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PREDICTION OF REINJECTION EFFECTS IN THE a X 0  PRIETO C-L SYSTEM 

E'. Tsang, 0. C. Hangold, C. Doughty, and n. J. Lipcmann 
Lawrence Berkeley Laboratory, University ok Cal i forn ia  

Berkeley, Cal i forn ia  94720 

ABSTRACT the upper reservoir on the lover one and vice versa 
w e r e  calculated.  
t h e  s h a l e  layer  separat ing the two reservoirs w a s  
also calculated. AU these ca lcu la t ions  still 
assumed a very s impl i f ied  w d e l  of the Cerro P r i e t o  

The inf luence of an opening i n  
% The response of the Cerro P r i e t o  geothermal 

f i e l d  t o  d i f f e r e n t  re in jec t ion  schemes i n  predicted 
using a tvo-d iaens imal  vertical reservoir model 
with s ing le-  o r  kro-phase flow. The advance of  cold reservoir. 
f r o n t s  and pressure changes in t h e  aystem associated 
with the in jec t ion  operat ions are computed, taking 
i n t o  considerat ion the geologic characteristics Of 
the f ie ld .  The e f f e c t s  of well locat ion,  depth, 
and r a t e s  of in jec t ion  are analyzed. Results indi-  
cate that s i g n i f i c a n t  pressure laaintenance e f f e c t s  
may be rea l ized  i n  a care  designed r e i n j e c t i o n  

Since August 1979, the C o d s i 6 n  Federal  de .. 
Elec t r ic idad  has been re in jec t ing  16S.C untreated 
br ines  i n t o  w e l l  M-9. The maximum i n j e c t i o n  rate 
was reported to have t een  approximately 80 t/hr, or 
20 kg/rr and the depth of i n j e c t i o n  w a s  in an inter- 
val -tween 721 m and 864 m. Ueighboring production 
wella,  such as U-29, opened a t  about 1100 m depth, 
were aonftored i n  ordcr to detect changes in temper- 
ature, pressure,  and enthalpy of &e produced f luids .  
There has been no report that i n j e c t i o n  has caused 

Reinjection of separated geothermal b s and any changes i n  the characteristics of these wells. 
condensate was i n i t i a l l y  considered as a possible This i n j e c t i o n  test was cliscussed i n  a numerical 
means of diaposing la rge  q u a n t i t i e s  of these modeling paper presented a t  the Third Cerro Price0 
was- f luids .  It was soon rea l ized  that the more Symposium (Tsang e t  a1. 1981 ) A rather realistic 
important advantages of re in jec t ion  are its goten- geological  model of the u t a  near n-9, baaed 01 

t i a l  c a p a b i b t y  of maintaining reservoi r  pressures  s t r a t i g r a p h i c  ana lys i s  of Lyons and van de I(.mp 
and ennancihg the ext rac t ion  of heat from the res- (198O), was used i n  the 1981 study. This model 
e rvoi r  rocks, thua prolonging the commercial l i fe  shawed an upper aqui fe r  of about 400 m thickness at 
of geothermal f ie lds .  nowevet, one f a c t o r  of grea the i n j e c t i o n  l tvel  of M-9 and a lower aquifer of 
concern that has prevented large-scale' re in jec t ion  160 0 average thickness,  represent ing w h a t  is c o m -  
a t  many s i t e s  is the f e a r  of premature a r r i v a l  a t  monly known as the A or Q reservoir, a t  the produc- 
the proauction wells of the cold temperature f r o n t  t i o n  level of M-29. The fwo aqui fers  were assumed 
associated w i t h  the in jec ted  w a t e r .  separated by 8 20 m thick less-permeable layer.  
aesagned re in jec t ion  operation is required t o  avoid Based on th is  geological  model, d e t a i l e d  numerical 
t h u .  In par t icu lar ,  v e l 1  locat ions,  depths,  and calculations indica te  that over the i n j e c t i o n - t e s t  
rates OF in jec t ion  must be planned with s p e c i f i c  period (about 1.5 years by 198t), no a i g n i f i k a n t  
considerat ion of the  c h a r a c t e r i s t i c s  of the geolog e f f e c t s  due to i n j e c t i o n  ahculd w expected a t  the 
Acal formations i n - t h e  f ie ld .  This paper present8 production w e l l s .  This conclusion is cons is ten t  
ca lcu la t ions  predict ing cold temperature f r o n t  with the field experience. 
movements urd pressure cnanqes i n  the Cerro Prieto 

PRESENT STUDY AND APPROACX 

. 

A properly 

er iences  gained from previous 
s tud ies ,  the present  paper attempts to p r e d i c t  lonq- 
term r e i n j e c t i o n  "effects  a t  Carro P r i e t o ,  using a 
recent ly  developed geologic model of the f ie ld .  
Such predict ions,  w i t h  proper short-term valida- 

and adverse e f f e c t s  of long-term r e i n j e c t i o n  a t  
t h i s  s i te  and w i l l  also help  i n  designing reinjec-  

Praeto Symposium papers presented a t  t h a t  t ions ,  w i l l  give an estimate of bath the b e n e f i c i a l  
m6eung addressed the problems of re in jec t ion ,  the 
f r r s t  on chemical s tud ies  of re in jec t ion  e f f e c t s  
(Rivera e t  al., 1978) and the second a hypl the t ica l  t i o n  s t r a t e g i e s ,  including w e l l  locat ion,  depth, 
study of the influence &I the producing f i e l d  of and flow rate. 
cold temperature f r o n t s  r e s u l t i n g  from i n j e c t i o n  
operat ions {Tsang e t  al., 1978). This latter study l a t i o n s  the s t ra t igraphy of C e r r o  
assumed the reservoir  to be one-layered, w i t h  injec-  P r i e t o  developed by Halfman et al. (1982) i s  used. 
cion carried out  i n  d i f f e r e n t  areas of the f ie ld .  Due to the lack of f u l l  three-dimensional geologi- 
Based on the-average reservoir  parameters knovn e t  cal information, we rill model only a vertical 
t h a t  time, it was shown t h a t  the cold temperature c ross  sec t ion  of the system. Figure 1 presents  a 
f r o n t  would not  reach the nearest  production w e l l  two-dimensional multi layered nodel t h a t  f i t s  
for  a considerable amount of time 060.years ) .  Halfman's s t ra t igraphy of the western part of the  

f i e l d  along a l i n e  through uells M-9, H-29, and 
It vas soon real ized t h a t  the Cerro Prieto M-10. This layered model, on which our reservoi r  

reservoi r  was f a r  from being a one-layer reservoi r  ca lcu la t ions  are based, incluaes  several major 
system. A t  the Second Cerro P r i e t o  Symposium a fea tures  of t h e  geology of the area such as the 
generic s t u d y  of two-layered reservoi rs  was presen- var ia t ions  i n  thickness and depth of the various 
ted (Tsang et al., 1979). Effects of in jec t ion  i n  layers. The model has a closed boundary 1225 m 

* 
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southwest of w e l l  K-9, which is assumed to be 
assoc ia ted  w i t h  the s t r i k e - s l i p  Cerro P r i e t o  faul t .  
The i n t e n t  of aur study is to  ca l cu la t e  the pres- 
sure and temperature d i s u i b u t i o n  in  the uross sec- 
t ion  being podeled when r e in j ec t ion  Is ca r r i ed  o u t  
a t  d i f f e r e n t  locations end deptha. 

Figure 2 shows a d i sc re t i zed  version of p a r t  
of our two-dimensional (2-D) vertical section. 
This grid w i l l  be used f o r  mass and hea t  flow 
ca lcu la t ions  based on an Integrated Finite D i f f u -  
ence Hethod discussed below =der %ethodology*. 
Figure 1 shows a multilayered reservoir model, 
w h i c h  cons i s t s  of an uppar aquifer ,  the a reservoir ,  
and the 6 reservoir ,  separated by less-permeable 
layers. 
corresponds approximately to a 1.5 Jan x 1.S Jan area. 
In the v e r t i c a l  2-D sect ion,  the zone being produced 
is  represented by me 1.5 b- long  diagonally hatched 
area i n  the a reservoir.  

we Al l  ca lcu la t e  the temperature and pressure 
changes i n  the production region r e s u l t i n g  from 
cooler water (165.C) i n j ec t ed  i n t o  w e l l  M-9 (220 P 
southwest of w e l l  H-29) or i n t o  300 n-wide hypothet- 
i c a l  r e in j ec t ion  regions centered 595 m southwest 
of w e l l  K-29. 
w i l l  be considered: one in the upper aquifer  and 
the o ther  in the u reservoir.  The four r e in j ec t ion  
regions are indicated as aoss -ha tched  zones in 

The production region a t  Cerro P r i e t o  

'Itro d i f f e r e n t  depths of r e in j ec t ion  

Figure 2. 

It is apparent from Pigure 2 that the mesh 
is f i n e r  in the region uound wall n-9 and coarser 
elsewhere. This w i l l  tend to introduce some muper- 
ical d ispers ion  which w i l l  a r t i f i c i a l l y  spread the 
theraai f m n t  a s  the injected w a t e r  mves from w e l l  
U-9 i n t o  the coarser parts of the mesh. %owever, 
considering the general  nature of this study, .uch 
a dispersive e f f e c t  is not expected to alter a r  
o v e r a l l  conclusions. 

E Q U N U E N T  INJECTION RATE I N  A VERTICAL SECTION 

A major problem i n  studying a three-dimensional 
system using a v c r t i c a l  two-dimensional model is how 
t o  represent  the equivalent i n j ec t ion  rate .  
is s t i l l  an open problem and requires fu r the r  study. 
For our present paper, the following approach is 
proposed. Figure 3 shows schematically an a r e a l  
v%ew of the production f i e l d  represented by a 
1.5 Icm x 1.5 Icm area. me v e r t i c a l  2-D sect ion 
w\hich we a r e  t o  study is represented by the zone 
between the two broken l ines ,  chosen a r b i t r a r i l y  t o  
be 150 m w i d e ,  w i t h  a f l u i d  extract ion r a t e  i n  the 
prouuction region of Q (150/1500) = Q d l O ,  i f  we 
neglect edge effects .  'The two-dimensional flaw 
r a t e  €or an i n j e c u o n  w e l l  having a flow r a t e  Qi, 
located a t  dis tance,  S, southwest of the production 
area,  is estimated as  follows. F i r s t ,  assume t h a t  
Qi/2 of the injected flow r a t e  goes towards the 
production area i n  response to  the lower pressure 
there ,  i.e., half the injected f l u i d  f laws towards 
and half away from the production zone. Thus Qi/2 
is contained i n  the angle Y between l i n e s  s t r e t ch -  
ing from the in j ec t ion  well to points A and B i n  
Figure 3. Then, the injected f l u i d  enter ing the 
v e r t l c a l  sect ion of i n t e r e s t  w i l l  be proportional 
t o  the angle, t), between l ines  s t r e t ch ing  from the 
in j ec t ion  well eo points V and W. This flow r a t e  
is (Qi/2)(e/y) .  Therefore, for  the e n t i r e  model 

This 

2 

which extends on both sides of the i n j e c t i o n  well, 
the flow rate to be used should be Qie/y. l% is  
expression has the proper limits f o r  an i n j ec t ion  
w e l l  very c lose  or very f a r  from the production 
area. Table 1 shows the weighting f ac to r  en f o r  
d i f f e r e n t  dis tances  between production and Injec- 
t i o n  zones. This technique is used i n  our calcula- 
t i ons  and w i l l  be fu r the r  inves t iga ted  i n  a fu tu re  
study to determine its v a l i d i t y  as w e l l  as its 
l imitat ions.  

nETwoDOLOGY 4 

Tvo computer codes developed a t  Lawrence 
Berkeley Laboratory were employed to predict the 
e f f e c t s  of r e in j ec t ion  i t  C e a o  Prieto. Program PT 
( f o r  Pressure-Temperaturef (Bodvarssan, 1982) is  an 
expanded urd revised version af code CQ1 used in 
e a r l l e t  Cerro ?rieto reinjection studies. 
single-phase ( l i q u i d )  hea t  8nd mss ttansport i n  
permeable media, employing the Xntegrated F i n i t e  
Difference method (ZFDM) which permits the ana lys i s  
of three-dimensional systems with complex geometry. 
The code has been va l ida ted  aga ins t  a n a l y t i c  and 
semi-ana ly t ic  so lu t ions  and has a l s o  been ca re fu l ly  
v e r i f i e d  aga ins t  a s e r i e s  of f i e l d  experiments. 
It has k e n  applied extensively to many therraohydm- 
l o g i c a l  problems. 

It m o - b  

The other code, SHAFT79 (Pruess and Schroeder, 
1980), a l s o  developed a t  Lawrence Berkeley Labora- 
tory,  is a tm-phase (l iquid-vapor),  fPDn code 
t h a t  models hea t  and steam-water f l w  in three- 
dimensional gorotas media. Recent developmen- 
enable it to  model f ractured porous media as well. 
It has been oa l ida ted  aga ins t  a number of ana ly t i c  
r e s u l t s  urd experimental data, and has k e n  
appl ied  t o  the study of s eve ra l  geothermal devel- 
opment problems. 

These programs have ken applied to ca l cu la t e  
s eve ra l  hypothetical  cases of long-term re in j ec t ion  
a t  Cerro Prieto.  These are summarized i n  Table 2. 
A l l  cases a r e  calculated f o r  Q i  - 0-3 8. For the 
single-phase ( l i q u i d )  calculat ions,  we shall assume 
tha t  the p r inc ip l e  of superposit ion holds and the 
i n j e c t i o n  e f f e c t s  a r e  calculated over an i n j ec t ion  
period of 30 years. Any trmperatures and pressures 
obtained w i l l  be predicted changes due t o  long-term 
inject ion.  On the other hand, for  two-phase (steam- 
water) ca l cu la t ions ,  w cannot assume t h a t  the 
pr inc ip l e  of superposit ion bo1 us, both a 
9-year production period and a 
in j ec t ion  period w i t h  ongoing ion are 
simulated. 

uent 5-year 

TABLE 1. TWO-D-SIONAL ROW-RATE DETPIMINATION 
@ / Y ( Q i ) s  Qi * 200 kg/S * Qp 

S ( m )  d/Y Q2d ( k g b  

1 .99 198 
25 .81 162 
50 a 6 5  130 

100 .45 90 
220 26 52 
595 -14 28 

2000 .10 20 

cases  simulated i n  this paper. 



~ 

In jec t ion  dis tance from 
edge of production zone O t h e r  Conditions Injected layer 

~~~ ~ 

single-phase Calculat ions 
Case 1 220 m 
case 2 220 m 
Case 3 595 m 
Case 4 595 P 
Case 5 220 m 

Case 6 220 m 

Case  7 220 m 
a .  

( i n t o  U-9) 
( i n t o  M - 9 )  
(300 m i n j e c t i o n  zone) 
(300 m i n j e c t i o n  zone) 
( i n t o  M-9) 

( i n t o  M - 9 )  

( i n t o  U-9) 

upper aqui fe r  
a reservoir 
upper aqui fe r  
a reservoir 
upper aqui fe r  

a reservoir 

a reservoir 

Two-phase Calculat ions 

A break is usumed i n  the in temening  layer  
separa t ing  upper aqui fe r  and a reservoir.  
A break is assumed in the intervening &yer 
separat ing a and 0 reservoirs.  
A break is usumed i n  the intervening layer  
separat ing upper aqui fe r  md a reservoir. 

F i r s t ,  production is simulated f o r  9 years,  then i n j e c t i o n  i n t o  U-9 &s production continues. 

Case 1 220 m ( I n t o  H-9) upper aqui fe r  
Case 2 220 m ( i n t o  H-9) a r e s e r v o i r  
Case 3 220 m ( i n t o  M-9) upper aqui fe r  A break is assumed i n  the intervening layer 

separat ing upper aqui fe r  and a reservoir. 

WITIAL CONDITIONS AND PhAAUEl‘ERS USED 

The material parameters of the d i f f e r e n t  lay- 
ers used i n  the ca lcu la t ions  are shovn i n  Table 3. 
These are reasonable values f o r  C e r r o  P r i e t o  based 
on information obtained to date. The initL.1 t e m -  
pera ture  and pressure condi t ions over the vertical 
mulu layered  system are obtained by e q u i l i b r a t i n g  a 
v e r t i c a l  column i n  the mesh shown i n  Figure 2 assum- 
ing constant-temperature, c losed- f lm boundaries on 
top  and a t  the bottom. By assuming the upper boun- 
dary to be a t  225.C and the lower boundary a t  325*C, 
pressure and temperature p r o f i l e s  are obtained as  
shown i n  Figure 4. 
with f i e l d  measurements from the production region, 
These column-equilxbrated pressure and temperature 
values were assigned to the e n t i r e  mesh, and q u i -  
l i b r a t i o n  vas carrxed o u t  for up te 60 years. 
Changes a f t e r  30 years were rainimal. Thus the tem- 
pera ture  and pressure d i s t r i b u t i o n s  after 30 years  
of e q u i l i o r a u o n  w e r e  used as the i n f t i a l  condi t ions 
f o r  a l l  our ca lcu la t ions  Tne e r r o r  introduced due 
t o  a f u r t h e r  30-year equi l ibra t ion  period is est i -  
mated t o  bc about 1 p s i  and 0.5%. 

These match &asonably w e l l  

RESULTS * SINGLE-PHASE CRLCULATIONS 

The calculated temperature and pressure 
changes f o r  each single-phase r e i n j e c t i e n  case 
l i s t e d  i n  Table 2 a r e  presented as contour p l o t s  i n  
Figures 5-12. The pressure increases  i n  response to 
re in jec t ion  art  quickly establ ished and then change 
l i t t l e  w i t h  t i m e ,  so only one pressure d i s t r i b u t i o n  

case. On the other hand, the temperature varies 
w i t h  time, SO the calculated temperature changes 
a f t e r  10, 20, and 30 years of injection are shown. 
I n  the p l o t s  the less permeable layers  between the 
aqurfers  are shaded, and the M-9 i n j e c t i o n  i n t e r v a l  
and the locat ion of M-29 ( t h e  production w e l l  
c l o s e s t  to the in jec t ion  locat ion)  a r e  indicated by 
v e r t i c a l  bars. Thq 300 m-wide i n j e c t i o n  region i s  
indicated by a rectangle. 

* 

8 ( a f t e r  10 years of i n ] e c t i o n ) - i s  shown f o r  each 

Pressure Changes ( a f t e r  10 years of i n j e c t i o n )  

Case 1. 
to the upper aqui fe r  through well U-9  (rig. SA) is 
n o t  confined to the upper aquifer ,  bu t  pene t ra tes  
through the less pctmeable layers  i n t o  the Q and U 
reservoirs. The less pe-meable l ayers  rrtard the 
pressure response s o m e w h a t ,  so a t  a given lateral 
d is tance  from M-9 the pressure change decreases as 
one goes from the upper ( i n j e c t e d )  aqui fe r  to the 
lover J reservoir.  me e f f e c t  of the closed south- 
w e s t  boundary of the f i e l d  (Fig. 11, is shown by 
the shape of the contour l ines  to the l e f t  of H-9. 
The asymmetry of the pressure ehange contours w i t h  
respect t o  the i n j e c t i o n  w e l l  ( M - 9 )  k 8  due to the 
r e f l e c t i o n  of the pressure pulse of f  t h a t  closed 
boundary. 

The pressure increase due to i n j e c t i o n  in- - 

TABLE 3. NATPIIAL PROPERTIES AND TOTAL 
PWDUCTIW/INJECTICN RATES 

Permeability Compressibil i ty 
(mi) (Pa-’ Porosi ty  

~ 

Upper Aquifer 50 2 x 10-10 0.1 8 

Intervening 
Layer 0.5 5 x 10-10 0.40 

0.22 a Reservoir 50 2 x 10-10 

Intervening 
Layer 5 5 x 10-10 0.40 

v Reservoir so 2 x 10-10 0.22 

Production Rate Qp - 670 kg/s 
1n)ect ion Rate Qi - .30 Qp :: 200 kq/s. 

3 



Case 2. The pressure changes r e s u l t i n g  from the 
i n j e c t i o n  i n t o  the a reservoir through H-9 (Pig. 5s) 
shaw the same general  characteristics as those of 
Case 1. The less permeable layers  r e t a r d  the pres- 
s u r e  response bu t  do n o t  completely conf ine  it to 
the l a y e r  i n t o  which i n j e c t i o n  is c a r r i e d  out. The 
pressure  r e f l ec t ion  o f f  the closed boundary is also 
evident. These f ea tu res  are common t o  a l l  the 
single-phase ca lcu la t ions  we have done. 

Cases 3 and 4. Figures 5C and D show the pressure 
changes due to i n j ec t ion  i n t o  the upper aqu i f e r  and 
the Q reservoir, respectively,  through a 300 m-wide 
i n j e c t i o n  zone whose center  is 595 o southwest of 
w e l l  H-29. N o t e  from Table 2 that the i n j e c t i o n  
rate i n t o  #is zone is smaller than it was f o r  
Cases 1 and 2 ( in j ec t ion  Lnto l4-9). This reflects 
the f a c t  t ha t ,  when the i n j ec t ion  region is f a r t h e r  
away from the production zone, less of the i n j ec t ed  
f l u i d  f l o v s  i n t o  me two-dimensional s ec t ion  of the 
production zone considered by our model. 
even i n  these cases a s i g n i f i c a n t  pressure increase  
is seen i n  the production zone. 

- 

Kowever, 

Cases 5 ,  6, 7. Tne e f f e c t  of a.break in either 
in te rvening  l aye r  is shown i n  Figures 5E-G. D i f -  
f e r e n t  pressure changes are owerved i n  each of the 
cases, bu t  i n  a l l  of t h e m  the pressure is r ead i ly  
transmitted through the breaks. 

A comparison of Cases 1 through 7 shovs that, 
i n  a l l  cases, r e in j ec t ion  causes a pressure increase 
throughout the multilayered reservoir systems con- 
s idered  i n  our model. 
southwest fu r the r  enhances these pressure  increases. 
I t  is t o  be noted t h a t  these ca lcu la t ions  are based 
on liquid-phase systems. In the case of steam-water 
systems, the high compressibibty of the two-phase 
f l u i d  w i l r  r e s u l t  i n  much l o w e r  values f o r  the 
ca lcu la t ed  pressure increases  (see next  sec t ion) .  
However, the qua l i t a t ave  conclusions above st i l l  
hold. 

The c losed  boundary to the 

Temperature Changes 

C a s e  1. The thermal response to r e in j ec t ion  i n t o  
the upper aqui fe r  through w e l l  H-9 (Figs. 6A-C) is 
the formation of a cool region that  s t e a d i l y  grows 
w i t h  t i n e  and r inks  due to the h g h e r  dens i ty  of 
the cooler  i n j ec t ed  water. The less permeable lay- 
ers slow the  downward movement of the cool water 
b u t  do not  s t o p  it ent i re ly .  After 10 years  of re- 
i n j e c t i o n  the cool water has j u s t  reached M e  top 
ozI me u reservoi r ;  a f t e r  30 years it has spread 
through it and j u s t  penetrated the top of the 0 

reservoi r .  

- 

C a s e  2. The temperature response to  in j ec t ion  i n t o  
m e  ,. reservoir through H-9 (Figs. 7A-C) shows that 
a f t e r  only 10 years or re in jec t ion ,  temperature 
chanqes have reached the upper aqui fe r  and the a 
reservoi r ,  and have extended i n t o  the production 
zone of the u reservoir.  After 30 years. much 
larger temperature cnanges have reached M e  a and d 
r e se rvo i r s  than i n  Case 1 ( w i t h  i n j ec t ion  i n t o  the 
upper aqui fe r ) .  

Case 3. After 10 years of i n j ec t ion  i n t o  a 300 m- 
wide i n j e c t i o n  zone i n  the upper aqui fe r  centered 
595 m from w e l l  H-29, the temperature changes 
(Fig. 8 A )  are contined to  tne upper aquifer. After 

- 

- 

20 years  (Pig. 8B) a smal l  temperature change has 
reached the W. reservoi r ,  b u t  it is f a r  from the 
production zone. A f t e r  30 years (Pig. 8C), the cool 
water s t i l l  has not reached the u reservoir produc- 
t i o n  zone or the 6 reservoir. 

Case 4. Even after 30 years of i n j e c t i o n  i n t o  the 
a r e s e r v o i r  through the 300 m-wide injection zone, 
the temperature changes have j u s t  bare ly  extended 
i n t o  the production zone of the a reservoir (see 
Pigs. 9A-C). There is a temperature decrease in 
the v r e se rvo i r  a f t e r  30 years, b u t  it is l a rge ly  
l imi t ed  to the region under the injectLon zone. 

Case 5. This  case considers the effect of a gap in 
the in te rvening  l aye r  separa t ing  the upper aquifer 
and the u r e se rvo i r  as i n j e c t i o n  is c a r r i e d  a u t  in- 
to the  upper aqu i f e r  through well n-9 (Pigs. 1OA-C). 
A f t e r  on ly  10 y e a n  of i n j e c t i o n  the d i scon t inu i ty  
i n  the lower permeabili ty l aye r  has a s t rong  effect 
(compare Figs. 6A and lOA).  W i t h  a continuous in- 
te rvening  l aye r  (Care 1)  the temperature change has 
bare ly  pene t ra ted  the top of the a reservoir; w i t h  
a break i n  me l aye r  the cool w a t e r  extends well 
i n t o  the a reservoir. After 30 years, the largest 
temperature decreane is found i n  the a reservoir, 
rather than i n  the upper aqui fe r ,  and in genera l  
the cool region has moved f a r t h e r  dawn towards the 
o reservoir.  

Case 6. In this case, the effect of a break in the 
in te rvening  layer  bctween the a and 6 r e se rvo i r s  is 
s tudied ,  ab wlder water is injected into the a 
reservoir through well M-9 (Figs. 
years  of injection, the gap in th 
l i t t l e  inf luence  on the temperature changes (compare 
Pigs. 7A and' 1lA). After 20 and 30 years, more wol 
water has  flowed i n t o  the D reservoir than i n  C a s e  2 
with its continuous in te rvening  layer. However, 
even a f t e r  30 years,  t he  break has only a minor 
e f f e c t  on the overall shape and e x t e n t  of the cooler 
region. 

Case 7. The gap k tween  the upper aqu i f e r  and the 
u reservoir'considered i n  C a s e  5 is again  assumed, 
w i t h  i n j e c t i o n  i n t o  the a reservoir through H-9 
(Figures 12A-C). Although the temperature changes 
do propagate i n t o  the upper aqu i f e r  through the  
break i n  the  layer,  t he  overall e f f e c t  of the gap on 
the shape of the cool region is much less dramatic 
when i n j e c t i o n  is c a r r i e d  o u t  below the gap (this 
case) than when in j ec t ion  is done above it (Case 5).  
This i s  because the cooler in j ec t ed  w a t e r ,  denser 
than the  na t ive  hot  water, tends to s ink  due to 
gravi ty .  

- 

- 

- 

- 

The e x t e n t  of the cold temperature f r o n t  after 
30 years of r e in j ec t ion  varies from case t o  case. 
Moving the re in j ec t ion  zone f a r t h e r  away from the 
production zone both l a t e r a l l y  (Cases 3 and 4)  and 
v e r t i c a l l y  (cases 1 and 3) r e s u l t s  i n  smaller tem- 
pera ture  changes i n  the production zone of the a 
r e se rvo i r  and i n  the d reservoir.  

The break i n  the in te rvening  layer  between the 
upper aqu i f e r  and the  a r e se rvo i r  (Cases 5 and 71 
s t rongly  a f f e c t s  the  downward propagation of the 
cold temperature f r o n t  from t he  upper aqu i f e r  i n t o  
the  0 and IJ reservoi rs ,  bu t  has less influence when 
f l u i d  is in j ec t ed  i n t o  the  a reservoi r ,  below the  
break. The gap i n  the intervening layer  between 
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the u and LI reservoirs (Case 6 )  located f a r t h e r  away 
from t h e  r e in j ec t ion  area has only a small influence 
on the overa l l  advance of the cold temperature front. 

The region of increased temperature above the U 
r e se rvo i r  (Fig. 148) moves to the west along w i t h  
t he  two-phase zone, because of steam condensation 
ef fec ts .  

RESULTS -- TWD-PWSE CALCULATIONS 

In t h e  two-phase ca lcu la t ions ,  we cannot 
assume the p r inc ip l e  of s u p r g o s i t i o n  because of 
the nonlinear cha rac t e r i s t i c s  of the phenomena in-  
volved> Thus ins tead  of ca lcu la t ing  pressure and 
temperature changes as in the single-phase cases 
described above, we have to ca lcu la t e  actual tem- 
pera ture ,  pressure, and steam sa tu ra t ion  values. 

Production is f i r s t  simulated for nine years,  
then the three cases of r e in j ec t ion  l i s t e d  i n  
Table 2 are performed as production continues. The 
r e s u l t s  are presented as contour p l o t s  of pressure 
and temperature chanqes from the i n i t i a l  conditions 
shown i n  Figure 4. V a p o r  s a tu ra t ion  d i s t r i b u t i o n  
i n  the system is a l s o  plotted8 i n i t i a l l y ,  the vapor 
sa tu ra t ion  was assumed to be zero throughout t he  
model. Below, the r e s u l t s  of the i n i t i a l  nine 
years of production and the subsequent f i v e  years 
‘or r e in j ec t ion  are presented f o r  each of the two- 
phase cases studied. 

Reinjection Sfmulation \ 

- Case 1. 
30% of the mass produced i n t o  the  upper r e se rvo i r  
through w e l l  M-9 are shown in Figure 15. The prcs- 
sure contours (Figure ISA) show s i g n i f i c a n t  effects 
i n  both the upper aqu i f e r  and t h e  a reservoi r  
desp i t e  the low p r m e a b i l i t y  l aye r  separa t ing  them. 
For example, the  pressure drop a t  well M-29 has  
decreased approximately 50 psi  s ince  i n j e c t i o n  began. 
However, i n  the d reservoir,  more than 500 I! below 
the  i n j e c t i o n  zone, the pressure dec l ine  due to 
production continues. The high compressibil i ty of 
the two-phase zone makes the pressure increases  due 
to  i n j e c t i o n  very slow. 

The temperature contours (Fig. I S )  show the 
region of i n j ec t ed  cooler w a t e r  wry c lear ly .  It 
is apparent that the denser co lder  water is drawn 
t o  the producing zone loca ted  i n  the a reservoir. ’ 

The vaapor sa tu ra t ion  (Fig. 1%) decreases in the 

The n s u l t a  of f ive years of i n j e c t i n g  

production zone, b u t  i s  r e l a t i v e l y  unchanged in the 
Production Simulation layers  below it. 

The ea leu la ted  temperature, pressure, and 
Satura t ion  changes u e  given i n  Figures 13  and 14 
a f t e r  3 md 9 years of production, respectively.  
The pressure change after 3 years (Fig. 13A) is 
concentrated i n  the  production region as expected, 
bu t  a l s o  pene t ra tes  to the other layers. The 
e f f e c t  of the southwestern boundary of the f ie ld  is 
also r e f l ec t ed  by the shape of the  eontours l e f t  of 
w e l l  H-29. me i n i t i a l  pressure and the temperature 
d i s t r i b u t i o n  with depth (Fig. 4)  represents  water 
near A t s  s a tu ra t ion  poin t  i n  the B reservoir, the 
drop i n  pressure from production causes f lash ing  to  
occur there  as the pressure f a l l s  blow the steam 
sa tu ra t ion  pressure (Fig. 13C). This leads to 
wide-spread boi l ing  and eventually to the lowering 
of the temperature seen i n  the l o w e r  B reservoir 
(Figure 13B) as pressure wn t inues  t o  drop. 

The .higher temperature regions d i r e c t l y  below 
the proauction zone are due to the upvard flow of 
ho t t e r  f l u i d s  toward the  production zone. In  par- 
t i c u l a r ,  the steam from the mo-phase tl reservoi r  
is mrgrating upuard and condensing i n  the cooler 
li-quid of the lower region of the u reservoir.  
T h i s  condensation releases l a t e n t  hea t  raising the 
temperature of this repon.  Temperature increases  
a s  consequence of production, caused by upward 
migration and condensation of steam, have k e n  ob- 
served i n  severa l  geothermal f i e l d s  as well as in 
numerical s tud ie s  o f - f i e l d  behavior (Eodvarsson e t  
d1.t 1982)r 

The r e s u l t s  a f t e r  9 years of production show a 
fu r the r  development of these phenomena. The pres- 
su re  changes (Fig. 14A) have extended f a r t h e r  i n t o  
the  b reservoi r  and show a m r e  pronounced e f f e c t  
of the closed boundary to the west. Tu the north- 
e a s t ,  a constant pressure boundary (Fig. 1 )  allows 
f l u i d  and heat recharge, bu t  to the southwest the 
closed boundary does not allow it, thus enhancing 
the  growth of the two-phase zone there  (Fig. 14C). 

Case 2. The pressure response to  i n j e c t i o n  i n  the 
u r e se rvo i r  through w e l l  U-9 (Pig. 16A) shows the 
s t rong  influence of the i n j ec t ed  water in the 
l iqu id  regions of the a reservoir and of the upper 
aqu i f e r ,  b u t  the high compressibil i ty of the  two- 
phase zone around the production region and i n  the 
P reservoi r  tends to diminish the pressure increase 
there. 

- 

Sign i f i can t  temperature changes (Fig. 16B) 
have occurred i n  the  production zone. 
s a tu ra t ion  (Fig. 1bC) decreases in t he  a reservoir 
and i n  tne i n t e m n i n g  layer  j u s t  below U-9 and 
M-29. The lower part of the b reservoir re turns  to 
a one-phase l i qu id  condition. 

Case 3. The effect of a gap i n  the intervening 
l aye r  i epa ra t ing  the upper aqui fe r  and the  a res- 
ervoir (after the production period was simulated 
assuming a continuous layer )  is shown f o r  in jec-  
t i o n  in to  the upper aqui fe r  through w e l l  H-9 (Figs. 
17A-C). The pressure e f f e c t s  are c l e a r l y  seen to 
be greater i n  the a reservoir than f o r  the case of 
a continuous intervening layer (compare Figs. 1SA 
and 17A). For example, the pressure a t  14-29 has  
dropped approximately 20 psi less than it did i n  
Case  1. I n  the upper reservoi r ,  however, the pres- 
sure dec l ine  is grea te r  than it w a s  i n  Case 1. 

The vapor 

- 

The temperature contours show cooler waters 
en te r ing  the  production zone through the gap i n  the  
in te rvening  layer (Fig. 178). This development 
occurs e a r l i e r  here than for the case of a contin- 
uous intervening layer  (compare to Fig. 15E), due 
t o  the higher permeability channel now available.  
There is also a s l i g h t l y  g rea t e r  contraction of the 
0.1 sa tu ra t ion  curve i n  the production region. The 
influence of the yap on the sa tu ra t ion  i n  the i n t e r -  
vening layer  between the  u and 6 reservoi rs  and i n  
the  P reservoi r  j u s t  begins to ba apparent a f t e r  
f i ve  years (Fig. 17C). Thus even a r e l a t i v e l y  small 
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break i n  the  intervening layer  a n  have a measurable 
e f f e c t  on the pressure and temperature d i s t r i b u t i o n s  
after only f i v e  years of injection. 

A comparison of these three two-phase cases 
shows #at r e in j ec t ion  causes pressure increases 
i n  the production region when f l u i d s  are in j ec t ed  
e i t h e r  i n  the  upper aqui fe r  or i n  the a reservoir. 
However these increases are much smaller than i n  
the single-phase l i qu id  cases discussed i n  earlier 
sections.  This is  due t o  t he  high compressibil i ty 
of the two-phase zones which diminishes the pres- 
su re  changes. 
i nc rease  e f f e c t  is seen even i n  these cases. There 
are also dec l ines  i n  the sa tu ra t ion  levels i n  the 

Nevcrtheless a d e f i n i t e  pressure- 

gion near the i n j ec t ion  in t e rva l s ,  
eductions i n  the producing (a) reser- 

v o i r  are i m p o r a t  only i f  the r e in j ec t ion  i s  
carried ou t  in the &me reservoi r  or when s i g n i f i -  
c a n t  breaks e x i s t  i n  the lower pzrmeability l aye r s  
between the produced and in jec ted  reservoirs.  

The r e s u l t s  discussed i n  this sec t ion  depend 
s t rongly  on i n i t i a l  reservoir conditions which are 
only very roughly known. Thus fu r the r  ca lcu la t ions  
much beyond the five-year i n j ec t ion  i n t o  t h e  two- 
phase reservoi r  may not & so maningful.  Our pro- 
posal is to check ca lcu la ted  r e s u l t s  aga ins t  utual 
f i e l d  r e in j ec t ion  aata for a period of one to fiM: 
years i n  order to validate the numerical aodels  and 
i n i t i a l  COnditionS employed. 
ana conditions may then ke usee to make longer-term 
preai c t i ons  . 

The validated model 

SUMMARY AND CONCLUSION 

The most recent geologic model of the C e r r o  
P r i e t o  geothermal system, developed from w e l l - l o g  
ana lys i s ,  was used t o  ca l cu la t e  the expected 
e f f e c t s  of r e in j ec t ion  a t  d i f f e r e n t  loca t ions  rela- 
t ive  to the f i e ld ' s  productron zone. This is part 
of a s e r i e s  of re in jec t ion  s tud ie s  made on this 
qeothermal f ie ld .  

The Cerro P r i e to  reservoi r  system is considered 
t o  ix multilayered, with an uppcr colder aquifer,  a n  
i n t e r m e h a t e  (u) geothermal reservoi r ,  and a lover 
( 0 1  reservoi r .  Reinjactron i n t o  the upper aqui fe r  
and a reservoi r  are the two a l t e r n a t i v e s  s tud ied  i n  
t h i s  paper. In jec t ion  loca t ions  are assumed to & 
220 m or 595 m southwest of the edge of the produc- 
t i on  a rea ,  the former correspondinq t o  the pos i t ion  
o& w e l l  M-9. Both single-phase ( l i q u i d )  and two- 
phase (steam-water) ca l cu la t ions  a r e  ca r r i ed  o u t  
usiny numerical models PT and SHAFT79, developed a t  
the Lawrence Berkeley Laboratory. 

production area. Gaps in the low-permeability lay- 
ers between the i n j ec t ed  and produced reservatrs 
have a s i g n i f i c a n t  effect on the advance of thermal 
f r o n t s  i n t o  the exploited zones. 

In conclusion, we would recommend Mat, because 
of the s i g n i f i c a n t  bene f i t  i n  pressure maintenance 
i n  the reservoi r ,  r e in j ec t ion  be ca r r i ed  o u t  in  a 
caref  u l l y  planned ana ca re fu l ly  monitored fashion. 
Early resultr over one to f i v e  years may be used to 
v a l i d a t e  our usumptions and models. 
dated, t he  method can be used to p red ic t  reservoir 
behavior with considerably more confidence. 

Once vali-  
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Figure 1. Vertical tvo-uimensional model used f o r  the calculatims. The shaded are- represent  bss 
permeable layers. The dxagomlly hatched area is the  production sone. 
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The.centra1 p x t i o n  of the vertical two-dimensional w d e l  (given i n  Fia. 1 )  showina the ire 2. Figu  
d i s c r e t i z a t i o n  usea to  calculate  the hea t  and &as flows. 
cross-hatchaa. The daagonally hatched area is the productiar zone. 

The four  a l t e r n a t e  i n f i c t i o n  r e g i o k  are shown 
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Pressure changes af ter  10 years of inject ion in single-phase calcu- 
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Figure 5 (continued). 
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Pressure changes a f t e r  10 years of inject ion i n  s ingle-  
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Fiqure 5 (continued). 
phase calculat ions (Cases 1-71. The vertical  l i n e s  indicate the location of 
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Contour interval: 30  psi. 

Pressure changes after 10 years of inject ion i n  s ingle-  
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Contour 

11 

upper aquifer through 
interval: 10.C. 



n 
z 

I 
c 
W 
0 

Y 

a 

8001 

L A  10 Y E A R S  I 600 

1600 
400 800 1200 1600 2000 

20 Y E A R S  
600, 

800 

1000 

1200 

1400 
I - c - 0  C 

16001 t I I I I I 1 I 1 I - - -  
400 800 1200 1600 2000 

1 30 Y E A R S  600 - 
800,- 

800 1200 1600 2000 

D I S T A N C E  ( M )  

Figure 7. 
M-9 i n  single-phase calculations (Case 2).  Contour interval: 1O.C. 

Temperature changes due to inject ion into the a reservoir through 
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Figure 8. Temperature change6 due to inject ion into the upper aquifer 
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SAnqk-phaSe calculations (Case 3) .  Contour interval: 1O.C. 
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phase calculat ions (Case 4) .  Contour interval: 10.12. 
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Figure 10. 
through w e l l  n-9 when there is a break i n  the intervening layer between the 
upper'aqurfer and the o reservoir, i n  single-phase calculations (Case 5) .  
Contour interval: 10.C. 

Temperature changes due to inject ion in to  the upper aquifer 
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Figure 1 1 .  
U-9 when there is a gap i n  the intervening layer &tween the a and 6 reser- 
voirs ,  i n  single-phase calculations (Case 6 ) .  Contow interval: 10°C. 

Temperature changes due to inject ion into the a reservoir through 
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Figure 12. Temperature changes due inject ion i n t o  the a reservoir through 
M-9 when there i s  a gap i n  the intervening layer between the upper aquifer 
and the u reservoir, i n  single-phase calculations (Case 7). 
Contour interval: 10.C. 
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Figure 13.  
of production from the  a reservoir i n  two-phase calculations.  

Pressure, temperature, and steam saturation responses a f t e r  3 years 
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F i g u r e  14. Pressure, temperature, and steam saturation responses a f t er  9 years 
of production from the u reservoir i n  ouo-phase calculations.  
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F i g u r e  15. Pressure, temperature, and steam saturation responses after 5 years 
o t  inject ion into the upper aquifer through M - 9 ,  with continuing production 
from the (r reservoir i n  two-phase calculations (Case 1) .  
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Figure l b .  
of rnjvction lkto  the a reservoir through M-9, w i t h  continuing production from 
the u reservoir i n  two-phase calculations (Case 2). 

21 

Pressure, temperature, and s t e m  saturation responses a f t e r  5 years 
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temperature, and steam saturation responses af ter  5 years 
upper aquifer through U-9 with continuing production when 
between the upper aquifer ani the a reservoir i s  discon- 
calculations (Case 3 ) .  
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