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ABSTRACT 

Ear ly  e v a l u a t i o n  of t h e  p o t e n t i a l  f o r  thermal 
breakthrough of r e i n j e c t e d  f l u i d s  i n  newly 
developed geothermal f i e l d s  can be ob ta ined  
with t h e  SGP one-dimensional hea t  sweep 
model. The model was used t o  estimate Eluid 
cooldown from wells s e l e c t e d  f o r  t h e  f i rs t  
wel lhead g e n e r a t i n g  u n i t s  t o  be i n s t a l l e d  a t  
t h e  Los Humeros and La Primavera geothermal 
f i e l d s  i n  Mexico, based on staff-compiled 
geometr ic  and geo log ic  d a t a ,  thermal  proper- 
t i e s  of t h e  r e s e r v o i r  rock,  and expected 
p roduc t ion  cond i t ions .  Geometric considera-  
t i o n s  were eva lua ted  with r e s p e c t  t o  known 
and p o s t u l a t e d  f a u l t  zones and r e t u r n  flow 
a n g l e  of t h e  r e i n j e c t e d  f l u i d .  The r e s u l t s  
show t h e  range of parameter va lues  t h a t  
a f f e c t  t h e  rate of thermal  breakthrough t o  an 
abandonment t empera tu re  of 170 O C  cor re -  
sponding t o  t h e  minimum i n l e t  p r e s s u r e  t o  the  
CFE 5-MW wellhead g e n e r a t o r  u n i t s .  

INTRODUCTION 

Los Humeros and La Primavera are geothermal 
f i e l d s  i n  Mexico a t  which t h e  Comision 
Fede ra l  de E l e c t r i c i d a d  (CFE) has announced 
i n s t a l l a t i o n  of f i r s t  5-MW wellhead u n i t s  f o r  
1987-88. In management planning of f i e l d  
o p e r a t i o n ,  one of t h e  e a r l y  d e c i s i o n s  
r equ i r ed  f o r  t h e s e  f i r s t  u n i t s  is t h e  choice 
of r e i n j e c t i o n  wells f o r  t h e  sepa ra t ed  b r i n e s  
and condensates.  An important  a s p e c t  of such 
cho ices  is  t h e  thermal  behavior  of t h e  r e in -  
j e c t e d  f l u i d  from e i t h e r  surface-s tored water  
bodies  o r  d i r e c t l y  from t h e  l i q u i d  l e g  of t h e  
wel lhead s e p a r a t o r s .  The one-dimensional 
hea t  sweep model, desc r ibed  by Hunsbedt, Lam, 
and Kruger (1983),  can be used a s  a t o o l  f o r  
e a r l y  estimate of the p o t e n t i a l  f o r  thermal 
breakthrough of recharge,  f l u i d s  t o  geothermal 
w e l l s  under s t e a d y  product ion.  An advantage 
i n  t h e  use of t h i s  s imple,  one-dimensional 
model, e s p e c i a l l y  f o r  newly developed geo- 
thermal  f i e l d s ,  i s  i n  t h e  s e l e c t i o n  of a 
p r a c t i c a l  range of va lues  f o r  t he  parameters  
of temperature  d i s t r i b u t i o n ,  r e s e r v o i r  f low 
geometry,  formation s t r u c t u r e ,  thermal prop- 
e r t ies  of t h e  fo rma t ion  composition, and 
planned p roduc t ion  cond i t ions .  The model 
a l lows  r a p i d  e v a l u a t i o n  of t h e  e s t ima ted  
wel lhead f l u i d  temperature  d e c l i n e  curve ove r  
a wide v a r i e t y  of assumed r e s e r v o i r  and pro- 
d u c t i o n  parameters .  

Morel ia ,  Mich. 

The model i s  based on t h e  equa t ions  f o r  hea t  
t r a n s f e r  from a d i s t r i b u t i o n  of f r a c t u r e d  
rock blocks t o  t h e  pore f l u i d  i n  a geothermal 
r e s e r v o i r .  The b a s i c  equa t ions  f o r  hea t  
t r a n s f e r  from a d i s t r i b u t i o n  of rock b locks  
desc r ibed  as lumped e q u i v a l e n t  r a d i u s  sphe res  
were given by Kuo e t  a l .  (1977) and Hunsbedt 
e t  a l .  (1979). The one-dimensional hea t  
sweep model, improved by Lam (1986),  a l lows  
f o r  f i v e  types of f l u i d  flow geometry and 
f l u i d  mixing nea r  t h e  p roduc t ion  wells;  
l i n e a r  and r a d i a l  f low geometr ies  between 
s i n g l e  and l i n e s  of i n j e c t i o n  and product ion 
wel ls  e i t h e r  by hea t  s w e e p  a lone  o r  by mixing 
flow wi th  p e r c o l a t i o n  r echa rge  flow from 
above and/or  hot  water flow from the  reser- 
vo i r .  

The model has been a p p l i e d  t o  a number of 
p r o j e c t s  i n  Mexican geothermal f i e l d s ,  f o r  
example t h e  Cerro P r i e t o  f i e l d  i n  Raja 
C a l i f o r n i a  (Kruger,  1985) and t h e  Los Azufres 
f i e l d  i n  Michoacan (Xo l ina r ,  e t  a l . ,  1986). 
The model has been a p p l i e d  a t  two new f i e l d s ,  
Los Humeros i n  Puebla and La Primavera i n  
J a l i s c o .  This r e p o r t  d e s c r i b e s  t h e  i n i t i a l  
r e s u l t s  of t h e  s t u d i e s  c a r r i e d  ou t  j o i n t l y  
between t h e  S tan fo rd  Geothermal Program and 
t h e  Comision Fede ra l  de E l e c t r i c i d a d  t o  eval-  
u a t e  t h e  planned r e i n j e c t i o n  schemes f o r  t h e  
f i r s t  5-MW w e l l h e a d  u n i t s  t o  be i n s t a l l e d  at 
t h e  Los Humeros and La Primavera geothermal 
f i e l d s .  

LOS HUMEROS U N I T  1 STUDY 

The Los Humeros geothermal f i e l d  i s  loca ted  
i n  t h e  S t a t e  of Puebla,  200 km east  of Mexico 
C i t y ,  a long  t h e  Mexican vo lcan ic  a x i s  
desc r ibed  by. Alonso (1975). A d e s c r i p t i o n  of 
t h e  f i e l d  and a v a i l a b l e  pre-production d a t a  
f o r  t h e  w e l l s  d r i l l e d  t o  d a t e  are r epor t ed  by 
t h e  Residencia  de Pe r fo rac ion  (1986). A map 
of t h e  geothermal a r e a  is  g iven  i n  Figure 
1. The s t r u c t u r a l  geometry of t h e  geothermal 
zone l i e s  a long  a g e n e r a l  NW-SE a x i s  with 
t h r e e  p r i n c i p a l  c o l l a p s e  areas, an o u t e r  r i n g  
mainfested p r i m a r i l y  i n  the  western bo rde r ,  
a n  i n t e r m e d i a t e  r i n g  with c h a r a c t e r i s t i c  
wal ls  noted in t h e  sou th  and east of t h e  
f i e l d ,  and a c e n t r a l  c o l l a p s e  zone with sub- 
s idence  wal ls  noted i n  t h e  no r th  and east .  
The Los Humeros c o r r i d o r  is  a l i g n e d  p r fmar i ly  
NW-SE bounded l a t e r a l l y  by t h e  r e g i o n a l  tec- 
t o n i c  s t r u c t u r e .  
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Fig. 1. Rad ia l  f low geometry from t h e  
proposed r e i n j e c t i o n  w e l l  H-5 t o  t h e  two 
p roduc t ion  wells H-7 and H-1 f o r  t h e  f i r s t  5- 
MW wellhead u n i t  a t  Los Humeros. 

The thermal  m a n i f e s t a t i o n s  of t h e  f i e l d  have 
been eva lua ted  geochemical ly  in f i v e  zones by 
noncondensable gas  geothermometry as fo l lows :  

1. 290-320 "C 
2. 307-324 "C = Zone A 
3. 312-330 "C 
4. 280-300 "C = Zone B 
5. 310-330 "C = Zone C 

with zones 2 and 3 being considered t h e  more 
impor t an t  areas. F i f t e e n  wells have been 
d r i l l e d  i n  t h e  c e n t r a l  c o l l a p s e  zone t o  
d e l i n e a t e  t h e  p roduc t ion  p o t e n t i a l  of t h e  
f i e l d .  Data f o r  t h e  wells t h a t  have been 
eva lua ted  a r e  g iven  in Table 1. The l a s t  
t h r e e  of t hese  w e l l s  are be ing  considered as 
cand ida te  wel ls  l o r  r e i n j e c t i o n  recharge.  

Well 
No 

H-1 
It- 6 
H-7 
H-8 
H-9 
H-10 
H-11 

A-16 
H-2 
H-4 
H-5 

--- 

H-12 

Tahle 1 

PREPRODUCTION DATA POR 12 LOS HIIKEROS WELLS* 

Depth 'wh 9 ** Q 
(wa) (trh) ( t h )  ----- (m) ---- 

1458 1.5 44 114 
2543 1.5 26 17 
2340 1.5 35 2 
2388 1.5 23 9 
2500 1.5 89 5 
2158 1.14 1 o+ 1 
2380 1.5 31 2.7 
3104 1.5 42 R 
2048 1.5 48 3.6 
2301 
1880 
1905 

- -- + 
+ 
+ 

- -- - -- 
+ wells cotitemplated for s t imlat io i i  or reinfection 
** at separator pressure - 0.8 ma. 

from Resideitcia de Perforaciori (1986). 

1300 
1905 
2606 
2142 

2612 
2562 

2606 

2630 

2305 

-- -- -- 

p l a n  view of t h e s e  w e l l s  i s  i n d i c a t e d  in 
Figure  1, which shows t h e  geometry f o r  t h e  
r a d i a l  f low h e a t  sweep modeling s tudy.  

F igu re  2 shows t h e  d a t a  accumulated i n  con- 
j u n c t i o n  wi th  t h e  t e c h n i c a l  s t a f f  a t  Los 
Humeros. Two recha rge  sweep temperatures  
were s e l e c t e d ,  35 OC to r e f l e c t  t h e  ambient 
s u r f a c e  water temperature  on s t o r a g e  of t h e  
s e p a r a t e d  b r i n e ,  and 115 "C t o  r e f l e c t  t h e  
b r i n e  temperature  on d i r e c t  r e i n j e c t i o n  from 
t h e  wel lhead s e p a r a t o r s .  The i n j e c t i o n  and 
r e s e r v o i r  f l u i d  f l o w r a t e s  f o r  w e l l s  H-7 and 
H-1 were ob ta ined  from Table  1. Well H-7 
which i s  c l o s e r  t o  t h e  proposed i n j e c t i o n  
w e l l  H-5 would produce only 19 % of t h e  t o t a l  
Unit f low, bu t  44 % of t h e  steam supply.  The 
f r a c t i o n  of r e i n j e c t e d  f l u i d  would be only 2 
% of t h e  w e l l  f l owra te .  Well H-1 e s s e n t i a l l y  
c o n t r o l s  t h e  r a t e  of re i  j e c t e d  f l u i d  
r e tu rn .  A va lue  of -0.005 y-' was s e l e c t e d  
as t h e  expected cooldown rate,  based on 
expe r i ence  a t  two o t h e r  f i e l d s .  Since the  
a n g l e  between t h e  two p roduc t ion  wel ls  from 
t h e  i n j e c t i o n  w e l l  i s  about 21 degrees ,  h e a t  
sweep f o r  t h e  two w e l l s  was considered as 
independent small-angle  r a d i a l  f lows ranging 
from 2.5 degrees  ( e s s e n t i a l l y  d i r e c t  r e t u r n  
f low) t o  20 degrees  (d i spe r sed  r e t u r n  
f low).  

The r e s u l t s  of t h e  h e a t  sweep runs f o r  
recharge sweep f low from w e l l  H-5 t o  w e l l  H-7 
are shown in Figure 3. The va lues  f o r  t h e  
number of h e a t  sweep u n i t s  parameter were 8.5 
f o r  2.5 degree flow and 17.1 f o r  5 degree 
f low,  i n d i c a t i n g  t h e  r e l a t i v e l y  long resi-  
dence time of t h e  sweep f l u i d .  The small 
sweep f l u i d  f r a c t i o n  (5 ?a) coupled with t h e  
small r e i n j e c t i o n  f l o w r a t e  r e s u l t s  in s u f f i -  Planning is underway t o  i n i t i a t e  e x p l o i t a t i o n  

of t h e  f i e l d  wi th  t h e  i n s t a l l a t i o n  of t h r e e  cient heat transfer t o  sustain the sweep 

temperature  d e c l i n e s  with t h e  assumed cool- p r e s e n t l y  o p e r a t i n g  a t  t h e  Los Azufres geo- 
thermal  f i e l d  i n  Michoacan. The f i r s t  of 
t h e s e  u n i t s  is be ing  considered f o r  t h e  p a i r  down rate of -0.005 y-'. In t h i s  example, 
of wel l s  H-1 and H-7 wi th  p o s s i b l e  r e i n j e c -  r e i n j e c t i o n  h e a t  sweep prolongs t h e  thermal  
t i o n  i n t o  w e l l  H-5. The h e a t  sweep model w a s  l i f e  of t h e  w e l l .  
used t o  e v a l u a t e  t h e  p o t e n t i a l  €or  thermal  
breakthrough f o r  t h i s  system of two produc- Figure 4 shows t h e  r e s u l t s  of t h e  w e l l  p a i r  
t i o n  wells each a t  d i f f e r e n t  f low rates. A H-5 t o  H-1. In t h i s  case, t h e  l a r g e r  sweep 

o r  f o u r  5-Mw wellhead f l a s h  u n i t s  of t h e  type  fluid at 280nc while the reservoir fluid 
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Fig. 2. Input data sheet for the two radial 
flows to wells H-7 and H-1 at Los Humeros. 

4 

59 188 159 288 159 388 
160 f 

IIIR (yems) 

Fig. 3. Heat sweep results for recharge flow 
from well H-5 to H-7 at Los Humeros. Upper 
curve is €or sweep fluid temperature for all 
angles; lower curve for mixed fluid 
temperature with reservoir fluid cooldown 
rate of -0.005 y-'. 

flow fraction and injection flowrate results 
in a small number of heat sweep units and a 
more rapid sweep fluid temperature decline, 
which combined with the 72 X reserv ir fluid 
flow at a cooldown rate of -0.005 y-', accel- 
erates the production fluid cooldown. 

The parameter most useful to assess the 
results of these model runs is the time to 
f luld cooldown to the abandonment temperature 
of 170 O C  corresponding to the minimum inlet 
pressure for the 5-VW wellhead generators. 

1 

0 29 19 69 88 188 129 118 160 100 
111 (yrars) 

168 I 

188 m q  
I 

168 * 1 .r , 
0 28 19 68 88 199 128 144 168 180 

SIR ( Y l a r s )  

Fig. 4. Heat sweep results for recharge flow 
from well H-1 to H-7. Upper curves are for 
sweep fluid temperature as a function of 
recharge flow angle; lower curves for mixed 
fluid temperature with reservoir cooldown 
rate of -0.005 y-'. 

The data for the two radial flows are summa- 
rized in Table 2, together with an estimate 
of the combined flow at the Unit based on the 
respective reinjection flowrates and the 
individual cooldown curves. The longer sus- 
tained temperature at well H-7 seems to add 
about 7 years to the time to abandonment 
based on well H-1 alone. 

LA PRIMAVERA UNIT 1 STUDY 

The Ca Primavera geothermal field is located 
in the State of Jalisco, near the city of 
Guadalajara. A description of the field and 
its geologic setting is given in the report 
of the first survey prepared by JICA 
(1986). A map of the area, showing the 
boundaries of the collapse zones and the 
location of existing production wells is 
given in Figure 5. From prior surveys, the 
general structure of the field is described 
as a set of fractures to a depth of about 
1000 m along a NE-SW direction, with high- 
angle fractures below 1000 m in a NW-SE 
direction. To date, wells of 600 - 3000 m 
depth have been drilled and from the geologic 
studies, the zone of thermal upflow has been 
reasonably well Identified. The earliest 
studied wells include PR-1, PR-5, PR-8, and 
PR-9. Available data for 5 la Primavera 
wells are given in Table 3,  and a section 
through them with stabilized bottom-hole 
temperature contours is shown in Figure 6.  

-99- 



Tahle 2 

LOS HUMEROS U N I T  1 THERMAL COOLDOWN TIEIES 

Table 3 

PREPRODUCTION DATA FOR 5 LA PRIMAVEM WELLS 

Fig. 5. Rad ia l  f low geometry from proposed 
r e i n j e c t i o n  w e l l  PR-2 t o  p roduc t ion  w e l l  PR-9 
f o r  t h e  f i r s t  5-MW wellhead u n i t  a t  La 
Primavera. 

Fig.  6 .  Rese rvo i r  temperature  d i s t r i b u t i o n  
a c r o s s  t h e  expected flow sweep zone from 
i n j e c t i o n  w e l l  PR-2 t o  p roduc t ion  w e l l  PR-9. 

Well 
No 

PR-I 
PR-2 
PR-5 
PR-8 
PR-9 

---- 
Depth T(hh) 

(m) (C) 

1020 260 

in60 292 
2916 250 

1995 240 
I213 220 

T(Na-K-Ca)' T ( S i 0  )b [Cl-1 INCOI 
(C) ( 4  (mgll) (I) ------ 

297 295 1160 2 . 2  
223 237 1120 0.21  
250 242 780 -- 
295 280 929 3.5 
290 293 870 0.2 

afrom Founder atid TruesAell (1973)  
bfrom Pouriifer arid Potter (1982)  
*from JICA (1986) 

The temperature  contours  sugges t  t h a t  t h e  
major thermal  upflow zone is  between wel ls  
PR-1 and PR-8. The development p l an  f o r  
La Primavera v i s u a l i z e s  w e l l  PR-9 f o r  t h e  
f i r s t  5-MW wellhead u n i t  with w e l l  PR-2 pos- 
s i b l y  as an i n j e c t i o n  w e l l  f o r  r e i n j e c t i o n  of  
t h e  b r i n e  from t h e  s e p a r a t o r .  Compi l i l a t ion  
of t h e  d a t a  f o r  recharge thermal  breakthrough 
estimates were achieved wi th  t h e  t e c h n i c a l  
s t a f f  a t  t h e  f i e l d .  The d a t a  se t  is  shown i n  
F igu re  7 .  The i n i t i a l  r e s e r v o i r  temperature  
was e s t ima ted  as t h e  mean temperature  from 
t h e  contours  i n  Figure 6 .  Recharge tempera- 
t u r e  was taken as 70 'C f o r  su r f ace - s to red  
b r i n e  and 143 "C f o r  d i r e c t  r e i n j e c t e d  b r i n e  
from t h e  wel lhead s e p a r a t o r s .  T h e  flow r a t e s  
a r e  from product ion t e s t i n g ,  and t h e  reser- 
v o i r  flowi a t  an assumed cooldown r a t e  of 
-0.005 y- , was assumed equa l  t o  t h e  steam 
flow through t h e  tu rb ine .  

KIIHK 4 215 -M) 
DU.1 1.0 
.5P*B 100 nmLoc (1-5) 1 215 

110.2 

Fig. 7 .  Input  d a t a  s h e e t  f o r  t h e  r a d i a l  f low 
a t  recharge temperatures  of 70 O C  f o r  s u r f a c e  
s t o r e d  b r i n e s  and 140 "C f o r  d i r e c t  b r i n e  
r e i n j e c t i o n  from the  s e p a r a t o r .  
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La himawera PR2 - PR9 

HIIE (yew) 

Fig. 8. Heat sweep r e s u l t s  f o r  recharge 
b r i n e  temperature  of 70 O C .  Upper curves  are 
f o r  sweep temperature  cooldown a s  a f u n c t i o n  
of r e t u r n  f low ang le ;  lower curves  mixed 
f l u i d  temperaturf  w i th  r e s e r v o i r  cooldown 
r a t e  of -0.005 y- . 
With no apparent  geo log ic  boundaries  f o r  
c o n t a i n i n g  t h e  r echa rge  flow, t h e  estimates 
were ob ta ined  f o r  r a d i a l  f low with ang le s  
from 2.5 deg ( e s s e n t i a l l y  d i r e c t  f r a c t u r e  
f low) t o  20 deg (more d i spe r sed  flow).  The 
r e s u l t s  f o r  t he  r e i n j e c t i o n  temperature  of 70 
"C are shown i n  Figure 8 and of 143 O C  i n  
F igu re  9. The upper p a r t  of each f i g u r e  
shows t h e  temperature  d e c l i n e  curve as i t  
reaches t h e  product ion i n t e r v a l  and t h e  lower 
p a r t  shows t h e  mixed f l u i d  temperatures  i n  
t h e  w e l l .  The e q u i l i b r i u m  mixed f l u i d  t e m -  
p e r a t u r e ,  without  cooldown of t he  r e source  
f l u i d ,  would be 163 O C  f o r  t h e  70 O C  recharge 
sweep and 203 "C f o r  t h e  143 'C recharge 
sweep. F igu res  8 and 9 show t h e  approach t o  
cooldown wi th  t h e  assumed cooldown r a t e  of 
-0.005 y-'. A summary of t h e  cooldown times 
under t h i s  s e t  of assumptions is given in 
Table 4. 
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Fig. 9. Heat sweep r e s u l t s  f o r  recharge 
b r i n e  temperature  of 143 "C. Upper curves  
a r e  f o r  sweep temperature  cooldown a s  a 
f u n c t i o n  of r e t u r n  flow ang le ;  lower curves  
mixed f l u i d  temperaturf  w i th  r e s e r v o i r  
cooldown r a t e  of -0.005 y- . 

Tahle 4 

LA PRIHAVERA UNIT 1 T H E W  COOLDOWN TIES 

Time t o  T ( f )  = 170 OC 
T(r) - 143 'C Iiilection Flow T(r) - 70 " C  

Dispersion Augle O(sw)  Q ( f )  n(sw) o ( f )  
(degrees) ( y r s )  ( y r s )  ( y r s )  ( y r s )  ________________ ______ _____ _____ _____ 

2.5 2.3  16 12 160 
5 10 25 2 2  160 
10 23 40 40 160 
20 50 65 73 160 
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