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INTRODUCTION monthly f o r  each w e l l .  This inform&ion enabzes 
the calculation of the dryness fraction and the 

conditions. Interpretation of the results take 
into account the geologic model of C e r r o  Pr ie to  

F The Cerro Prieto geothermal f ie ld ,  located enthalpy of the produced f lu id  under separator 
about 35 km south of t he  U.S.-Mexican border, has 
been producing electrical power from a large 
underlying geothermal reservoir since March developed by Halfman et  al. (1982, t h i s  volume). 
1973. 
i n  February 1974 when a to ta l  of 12 w e l l s  were 
used fo r  steam production. In April 1979, a FIELD 
total  of 26 w e l l s  supplied steam t o  produce 150 
MI4 of electric power. Presently, t he  f i e l d  is To determine the areal distribution of 
producing about 180 me, including 30 We produced 
by a secondary f lash system. 

An init ial  capacity of 75 !me w a s  obtained 
DISTRIBUTION OF HEAT AND MASS PRODUCTION I N  THE 

heat and mass production i n  the  f i e l d  and its 
changing patterns with time, w e  have used the set 
of geanetric symbols shown i n  Figure 1. The 
circles, squares and t r iangles  represent total 

equal t o  1001 between 100-200, and greater than 
o r  equal t o  200 t/h, respectively.. Thus, they 
indicate mediocre, good, and very good production 

chosen from the production data of numerous we:h 
in t he  field.  

During its 9 years of f l u i d  production, the 
f i e l d  has undergone various changes, such a s  flow rates of steam-water mixture (k) less than or 
pressure drawdowns, reservoir flashing, decline i n  
w e l l  production rates, and decline in the  average 
enthalpy of the produced f l u i d  (Goyal et  a:. 
1981). Furthermore, some w e l l s  have exhibited wells. respectively. These limits are a rb i t r a r i l y  
peculiar behavior such as production of almost dry 
steam and increasing w e l l  head pressures and mass 
production rates. 
production character is t ics  of some wells change as 
a result of the opening of a new production w e l l  used t o  represent the enthalpy of t he  produced 
i n  t h e i r  vicinity. For example. an increase i n  fluid. Unshaded, half-shaded and fdly-shaded 
enthalpy and decline i n  the  production r a t e  is figures represent enthalpies of less than or 
observed i n  nearby welb due t o  a reduction i n  equal t o  275, between 275-350, and greater than 
reservoir pressure created by the new production or equal t o  350 kcal/kg, respectively. These 
w e l l .  Thus, it is useful t o  study these w e l l s  t o  
f ind how the f i e l d  is reacting to  f lu id  production. - Low production Good prod. Very good prod. 
I t  is also useful t o  study the distributions of 
heat and mass in the f i e l d  and their changing - 
which part of the f i e l d  is becoming hotter or 

It is a l so  observed that 
The shading of the geometric figures is 

0, * 
\ 

V.hot 
0 0  

a s  

Y g  

F g  
both the modeler and the f i e l d  engineer. A "; 

patterns due to  production. We can a l so  study 

colder due t o  its exploitation, i n  w h i c h  dircc- 
t ions the hot and cold waters are flowing, 
and whether or not the Q and 8 aquifers are i n  
hydraulic communication with each other. 

U 
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This kind of study is very important to  3 :  I 

* P 

Hot 

modeler can use the  information generated by 
t h i s  study t o  construct and validate a model 
t ha t  predicts the f i e ld ' s  future behavior under 

fie2d engineer w i l l  gain a better overall  under- 
standing of the behavior of the fiezd, 
enhancing his  a b i l i t y  t o  make day t o  da 
Finally, t h i s  study w i l l  fur ther  our kn 

< various production and inject ion schemes. The 
(u 

c 
IJ production mechanisms i n  the  Cerro Prieto geother- 

ma: field.  Comparison with studies of other PSI00 

This analysis is mainly baaed on wellhead Figure 1. Symbols used t o  represent heat and 
production data from the Cerro Prieto geothermal 

include welaead pressure, separator pressure, 
and water and steam flow rates. are  recorded 

mass production rates  in Cerro Prieto 
fie:d. The welzhead data f o r  t h i s  f ie ld ,  which wells. 

t /h - metric tons per hour 
n 4 llk%liBUTION OF THIS DOCUMENT IS UHLlMlTEO 



2 

limits are again a rb i t ra r i ly  chosen. 
downhole calculations using a wellbore model 
( ~ o y a l  e t  al., 1980) show tha t  f lu id  with an 
enthalpy less than 275 kcal/kg tends to be 
single-phase a t  the bottan of the well. The 
different shadings indicate cool, hot, and very 
hot wells, respectively. 

I n i t i a l  Reservoir Condition 

However, 

Figure 2 shows the dietribution of f lu id  
enthalpy and mass flux in the f i e l d  M of 
December 1973. 
logs are also ahown in this figure. 

M-30, M-31, M-34 and M-39) were producing a t  
that  time. Ihe exploitation of cerro Prieto 
r tar ted only nine months before, i n  March 1973, 
W i t h  four production wells (83-5, M-9, M-11, and 
M-29). 
mass flux shown i n  this figure could be assmed 

Faul t s  identified fran the w e l l  
A t e  of 

11 wells (M-5, M-8, M - S ,  M-11, M-20, M-26, M-29, 

Thus, the  distribution of enthalpy and 
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Distribution of heat and mass flux in 
the Wrro Prieto f ie ld  as of December 

Figure 2. 

1973. 

to represent the i n i t i a l  s t a t e  of the field.  
A l l  wells, except for  M-26 and U-34, i n i t i a l l y  
produced w r e  than 200 +/he Thus, the  ci rcles  
and squares of Figure 2 indicate & decline in 
production With  t k e  for  post of the wells. It 
raay be noted that w e l l s  M-9, M-29 and M-34 on 
the western side of the f i e l d  were cold i n i t i a l l y  
and indicate the location of a cold boundary. 
On the other hand, w e l l  M-39 on the north- c 
eastern side vas also & cold we l l .  Each 
w e l l ,  except these Tour cold wel l s ,  produced 
f luids  wlth enthalpies between 275 and 350 

producing very hot f luids  in i t ia l ly .  
kcal/kg. This indicates that the wells were not 1+ 

W e l l s  M-14, M-15An U-42, e114 and M-181 
ehown in Figure 2, did not  produce unt i l  the 
date indicated w i t h i n  brackets. The i n i t i a l  
mass production fran each of these f ive w e l l s  is 
greater than or equal to 200 t/h. I n i t i a l  f luid 
enthalpies for w e l l s  M-114 and M-181 were about 
285 and 295 kcal/kg, respectively. These w e l l s  
are closer to the cold northeast and southwest 
boundaries of the field.  The rest of the wells 
(M-14, M-15A and M-42) were i n i t i a l l y  e i ther  hot 
or  very hot wells, a s  shown in th i s  figure. The 
depth intervals from which these sixteen w e l l s  
were producing are also shown i n  Figure 2. 

Except for  wells M-114 and M-181, which 
produce from the 6 aquifer (1500-2000 m deep) 
the r e s t  of the wells draw the i r  f luids  from the 
0 aquifer (1200-1500 m deep). 
M-9, M-29 and M-31 have canpleted intervals 
above 1200 m depth. In summary, this figure 
describes the initial s t a t e  of the f ie ld  €or 
both a and 6 aquifers. ~ 0 t h  aquifers in th is  
area &re hot and there i s  evidence that  the a 
aquifer has cold boundaries to  the eouthuest and 
northeast. 

Note tha t  wells 

Reservoir After 7 Years of Production 

Figure 3 shows the heat and mass flux 
distribution i n  the f i e l d  as  of December 1979, 
a f t e r  about 7 years of production. 
27 wells were supplying steam t o  the power 
plant. 
shows that:  (i) 19 new production wells were 
added between December 1973 and December 1979, 
(ii) some of the 1973 production wells had been 
taken out of l ine  by 1979, and (iii) a l l  the 
1973 wells except cold w e l l s  U-9, M-34 and M-39 
continwd t o  produce. 

A t  t h i s  time, 

A cauparison between Figures 2 and 3 

Wells M-53, M-84, M-9:, M-102, M-103, Y 

M-105, M-114, M-130 and M-181 were completed in 
the 6 aquifer. The r e s t  of the w e l l s  i n  Figure 
3 were Completed i n  the a aquifer. 

Some of the wells dr i l l ed  t o  the southeast of 
Fault ?I produced very hot f luids  a t  very high 
rates  in i t ia l ly .  A l l  the wells dr i l l ed  in the 6 
aquifer, except M-114, M-130, and n-181, produce 
very hot fluids. This indicates that  e i ther  the a 
aquifer is very hot i n  t h i s  region or tha t  the 
fractured zone is acting as  a conduit for  upwelling 
hot waters. 
M-181, M-114 and U-130, is relatively cold, 
indicating tha t  these wells are located near the 
thermal boundaries of the field.  

The 6 aquifer, penetrated by wells 
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w e l l  H-29 since August 1979. Wells ?-E, M-11, 
M-20, M-21A and M-31 vere shut in temporarily, 
probably due t o  low production. 

As stated ca r l l e r  i n  t h i s  paper, a reduction 
i n  enthalpy of the produced f lu id  can be caused 
by the  propagation of a cold front  in the same 
aquifer, draw-in of colder waters from the upper 

ta, o r  both, depending updn the location of 
well i n  the field. 

decane in the  production r a t e  of a w e l l  can be 
caused by scaling in the wellbore, reduced recharge 
t o  the aquifer, high resistance to flow due t o  
s i l i c a  precipitation i n  the reservoir pores, 
and/or re la t ive  permeability e f fec ts  iri the  
two-phase region near the w e l l .  
these factors  might be contributing to reduced 
production frcm the  wells. 

Cn the other’hand, a 

Some or  a l l  of 

The reaction of most w e l l s  t o  the cont%nuous 
exploitation of the f i e l d  was t o  produce lower 
enthalpy f luids  a t  lower rates. However, the 
behavior-of some wells was remarkably different. 
For example, although the production ra tes  of 
w e l l s  M-20, M-45, M-51, M-84 and M-105 declined 
over the years, t h e i r  enthalpies increased. 

The heat and mass on of  the intermit- 
t en t ly  produced w e l l  M-20 changed from .bout 200 
t/h and 306 kcal/kg i n  August 1973 t o  24.5 t/h 
and 371 kcal/kg i n  September 1970 when it was 
taken out of production. 
October 1979, bu t , the  production r a t e  continued t o  
decline while t h e  enthalpy continued to rise. 
WeU M-45 produced 6 0  t / h  and 433 kcallkg in 
August 1977 ccmpared t o  29.5 t /h  and 548 kcal/kg 
i n  September 1980. . W e l l  M-51 produced 308 t / h  and 
355 kcal/kg in January 1979 canpared t o  198 t / h  
and 367 kcal/kg in September 1980. The production 
from M-04 was 177 t/h and 426 kcal/kg in  March 
1979 campared to 97 t /h  and 482 kcal/kg ia Septem- 
bcr 1980. W e l l  W-105 produced 265 t/h and 354 
kcal/kg in December 1978 and 141 t /h  and 415 
kcal/kg in September 1980. 

It was reopened in 

are  in enthalpy appears to 
related to the declining pressures around a 

production w e l l  due to l o w  recharge. 
i n  pressure results in lower saturation tanpera- 
tures  of a two-phase wne around the w e l l .  
lower f luid temperatures s e t  up a temperature 
gradient between the f luid and the ourrounding 
rock, allowing heat to flow from the rocks to the 
f luid,  thus increasing the f lu id  enthalpy. 
phenomena seun to  occur in a l l  f ive  wells 
above. If recharge to these wells does not 
increase, due to seismic ac t iv i ty  o r  otherwise, 
then these wells may be taken aut of the produc- 
t ion l i ne  or their f lu id  output canbined w i t h  tha t  
of a better producing w e l l .  The lower producing 
wells 13-45 and M-8 were connected to w e l l  E-1 i n  
August 1981 and October 1981 respectively, and 
well M-20 was connectcd to well E-3 in August 

A reduction 

The 

1981. 

Flow Barriers 

Figure 3 also shows flow bar r ie rs  inferred 
the basis of enthalpy interference data as 

* -  . 
discussed later i n  t h i s  paper. 
indicates that  almost no flow occurs between the 
tells whereas a dashed l h e  s igni f ies  a a l igh t  
amouut of flow between them. Analysis of data 
from wells M-20 and M-45 mupport the hypothesis 
re la t ing  low recharge and flow barriers: flow 
banciers around U-20 result’in l o w  recharge and a 
flow barr ier  located near M-45 reduces recharge 
from the north. 

A so l id  line 

Eane adjacent wells i n  this f i e ld  display 
sharply different  character is t ics ,  indicating a 
heterogeneous/ccinplex system. For example, wells 
M-114 and U-130, both conrpleted in the 6 aquifer, 
show t ha t  the aquifer there was i n i t i a l l y  cool. 
wer the years, both wells show a reduction 
in production, with almost no change in f lu id  
enthalpy i n  M-114 and an increase i n  enthalpy 
in M-130. 
nearly cool w e l l ,  while M-130 is nearly a very 
hot wel l .  
may be the cause for  the increasing f lu id  enthalpy. 
W e l l s  M-34 and M-35 are dr i l led  close to each 
other and yet they display en t i re ly  different  
characteristics. W e l l  M-34 is a cool and low 
producer, while M-35 is a hot and very good 
production w e l l .  

W e l l  M-114 continued to be a cool o r  

Here again, the small recharge to 11-130 

In oummary, area l  distribution of heat and 
mass flux data suggests tha t  the a and 6 aquifers 
are hot and very hot, respectively. 
cold boundaries of the f i e l d  were confined to 
wells M-39 and M-114 i n  the northeast and to 
wells M-9, M-29, M-34 and M-181 i n  the west. In 
response to  large-scale f lu id  production, the cold 
boundaries appear to  have moved toward the main 
f ie ld ,  reaching wel l s  M-42, M-14, M - U A  and M - 2 l A  
i n  the northeast and wells M-30, M-31 and M-26 
in the west* I n i t i a l  production from most wells 
was very good, with production declining over the 
years. The enthalpy for  most wells i n  the f i e ld  
also declined. The wells dr i l led  i n  faulted zones 
produced very hot f lu ids  a t  very high rates. The 
recharge t o  wells M-20, U-45, M-51, M-84 and M-105 
appear8 t o  be diminishing. If recharge to these 
wells does not improve, these wells may be taken 
out of production as have same other w e l l s  in the 
f ie ld .  

The i n i t i a l  

LocAt BOILING AND INTERFERENCE WELLS 

In the previous section, it was shown tha t  
mst wells experienced a decline i n  enthalpy, 
while some wells experienced a gain in enthalpy. 
In  t h i s  section, we sha l l  discuss those w e l l s  
whose enthalpy fluctuates due to the opening or 
closing of nearby wells. This is caused by the 
interference between wells as shown below. 

As discussed before, an increase in enthalpy 
related to heat transfer from the rocks to the 

f lu id  due t o  a reduction i n  f lu id  pressure (and 
temperature) i n  a two-phase region. On the other 
hand, 6 reverme process is expected to  take place 
i f  f lu id  pressure increases. BY contrast, i n  a 
single phase compressed liquid aquifer, changes i n  
enthalpy due to pressure changes are very small. 
Since the canpreasibility of a two-phase f luid is 
eignificantly higher than that of a single-phase 
liquid, the pressure transients are expected to 
propagate slower in the two-phase reservoir. The 
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Figure 3. Heat and amss flow ra t e s  distributions 
i n  the Cerro Prieto f i e ld  as of 
December 1979 along with flow barr iers  
shown i n  Figures 7, 8, 9 and 10. 

A decline i n  mass production rates  fo r  most 
w e l l s  i n  the Cerro Prieto f i e l d  w a s  observed 
between 1973 and 1979. 
to t h e  southeast of Fau l t  H were supplying steam 
a t  good o r  very good r a t e s  as of December 1979. 
I n  certain instances production rates increased, 
(e.g., w e l l s  M-8, M-14, M-25 and M-103). An 
increase i n  M-8 is attributed t o  a seismic 
event which occurred i n  t h e  summer of 1978. The 
r i s e  i n  the other three wells resulted from the 
instalbation of smaller diameter production 
casings, which were decreased fran about 8 t o  4 
inches (CFE Annex Number 6 1. 

Decline i n  Heat and Mass Production 

M-53 and some of the we l l s  

Aside from an uneven distribution of heat 
and mass flux i n  the f ie ld ,  some changes i n  the 
production characterist ics of wells were also 
observed. 
northeast appear t o  move toward the main produc- 
t ion-area w i t h  the exploitation of tce field.  

The cold boundaries to the west and 

It w a s  also observed t h a t  the f lu id  enthalpy for  
most wells in t he  f i e l d  declined over the 
years. 

Toward the  northeast, w e l l s  M-114 and M-39 
continued +o be cool or nea rcoo l  wells. An 
enthalpy decline was observed in wells M-42, 
M-14, M-15A and H-21A. 

during its f i r s t  three months of production. 
I t a  mass production increased fran 190 t / h  to 
350 t /h and the enthalpy of the produced f luids  
decreased from 360 t o  270 kcal/kg. Thereafter, 
it@ enthalpy ranained l o w  and its production 
rate declined continuously. 

W e l l  M-42, continuously 
producing since November 1976, behaved peculiarly 1. 

During continuous production, w e l l  M-14 
experienced declines in both production rate and 
enthalpy, from about 205 t/h and 345 kcal/kg in 
July 1976 to &out 155 t /h and 275 kcal/kg in 
December 1979. M-ISA, i n i t i a l l y  a hot w e l l ,  
produced u n t i l  it was shut i n  i n  January 1977 
and then reopened from April to December of 
1978. The mass production rate and enthalpy of 
the produced f luid declined from 300 t /h and 325 
kcal/kg in August 1974 t o  about 60 t / h  and 265 
kcal/kg in January 1977. This vel1 remained coal 
and its production r a t e  declined during its 
second production period in 1978. W e l l  M-21A8 
i n i t i a l l y  very hot, showed declines i n  enthalpy 
as well as in mass production rate. 

l%un, it appears tha t  i n i t i a l l y  cool or  
near-cool regions surrounding w e l l s  M-114 and 
M-39 are propagating toward wells M-42, M-14, 
M-15A and M-21A i n  response to production. It 
may be wrthwhile to mention here that  t he  
influx of re la t ively cool water from overlying 
aquifers has also contributed to a decline in 
the enthalpy of the f luids  i n  the a aquifer 
(Truesdell et  al., 1978; Grant e t  al., 1981). 
IIOwever, i n  the northeast, the daninant coaling 
mechanism appears to be related to the propaga- 
t ion of the cold front. One would expect that 
fo r  camparable distances re lat ively larger 
pressure differences muld  be needed to d r a w  i n  
waters from overlying aquifers than from the 
name aquifer i f  lower pexmeability intervening 
layers udst between them. The Cerro Rieto 
w e l l  logs confirm the presence of low pexmeabil- 
i t y  shale wnes between the a and 6 aquifers and 
also between the a aquifer and strata above it 
(Halfman at a l a ,  1982, t h i s  V O ~ ~ C ) .  

On the western side of the f ie ld ,  the cool 
region around w e l l s  M-9, U-29, M-34 and M-181 
appears t o  move toward w e l h  M-30, M-31 and M-26 
whose enthalpies of about 318 kcal/kg i n  December 
1973, 318 kcal/kg i n  August 1973, and 322 k c a l d g  
in August 1973, dropped t o  about 302, 287 and 
288 kcal/kg i n  December 1979, respectively. 

> 

In general, it is observed tha t  the produc- 
t ion from most w e l l s  is declining. 
w e l l s  i n  the f i e l d  have been shut i n  because 
ei ther  the produced f lu ids  were too COO:, and/or 
the production r a t e s  were small. Judging by 
the f i e l d  data, wells 1-9, M-lSA, M-34 and 1-39 
were shut in permanently, apparently fo r  being 
cold, low producers. In fact ,  w e l l  M-9 has been 
used a s  an injection well fo r  untreated br ine  fran 

Quite a few 

Q 

t 
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rise of enthalpy in a w e l l  due to reduced pressure 
created by a new nearby production w e l l  indicates 
good ccunnunicatlon between t h a .  

To study the interference of s in  
duc- a production we l l ,  a p lo t  of entha 

tion rate verous time was prepared for  w e l l  H-8 
(Figure 4).  In this figure, & and E represent 
mass production rate ( i n  t/h) and f lu id  enthalpy 
(in kcal/kg) respectively. Various w e l l s  with 
their i n i t i a l  production dates are also indicated 
along the time axis. It may be aoted that  the w e l l  
is producing very hot o r  nearly very hot f lu ids  
throughout the time period shown i n  t h i s  figure. 
I n i t i a l l y  a very good producer, H-8 showed a 
declining trend of production ra te  similar to 
other wells in the f ie ld .  
increase a b u t  four times I n  the rnmrmer of 1978 
probably due to a seismic event tCFE annex number 
6 ) .  Measured enthalpies indicate that t h i s  w e l l  
was e i ther  two-phase o r  close t o  boiling in June 
1973 when it started commercial production. The 
enthalpy of this w e l l  remained almost oonstant 
during the f i x s t  nine m6nths w i t h  s l igh t  variations 
i n  mass flow rate. 
t ion  i n  August 1973, did not a f fec t  the enthalpy 
of M-8. However, a small jump fn enthalpy and a 
small reduction in mass flow ra t a  can be seen 
during the time when w e l l  H-35 was put on line in 
March 1974. A s m a l l  reduction in mass flow 
indicated a lower reservoir pressure in U-8. I f  
the f lu id  in the aquifer is already ttw-phase a 
pressure reduction w i l l  cause the heat to flow 
from the rocks to the f luid,  increasing the fluid 
enthalpy as can be seen in Figure 4. However, no 
mch change in enthalpy is expected to OCCUT i f  
the reservolr f luid is ccmpreaoed liquid. Since 
M-8 was producing very hot or nearly very hot 
f lu ids  and showing enthalpy increases, we expect 
that  a two-phase zone exists a t  leas t  near the 
w e l l  i f  not f a r  away. 

i 

.- 
Its production r a t e  did 

Well M-31, placed in to  produc- 

A sharp decline i n  production r a t e  and a rise 
in enthalpy was observed in the f a l l  of 1974 when 

Figure 4. Heat and mass production history of 
-11 M-8. 

M-21A s t a t t ed  production. 
opening of H-2lh caused a larger pressure drop in 
H-8 than that caused by the opening of U-35. The 
propagation and magnitude of the pressure drop 
is a function of the distance between wel l s ,  
formation permeability, kinematic viscosity, and 
compressibility of the fluid. The pressure drop 
i n  H-8 ie expected to be larger due to the opening 
of H-21A than that due t o  H-35 because it is 
closer t o  H-8. However, i f  we assme that a 
two-phase zone existed around H-8 even before 
March 1974, the magnitude of the enthalpy rise or  
pressure drop suggests ketter camtunication 
between U-8 and H-21A canpared to that between H-8 

This shows that the 

and M-35. 

An increase in enthalpy and drop in mass flow 
r a t e  of U-8 i s  also observed during the summer of 
1976 when w e l l  U-27 ntar ted production. 
w e l l  H-27 is closest  to  U-8, large pressure drops 
i n  the l a t t e r  are expected. No noticeable changes 
in either enthalpy o r  mass flow r a t e  in M-8 can be 
at t r ibuted to the opening of H-46 in September 
1977. 
t ion  toward the southeast. 

Since 

- 

This probably indicates a poor ccwnunica- 

It may be noted tha t  the production frwn 
H-8 has ahown A continuously declining trend 
aver the years ( i f  we neglect temporary humps) 
with almost constant f l u id  enthalpy. 
in production ra te  and enthalpy? frcnn about 105 
t /h  and 310 kcaUkg in October 1977 to about 175 
t/h and 360 kcal/kg in November 1977, is  due t o  
combining the production of wells H-8 and H-46. 
Both wells used the same separator probably up t o  
August 1979 when M-46 was probably shut in. 
During thiu two year period, fluctuations in 
ptoductbn ra te  and enthalpy can be observed. 
S h a r p  decline in production and increase i n  
enthalpy can be observed up to June 1978 when 
seismic ac t iv i ty  resulted in lower f luid enthal- 
pies  and about four times higher production ra te  
(CFE annex number 6 1. 

Well M-lSA, located north of M-8 was produced 

The Increase 

A 

from April 1978. Around this time an increase i n  
enthalpy and a decline in production *low ra t e  of 
w e l l  U-8 (similar t o  those related to  wells 14-35, 
W-21A and H-27), may be noted. 
point, it is d i f f i cu l t  to conclude tha t  such a 
Sharp change in f l o w  r a t e  and enthalpy was caused 
by the  opening of M-15A because of its being 
far ther  away fram H-8. 

€lowever, a t  t h i s  

A n  attempt is made to 
later in this paper, 

W e l l  H-84 started production in March 1979. A 
a l igh t  decrease in flow and increase in enthalpy 
i n  observed in M-8 about t h i s  time. 
theae changes are too a l l  for  us to arr ive a t  
any reasonable conclusions. Moreover, H-84 is  fa r  
to the southeast of M-8 and any ef fec t  is expected 
to be Omall .  
r a t e  of H-8 reduced drast ical ly  with a correspond- 
ing increase in f lu id  enthalpy. 
f ina l ly  shut in for  w e t  a year i n  May 1980 when 
its production r a t e  dropped to about 14 t/h. 

(and temperature) of a twrrphase zone surrounding 
a w e l l  i s  lowered by the opening of nearby w e l l s ,  
it gives , r iae  to an increase i n  f lu id  enthalpy due 

However, 

Beyond September 1979, the production 

l%Is w e l l  was 

In br ief ,  Figure 4 shows tha t  i f  the pressure 
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to heat transfer froan the rocks and a decline in 
production ra te  due to the reduced pressure. 
can then qual i ta t ively infer  whether the comnunica- 
t ion  between w e l l s  is good or poor. In the case of 
w e l l  W-8 it appears that it has gwd p e d i l i t i e s  
toward wells to  the north m d  probably poor ones 
toward those to the south. 

PLOW BARRIERS BETWEEN WELCS As INTERPREfED ?Rm 
WELlgEM DATA 

One 

As discussed in the previous section, an 
existing producing w e l l  MY o r  may not respond 
t o  a newly opened producing w e l l  depending upon 
the formation permeability between than. 
pressure wave propagates quickly through a high 
permeability formation, resul t ing in lower flow 
ra te  and higher f luid enthalpy in the already 
producing w e l l  canpleted in a hnrphase reservoir. 
I f ,  on the other hand, the permeability is 
low, the pressure interference wi l l  be slow. 
Thus, based on the enthalpy hiatory of nearby 
wells it is possible to  interpret  qual i ta t ively 
whether the permeability between w e l l s  is good or  
poor. 
t ion o r  flow barr iers  are intended to r e f l ec t  on 
the formation permeability between the wells under 
discussion. Flow barr ie rs  between wells can 
either be natural o r  man-made. Natural barriers 
include fau l t s  and l o w  permeability wnes o r  
layers. 
from f lu id  production which reduce formation 
porosity and permeability by mineral precipitation 
in rocks. 

A 

The words gwd comnunication/poor communica- 

Man-made barriers are the ones resul t ing 

In  t h i s  section, w e  attempt t o  ident i fy  these 
barriers in a gross sense on the basis of enthalpy 
history only. 
section, an increase in enthalpy is associated 
with a reduced production r a t e  o r  lower bottom- 
hole pressures. These flow barr iers  - then used 
t o  explain the low recharge t o  sane well. shown in 
Figure 3. It may be anphasized that the interpre- 
ta t ion is purely based on enthalpy data and is 
subject to confirmation. 

As discussed in the previous 

To determine interference and possible 
communication barr iers  between wel l s ,  we have 
divided the m a i n  producing f i e l d  in four differ- 
ent  areas, a s  shown i n  Figure 5. Only the 
central  part of the f i e ld  is being considered 
for  t h i s  study for  the following reasons: 

(i) i n i t i a l l y  wells in this region were 
either two-phase or  close t o  boiling; 

(ii) spacing between wells in this area is 
m a l l ,  which increases the possibi l i ty  
of interference between them; 

(iii) wells toward the north and west are 
located on the cool boundaries of the 
f i e ld  and the reservoir f luid tends t o  be 
l iquid water. 
bottm-hole pressure does not make a 
significant change in the enthalpy of 
these single-phase liquid wells. Thus, 
on the basis of enthalpy data, it is 
hard t o  establish flow boundaries f o r  
these wells. However, an indication of 
expanding cold boundaries, as  discussed 

A s m a l l  reduction in 

ear1CCr. s igni f ies  good connnunication 
between these boundary wells. 

( iv)  The southern-most wells are spaced f a r  
apar t  and were put on l i ne  almost a t  the 
same time. Both factors  make it d i f f i cu l t  
to obtain the kind of interference data 
we are looking for. 

I 

The plo ts  of water/steam r a t i o  and wellhead 
pressure versus tiole were prepared for  wells in 
the  different  gxoups up to November 1980 (Figures 
6-10). As can be seen in Figure 5, some wells 
appear in more than one group. 
wells are a l so  included in these groups. Rowever, 
the following discussion is confined t o  production 

-a 

The nonproducing 

w e l l s  only. 

Group I 

Figure 6 shows a p lo t  of wellhead pressure 
(WEP) versus time fo r  a11 the  wells i n  Group I 
along with the i r  re la t ive  positions. 
pressure6 of M-27, M-35 and W-84 are almost 
uniform over the years with a s l i gh t  declining 
trend. The behavior of M-8 is also almost uniform 
with a declining trend, except for  a small increase 
i n  WHP during the f i r s t  year of production and 
another increase i n  July 1978 due t o  a seismic 
event (CFE annex number 6 ) .  

The wellhead 

A sudden rise in W W  of M-21A during the 
middle of 1978 was caused by a change i n  the 
diameter of the production casing from 8 t o  2 
inches. 
damage required the ins ta l la t ion  of a new casing 
(CFE annex number 6).  
drop i n  August 1975, the  WHP of M-31 is almost 
uniform with a s l i gh t  declining trend. 
drop i n  WHP was probably caused by an increase 
in o r i f i ce  diameter (personal communication 
Castillo B.F., 1982). As reflected by these 

The excessive sand production and casing 

Except fo r  a sudden pressure 

The sudden 

I 
WL 

Figure 5. W e l l  groupings for  interference 
study. 
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Figure 6. Wellhead pressures versus t h e  for wells i n  Group I. 

welLhead pressures, toward the middle of 1979, 
a11 of these w e l l s  were f a i r l y  good producers 
w i t h  M-35 a d  M-27 producing a t  the highest and 
lowest rates, respectively. It may be noted t h a t  
the oldest producing w e l l  i n  t h i s  group is H-8, 
which started production i n  June 1973, followed by Communication betueen 
M-31 i n  August 1973, M-35 i n  March 1974, M-2lA 
i n  September 1974, 1-27 i n  July 1976 and M-84 i n  
March 1979. Toward t h e  end of 1980 only half of 
t h e  weL1.s in this group were producing, the 

As discussed earlier, a decline in enthalpy is 
caused by mixing with relat ively cool waters and 
8x8 Increase can be at t r ibuted to local  boiling 
and/or t o  l o w  recharge. 

be detected from the water/steam r a t i o  p lo t  fo r  
each well .  For example, a nlight increase in 
enthalpy of M-8 and M-31 CM be observed when M-35 
start8 production in March 1974# indicating a 

well to come on line i n  this group is M-2lA which 
appears t o  a f f ec t  the enthalpy of M-8 without 
causing any apparent changes in the vater/stcam 
r a t i o s  of M-31 and M-35. This indicates good 
Communication between M-8 and M-21A. However, the 

M-21A and M-35 is hard to  interpret  due t o  the 

steam ra t io s  in M-8 and M-31 is also observed when 
the new w e l l s  M-26 and M-29 start production. 
This shows good caamunication between 14-29 and 
M-31. me s l igh t  increase i n  enthalpy of M-31 is 

.) 

1 rest were shut i n  probab: e t o  low production. good cammication between these w e l l s .  The next 

The water/steam r a t i o  history of the wells 
i n  Group I in shown i n  Figure 7. I h e  well8 w i t h  
lower water/steam ratios indicate higher f lu id  
h t h a l p y  canpared to those w i t h  higher water/ 
steam ratios.  For example, i n  Group I during camnunication between M-21A and M-31 and between 
1979-80, vel1 M-84 was the hot tes t  w e l l  with 
highest enthalpy and M-31 w a s  the coldest w e l l .  large distances involved. A decrease i n  water/ 
In general, f luid,enthalpies show a declining 
trend with time fo r  most wells except M-84 where 
an opposite trend can be seen. 
increase in M-8 may also be observed i n  mid-1980. 

An enthalpy 
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Figure 7. Water/steam r a t i o  versus time fo r  wells i n  Group I. 

probably due to a drop in WHP i n  August 1975 as 
shown in Figure 6. The coincident increase i n  
enthalpy of M-8 is too small to conclude any 
canmunication w i t h  a-26. 
of M-8 in early 1976 does not appear to have been 
caused by the opening of w e l l  M-29 located a t  a 
considerable distance. 

b o t h e r  enthalpy increase 

Wells M-21A and n-35 do not appear to respond 
t o  w e l l  M-26, probably because they are too far 
apart. The effect  of M-27 is clearly seen in 
w e l l  M-8 but not ea clear ly  in w e l l s  W21A, M-31 
and M-35, probably due to  poor cammunication. 
Another decrease in water/steam r a t i o  in M-8 is 
observed when w e l l  M-46 starts production i n  
September 1977. As discussed in connection with 
Figure 4, this increase in enthalpy is mainly due 
to mixing of f luids  from n-8 and H-46 in the same 
separator. M e r  wells in this figure do not 
respond to M-46, probably because they are situated 
too f a r  away from it. 

The introduction of w e l l  M-151 does increase 
the enthalpy of M-6 without any observable changes 
in M-21A. 11-27, M-31 and M-35. It is surprising 
to note that M-15A has no caumunication w i t h  
nearby w e l l  I - 2 1 1  but does communicate with w e l l  
M-8 situated further away i n  the same direction. 
Going back t o  Figure 4, we find that  a decrease in 
flow ra t e  and rise in enthalpy in M-8 are not 
real ly  caused by the opening of M-15A. 
what we see is a continuously declining flow r a t e  
i n  this wel l .  me increase in enthalpy indicates 
a lower recharge to this w e l l  a t  this the. This 
trend is confirmed again in 1980 as shown in 
Figure 4. As a matter of fact ,  i f  the seismic 
event of mid-1978 had not occurred, t h i s  w e l l  
might have been shutin in 1978 instead of 1980. No 
appreciable changes i n  water/steam ra t io s  in wells 

In fact ,  

of Group I w e r e  observed due to the i n i t i a l  
production of M-84, indicating a poor communica- 
t ion between these w e l l s  and M-84. 
shows flow ba r r i e r s  by solid lines while dashed 
l i nes  indicate poor communication. 

Figure 7 

Group 11 

0 

4 

Figure 8 shows the water/steam r a t i o  versus 
time fo r  wells M-5, M-14, M-15A, M-lgA, M-20 and 
M-25 belonging to Group 11. 
oldest  producer in this group, followed by M-20, 
M-25, n-15A, M-19A and M-14. As may be noted, 
wells M-15A and M-20 are intermittent producers. 
Except for  w e l l s  M-19A and M-20, these wells 
show significant changes in WHP. For example, 
the WIIP of M-5 decreases from 2 0  kg/cm2 i n  
December 1973 t o  6.3 kg/cm2 i n  January 1974, 
probably due to change in o r i f i c e  diameter. 
Thereafter, its UBP remaines almost constant. 

Well H-5 is the 

The W€IP of M-14 increases from about 7.6 
kg/cm2 i n  January 1977 t o  about 22 kg/cm2 i n  
March 1977 due to a change in the diameter of the 
production casing from 8 t o  4.5  in. 
w a s  made because of excessive sand production (CFE 
annex number 6) .  Well M-15A starts with a high 
WXP which declines mer the years. 
of M-25 increases between,November and December 
1977 due t o  a reduction in the production casing 
diameter from 8 t o  4 in. Excessive sand production 
is also the reason for  this diameter change. 

5 

This change 

The WXP 

1 

Continued production has caused a decline i n  
enthalpy for most w e l l s  except M-20 which has 
shown an opposite trend. 
M-15h produces the lowest enthalpy f luids  in this 
group while M-20 produces the highest. 

!bward 1978-80, w e l l  
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Figure 8. Waterlateam r a t i o  versus tUne for  w e l l s  in Group 11. 

Looking a t  Figure 8 there appears t o  be no Grow Ill 
Communication between wells M-5, M-20 and M-25. 
Opening of vel1 M-lSA does not a f f ec t  the water/ 
steam ra t io s  of M-5, M-20 and M-25 t o  any signifi- 
cant extent, suggesting poor intercamnunication. 
However, during its reopening i n  April 1978, the 
enthalpies of M-5, M-19A and M-14 do show some 
increase, indicating good ccmnmication with these 
w e l l s  and communication barriers with wells M-20 
and M-25. The opening of w e l l  M-19A shows some 
ccamnunication with M-25 and barriers with ue l l s  
M-5, M-lSA, and M-20. Comparing t h i s  e f f ec t  Workshop, February 1982). Thus, it is necessary 
with that during reopening of M-lsA shows that 
communication probably exists between M-19 
M-5 and also between M-19A and U-15A. The 
reopening of M-20 in October 1979 indicate 
camnunication ba r r i e r s  between M-20 and w e l l s  
M-5, W-14, M-19A and M-25. These inferred barriers 
between w e l l s  are sho 

Figure 10 shows the  variations in water/ 
steam ratios with time i n  wells M-35, W-45, 
M-48, M-51, M-84, M-103 and M-181 i n  Group IV. 
In t h i s  group, the f i r s t  three w e l l s  are ccznplr 
ted in the a aquifer, and l a s t  three in the 8 
aquifer. 
and 6 aquifers. 
f a r  whether there exist8 communication between the 
two aquifers (discussions during san Felipe 

t o  interpret  the interference between the wells 

Well M-51 Is ccznpleted both in the o 
It has not been established so 

le ted in the same aquifer. 

In Figure 10, it may be noted that the 
steam ra t io s  ate quite variable for  most 

w e l l s  i n  this group. H-181 is the coldest well i n  
the group with a declining trend in enthalpy. 
M-84 and M-45 are t he  hot tes t  wells showing 
increasing f lu id  enthalpies. 
discussed &Ye,  we f ind that there exists no 
camnunication between M-35 and 1-45. Well M-40 is 
located some distance away and is unlikely to show 
any interference f a r  from these wells. 

.I Figure 8 .  
* 

Using the procedure 

shows of the water/steam r a t i o  
versus time for w e l l s  M-20, M-ZlA, M-25, U-26 and 
H-27 in Group 111. 
increases with time for  most of the wells in t h i s  
group, indicating mixing w i t h  colder waters drawn 
in to  the system. During 1979-80, w e l l  M-20 is the 
hot tes t  w e l l  and M-26, the coldest. Except for  
M-20, M-26 and M-27, the rest of the wells i n  the 
group have been i n  continuous production since 
1974, when they were f i r s t  put on line. 
discussed before, if we analyze the changes i n  
water/steam r a t i o  wlth time, we determine the flow 
barriers s h m  i n  Figure 9. 

* i 

It may be noted that the r a t i o  

Additionally, w e l l s  completed i n  the 3 
aquifer (M-84, M-103, and M-281) do not show any 
interference between them, probably because of t h e  
larger distances invoLved. In fact ,  wells M-84 
and M-103 start production a t  the same time (March 
19791, a case t o  which this analysis cannot apply. 
W e l l  M-181, being a cold w e l l  is also not suited 
fo r  t h i s  analysis. 

& 

! 
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The flow boundary inferred f r c m  the  data is ACBXEkJLEoGMpJT 
8hOWn in Figure 10. 
from Figures 7 t o  10 are superimposed i n  Figure 3 
over the heat and mass flux dis t r ibut ions in the 
f ie ld .  Surrounded by barr iers ,  it is now clear  
why the recharge to M-20 and U-45 is declining. 

The flow barr ie rs  Ltespreted 

SUMMARY AND CONcII1SIONS 
3 

An areal  dis t r ibut ion of heat and mass 
production i n  the Wrro Prieto f i e l d  has been 
presented for  two different  t b e s  t o  determine the 
i n i t i a l  state of the  a and 6 aquifers and the 
behavior of the f i e l d  under pro&ction. 
found that ,  i n i t i a l ly ,  t he  a and 6 aquifers were 
hot and very hot respectively. Cold boundaries t o  
the f i e ld  w e r e  found to  be located toward the west 
and northeast. 

8 2  

It was 

In i t i a l ly ,  f l u id  production from most 
wells was very ugh .  
of Fault H produced very hot f lu ids  a t  very high 
rates. Production from most wells declined over 
the years, possibly due t o  scaling in the wellbore, 
reduced recharge to the  aquifer, high resistance 
t o  flow due t o  s i l i c a  precipitation i n  the r e 6 e r  
voir pores and/or re la t ive  permeability e f fec ts  in 
the  two-phase regions surrounding the wells. 
most w e l l s  f lu id  enthalpies declined over the 
years, perhaps due t o  mixing with colder waters 
e i ther  drawn in from upper s t r a t a  and/or from the 
cold l a t e r a l  boundarie6 depending upon &ell % 

location. 

k53 and some wells southeast 

In  
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