he  f r a c t u r e  pe rmeab i l i t y  is used. F i g u r e s  2 
through 5 s?;ow the  changes in permeab i l i t y  v e r s u s  t h e  amount of 
p r e c i p r t g t e  f o r  v a r i o u s  l e n g t h s  and breadth  o f  f r a c t u r e s .  

Figure 

-- 

F i  ure 2 shows the  f r a c t u r e  pe rmeab i l i t y  versus  t h e  amount of  
h i f a t e  i n  t h e  f r a c t u r e  for v a r i o u s  f r a c t u r e  lengths .  The 
f r a c t u r e s  are assumed t o  be i n  t h e  form o f  a r ec t angu la r  
p a r a l l e l e p i p e d  wi th  dimensions 0.1 X 600 cm c r o s s  s e c t i o n s  and 
v a r i o u s  l e n g t h s  between 100 and 400 meters. The o t h e r  
c h a r a c t e r i s t i c s  o f  t h e  f r a c t u r e  s y s t e a  a r e  g iven  in Table 2. 

4J 

- 
From Figure 2 (400 m long f r a c t u r e )  i t  is e v i d e n t  t h a t  t h e  
o r i g i m a c t u r e  system has a permeab i l i t y  o f  8.35 d a r c i e s  
( p e r m e a b i l i t y  corresponding t o  0 p r e c i p i t a t e  i n  F i  ure 2). To 
reduce the  va lue  o f  t h e  pe rmeab i l i t y  by 50% (4 .1 7%- a r c i e s )  
would r e q u i r e  1440 kg o f  t h e  p r e c i p i t a t e .  I f  S a l t o n ~ S e a  b r i n e  

. is t o  be used t o  e n e r a t e  - t h i s  - p r e c i p i t a t e ,  514,286 l i t e r s  o f  

Barrels of S a l t o n  Sea b r ine .  Thus,  in p r i n c i p l e  the  
pe rmeab i l i t y  o f  a f r a c t u r e d  system can be reduced through 
s e l e c t i v e l y  forming a p r e c i p i t a t e  t o  "cover" p a r t  o f  t h e  void 
volume o f  t h e  major f r a c t u r e s .  Of course ,  t h e  u t i l i z a t i o n  of 
s e l e c t i v e  s c a l i n g  through u s e  of  a g iven  uns tab le  b r i n e  f o r  a 

ry 

S a l t o n  Sea b r i n e  9 s required.  This  is e q u i v a l e n t  t o  3,240 

w 
44 
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given  r e s e r v o i r  would r e q u i r e  a complete knowledge of 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 .  Once t h e s e  a r e  a v a i l a b l e ,  d a t a  
s i m i l a r  t o  F i  u r s  2 th rou  h 5 can be generated i n  order t o  
d e s i g n  an i n j e c  ion  s y s  e m  f5r t h e  purpose o f  enhanced h e a t  
recover  y. 

ki 
Y 

. -  

+-+ 
8.1.1.2 EFFECT OF B R I N E  CHARACTERISTICS 

w - ON SELEEIVE SCALING 

The c a l c u l a t i o n s  of t h e  previous s e c t i o n  a r e  repeated i n  t h i s  
s e c t i o n  f o r  t h e  following four  b r ines :  

1. 100% S a l t o n  Sea b r i n e  

2. A mixture  of 90% S a l t o n  Sea b r i n e  and 1 0 %  C u r r i e r  2 

3 .  A m i x t u r e  o f  80% S a l t o n  a b r i n e  and 20% Currier 2 

4. A m i x t u r e  o f  20% S a l t o n  Sea b r i n e  and 80% Currier 2 

@ 
? 

b r i n e .  

b r ine .  

b r i n e ,  

-3 - 

r c c i -  

_ .  

The r e s u l t i n g  compositions of t h e  four  b r i n e s  are  shown i n  
Table 3. F igures  6 through 9 show t h e  pe rmeab i l i t y  v e r s u s  
amount-of i n j e c t i o n  water foy  the  r e s e r v o i r  con ta in ing  a 
fractured system, The s p e c i f i c  system considered has  f r a c t u r e s  
wi th  c r o s s  s e c t i o n  of  0.1 cm width and__6OO cm height .  The 
l e n g t h  of t h e  f r a c t u r e s  is va r i ed  between i o0  and 400 meters. 
The he igh t  of t h e  pay zone is assumed t o  be-500 meters wi th  a 
d i s t a n c e  between t h e  f r a c t u r e s  t o  be 10 meters. . 

w 

- _. . -  
8.1.1.3 EFFECT OF I N J E C T I O N  RATE ON THE Y --- 

FRACTUR~PERMEABILITY - - -- 

I n  a l l  t h e  computations of s e c t i o n  8 .1.1 and 8.1.1.2, i t  is 
assumed t h a t  t h e  s c a l e  formation occur s  a s  soon as t h e  i n j e c t e d  
b r i n e  comes i n t o  t h e  pore volume o f  t h e  f r a c t u r e s .  However, 
t h i s  is n o t  t h e  c a s e  because o f  t h e  following f a c t o r s :  

1. The i n j e c t e d  b r i n e  s i n i t i a l l y  a t  a,much lower 

Y 

temperature  (where he b r i n e  is r e l a t i v e l y  stable) and 
i t  would r e q u i r e  a f i n i t e  t i m e  t o  r each  t h e  high 
temperature  encountered i n  t h e  f r a c t u r e  ( h e a t - t r a n s f e r  
accompanying f l u i d  flow).  

(where t h e  b r i n e  is thermodynamically u n s t a b l e ) ,  t h e  
a c t u a l  s c a l e  formation is k i n e t i c a l l y  c o n t r o l l e d  
( n u c l e a t i o n  and growth process) . 

0 

2, Even a f t e r  t h e  b r i n e  reaches  t h e  high temperature  

- 
w 

I n c l u s i o n  o f  these k i n e t i c  f a c t o r s  i n t o  any of t h e  "flow w i t h  
p r e c i p i t a t i o n  model" is extremely complex and is no t  attempted 'ell 
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i n  t h i s  study. However, i t  might be mentioned here t h a t  t h e  
i n j e c t i o n  r a t e  should p l a y  an important ro l e .  

I n  t h e  p r e s e n t  s e c t i o n ,  t h e  effect  of  i n j e c t i o n  r a t e  on t h e  
pe rmeab i l i t y  o f  an  i d e a l i z e d  f r ac tu red  system (same parameters  
a s  i n  Table 2) a r e  c a l c u l a t e d  a s  a func t ion  o f  t h e  fracture 
l e n g t h r t x r e e  d i f f e r e n t  i n j e c t i o n  rates. Figures  10 through 
1 5  g i v e  the  resu l t s  o f  these c a l c u l a t i o n s .  
n n e t i c  f a c t o r s  are no t  considered i n  genera t ing  these f i g u r e s .  
However, it might be mentioned here t h a t  t h e  effect  of k i n e t i c s  
on these graphs  would be t h e  s h i f t i n  
longer  d i s t a n c e s .  
w i l l  s t a r t  deeper i n s i d e  a f r a c t u r e .  

The e f f e c r o f  

of  t h e  graphs  towards 
I n  other words, t R e change i n  pe rmeab i l i t y  

8.1.2 

A s  shown i n  t h e  previous s e c t i o n ,  cont inuous i n j e c t i o n  of an  
u n s t a b l e  b r i n e  can resu l t  i n  a dec rease  i n  t h e  f r a c t u r e  
pe rmeab i l i t y  near t h e  wel lbore region. T h i s  may n o t  be 
s u i t a b l e  from t h e  p o i n t  of view o f  i n j e c t i v i t y  o f  t h e  i n j e c t i o n  
w e l l s .  An a l t e r n a t e  procedure would be i n j e c t i n g  s e l e c t i v e l y  a 
"slug' o r  a f i n i t e  volume o f  t h e  uns t ab le  b r i n e  i n t o  major 
f r a c t u r e s  t o  a preca lcu la t ed  d i s t a n c e  from t h e  wel lbore  and 
l e t t i n g  it form scale by shut-in.  The procedure can  be 
repea ted  u n t i l  t h e  desired change i n  pe rmeab i l i t y  is obta ined .  
T h i s  procedure would r e q u i r e  a complete knowledge o f  t h e  - 

c h a r a c t e r i s t i c s  o f  t h e  r e s e r v o i r  through - t r a c e r  i n j e c t i o n ,  and' 
r e s e r v o i r  engineer ing techniques.  However, t h e  c a l c u l a t i o n s  
shown i n  t h e  pr-evious s e c t i o n s  wou 

8.1.3 M I X I N G  OF I N J E C T I O N  BRINE WHICH IS  
fNCOMPAmBLE - W I T H  R E m I m N E  a 

The d e f i n i t i o n  of i n c o m p a t i b i l i t y  of b r i n e s  and t h e  e f fec t  of 
mixing incompatible  wa te r s  on s c a l e  formation a t  v a r i o u s  
l o c a t i o n s  i n  a geothermal o p e r a t i o n  have been d iscussed  
p r e v i o u s l y  [2,15,18] . The scale formation r e s u l t i n g  from t h e  
mixing of incompatible wa te r s  can a g a i n  be u t i l i z e d  i n  reducing 
t h e  pe rmeab i l i t y  of high pe rmeab i l i t y  streaks. However, t h e  
problem of  mixing of v a r i o u s  waters  i n  a r e s e r v o i r  is a complex 
three dimensional hydrodynamic problem. The effect  of 
p r e c i p i t a t i o n  of s a l t s  superimposed on t h e  f l u i d  movement i n  
t h e  r e s e r v o i r  3s even a more complex problem. For t he  sake o f  
i l l u s t r a t i n g  t h e  p o s s i b i l i t y  of selective s c a l i n g  some 
s i m p l i f i e d  c o n s i d e r a t i o n s  a r e  taken i n  the  p r e s e n t  r epor t .  
These  are  d iscussed  f u r t h e r  i n  S e c t i o n s  8.2 through 8.4. - 

- _ .  8.2 FLOW PATTERN - 
Geothermal r e s e r v o i r s  a r e  g e n e r a l l y  cha rac t e r i zed  by an  
e x t e n s i v e  f r a c t u r e  network along w i t h  a r e l a t i v e l y  low ma t r ix  
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permeabi l i ty .  Under these circumstances,  t h e  assumption of 
r a d i a l  f low cannot  r e a l  i s t i c a l l y  apply  t o  geothermal r e s e r v o i r s  
i n  gene ra l .  T h i s  means t h a t  a s t r eaml ine  model which has been 
so he lp fu l  i n  v i s u a l i z i n g  t h e  l o c a t i o n  of  t he  i n t e r f a c e ,  o r  
mixing zone, between a d i s p l a c i n g  and a d i sp laced  phases i n  a 
hydrocarbon r e s e r v o i r  cannot  apply  t o  a geothermal r e s e r v o i r .  

w The s t r eaml ine  models g i v e  a s t rong  v i s u a l  r e p r e s e n t a t i o n  o f  
t h e  mixing zones along t h e  stream tubes connecting an i n j e c t o r  
t o  a producer (see F i  ure 16). Even though t h i s  r e p r e s e n t a t i o n  
can  r e a l i s t i c a l l y  be + app i c a b l e  t o  hydrocarbon r e s e r v o i r s  i t  
m i g h t  be completely misleading i n  t h e  case of a geothermal 
r e s e r v o i r .  The flow c o n f i g u r a t i o n  i n  a geothermal r e s e r v o i r  is 
more l i k e l y  t o  be l i n e a r  (see Figure 17) and misc ib le .  

U 
Y 

- 
3 -  
3 8.3 GRAVITY EFFECTS - .  

Another effect  t h a t  may be important  and is o f t e n  d i scussed  i n  
t h e  l i t e r a t u r e  [ l , 1 4 ]  is t h e  g r a v i t y  effect. The d e n s i t y  

W d i f f e r e n c e  between t h e  r e i n j e c t e d  h e a t  dep le t ed  b r i n e  and t h e  
r e s e r v o i r  f l u i d s  w i l l  l ead  t o  what has been termed a nega t ive  
buoyancy 111. The r e i n j e c t e d  br ine fo l lows  a downward 
convec t ive  movement. T h i s  has been a c t u a l l y  observed a t  t h e  
Geysers  [ 1 4 ] ,  where i n j e c t i o n  a t  a shal low d e p t h  l e d  t o  a 
r e l a t i v e l y  e a r l y  breakthrough w h i l e  i n j e c t i o n  i n  t h e  same w e l l  

U b u t  a t  a much deeper depth  d id  no t  lead  t o  any communication 
f o r  f i v e  ( 5 )  years .  The nega t ive  buoyancy e f f e c t  w i l l  no t  be 

shown i n  t h e  case of t h e  Geysers which  i s . a  vapor  dominated 
r e s e r v o i r .  T h i s  g r a v i t y  effect ,  i n  a geothermal r e s e r v o i r ,  due 
t o  t h e  i n j e c t i o n  of a denser  f l u i d  i s - e x a c t l y - t h e  o p p o s i t e  t o  

Y t h e  w e l l  known 'steam overr ide '  e f fec t  - i n  steam i n j e c t i o n  and 
f i r e  f looding  of hydrocarbon r e s e r v o i r s  (see F i  ure 18) . I n  
t h e  l a t t e r  case t h e  denser f l u i d  is t h e  one w * i c  s T n  t h e  
r e s e r v o i r  i .e . , / i t  is n o t  t h e  i n j e c t e d  f l u i d .  The other major 
d i f f e r e n c e  between these t w o  g r a v i t y  effects, which is worth 
not ing  here ,  is t h a t  i n  t h e  c a s e  of a hydrocarbon r e s e r v o i r  

convec t ion  i n  some cases)  mainly t o  t h e  overburden. I n  t h e  
c a s e  of a geothermal r e s e r v o i r ,  on t h e  other  hand, t h e  c o l d e r  
r e i n j e c t e d  b r i n e  w i l l  g a i n  some h e a t  (by  conduction) from t h e  
und erburd en. 

. .  a s  marked, i n  a l i q u i d  dominated r e s e r v o i r ,  as it  has been 

c1 there is an  important  h e a t  l o s s  by conduct ion (even by 

8.4 NEED FOR AN INCREASE I N  PRESSURE GRADIENT Y --- - 
The f low c o n f i g u r a t i o n  i n  a geothermal r e s e r v o i r  is assumed, 
from hereon, t o  be l i n e a r .  A t  t h i s  po in t ,  t h e  reasons  behind 
inc reas ing  t h e  p re s su re  g r a d i e n t  i n  a fracture connect ing an  
i n j e c t o r  t o  a producer are explained.  The fracture system 

w provides  t h e  main condu i t s  f o r  f l u i d  flow. The h e a t  dep le t ed  
b r i n e  being i n j e c t e d  w i l l  p r e f e r a b l y  go t o  t h e  l a r g e r  f r a c t u r e s  
( t h e  l e a s t  r e s i s t a n t  path) . Along w i t h  t h e  nega t ive  buoyancy 
e f f e c t  mentioned e a r l i e r  (see Sec t ion  8.2)  it  is c l e a r  t h a t  t h e  
wider t h e  f r a c t u r e ,  t h e  longer  w i l l  be t h e  i n t e r f a c e  between 

cis 
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W t h e  co lde r  r e i n j e c t e d  b r i n e  and t h e  r e s e r v o i r  f l u i d s  (see 
F i  ure 19) .  Therefore  more mixing a t  d i f f e r e n t  p ropor t ions  T4- i n j e c t =  b r i n e  t o  r e s e r v o i r  f l u i d s )  w i l l  take p l ace  i n  t h e  
wider f r a c t u r e .  The probable  misc ib l e  c h a r a c t e r i s t i c  of a 
b r i n e  d i s p l a c i n g  another  b r i n e  and t h e  r e s u l t i n g  d i f f u s i o n  and 
d i s p e r s i o n  w i l l  i nc rease  even f u r t h e r  t h e  mixing zone. The 
mixing of these b r i n e s ,  i n  t h i s  mixing region,  c a n  g e n e r a t e  

t h e  proper chemical i n c o m p a t i b i l i t y  [ 2 , l l ]  w i t h  r e s p e c t  t o  t h e  
r e s e r v o i r  br ine .  The r e s u l t i n g  s c a l e s  w i l l  reduce t h e  p o r o s i t y  
a s  well a s  t h e  permeabi l i ty .  The e f f e c t  o f  t h e  pe rmeab i l i t y  
r e d u c t i o n  w i l l  be a n  increase,  i n  t h e  p re s su re  g r a d i e n t  a c r o s s  
t h e  f r a c t u r e s .  I t  should be w e l l  understood t h a t  t h i s  is a 

i n j e c t o r  and a producer can be connected by more than one 
fracture a s  w e l l  a s  by s e v e r a l  high permeabi l i ty  s t r e a k s ) ,  t h e  
d i sp lacement  of a geothermal r e s e r v o i r  f l u i d  by a r e i n j e c t e d  
b r ine  is subject to:  

13 

v p r e c i p i t a t e s  (CaSO4, SrS04, etc.), i f  t h e  i n j e c t i o n  b r i n e  has  

- v e r y  complex process .  Besides theA h e t e r o g e n e i t i e s ,  ( a n  

w 
1. Mass t r a n s f e r  cons ide ra t ions .  

2. Energy t r a n s f e r  cons ide ra t ions .  

3. Chemical r e a c t i o n s  betwee t h e  injected and r e s e r v o i r  
(Li b r i n e s .  

A q u a n t i t a t i v e  i n t e r p r e t a t i o n ,  even f o r  a doublet c o n f i g u r a t i o n  
of  one i n j e c t o r  and one producer, w i l l  r e q u i r e  a three 
dimensional r e s e r v o i r  model coupled w i t h  a s c a l e  p r e d i c t i o n  
model. However, c e r t a i n  gene ra l  s t a t emen t s  can be made on t h e  
e f fec t  o f  p r e c i p i t a t i o n  on t h e  pressure g r a d i e n t  a c r o s s  a 
fracture.  A s u f f i c i e n t  amount of  p r e c i p i t a t e d  s o l i d s  i n  a main 
f low condu i t  (i.e., t h e  main f r a c t u r e )  can i n  p r i n c i p l e ,  
g e n e r a t e  a p re s su re  g r a d i e n t  a c r o s s  t h i s  fracture which w i l l  
r e s u l t  i n  a p a r t i a l  d i v e r s i o n  of t h e  b r i n e  t o  o t h e r  flow 
c o n d u i t s  i n  a less permeable p o s i t i o n  of t h e - r e s e r v o i r .  T h i s  
p rocess  w i l l  cont inue  a s  t h e  i n j e c t e d  b r i n e  flows i n  t h e  

f i r s t .  The l i m i t i n g  boundaries  would. be e i ther  a breakthrough 
d r  a n  i n j e c t l v i t y  dmpairement. A r e s e r v o i r  s imula t ion  s tudy  
( inc lud ing  t h e  f a c t o r s  mentioned above) is probably t h e  o n l y  
way. to  d e s i g n  and monitor an  optimum r e i n j e c t i o n  process .  

Such a s imula t ion  s tudy ,  even though a r thwhi l e  p r o j e c t  f o r  
t h e  developnent  of geothermal resources ,  is a major t a s k  and is 
n o t  a p a r t  o f  t h e  p r e s e n t  study. Here, o n l y  t h e  i m p l i c a t i o n s  
and f e a s i b i l i t  of s e l e c t i v e  s c a l i n g  a s  a means o f  r e t a r d i n g  

g iven here. 

L e t  u s  cons ider  a simple c a s e  where an i n j e c t o r  communicates 

0 

bs 
- r e s e r v o i r  and cont inuous ly  takes t h e  l e a s t  r e s i s t a n t  p a t h  

t h e  r a t e  a t  wh 1 c h  t h e  i n j e c t i o n  f l u i d  reaches  t h e  producer a r e  
& d i scussed .  For t h e  purpose of i l l u s t r a t i o n ,  an example is 

W 
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w i t h  a producer through a high p o r o s i t y  and a high pe rmeab i l i t y  
s t r e a k .  The f l u i d  and r e s e r v o i r  d a t a  f o r  t h e  example a r e  g iven  
i n  Table 4.  The r e i n j e c t e d  b r i n e  is assumed t o  have a 
t e r n m u y e  of  200'F. 
d a t a  are  g iven  i n  F i s u r e  20. 

The f i c t i t i o u s  r e l a t i v e  pe rmeab i l i t y  
- -- 

Assuming a Buckley-Leverett type displacement t h e  l o c a t i o n  of 
t h e  f lood  f r o n t  a t  va r ious  times is c a l c u l a t e d .  F i  u r e  21 
shows t h e  i n j e c t e d  b r i n e  f r o n t ,  a f t e r  750 days o rp- i n j e c t I Z n ,  a t  
1959 ba r re l s /day  ( t h e  o t h e r  r e l e v a n t  d a t a  are  g iven  i n  Table 
- 4 ) .  The c a l c u l a t i o n s  a r e  repeated f o r  a d i f f e r e n t  i n j e c t i o n  
r a t e .  Figure 22 shows t h e  i n j e c t e d  b r ine  f r o n t  under t h e  same 
c o n d i t i o n s  a s  n o s e  o u t l i n e d  i n  Figure 21 excep t  f o r  t h e  
i n j e c t i o n  r a t e  which is now 1567 b a r r e l q d a y .  
r e d u c t i o n  i n  t h e  i n j e c t i o n  r a t e  may be f e l t  i n  two ways: 

L' 

I_ )d 
F '  

T h i s  20% 
f 

1. A t  t h e  wellhead, ( t h a t  is a n - i n j e c t i v i t y  impairment 
which is n o t  desired) o r  more l i k e l y ,  

s t r e a k  considered i n  t h i s  example. 
h, 2. I n  h e t e r o g e n e i t i e s  l inked  to  t h e  high pe rmeab i l i t y  

Eventhough these h e t e r o g e n e i t i e s  a r e  permeables, most o f  t h e  
i n j e c t e d  b r i n e  w i l l  go th rough  t h e  main flow p a t h  considered i n  
t h i s  example. I f  t h e  main flow pa th  is somehow restricted t h e  
h e t e r o g e n e i t i e s  l inked  t o  i t  s t a r t  t ak ing  a l a r g e r  s h a r e  of t h e  
i n j e c t e d  b r i n e  which w i l l  be 'd iver ted" towards o t h e r  wel l s  o r  
other areas o f  t h e  geothermal r e s e r v o i r ,  away from t h e  double t  
considered i n  t h i s  example. The flow d i v e r t i o n  mentioned above 
is achieved through s e l e c t i v e  sca l ing .  A t  t h e  s t a r t  o f  t h e  

_ i n j e c t i o n ,  t h e  b r i n e  w i l l  n a t u r a l l y  fo l low t h e  l e a s t  r e s i s t a n t  
p a t h  f i r s t ,  which could be e i ther  a f r a c t u r e  o r  a h i g h  
pe rmeab i l i t y  s t r e a k .  I f  t h e  b r i n e  i n  t h a t  main p a t h  is 
chemica l ly  incompatible w i t h  t h e  r e s e r v o i r  f l u i d s ,  or i f  i t  is 
thermodynamically uns t ab le  under r e s e r v o i r  cond i t ions ,  s c a l e  
w i l l  form. The s c a l e  formed w i l l  reduce t h e - p o r o s i t y  and hence 
t h e  pe rmeab i l i t y  o f  t h a t  main flow pa th  up t o  a p o i n t  where i t  
is no longer  t h e  l e a s t  r e s i s t a n t  flow condui t .  A t  t h i s  moment, 
a p o r t i o n  o f  t h e  i n j e c t e d  f l u i d  w i l l  be 'd iver ted" towards 
o t h e r  flow c o n d u i t s ,  thereby  reducing . t h e  v e l o c i t y  o f  t h e  
i n j e c t e d  b r i n e  f r o n t  which is t h e  c l o s e s t  t o  t h e  producer. For 

i n t e r e s t i n g  t o  f ind  o d b T a ? E u T o ' r s c a l e ,  r equ i r ed  t o  reduce 
t h e  p o r o s i t y  and hence t h e  pe rmeab i l i t y  i n  order t o  "d iver t '  

i n j e c t e d  % f l u i d .  For t h e  sake of s i m p l i c i t y ,  l e t  u s  assume t h a t  
. t h e  pe rmeab i l i t y  t o  t h e  i n j e c t e d  b r i n e  is d i rec t ly  p ropor t iona l  

t o  t h e  i n j e c t i o n  r a t e  and t h a t  t h e r e  is a semi-log c o r r e l a t i o n  
between permeabil I t y  and poros i ty .  Under these  assumptions,  
t h e  amount o f  s c a l e  requi red  t o  "d iver t '  20% o f  t h e  i n j e c t e d  
b r i n e  is shown i n  Table 5. T h i s  t a b l e  i n d i c a t e s  t h e  amount o f  
s c a l e  which has t o m e % s i t e d  per l i t e r  of  i n j e c t e d  b r i n e  t o  
ach ieve  a pe rmeab i l i t y  r educ t ion  of 20%. T h i s  d e p o s i t i o n  is 

Y 

W 

V 

- -  t h e  example shown i n  Fi  ures 21  and 22, i t  should be 

w 
. (away from t h e  c r o s s  s e c t i o n a l  a r e a  considered)  20% o f  t h e  

U 

'J 

U 
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u assumed t o  occur uniformly wi th in  a g iven  d i s t a n c e  from t h e  
wel lbore.  Table 5 is based on t h e  d a t a  and assumDtions of t h e  b, 

L - -  ---- example presented-in s e c t i o n  8.3.' 
a s c a l i n g  tendency o f  432 mg/l i te r  w i l l  ach ieve  a pe rmeab i l i t y  
r e d u c t i o n  of 20% under t h e  following condi t ions :  

I n  o t h e r  words, a b r i n e  w i t h  

Y 
1. 750 days o f  i n j e c t i o n  a t  1959 barre l s /day .  

- 2. The s c a l e  is forming uniformly wi th in  1 f o o t  from t h e  
wel lbore.  

The i n j e c t e d  b r i n e  is thermodynamically uns t ab le  under 
r e s e r v o i r  condi t ions .  

3. 

1 

rming uniformly, w i t h i n  5 f e e t  from t h e  $ .  
3 wel lbore  in s t ead  of  1 f o o t ,  t h e  s c a l i n g  tendency o f  t h e  

i n j e c t e d  b r i n e  should be 2160 mg/l (see Table 5 )  t o  achieve  t h e  
same permeabil il t y  reduct ion.  

Table  6 shows v a r i o u s  pe rmeab i l i t y  r educ t ions  w i t h  t h e  amount 
of s c a i e  depos i ted  wi th in  a s p e c i f i e d  d i s t a n c e  from t h e  
wel lbore.  The d a t a  and assumptions f o r  Table 6 a r e  t h e  same a s  
t h o s e  of Table 5 except  f o r  t h e  i n j e c t i o n  rate-and t h e  o r i g i n a l  
p e r m e a b i l m  Tn t h i s  c a s e  they  a r e :  
d a r c i e s  r e s p e c t i v e l y .  

procedure can be o u t l i n e d  t o  achieve  a g iven  pe rmeab i l i t y -  - 

r e d u c t i o n  and t o  determine t h e  c h a r a c t e r i s t i c s  o f  t h e  
appro r i a t e  b r ine .  As mentioned e a r l i e r  i n  t h i s  report 
(sect  t) on 7.1) 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  should be 
determined p r i o r  to  any f u l l  s c a l e  r e i n j e c t i o n  process .  A ~ 

f i r s t  s t a g e  w i l l  be t o  determine t h e  breakthrough t i m e  and 
l o c a t e  t h e  main flow c o n d u i t ( s )  r e spons ib l e  f o r  it. An 
a p p r o p r i a t e  r educ t ion  of t h a t  ( these) main flow c o n d u i t ( s )  

This r educ t ion  i n  pe rmeab i l i t y  
should n o t  r e s u l t  i n  an impairment of t h e  i n j e c t i v i t y  potent ia l  
of t h e  w e l l .  I n  order t o  achieve  t h i s  pe rmeab i l i t y  r educ t ion ,  
one has  t o  determine t h e  a p p r o p r i a t e  s c a l i n g  tendency of t h e  
i n j e c t i o n  b r i n e .  The l a t t e r  is considered t o  be 
thermodynamically uns t ab le  under r e s e r v o i r  cond i t ions .  T 
s c a l i n g  tendency w i l l  be determined a s  a func t ion  o f  a 
s p e c i f i e d  d i s t a n c e  from t h e  wel lbore (where  t h e  s c a l e  is 
assumed t o  be uniformly depos i ted)  , and a s  a f u n c t i o n  o f  t h e  
i n j  ec t i o n  per iod . 
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TABLE 2 - 

VARIOUS PARAMETERS AND CORRELATIONS USED TO 
ILLUSTRATE THE EFFECTS OF SCALING ON FRACTURE 

- -- - T E R K E X B ~ I T Y  - 
v 

I RESERVOIR PARAMETERS 

(1) HEIGHT OF THE PAY ZONE = 500 meters 

( 2 )  DISTANCE BETWEEN FRACTURES (S) = 10 meters 

( 3 )  NUMBER OF FRACTURES = 50 
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TABLE 4 ------- 
RESERVOIR DATA 

9' 
-------------- 

c Spacing 1000.0 f t .  
w 

Cross Sect iona l  Area 99000.0 S q . f t .  

I n j  ec ted Brine V i s c o s i t y  054 c p .  

Reservoir  Brine V i s c o s i t y  a 4 1  CP. 
3 

Reservoir  Pressure 6000.0 p s i  

Reservoir  Temperature 300' F 

I n j  ec t i o n  Rate - - 1959 barrels /day 
-. Y 

R e  se rv o i r Depth 14000 f t  

Permeabi l i ty  500 md 

P o r o s i t y  = 40% 

Irreduc ib le  Water Saturat ion = 16% 
* _ _  Y 

0 
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TABLE - 5 

SCALING TENDENCY VERSUS DISTANCE FOR 
A 20% PERMEABILITY REDUCTION 

- 
-7 

DI-STANCE FROM THE SCALING TENDENCY (20% 
INJECTOR (FT) PERMEABILITY REDUCTION) 

MG/LITER OF PORE VOLUME ................................................... 

4320 

5 

(3 2 

1 

2160 

864 

432 
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TABLE - 6 

. . -  

SCALING TENDENCY VERSUS DISTANCE FOR 
VARIOUS PE A m  &DUCTION- 

3 

DISTANCE FROM THE SCALING TENDENCY FOR VARIOUS 
INJECTOR (FT) PERMEABILITY REDUCTION ( I N  94d 

MG/LITER OF INJECTED BRINE) 
e 

338 717 1656 10 

5 169 359 828 

68 143 331 2 
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FIGURE 1 

- _- I-- PREC(PITCIT(0N OF SULFATES 
UPON HEATING OFSALTON SEd WATER 

- w 
U 

- - - . - 
-- -: TAT406 ATMI - - 

88 138 188 238 2 





a 





FRACTURE PERMEABILITY VERSUS AMOUNT OF PRECIPITATE 
I N  A FRACTURE ( 0 . 1  c m  WIDE X 100 c m  BREADTH) 

I 0 T OF F R r d  
' A F R A C .  LENGTH=200 METER9 

?K F R A C .  LENGTH=300 METERS! 
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PERMEABILITY VARIATION DUE TO PRECIPITATION IN 
A FRACTURI;: FROM SALTON SEA BRINE INJECTION 

(FLOW RATE = 500 BBL/D) 
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