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Introduct ion 

t i o n  w i l l  be necessary f o r  optimizing the  exploi-  
t a t i o n  of  a geothermal f i e ld .  N o t  only does this 
a f f o r d  a way to  solve the  problem of  d isposa l  of  
cooled geothermal br ine ,  bu t  it also serves  the 
purpose of maintaining reservoi r  pressure ,  thus 
reducing possible  subsidence e f f e c t s ,  and sus ta in-  

, i n g  production f l o w  rates. In  add i t ion ,  re in jec-  
t i o n  enhances thermal energy e x t r a c t i o n  f c o m  the 
. reservoi r  rocks. 

It has become general ly  accepted t h a t  re in jec-  

However, r e i n j e c t i o n  e rea t e s  a zone of  rela- 
t i v e l y  cold water around each i n j e c t i o n  w e l l  t h a t  
w i l l  grow with t i m e  and eventual ly  reach t h e  pro- 
duct ion w e l l s .  When t h e  cold water appears 
("breaks through") i n  the producing w e l l s ,  the 
e f f i c i e n c y  of t he  operat ion may be d r a s t i c a l l y  re- 
duced. It is therefore  important to design the  
system of  in jec t ion  w e l l s  t o  prevent  cold water 
breakthrough before  a specified t i m e - .  
production f i e l d ,  it i s  e s s e n t i a l  t h a t  both the 
l o c a t i o n  and flow rates of the  i n j e c t i o n  w e l l s  be 
optimized. 

t i a l  study of poss ib le  re in jec tcon  p a t t e r n s  f o r  
the Cerro Pr ie to  geothermal f i e l d ,  B a j a  Cal i forn ie ,  
Mexico are discussed. F i r s t ,  t h e  numerical model 
and assumptions made a r e  descr ibed,  then the  var- 
i ous  cases we s tudied a r e  presented. The r e s u l t -  
i n g  d a t a  ind ica te  what may be expected from d i f -  
f e r e n t  re in jec t ion  schemes and may provide u s e f u l  
gu ide l ines  for fu ture  r e i n j e c t i o n  operat ions a t  
Cerro P r i e t o  and other liquid-dominated geothermal 
f i e l d s  . 

For a given: 

I n  the present  paper t h e ' r e s u l t s  of an i n i -  

Analyt ic  Model Used 

state flow model based on the work of Gringarten 
and Sauty' has been used. This model, which as- 
sumes constant  f l u i d  property parameters,  is cap- 
able of simulating a system of many production and 
injectLon w e l l s  i n  a hor izonta l  a q u i f e r  system. 
I n  such a system, s teady-state  f l u i d  flow is expec- 
t e d  within a r e l a t i v e l y  s h o r t  time. Then the  f l u i d  
v e l o c i t y  may be w r i t t e n  down e x p l i c i t l y  as a sum of 
cont r ibu t ions  from each well .  Natural  reg iona l  
f l o w  i n  the  reservoi r  can a l so  be included very 
simply. Along each flow l i n e  thus constructed,  t he  
t y p e r a t w e - i s  evaluated by consider ing heat t rans-  
Cer with bedrock and caprock, and by as'suming 'in- 
stantaneous loca l  thermal equilibrium between f l u i d  
and rock matrix. 
t e d  numerical models are avai lable:  b u t  due to  
their complexity, near ly  a l l  of t h e s e  are l imi ted  
to t he  study of a s m a l l  number of  wellsr or w e l l s  

I n  th ig  study a s i n g l e  two-dimensional steady- 

I t  is t r u e  t h a t  m o r e  sophis t ica-  

arranged i n  a highly symmetrical pa t te rn .  
p l e r  model adopted f o r  t h e  present  work has  the  
g r e a t  advantage of  being able to  readi ly  handle a 
system of many production and in j ec t ion  w e l l s  loca- 
.tea throughout the f i e l d .  

The sim- 

Calculat ions and Results 

wells are d i r e c t i n g k t e a m  to  the  power p l a n t  and 
the separated br ine  is disposed to a l a rge  evapo- 
r a t i o n  pond. This s tudy explores the  e f f e c t  of re- 
in j ec t ing  part of the produced water i n t o  t h e  res- 

.ervoir .  A t  the present  t i m e  a t o t a l  of about 2750 
m3/hr of brine-steam mixture is being produced. 

A t  Cerro P r i e t o  armmd sixteen production 

I n  our ca lcu la t ions  w e  assume t h a t  50% of  t h e  
produced f l u i d s ,  i .e .  1375 m3/hr,  w i l l  be re in jec-  
t ed  i n t o  3 or 4 w e l l s .  The thickness of the ac tua l  
aqui fe r  v a r i e s  from place  t o  place. W e  do n o t  have 
s u f f i c i e n t  data t o  o b t a i n  a typ ica l  average thick- 
ness. However, w e  assume a reasonable va lue  of 
250 rn. The breakthrough t i m e  a t  the  production 
wel l s ,  i . e .  the t i m e  it takes  f o r  cold water to 
reach the  production we l l s ,  is simply proport ional  
to this thickness .  Further f i e l d  tests are ROW 
being performed a t  Cerro Pr i e to  to establish the  
c h a r a c t e r i s t i c s  of t h i s  geothermal system. As more 
data come i n  and as the geological model of the 
f i e l d  is improved, a more de ta i led  a n a l y s i s  w i l l  
be made. 

Figure 1 shows the pos i t ions  of  a l l  the w e l l s  
used i n  the study. A w e l l  l abe l  beginning w i t h  M 
represents  a cur ren t ly  e x i s t i n g  w e l l .  A w e l l  l a b e l  
beginning with X represents  a hypothet ical  re in jec-  
t i o n  w e l l  y e t  to  be d r i l l e d  and tested f o r  in jec-  
t ion .  Only three o r  four  of t he  w e l l s  a r e  used for 
i n j e c t i o n  i n  any p a r t i c u l a r  case. Thus n o t  a l l  t he  
wel ls  ind ica ted  are used a t  the same time. The 
production wel ls  ind ica ted  i n  the  f igu re  are those 
cur ren t ly  used to supply steam to  the C e r r o  P r i e to  
power p l an t .  They are loca ted  t o w a r d  t h e  north- 
e a s t  next  t o  the r a i l road .  Note t h a t  w e l l s  M - 1 1  
and M-42 are somewhat separated from the  rest of 
the producing w e l l s  and are r e l a t i v e l y  closer to  
wel ls  M-3 and M-7. This w i l l  have c e r t a i n  impli- 
ca t ions  i f  M-3 and M-7 are used fo r  r e i n j e c t i o n ,  
a s  is shown below. 

Altogether 13 a l t e r n a t i v e  r e i n j e c t i o n  schemes 
have been s tudied.  
b a s i c a l l y  use the  present ly  ava i lab le  w e l l s  out- 
s ide  the  production region for r e in j ec t ion .  The 
other  f i v e  cases  assume a l i n e  of four i n j e c t i o n  
w e l l s  southwest of t h e  production area. The para- 
meters assumed i n  these ca lcu la t ions  are l i s t e d  i n  
T a b l e  1, and the  r e s u l t s  are summarized i n  Table 2. 
The f + s t  a_?d second breakthrough t i m e s  shown i n -  

Eight  of these assume that w e  
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Table 2 are t h e  earliest t i m e s  required f o r  cold 
water t o  break through a t  any t w o  production w e l l s  
the numbers of which a r e  ind ica ted  i n  bracke ts .  
8, h r i e f  desc r ip t ion  of these  runs  is  given as 
follows : 

Run #1: Water i s  in j ec t ed  i n t o  t h e  ex i s t ing  w e l l s ,  
M-3, M-6, M-7 and M-92, a t  the  rate of 343.75 m 3 / h r  
, a t  each one. On the  o t h e r  hand, the 15 product ion 
w e l l s ,  opera t ing  a t  the same rate,  produce a to ta l  
of 2750 m 3 / h r .  
breakthrough of cold water w i l l  occur  a t  w e l l  M - 1 1  
after about 32 years ,  due t o  co ld  w a t e r  f r o m  w e l l  
M-7. N o t e  that the  second breakthrough does n o t  
occur u n t i l  18 years  la ter .  Thus, i f  M - 1 1  is  d i s -  
carded as an a c t i v e  production w e l l  after approx- 
imately 32 years ,  production from the o the r  w e l l s  
remains undisturbed for an  a d d i t i o n a l  18 years .  
During these  l e  years ,  M - 1 1  w i l l  se rve  as a screen- 
i n g  wel l2 .  

Run #2: I n  t h i s  run t h e  i n j e c t i o n  rates i n  w e l l s  
X-7 and M-6 are smaller than i n  run  #1, bu t  t h e  
to ta l  i n j e c t i o n  rate of  1375 m 3 / h r  is maintained. 
As expected, t h i s  v a r i a t i o n  improves the  break- 
through tunes from w e l l s  M-7 and M-6, bu t  only by 
5 and 2 years  respec t ive ly .  

Run #3 (Figure 2) :  I n  the  first t w o  runs, in jec-  
t i o n  wel l  M-7 w a s  determined t o  be the  cr i t ical  
w e l l  with respect t o  breakthrough t i m e s .  There- 
fore, M-7 is  omitted i n  this run  and the total  in-  
j ec t ion  rate i s  maintained by doubling t h e  in jec-  
t i o n  rate a t  M-92. The r e s u l t s  obtained show con- 
siderable improvement, as breakthrough occurs  a t  
w e l l  M-29 af ter  56 years .  

Run #4 (Figure 3 ) :  For t h i s  run, a fourth in jec-  
t i o n  w e l l  X-8 is added t o  the  t h r e e  employed i n  
run  #3.  The i n j e c t i o n  rates are unequally d is -  
t r i bu ted ,  and the total  i x j e c t i o n  rate i s  un- 
changed. Again, t he  first breakthrough occurs a t  
M-29 as b r i n e  in j ec t ed  a t  M-6 arrives 62 years  
a f t e r  i n j e c t i o n  began. Secondary breakthrough of 
b r i n e  from w e l l  M-6 a r r i v e s  a t  M-25 7 years  la ter .  

Run # 5 :  I n  this run, w e l l  M-6 is  n o t  used, and the 
b r i n e  is in j ec t ed  i n t o  M-3, X-B, and M-92 a t  rates 
of 343.75, 468 .75 ,  and 562.50 m3/hr, respec t ive ly  I 
The f i r s t  breakthrough occurs  a t  w e l l  M - 1 1  a f t e r  a 
74 year period of i n j ec t ion ,  and t h e  second occurs  
15  years  l a te r  a t  M-19A. Both breakthroughs are 
due to the  i n j e c t i o n  a t  w e l l  M-3. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  f i r s t  

Run #6: For t h i s  run, t he  same injection-produc- 
t i o n  scheme as i n  the  previous run ,  is  used. The 
only d i f fe rence  is the  decrease of the  i n j e c t i o n  
ra te  a t  M-3. I n  t h i s  case, t h e  breakthrough occurs  
a t  M - 1 1 ,  80 years  after i n j e c t i o p  begins ,  t hus  in- 
d i ca t ing  some improvement i n  the breakthrough tunes. 

Run #7:  I n  this run,  only 14 product ion w e l l s  are 
employed, t h e  w e l l s  M - 1 1  and M-42, are considerably 
closer to  i n j e c t i o n  w e l l  M-7 than  are t h e  o the r  1 4  
(see Figure 1) and have been omit ted i n  t h i s  run 
to  avoid e a r l y  breakthrough t i m e s .  However, t he  
to ta l  production rate of 2750 m 3 / h r  remains un- 
changed. In  a l l  o the r  aspects t h i s  run is  i d e n t i -  
cal to  run  # l .  I n  a comparison between t h e  t w o  
runs  ( # ' s  1 and 71,  t h e  earliest breakthrough time 
is  increased from 32 t o  47 years .  

Run #8:  This run is i d e n t i c a l  to  run  #5, except 
that M - 1 1  is omitted as a product ion w e l l .  Compar- 
i son  with run #5 shows a 1 2  year  improvement i n  
the f i r s t  breakthrough time, r e s u l t i n g  i n  86 yea r s  
of undis turbed production. 

Run #9: This case is  the f i r s t  of a s e r i e s  of runs 
i n  which in j ec t ion  i s  made along a l i n e  of wells 
southwest o f  the present  production a rea .  I n  t h i s  
run w e l l s  X - 1 ,  M-6, X-2, and X-3 are i n j e c t e d  a t  
equal rates. The 16 production w e l l s  ope ra t e  a t  
a to ta l  ra te  of 2750 m3/hr. Breakthrough occurs  
*a f t e r  45 years  of i n j e c t i o n ,  as b r ine  from w e l l s  
X-1  and M-6 a r r i v e s  a t  w e l l s  M-29 and M-30, 

Run #lo: 
is repea ted  here. The i n j e c t i o n  rates a t  X-1  and 
M-6 are decreased, b u t  increased a t  X-2 and X-3. 
However, t h e  t o t a l  i n j e c t i o n  ra te  i s  maintained. 
I n  this run  there  i s  minor improvement (5 yea r s )  
i n  t h e  breakthrough time. 

Run #11: For t h i s  run,  a new i n j e c t i o n  w e l l ,  X-4, 
is introduced (see Figure l) ,  and i n j e c t i o n  w e l l  
X - 1  is dropped. Otherwise, run #11 is i d e n t i c a l  
to run  # lo .  The breakthrough occurs a f t e r  54 
years ,  so only minor improvement is found i n  the 
breakthrough t i m e  (by 4 yea r s ) .  

Run #12 (Figure 4 ) :  I n  t h i s  run t h e  use of in3ec- 
t i o n  w e l l s  X-5, X-6, X-7, and X-8, which are pos- 
i t i oned  f a r t h e r  from t h e  production a rea  than  
those of  t h e  last  runs is considered. The break- 
through t i m e s  are consequently longer ,  wi th  t h e  
s h o r t e s t  breakthrough occuring 90 years  a f t e r  
i n j e c t i o n  began. 

Run #13: For t h i s  run,  the condi t ions are the same 
as those of run #12, b u t  d i f f e r e n t  spacings are 
used between the  i n j e c t i o n  w e l l s .  The r e s u l t s  in- 
d i c a t e  minimal change i n  breakthrough t i m e s  when 
compared with run #12 

Summary and Conclusions 

dies, t h e  preliminary r e s u l t s  suggest t h a t  r e in j ec -  
t i o n  of co ld  br ines  i n t o  t h e  Cerro P r i e t o  reservoir 
can be  s a f e l y  accomplished without a premature re- 
duct ion i n  the  temperature of the  produced f l u l d s .  
I f  the present ly  a v a i l a b l e  w e l l s ,  M - 3 ,  M-6, M-7, 
and M-92, are used f o r  i n j e c t i o n ,  t h e  product ive  
l i f e  o f  t h e  f i e l d  is s t rongly  dependent upon w e l l  
M-7. The use of M-7 would probably l i m i t  undis- 
turbed production t o  approximately 30 years ;  where- 
as, r ep lac ing  M-7 by an in j ec t ion  w e l l  f u r t h e r  a- 
wcy from the  production area would lengthen t h e  
product ive  l i f e  of the f i e l d  to over  50 yea r s .  

The w e l l  p a t t e r n  used i n  t h e  prev ious  run 

Under the  assumptions adopted i n  these  s t u -  

The r e s u l t s  from t h e  runs involving b r i n e  in- 
j e c t i o n  i n t o  wel ls  placed along a s t r a i g h t  l i n e  
southwest of the production area ( including w e l l  
M - 6 )  i n d i c a t e  t h a t  breakthrough of cold w a t e r  
should n o t  occur f o r  a t  least  50 years .  When the 
i n j e c t i o n  l i n e  is moved farther away from the pro- 
duct ion area, the  product ive l i f e  of t h e  geothermal 
f i e l d  is  s i g n i f i c a n t l y  increased I n  gene ra l ,  cold 
w a t e r  breakthrough tune i s  s t rongly  dependent on 
the  d i s t a n c e  of the  product ion w e l l s  from the clos- 
es t  i n j e c t i o n  w e l l .  On t h e  o the r  hand, vary ing  the 
r e l a t i v e  flow rates among the  i n j e c t i o n  w e l l s  does 
no t  change the  breakthrough t i m e s  by more than  a 
f e w  years .  One po in t  to  note  is t h a t ,  as colder 
water is in jec ted  i n t o  t h e  r e se rvo i r ,  it 1s heated 
by the rock-matrix through which it passes. Thus 
the  hydrodynamic f r o n t ,  corresponding to the mass 
of i n j e c t e d  water, precedes t h e  thermal f r o n t  ac- 
ross which the change of  water temperature occurs. 
(The l a g  of the temperature f r o n t  behind the in-  
jec ted  f l u i d  f ron t  depends on w e l l  d i s t r i b u t i o n  and 
r e se rvo i r  proper t ies . )  Since the molecules of in-  
jec ted  b r i n e  follow the hydrodynamlc f r o n t ,  if one 
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1 SCALE 

tags  the injected f lu id  with a t r ace r ,  the  approach 
of t he  cold f ront  may then be predicted by per iodic  
chemical analysis  of the produced waters.  T h i s  
would provide t i m e  fo r  remedial ac t ions  i f  neces- 
sary.  

The r e s u l t s  presented i n  t h i s  paper should be 
regarded as rough esitmates,  since they a re  based 
on the  assumption tha t  the Cerro P r i e t o  reservoi r  
can be simulated by an homogeneous horizontal  250 
meter-thick aquifer .  
b e t t e r  understanding of the f i e l d  i s  achieved. 
Furthermore, i n  prac t ica l  cases,  w e  need t o  con- 
s ide r  (a) the i n j e c t i b i l i t y  of the  re in jec t ion  
wel ls ,  i .e .  whether they are able t o  accept a given 
flow ra t e ;  and (b) the chemical compat ibi l i ty  of 

They w i l l  be updated as a 

0 1  PRODUCTION WELLS \ 
a INJECTION WELLS M-92 

XbL 7-w 
Figure 3:  The brine f l o w  c h a r a c t e r i s t i c s  

for run # 4 .  

injected and nat ive waters. 
' these problems is underway. 

Research t o  address 
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for run #12. 
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Rock thermal conductivity 

Initial reservoir temperature 
Injected water temperature 

Table I: CONSTANTS USED 

= 0.006 Cal/cm/sec/oC 

= 3OOOC 

= lO0OC Rock volumetric heat capacity = 0.5 c r n 3 / O ~  

Aquifer thlckness = 250 m 

Aquifer porosity = 19% 

Density of brine = lg/cm3 

Table 2: 

Summary of Reinjection Studies for the Cerro Prieto Geothermal Field 
COMMENTS RUN INJ. INJ. RATE No. BREAKTHROUGH TIME 

WEEKS (m3 /hr) PROD. (years) 
each total WELLS each total 1st (well) 2nd (well) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

M- 3 
M-6 
M- 7 
M-92 
M- 3 
M-6 
M-7 
M-92 
M- 3 
M- 6 
M-92 
M- 3 
M-6 
X- B 
M-92 
M- 3 
X- B 
M-92 
M- 3 
X- B 
M-92 

M- 3 
M-6 
M- 7 
M-92 
M-3 
X- B 
M-92 

x-1 
M-6 
x-2 
x-3 
x-1 
M- 6 
x-2 
x-3 
M-6 
x- 2 
x-3 
x-4 
x- 5 
X- 6 
x- 7 
X-8 
x- 9 
X-6 
x-10 
x-11 

343.75 
343.75 
343.75 
343.75 
343.75 
250.00 
187.50 
593.75 
343.75 
343.75 
687.50 
250.00 
187.50 
375.00 
562.50 
343.75 
468.75 
562.50 
250.00 
562 .SO 
562.50 

343.75 
343.75 
343.75 
343.75 

343.75 
468.75 
562.50 
343.75 
343.75 
343.75 
343.75 
187.50 
187.50 
437 .50 
562.50 

187.50 
187 .SO 
437.50 
562.50 
343.75 
343.75 
343.75 
343.75 
343.75 
343.75 
343.75 
343.75 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

1375 

16 

16 

16 

16 

16 

16 

14 

15 

16 

16 

16 

16 

16 

171 .%8 

171.88 

171.88 

171.88 

171.88 

171.88 

196.43 

183.33 

171.88 

171.88 

171.88 

171.88 

171.88 

2750 

2750 

2750 

2750 

2750 

2 750 

2750 

2750 

2750 

2750 

2750 

2750 

2750 

82 (M-19A) 
60 (M-30) 
32 (M-11) 
169 [M-25) 
79 (M-11) 
62 (M-29) 
37 (M-11) 
140 (M-8) 
73 (M-11) 
56 (M-29) 
131 (M-8) 
80 (M-11) 
62 (M-29) 
143 (M-31) 
137 (M-8) 
74 (M-11) 
134 (M-31) 
133,. (M-8) 
80 (M-11) 
126 (M-31) 
131 (M-8) 

85 (M-19A) 
56 (M-30) 
47 (M-19A) 
163 (M-8) 
86 (M-19A) 
132 (M-31) 
131 (M-8) 
45 (M-30) 
45 (M-29) 
55 (M-25) 
81 (M-19A) 
53 (M-30) 
50 (M-30) 
49 (M-29) 
68 (M-19A) 
54 (M-30) 
54 (M-29) 
63 (M-25) 
87 (M-19A) 
90 (M-30) 
88 (M-29) 

168 (M-19A) 
93 (M-30) 
91 (M-29) 
125 (M-25) 

110 (M-25) 

>200 (----) 

107 (M-5) 
61 (M-29) 
50 (M-5) 
170 (M-8) 
84 (M-19A) 
64 (M-25) 
56 (M-5) 
140 (M-27) 
92 (M-19A) 
60 (M-25) 
133 (M-27) 
101 (M-19A) 
69 (M-25) 
146 (M-35) 
138 (M-27) 
89 (M-19A) 
143 (M-35) 
136 (M-27) 
97 (M-19A) 

132 (M-35) 
136 (M-27) 
89 (M-25) 
61 (M-26) 
48 (M-5) 
164 (M227) 
,102 (M-25) 
137 (M-35) 
134 (M-27) 
47 (M-25) 
51 (M-26) 
56 (M-29) 

>200 (----) 

56 (M-26) 
54 (M-26) 
53 (M-25) 
78 (M-20) 
87 (M-26) 
60 (M-25) 
64 (M-29) 
97 (M-11) 
95 (M-31) 
90 (M-25) 
112 (M-20) 
>200 (----) 
95 (M-31) 
93 (M-25) 
144 (M-20) 
>200 (----) 

X-B, a new 
injection we1 1 
introduced. 

M-11, M-42 not used 
for production. 

M-11 not used 
for production. 

New inj ec t ion 
wells introduced 
x-1, x-2, x-3 

New injection 
well introduced, 
x-4 

New injection 
wells introduced, 
X-5, X-6, X-7, X-8. 

New injection 
wells introduced, 
x-9, x-10, x-11. 
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