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PRELIMINARY ESTIMATION OF THE 
RESERVOIR CAPACITY AND THE 
LONGEVITY OF THE BACA GEOTHERMAL 
FIELD, NEW MEXICO 

G . S .  Bodvarsson, S. Vonder Haar, M. Wilt and C.F. Tsang 

ABSTRACT 

A 50 MW geothermal power p l a n t  is c u r r e n t l y  under 
development a t  t h e  Baca s i t e  i n  t h e  Valles Ca lde ra ,  Net 
Mexico, as a j o i n t  ven tu re  of t h e  Department of Energy 
(DOE), Union O i l  Company of C a l i f o r n i a  and t h e  Pub l i c  
Service Company of Hew Mexico (PNM). To date, over  20 
wells have been d r i l l e d  on t h e  p r o s p e c t ,  and t h e  da t a  
from t h e s e  w e l l s  i n d i c a t e  t h e  presence  of a high- 
tempera ture  l i q u i d  dominated r e s e r v o i r .  
data from open l i t e r a t u r e  on t h e  f i e l d  are used t o  
e s t i m a t e  t h e  amount of ho t  u a t e r  in p lace  ( r e s e r v o i r  
c a p a c i t y )  and t h e  l eng th  of t i m e  t h e  r e s e r v o i r  can 
supply steam f o r  a 50 Mw power p l a n t  ( r e s e r v o i r  longe- 
v i t y ) .  

I n  t h i s  pape r ,  

The r e s e r v o i r  capac i ty  is es t ima ted  by vo lumet r i c  
c a l c u l a t i o n s  us ing  e x i s t i n g  g e o l o g i c a l ,  geophys ica l  and 
dell da ta .  The c r i t e r i a  used are descr ibed  and t h e  
s e n s i t i v i t y  of t h e  r e s u l t s  d i scussed .  

The longev i ty  of t h e  f i e l d  Fs s t u d i e d  us ing  a 
two-phase numerical  s imula to r  (SEAFT79). A number of 
:ases are s tud ied  based upon d i f f e r e n t  boundary condi- 
t i o n s ,  and i n j e c t i o n  and p roduc t ion  criteria. Constant 
>r v a r i a b l e  mass product ion  is epployed in t h e  simu- 
l a t i o n s  with c l o s e d ,  s e m i - i n f i n i t e  or  i n f i n i t e  reser- 
Toir boundaries.  
Feeding t h e  product ion  r eg ion  is modeled. The injec- 
:ion s t r a t e g y  depends on t h e  a v a i l a b l e  waste water.  . 
rhe results of t h e s e  s imula t ions  are d i scussed  and t h e  
i e n s i t i v i t y  of t he  r e s u l t s ,  wi th  r e s p e c t  t o  mesh sire 
md the r e l a t i v e  pe rmeab i l i t y  curves  w e d ,  are b r i e f l y  
i tud ied .  

NTRODU CT I O N  

I n  one of the  cases, a f a u l t  zone 

The Baca geothermal f i e l d  is l o c a t e d - i n  t h e  Valles 
l a l d e r a ,  New Mexico, about  55 miles aor thaof  Albuquer- 
pe. The f i e l d  is ba ing  developed by the Union O i l  
iompany of C a l i f o r n i a  and t h e  Pub l i c  Se rv ice  Compnny of 
lew Mexico. To d a t e ,  ove r  20 geothermal wells hsve 
been d r i l l e d  i n  t h e  Val les  Ca lde ra ,  va ry ing  in depth 
rom 2000 t o  Over 9000 f e e t  (1). S ix  of t h e  wells have 
ieen d r i l l e d  i n  t h e  S u l f u r  Creek area, t h e  remainder 
[long Redondo Creek (Fig. 1). 

. e fe rences  and i l l u s t r a t i o n s  at end of paper. 

The wells i n  t h e  S u l f u r  Creek area have p e n e t r a t e <  
I n  a high-temperature bu t  l ow-produc t iv i ty  formation. 

t h e  Redondo Creek area, t h e  w e l l s  have encountered a 
high-temperature (L5500F) l iquid-dominated r e s e r v o i r .  
I n t e r p r e t a t i o n  of t h e  w e l l  d a t a  by Union O i l  (1) in -  
dicates t h e  presence  of a l i q u i d  dominated r e s e r v o i r  
and a s e p a r a t e  steam r e s e r v o i r ,  which are not i n  
hydrau l i c  communication. Eowever, a r e c e n t  s tudy  by 
Grant ( 2 )  sugges t s  t h a t  t h e r e  is a c t u a l l y  on ly  one 
l iquid-dominated r e s e r v o i r ,  w i th  an ove r ly ing  
two-phase zone. 

It is ext remely  impor tan t  t o  make r e l i a b l e  esti- 
nates of t h e  mass of hot  water i n  p l a c e  ( r e s e r v o i r  
capac i ty )  and t h e  l eng th  of time t h e  r e s e r v o i r  can 
supply steam f o r  a 50 WW power p l a n t  ( r e s e r v o i r  longe- 
v i ty ) .  The r e s e r v o i r  l ongev i ty  depends both  on t h e  
r e s e r v o i r  c a p a c i t y  and 00 t h e  o v e r a l l  development p l an  
Eor t h e  f i e l d  (flow rates, i n j e c t i o n ,  e t c . )  This  paper 
r ep resen t s  t h e  f i r s t  in a series of s t u d i e s  of the 
r e s e r v o i r  c a p a c i t y  and longev i ty  of the  Baca f i e l d .  

I n  t h i s  f i r s t  s tudy  t h e  r e s e r v o i r  capac i ty  is 
Estimated by vo lumet r i c  c a l c u l a t i o n s ,  u s ing  e x i s t i n g  
geo log ica l ,  w e l l ,  and geophys ica l  data. An i n i t i a l  
study of t h e  r e s e r v o i r  l ongev i ty  is a l s o  made us ing  t h e  
two-phase numerical s imula to r  SIuIpT79, developed a t  
LBL. Because of t h e  l a c k  of a v a i l a b l e  d a t a ,  we made a 
lumber of assumptions du r ing  t h e  course  of t h e  study. 
t h e r e f o r e ,  t h e  r e s u l t 8  p re sen ted  h e r e  are pre l iminary .  
Yew estimates w i l l  be made as more data are accumulated 

ZOLOGY 

Ihe topograph ica l ly  h igh  Valles Caldera is a 
i u b c i r c u l a r  vo lcan ic  dep res s ion ,  12 t o  15 miles i n  
iiameter, formed 1.1 m i l l i o n  year?  ago. 
:a ldera  is c h a r a c t e r i z e d  by a r i n g  f r a c t u r e  zone where 
I number of r h y o l i t i c  v o l c a n i c  domes are found (1). A 
,road s t r u c t u r a l  dome, w l th  n summit a t  Redondo Peak, 
Le l o c a t e d  n e a r  t h e  c e n t e r  of t h e  c a l d e r a  and is 
, i s e c t e d  by a l a r g e  n o r t h e a s t  t r end ing  c e n t r a l  graben 
(Redondo Creek). 
:he Valles Caldera r eg ion  can be found i n  r e f e r e n c e s  3, 
i and 5. Ce010gic c ros s - sec t ions  of t h e  Va l l e s  Caldera 
region are s h o w  i n  F igu re  2. 

This resurgent  

A d e t a i l e d  geo log ica l  d e s c r i p t i o n  of 
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The Bandelier Tuff ie composed of severa l  members 
of c lose ly  velded t o  non-velded r h y o l i t i c  t u f f  and tuff 
brecc ia  ( 3 ) .  Up t o  6300 f e e t  of the t u f f  have been 
penetrated by the  wel l s  in Redondo Creek. The matr ix  
permeabi l i ty  of the t u f f  is genera l ly  low, b u t  open 
f r a c t u r e s  provide permeable channels i n  its deeper 
layers .  The bulk of the  produced water ~II the e x i s t i n i  
commercial wells comes from t h e  Bandel ier  Tuff (1). 

The Ps l iza  Canyon Andesite under l ies  t h e  Bandellei 
Tuff and v a r i e s  i n  thickness  from 0 t o  Over 2000 fee t .  
It In bel ieved t o  have low permeabi l i ty  due t o  its low 
matr ix  permeabi l i ty  and t h e  lack  of open f r a c t u r e s  ( 1 ) #  

Some of the  wells i n  Valles Calders  have pene- 
t r a t e d  a t h i n  h y e r  of poorly consol idated T e r t i a r y  
sands and deeper l a y e r s  of sedimentary rocks (Ab0 
Formation). These overlie t h e  basement rock in the  
Valles Caldera region,  a Precambrian grani te .  

RESERVOIR CAPACITY 

Previous Work 

Union O i l  ( 1 )  has estimated the "minimum" reser- 
v o i r  capaci ty  of t h e  Baca f i e l d  by two independent 
methods; using a deple t ion  equat ion,  and in te r fe rence  
test data. The deple t ion  equat ion is a simple mass 
balance equation t h a t  has been euccessfu l ly  used 
i n  the  o i l  and gas industry.  This approach genera l ly  
requires the r e s e r v o i r  t o  be f u l l y  confined (i.e., 
no u a t u r a l  recharge) ,  and t o  conta in  a s i n g l e  phase 
f l u i d .  The method does not consider temperature 
v a r i a t i o n s  wi th in  t h e  reservoir; Le. ,  only the mass of 
f l u i d  Fa place is estimated. Using the  deple t ion  
equat ion,  Union O i l  es t imated the  "minimum" reservoi r  
capaci ty  t o  be 4.74 x l0l2 l b s  of f l u i d .  

An i n t e r f e r e n c e  test vas performed in the  Bsca 
f i e l d  from October 1975 t o  Apr i l  1976 (1). Three wells 
vere used f o r  product ion,  t h r e e  f o r  i n j e c t i o n ,  and four 
€or observation. Only one of the observat ion wel l s  
shoved a d i s t i n c t  p ressure  response during t h e  test, 
and only d a t a  from t h i s  w e l l  were used t o  es t imate  the  
reservoi r  capacity. Using superpos i t ion  of the Theis  
so lu t ions ,  t h e  best match with the data vas obtained 
h e n  a l l  a c t i v e  wel l s  (production m d  f a j e c t i o n )  vere 
tonsidered and the  r e s e r v o i r  vas assumed to be i n f i n i t e  
d i th  t h i s  informetion t h e  areal ex ten t  of t h e  reser- 
voir vas ca lcu la ted  t o  be at least 43 m i z  and the 
"minimum" reservoir capac i ty  to  be 4.69 x l0lz l b s  of - f l u i d .  This method a l s o  calculates t h e  t o t a l  mesa of 
f l u i d  in place (v l thout  consider ing t h e  temperature of 
the  f l u i d )  and assumes that the r e s e r v o i r  contains o n l y  
l i q u i d  water. 

Volumetric Estimation 

Ae a f i r s t  s t e p ,  we have made a volumetric -ti- 
matioo of the hot mter contained in t h e  reservoir 
( reservoi r  capaci ty) .  
l a t e  the  reservoi r  capac i ty  are t h e  areal ex ten t  of 
the  hot  water m n e  and the average thickneas m d  
poros i ty  of the  reservoi r .  Geological information,  
well data, and shallow thermal-gradient contouro 
were used t o  eatimate t h e  areal ex ten t  of the hot water 
zone. These data  are supported by geophysical da ta  
from t e l l u r i c  and a u g n e t o t e l l u r i c  Orr) surveys per- 
formed by Ceonomics i n  1976 ( 6 ) ,  and a control led-  
source electromagnet ic  (EU) eurvcy performed by Group 1 
in  1972 (7) .  
regarding lateral  v a r i a t i o n s  i n  r e s i s t i v i t y  while 
nagneto te l lur ic  and electromagnet ic  soundings are 
nainly s e n s i t i v e  t o  r e s i s t i v i t y  variations with depth. 

The parameters needed t o  calcu- 

T e l l u r i c  date can give information 

~~ 

The t e l l u r i c  and magnetotel lur ic  l i n e s  are shown i n  
Figure 1; t h e  electromagnet ic  sounding poin ts  are not 
shown but  they form a d i s c r e t e  series of measurements 
through Redondo and Jarami l lo  creeks. 

The r e s e r v o i r  temperature contours are coarse and 
not  very  r e l i a b l e  due t o  the  l imi ted  amount of avail- 
a b l e  data. The contours i n d i c a t e ,  however, a sharp 
temperature grad ien t  southeast  of the  main temperature 
anomaly (Pig. 3 ) .  The shallow temperature gradient  
contour map (Fig. 1) ahowe a similar sharp  decrease i n  
te-erature t o  t h e  east. 

These gradien ts  probably r e s u l t  from e i t h e r  t h e  
presence of a permeabi l i ty  b a r r i e r  betveen Redondo 
Creek and Bedondo Peak or an inf low of co lder  water 
from t h e  southeas t  i n t o  t h e  h o t t e r  reservoi r .  Ihe 
mapped f a u l t  between Redondo Creek and Redondo Peak ( 3  
detec ted  by t e l l u r i c  p r o f i l e  G4' (Fig. 1) tends t o  
support  t h e  former explanation. 
t h a t  t h e  hot  r e s e r v o i r  boundary t o  t h e  east lies 
between Bedondo Creek and Bedondo Peak. 

We t h e r e f o r e  deduce 

The s h a l l o v  temperature grad ien ts  and geophysical 
da ta  were used t o  es t imate  t h e  hot  r e s e r v o i r  boundariei 
i n  t h e  north-south d i rec t ion .  
contour mep is too l o c a l i z e d  t o  g ive  t h i s  information. 
Figure 4 shows t h e  shallow temperature grad ien ts  and 
t h e  t e l l u r i c  p r o f i l e s  along l i n e  B-B'. The t e l l u r i c  
d a t a  i n d i c a t e  a r e s i a t i v i t y  low extending from s t a t i o n  
12 t o  a t a t i o n  28 or 29. which corresponds wel l  t o  t h e  
area of high thermal grad ien ts .  The higher  frequency 
p l o t s  do not show t h i s  anomaly, ouggesting t h a t  t h e  
conductor lies deep ( the  lover frequency e i g n a l  pene- 
trates deeper). 
r e s i s t i v i t y  low over t h e  same area  and a Layered 
r e s i s t i v i t y  model f i t  t o  t h e  data i n d i c a t e s  a conductoi 
(5-20 ohm-m) a t  an approximate depth of 1 Irm ( 7 ) .  
We vi11 assume t h a t  the  r e s i s t i v i t y  anomaly is due t o  
t h e  presence of the hot  r e s e r v o i r  and t h a t  the  boun- 
d a r i e s  of the  hot r e s e r v o i r  correspond t o  s t a t i o n s  12 
and 29 i n  the south and the  w r t h ,  respec t ive ly .  

The deep r e s e r v o i r  

Magnetotel lur ic  data also show s 

To the wst, t h e  temperature da ta  are too l imi ted  
t o  he lp  c s t a b l i s h  the hot  mter r e s e r v o i r  boundary. 
The t e l l u r i c  p r o f i l e s  along l ines D-D' and 8-8' to- 
ge ther  wi th  magneto te l lur ic  data do, however, show a 
d i s t i n c t  r e s i s t i v i t y  c o n t r a a t  near the Bond-I vel l ;  thc 
low r e s i s t i v i t y  anomaly extends t o  the  east. As the  
Sulfur  Creek rrel ls  are hot  but  not product ive,  the  
r e s i s t i v i t y  anomaly seems t o  r e f l e c t  formation porosit: 
variations. Due t o  the lack of a d d i t i o n a l  da ta  t o  
eupport t h i s  p o s s i b i l i t y  we w i l l  assume t h a t  the  reser- 
voir extends as f a r  -st ae the primary r e s e r v o i r  
formation, t h e  Bandel ier  Tuff. This assumption placea 
t h e  western l l m i t  of the r e s e r v o i r  a t  the r i n g  f rac ture  
zone. By the above cri teria,  the  est imated areal 
ex ten t  of the hot r e s e r v o i r  ie approximately 40 h 2  
(pig. 1 ) .  

The average th ickness  of the reservoi r  was esti- 
mated using the w e l l  temperature logs and geological  
data .  Ihe beme of the  caprock vas estimated from the  
temperature logs as the depth at uhich convection 
s ta r t i  t o  cont ro l  t h e  heat  t r a n s f e r s  (1.e.. the  depth 
where t h e  temperature grad ien t  becomes small). Ihe 
bottom of the  r e s e r v o i r  VAS aclaumed to correspond t o  
t h e  bottom of the Bandelier Tuff (Pig. 2 ) .  yie ld ing  rm 
m e r a g e  reservoir thickoess  of 2000 f e e t .  

Pew d a t a  are a v a i l a b l e  regarding the matrix 
poros i ty  of the Bandolier Tuff. After studying w e l l  
r e s i s t i v i t y  logs  and core data (8 ) .  rre assumed an 
average poros i ty  of 5%. The product of the poros i ty  
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and the  thickness (dH) i s  then 100 f t ,  corresponding 
very c lose ly  t o  the value of 90 f t  obtained from the  
in te r fe rence  test in t h e  Redondo Creek area (1)- 

The estimated r e s e r v o i r  capaci ty  can be c a l c u l a t e  
as a product of the a r e a l  extent  of the  hot  reservoi r  
and its average porosi ty- thickness  product. Using a 

dens i ty  of 825 kg/m3 ( for  a tenperfsure  of 45OOF) 
the  reservoi r  capaci ty  is 2.2 x 10 l b s  of hot f lu id .  

S e n s i t i v i t y  of Resul t s  

In the  est imat ion of the  reservoi r  capaci ty  a 
number of assumptions were employed. 
more important ones are l i s t e d  below. 

Some of the 

1. The reservoi r  contains  l i q u i d  water only. 

2. The hot f l u i d  r e s e r v o i r  extends t o  the  north- 
west as f a r  as the  r i n g  f r a c t u r e  zone. 

presence of the hot water reservoir .  
3. The subsurface r e s i s t i v i t y  low is due t o  the 

4. The reservoi r  r e s i d e s  in the lower part of thc 
Bandelier Tuff and does not extend i n t o  deepei 
formations. 

If a two-phase zone o v e r l i e s  the main l i q u i d  watei 
:eservoir ,  the  f i r s t  assumption could lead t o  overest l .  
nation of the  r e s e r v o i r  capaci ty .  S imi la r ly ,  i f  the 
feservoir  does not extend a l l  the  way t o  the  r i n g  
Fracture zone, as t h e  dry wells i n  Sulphur Creek might 
Lndicate, t h e  r e s e r v o i r  capac i ty  might again be over- 
rstimated. I f .  on the  o ther  hand, t h e  production 
reservoir  is fed by a deeper source of hot water ,  the  
rstimated value of the r e s e r v o i r  capac i ty  may be too 
:onservat ive. 

LESERVOIR LONGEVITY 

'revlous Work 

Union O i l  (1) has est imated the  p o t e n t i a l  gene- 
:a t ing capaci ty  of the  Baca f i e l d .  I n  t h e i r  s tudy,  
Jnion assumed the r e s e r v o i r  t o  be c losed ,  the  separatoi 
iteam f r a c t i o n  t o  be constant  (34%).  and the  amortiza- 
:ion period t o  be 30 years. Furthermore, Union O i l  
issumed that a l l  of the  f l u i d  in place was hot and 
:ould be ex t rac ted  from the reservoir .  When the  
io-injection case was considered, t h e  generat ing 
:apacity was est imated t o  be 410 W .  Using i n j e c t i o n ,  
ind assuming t h a t  the  o r i g i n a l  f l u i d  in place is 
-ecycled three times, t h e  ca lcu la ted  generat ing capa- 
: i t y  was 939 IIW and 1246 W f o r  an average r e s e r v o i r  
io ros i ty  of 18% and 5 % ,  respec t ive ly .  

lumerical Approach 

The longevi ty  of the  Baca f i e l d  was s tudied using 
:he two-phase s imulator  SBAFT79. 
)f the computer code is given In the  next section. "hi 
reservoir  was simulated using a bas ic  rec tangular  
aesh , with o v e r a l l  dimensions corresponding t o  those 
? s t h a t e d  in the previous sec t ion  (Fig. 5 ) .  
iymmetry, we only modeled ha l f  of the system. Bather 
:han s imulat ing ind iv idua l  wells, t h e  f l u i d  was a 

woduced uniformly over one node represent ing  ha l f  of 
:he w e l l  f i e l d  (assumed t o  be 1 h2). 

A b r i e f  descr ip t ion  

Due t o  

The parameters used in the  s imulat ion are given ir 
'able 1. Host of these parameter values  were taken 
l i r e c t l y  from open-file Union reports .  For the permean 

b i l i ty - th ickness  product ( W ) ,  t h e  value (6000 md-ft)  
obtained from t h e  i n t e r f e r e n c e  test  performed by Union 
O i l  (October 1975 t o  A p r i l  1976) was used. This value 
compares favorably with w e l l  test data from indiv idua l  
wells. 
t h e  value estimated in the previous sec t ion  (100 f t ) .  

In  the  s imulat ions a vers ion of Corey's r e l a t i v e  
permeabi l i ty  equations was used (10). Mathematical 
expressions f o r  Corey's 4th order  equations a re  given 
i n  Table 3. The r e s i d u a l  l i q u i d  and steam s a t u r a t i o n s  
were f ixed  at 0.30 and 0.05, respec t ive ly .  In  order  t o  
s tudy the e f f e c t s  of the  r e l a t i v e  permeabi l i ty  curves 
on the  r e s u l t s ,  var ious  o ther  curves were used. The 
f ind ings  of this study are discussed in a later sec t ion  

Computer Code Used 

The porosi ty- thickness  product ve w e d  was 

The numerical s imulator  SHAFT79 so lves  the  mass 
and energy t ranspor t  equat ions f o r  two-phase flow i n  
porous media. It employs the  in tegra ted  f i n i t e  
d i f fe rence  method (IPDM) which allows s imulat ions of 
complex geological  f e a t u r e s  in one-, two-, o r  three-  
dimensions (11). The mass and the  energy t ranspor t  
equat ions a re  solved simultaneously using the  Newton/ 
Raphson i t e r a t i v e  procedure. The l i n e a r  equat ions t h a t  
arise at  each i t e r a t i o n  are solved with an e f f i c i e n t  
sparse  so lver  (12). 

The primary assumptions employed in SHAFT79 a r e  as 
fol lows (13): 

1. The flow of steam and water can be described 
by Darcy's l a w ,  with the  i n t e r a c t i o n  between 
the two phases represented by r e l a t i v e  perme- 
a b i l i t y  funct ions.  

2. The l i q u i d ,  vapor and rock matr ix  are i n  l o c a l  
thermodynamic equi l ibr ium. 

3. The e f f e c t s  of c a p i l l a r y  pressure are negl i -  
gible .  

The numerical code has been ex tens ive ly  va l ida ted  
aga ins t  a v a i l a b l e  a n a l y t i c a l  and numerical so lu t ions  
f o r  a ingle-  and two-phase flow through porous media. 
A d e t a i l e d  descr ip t ion  of the simulator  is given by 
Pruess and Schroeder (13). 

Simulations Usinn a Constant Mass Flovra te  

We s tudied  f i v e  cases using a constant  mass flow 
rate. The value we used was based upon the  amount of 
steam t h e o r e t i c a l l y  required f o r  a 50 MJ power p lan t  
and A constant  value of the  mass f r a c t i o n  of steam i n  
t h e  separa tors  (1). The f i v e  cases s tudied  were a 
bounded r e s e r v o i r ,  an i n f i n i t e  r e s e r v o i r ,  and three  
i n j e c t i o n  cases. Each case was run u n t i l  the  pressure 
i n  t h e  production node dropped below t h e  designed w e l l  
head pressure  of 10 b a r s  (1). The longevi ty  of the 
f i e l d  i n  each case was defined ae the  time i t  took t o  
reach t h i s  point. 
na tura t ion  a t  the production node are p l o t t e d  versus 

The pressure ,  temperature. and vapor 

three  of these cases (Pig. 6). 

?e s imulat ion of the  closed reservoi r  was termi- 
nated after- 7.4 years  due t o  the low pressure i n  the 
production node. Aa Figure 6 shows, t h e  pressure f a l l s  
very rap id ly  un t i l  the production node goes two-phase. 
Under two-phase condi t ions ,  the  pressure is not related 
t o  the  densi ty  but  t o  the  temperature. The pressure 
f i r n t  s t a b i l i z e s  a f t e r  the  node becomes two-phase 
because of the  the  l a r g e  heat  capaci ty  of the node and 
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'Igure the variation with time Of the 
boi l ing r a t e  at t h e  production node, t h e  vapor satu-  
r a t ion  of t he  produced f l u i d s ,  and t h e  vapor s a t u r a t i o n  

the low i n i t i a l  bo i l i ng  r a t e s .  
gradually dec l ines  along with the  temperature. 
dhen the  vapor s a t u r a t i o n  reaches 1.0,  t h e  pressure 
again becomes dependent on dens i ty ,  and t h e  low inflow 
Df f l u i d  from adjacent  nodes (due t o  t h e  l o w  abso lu te  
permeabili ty and the  e f f e c t  of t he  r e l a t i v e  permea- 
b i l i t y  : curves)  causes t h e  pressure t o  drop very r ap id ly  

Later t h e  pressure 

thalpy of t he  production node, because the  f l u i d  is 
produced according t o  t h e  r e l a t i v e  pe rmeab i l i t i e s  of 
the individual phases. 

its Way up the  we l l  and i n t o  the  sepa ra to r s ,  t h e  steam 
q u a l i t y  (Sq) can be simply ca l cu la t ed  ae follows: 

i n  the  adjacent  nodes f o r  t h e  bounded r e se rvo i r  case. 
Phe bo i l ing  r a t e  increaees  r ap id ly  soon a f t e r  t h e  

when only steam is produced. 
r a t e  corresponds t o  t h e  production rate. 

of f l u i d  en te r ing  the  production region. 
creasing vapor s a t u r a t i o n  i n  the  nodes adjacent  t o  t h e  
production node csusee a reduction in t h e  m b i l i t y  of 
the l i q u i d  phase and consequently decreases the  mass of 
f l u i d  en te r ing  the  production node. 

(20 x 21 km2) was used. The r e s u l t s  i n d i c a t e  t h a t  t h e  
pressure i n  t h e  production region vlll drop below 10 
bars a f t e r  about 10 yea r s ,  again due t o  the  l imited 
flow of f l u i d s  i n t o  t h e  production node (low permea- 
b i l i t y  e f f e c t s ) .  The general  behavior of t he  tem- 
perature.  pressure.  and vapor s a t u r a t i o n  ia the 
Bame a s  f o r  t he  bounded r e se rvo i r  case (see Pig. 6 ) .  
Phis shows t h a t  t h e  f a c t o r  c o n t r o l l i n g  t h e  longevity 
appears t o  be t h e  low permeabili ty-thickness product 
r a the r  than the  amount of hot water in place. 

production node becomes --phase llnd a 
At t h a t  time the bo i l ing  

La te r ,  t h e  

The in- 
boi l ing r a t e  decreases again due t o  the  decreasing mass 

For t h e  i n f i n i t e  r e se rvo i r  case a l a r g e r  mesh 

Three i n j e c t i o n  cases were simulated w i n g  Q1 

i n j e c t i o n  flow r a t e  equal t o  half  t he  Production maas 
flow r a t e *  The re se rvo i r  boundaries were closed- The 
water was  i n j ec t ed  1 km t o  t h e  southeast  (node 211, 1 
km t o  t h e  northwest (node 19) .  and 4 Irm t o  t he  north- 
west (node 16) of the  production region f o r  t h e  th ree  
cases.  
node dropped below 10 bar s  a f t e r  13 t o  14 years.  

I n  each case the  presaure i n  the  production 

Figure 6 a l s o  includes a p l o t  Of t he  temperature,  
p re s su re ,  and vapor s a t u r a t i o n  versus  time i n  the  
production node when water is i n j ec t ed  through =de 
21. The curves are e imi l a r  t o  those f o r  t he  no- 
i n j e c t i o n  case, except t h a t  t h e  Pressure fa l ls  below 
10 bar s  before  t h e  production node reaches superheated 
steam conditions.  This behavior is due t o  increased 
b o i l i n g  in t h e  production node s ince  =re. water is 
coming in. 
consequently the  pressure,  t o  drop s t ead i ly .  
two i n j e c t i o n  cases show s i m i l a r  behavior. 
2 summarizes t h e  r e s u l t s  f o r  t h e  f i v e  cases. 

Simulations Using a Variable Flow Rate 

The bo i l ing  causes t h e  temperature,  and 
The o t h e r '  

Table 

h n e r a l b  during a the vapor Mtura- 
t i o n  i n  t h e  production node constant ly  changes, and 
consequently the  oteam q u a l i t y  i n  the  sepa ra to r s  
changes- For a given power Production a certain 
of mteam le meded,  and the  amdunt Of f l u i d  dL . tu re  
from the reservoir 
requirement* The Msuqtion Of a constant 
rate* which was wed in the 
is t he re fo re  inaccurate  and l eads  t o  lower entimates 'of 
r e se rvo i r  longevity. 

be adjusted to meet that 

I n  O r d e r  to calculate the rates a function 
of steam q u a l i t y  i n  the  eepa ra to r s ,  t he  r imulator  
SHAFT79 had t o  be m d i f i e d  S l i g h t l y *  Assuming isoen- 
tha lP ic  condi t ions,  i*e.s t h e  f l u i d  loses mergY 

Ew = (1 - Sq) Hal + S E 
q m  

The t h e o r e t i c a l  steam requirement f o r  a 50 WW 
p l a n t  (Qs) is 892,000 l b s / h r  ( l ) ,  eo t h a t  t h e  re- 

any time ae: 
quired t o t a l  flow r a t e  (Qt) can be ca lcu la t ed  a t  

(2) 
9 

9, - Q , / S  

Four cases were simulated wing a va r i ab le  flow 
r a t e ;  a closed r e s e r v o i r ,  a semi-closed r e s e r v o i r ,  an 
i n f i n i t e  r e s e r v o i r ,  and a closed r e se rvo i r  with re- 
charge from deeper layers .  
t h e  no r theas t  and t h e  southwest boundaries -were expandei 
from 3 t o  10 km, leaving the  o the r  two boundaries 
unchanged. 
very l i t t l e  separated water was obtained a f t e r . a b o u t  
t h ree  years  of s imulat ion,  and i n j e c t i n g  &ch a small  
amount of water would not alter t h e  r e s u l t s  e i g n i f i -  
cant ly .  Figure 0 shows t h e  ca l cu la t ed  flow r a t e  as a 
funct ion of t i m e  f o r  t h e  bounded r e se rvo i r  case. 

I n  t h e  semi-closed case ,  

No i n j e c t i o n  runs were made', because 

The closed r e se rvo i r  case and the  semi-closed 
r e se rvo i r  case gave very r i m i l a r  r e s u l t s ;  t h e  pressure 
i n  t h e  production node dropped below 10 bar s  after 25 
and 26 y e a r s ,  respect ively.  
case t h e  same l a rge  mesh was used (20 x 21 km2), and 
t h e  required amount of steam was suppl ied f o r  35 yea r s  
before  t h e  pressure f e l l  below 10 bars .  

I n  t h e  " i n f i n i t e  r e se rvo i r  

F ina l ly ,  a run uas made aesuming t h a t  t h e  reser- 
v o i r  was recharged from deeper l a y e r s  through a 20 m 
wide f a u l t  zone extending along Redondo Creek (rechar- 
ging nodes 6 ,  13, and 20). The f a u l t  zone was modeled 
as a constant pressure boundary 600 m below the  assumed 
r e s e r v o i r ,  having a permeabili ty-thickness product 
of 60,000 d e f t .  The r e s u l t s  obtained i n d i c a t e  
a r e se rvo i r  longevity of 49 yea r s  under these condi- 
t ione.  The va r i ab le  flow r a t e  cases a r e  summerired in 
Table 2. 

S e n s i t i v i t y  of Results:  
relative pernteabilitrr 

Mesh dependence and e f f e c t s  of 

In modeling tvo phase flow i n  geothermal reser-  
t he  v o i r s ,  one must consider two important f s c to ra :  

mesh dependence of t h e  r e s u l t s ,  and how dependent t he  
r e s u l t s  are upon the  p a r t i c u l a r  r e l a t i v e  permeabili ty 
curves u e d .  We conducted a b r i e f  s tudy t o  determine 
t h e  s a n e i t i v i t y  of our r e s u l t s  t o  these  f ac to r s .  

In order  t o  determine t h e  s e n s i t i v i t y  of t h e  
r a s u l t e  t o  t h e  mesh used i n  the ' s imula t ions ,  a new, 
f i n e r  m e h  a s  constructed.  The f i n e  mesh cons i s t s  of 
81 elements,  each element having a volume fou r  times 
maaller than t h e  corresponding element used i n  t h e  
e a r l i e r  s imulat ions (Fig. 5 ) .  The production element, 
however, remined the same using the fine mesh 
we s tud ied  t h e  case of a constant  mass flow r a t e  with 
cloeed r e s e r v o i r  boundaries (case 11).  Figure 9 shows 
a comparison b e t w e n  t h e  f i n e  and t h e  coarse  mesh 
r e s u l t s  f o r  t h e  pressure behavior i n  the  production 

Although t h e  two curves a r e  q u i t e  s i m i l a r  at 
E r l y  t imes,  t h e  curve corresponding t o  the  f i n e  mesh 

ode. 

In t h i s  equation, t h e  enthalpy of t he  f l u i d  
e n t e r i n a  the  wel l  (E,,) is r m t  t he  same as t he  en- 
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is s h i f t e d  about 2 bars  above t h e  curve corresponding 
t o  t h e  coarse  mesh. 

This behavior can be explained if one considers  
t h a t  i n  the  case of the f i n e  mesh, t h e  nodes adjacent  
t o  the  production node undergo phase t r a n s i t i o n  ( t o  a 
two-phase condi t ion)  a t  an earlier time than t h e  large1 
nodes i n  the  coarse  mesh, and consequently steam flows 
i n t o  the  production node a t  an earlier time. 
turn  implies  t h a t  less boi l ing  w i l l  be required in the  
production node in the  case of the  f i n e  mesh a t  any 
given time, r e s u l t i n g  i n  a smaller preseure drop. 
Hovever, the  higher steam flow i n t o  the  production node 
i n  the  f i n e  mesh case causes higher  vapor s a t u r a t i o n  at 
any given t i m e  in the  node, so t h a t  superheated condi- 
t ions  are reached earlier. It is therefore  apparent 
t h a t  In  terms of longevi ty ,  t h e  coarser  mesh gives  
r e s u l t s  t h a t  are s l i g h t l y  more o p t i m i s t i c  (increased 
longevi ty)  than what can be expected. 

This in 

In  our study of the  e f f e c t s  of t h e  relative 
2ermeability curves on our r e s u l t s ,  we used curves 
suggested by Counsil and Ramey (14) and Grant (15) i n  
idd i t ion  t o  the Corey curves. The curves by Counsil 
and Ramey are based upon experimental r e s u l t s  over a 
m a l l  range of vapor s a t u r a t i o n  ( -20  < S < - 3 0 ) .  and 
for our s imulat ion s t u d i e s  the  data was l i n e a r l y  
?xtrapolated t o  cover t h e  f u l l  range of sa tura t ion .  
fie Curves developed by Grant (15) are based upon data 
From the  Wairakei geothermal f i e l d .  The r e l a t i v e  
bemeabi l i ty  of t h e  l i q u i d  is the  same as given by the  
i th  order  Corey equat ions,  b u t  the  steam phase is 
:oneiderably more mobile. Mathematical expressions f o r  
:he curves used in t h i s  s tudy are given i n  Table 3, and 
:he curves are i l l u s t r a t e d  in Figure 10. 

Figure 11 shows pressure  behavior a t  the  produc- 
ion  node f o r  case 11 and d i f f e r e n t  r e l a t i v e  permea- 
i i l i t y  curves. The f i g u r e  shows t h a t  t h e  longevi ty  
t h e  t i m e  when the  pressure  f a l l s  belov 1 0  bars )  is 
l as ica l ly  unaffected by t h e  p a r t i c u l a r  r e l a t i v e  per- 
a a b i l i t y  curve chosen. The pressure  p l o t s  based on 
he Counsil and Ramey curves l i e  a t  a l l  times below the  
e s u l t s  based upon Coreys equations. This ie t o  be 
xpected s ince  t h e  m o b i l i t i e s  of the  steam and the  
i q u i d  are genera l ly  less i n  t h e  case of the  Counsil 
nd b e y  curves. 
ran t ' s  curves la less at  e a r l y  times than in the  case 
f Corey's curves ,  because more of t h e  steam is being 
roduced and consequently. more boi l ing  occurs i n  the  
roduct ion node. One must keep in mind t h a t  the  mass 
a t i o  of steam and l i q u i d  produced depends on the 
elative permeabi l i ty  curves used. Eowever, i n  t h e  
ase using Grant's curves ,  t h e  longevi ty  is s l i g h t l y  
i g h e r ,  because of the  much more mobile steam phase. 

The pressure  behavior based on 

In addi t ion  t o  the  runs ahown in Figure 11, a 

I n  the  f i r s t  run the  
ouple  of runs were made using modif icat ions of the 
urves by Counsil and Ramey. 
team was made immobile a t  a vapor a a t u r a t i o n  of 0.60, 
ut t h e  r e l a t i v e  permeabi l i ty  of t h e  steam increased 
. inear ly ,  becoming f u l l y  mobile at a vapor s a t u r a t i o n  
if 1.0. 
he  former run using C o m s i l  and Ramey's curves ,  
nd ica t ing  t h a t  t h e  steam r e l a t i v e  permeabi l i ty  curve 
ray not  be very important f o r  t h i s  problem. 

The r e s u l t s  obtained agreed very c l o s e l y  with 

In  the  second case s t u d i e d ,  t h e  r e s i d u a l  water 
ia tura t ions  were f ixed  a t  0.60, and the  curves -re 
igain l i n e a r l y  ex t rapola ted  t o  become f u l l y  mobile at  a 
'apor s a t u r a t i o n  of 0.0. 
ncreased t o  almost 9 years. The increased mobil i ty  of 
he water phase causes considerably more l i q u i d  
o enter the  production node and consequently the 

I n  t h i s  case the  longevi ty  

longevi ty  increases. 

A b r i e f  study was made of t h e  e f f e c t s  of the 
r e l a t i v e  permeabi l i ty  curves on the  longevity when a 
v a r i a b l e  mass flow rate is used. 
curves of Counsil and Ramey were used and the r e s u l t s  
compared t o  those obtained when the  Corey curves were 
used. The r e s u l t s  compared q u i t e  w e l l  and a longevi ty  
of 23 years  UBB obtained f o r  the  former case, compared 
t o  25 years  f o r  t h e  latter (case 1 6 ) .  

In  the study the  

We have est imated the  r e s e r v o i r  capaci ty  and the  
longevi ty  of t h e  Baca f i e l d  using a volumetric approac 
and t h e  numerical s imulator  SRAFT79. The areal ex ten t  
of the hot reservoi r  was est imated t o  be u2 and 
t h e  porosi ty- thickness  product to be 100 fee t .  These 
values correspond t o  a r e s e r v o i r  capac i ty  of a - l0lz l b s  of hot f l u i d  in place. 

We also studied the  longevi ty  of the Baca f i e l d ,  
using e i t h e r  constant  o r  time-dependent production 
rates. Five cases =re s tudied  using the  constant  
rate: one closed r e s e r v o i r ,  one i n f i n i t e  r e s e r v o i r ,  an 
t h r e e  i n j e c t i o n  cases. A l l  of these  cases shoved that 
t h e  f l o v  rate could be maintained no longer than 15 
years due t o  the r e s u l t i n g  l o w  pressure  i n  the produc- 
t i o n  region. I n  a low-permeability r e s e r v o i r  which th  
Baca r e s e r v o i r  appears t o  be, t h e  boi l ing  is very 
l o c a l i z e d ,  causing a rapid drop i n  the  temperature 
and, subsequently, i n  the  pressure  i n  the  production 
region. The constant  flow rate casea represent  an 
w e r l y  peeaimist ic  s i t u a t i o n ,  because the steam q u a l i t  
of the  produced f l u i d s  increases  v i t h  time. and conse- 
quently a smaller  to ta l  amount of f l u i d  is a c t u a l l y  
needed f o r  a 50 MW power plant .  

For t h e  cases of v a r i a b l e  production t h e  f l o v  
r a t e s  are ca lcu la ted  based on the steam required f o r  a 
50 MW power p lan t  and the  steam f r a c t i o n  i n  the  sepa- 
ra tors .  These runs i n d i c a t e  a r e s e r v o i r  l i f e  of 25 t o  
49 years ,  depending upon t h e  assumed reservoi r  boundar 
conditions. 

In studying the  s e n s i t i v i t y  of our longevi ty  
!stimates, we have found t h a t  t h e  r e s u l t s  are mesh 
lependent t o  Bone degree and t h a t  t h e  longevi ty  values  
bbtained by uaing the  coarse mesh may be s l i g h t l y  
) p t i m i s t i c .  A b r i e f  s tudy using r e l a t i v e  permeabi l i ty  
:urves suggested by C o m s i l  and Ramey and by Grant seer 
:o i n d l c a t e ' t h a t  t h e  r e s u l t s  are not very s e n s i t i v e  t o  
:he p a r t i c u l a r  r e l a t i v e  permeabi l i ty  curves chosen. l't 
s y  f a c t o r  l e  the  mobil i ty  of t h e  l i q u i d  phase. I f  
* d a t i v e  permeabi l i ty  curves are employed where the  
.iquid phase is more mobile than i n  the  curves we have 
ieed , t h e  longevi ty  may increase  considerably. 

In genera l ,  t h e  s t u d i e s  of t h e  longevi ty  of the  
laca f i e l d  neem t o  i n d i c a t e  t h e  following: 

1. The c o n t r o l l i n g  f a c t o r  i n  determining the 
longevi ty  of the  Baca reservoi r  is t h e  kB 
product of t h e  system. 
(6000 d e f t )  obtained from vel1 tests a t  
Baca d r a s t i c a l l y  l i m i t s  t h e  longevi ty  of 
t h e  f i e l d  (nee Table 2). This i n d i c a t e s  t h e  
urgent need t o  determine the  kH product more 
accura te ly ,  perhaps using an i n j e c t i o n  test 
r a t h e r  than drawdown tests. 

The low irR product 

2. Placing the  production wel l s  over a8 l a r g e  an 
area as poss ib le  w i l l  he lp  t o  obtain the  
required steam supply,  without reducing the  
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pressure below a c r i t i c a l  value. 

3. I n j e c t i n g  the  waste water should inc rease  the  
l i f e t i m e  of the f i e l d  considerably,  but  t he  
ava i l ab le  waste water mey become very l imi t ed  
s h o r t l y  after power production starts. 

During the  course of t he  s tudy ve made a number 01 
assumptions, and the re fo re  the  r e s u l t s  should be 
considered a s  rough estimates. When a d d i t i o n a l  da t a  
a r e  acquired,  t h e  est imates  w i l l  be updated using more 
soph i s t i ca t ed  methods. 

NOMENCLATURE 

H - r e se rvo i r  thickness  - m 
R, - enthalpy of the f l u i d  en te r ing  t h e  we11 - J b g  
Hsl - enthalpy of s a tu ra t ed  l i q u i d  in f l a s h  tank 

HBV - anthalpy o f w a t u r a t e d  vapor in f l a s h  tank 
- Jlkg 

- Jk 
2 k = petmeabi l i ty  - m 

krs 

kzw 
d = poros i ty  

Qt 

Qs 

S - vapor s a t u r a t i o n  . 
S - steam q u a l i t y  i n  f l a s h  tank 

= r e s i d u a l  steam s a t u r a t i o n  'rs 
Szw - r e s i d u a l  water s a t u r a t i o n  

- r e l a t i v e  permeabi l i ty  of steam phase - r e l a t i v e  permeabili ty of water phase 

- t o t a l  flow r a t e  - kg/s 

= t h e o r e t i c a l  steam requirement f o r  a 50 UW 
geothermal power plant  - kg/s 
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TABLE 1: PARAMETERS USED I N  SIMULATION 
~ ~ _ _ _ _ _ _ _  

Constant flow rate Qt - 330 kg/s 

Rock heat capacity C, 950 J/kgo0C 

Perm. thickness kE - 6,000 md'ft 

Thermal conduct. X = 2.0 J / s * m . O C  

Porosity thickness BH = 100 ft 

I n i t i a l  pressure P i  = 110 bars  

I n i t i a l  temperature T i  = 3OOOC 
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TABLE 2: SUMMARY OF CASES AND PRIMARY RESULTS 

Boundary 
Case Flow rate conditions In j ec t ion  

Constant 

Cons t an  t 
Constant 

Constant 

Cons t an  t 

Variab le 

Variable 

Va r i ab 1 e 

Variable 

Closed 

"Inf i n i  t e" 

Closed 

Cloaed 

Closed 

Closed 

"Semi- 

" Inf in i te"  

Bound e d 
with a 
f a u l t  

i n f i n i t e "  

None 

None 
4kmtoNW 

1 km to NW 
1 lun to NE 

None 

None 

None 

None 

7.4 10 237 1.0 
9.6 10 214 1.0 

12.9 10 180 0.99 

13.7 10 180 0.91 

14.0 10 180 0.87 

25 10 214 1.0 

26 10 213 1 .o 
35 10 185 1.0 

50 10 180 0.48 
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TABLE 3: Relative Permeability Equations 
(Plots are shown in Fig .  IO). 

1. Corey's Curves: 

2. Grant's Curves: 

3. Counsil and Ramey's Curves: 

] s > 020 s-. 20 
I [[.so 

krs 
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. 

* Rhyolitic domes 

___ Hot reservoir boundory 

- Fault system 

xBL7912-13349 

. *. 

Fig. 1 Basemap of the Valles Caldera showing shallow temperature 
gradients (OF/100 f t . )  geophysical survey l i n e s  ( e . g . ,  A-A' ) ,  
s p e c i f i c  f a u l t s ,  and-the estimated hot reservoir boundary 
(ref .  1, 5 and 6 ) .  
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Fig. 3 

Valles Caldera 

d SAN ANTONIO MOUNTAIN 
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Deep reservoir temperature contours (3000 f t .  ASL) in O F ,  
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The Mesh Used In The Simulation 

0 1 2 P: production node - 
Scale ( km ) I : injection node 

XBL 791 2 - I3354 

Fig. 5 me mesh used  i n  the longevity study'for "closed reservoir 
cases. 
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F i g .  6 The temperature, pressure and vapor saturation behavior 
i n  the production node for three of the constant f l o w  rate 
cases .  
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0.2 

J 0.1 

I I I I I 1 
Boiling rate in production region 

10% - - - - 
- - 
- - 
- 
- 

- 
m 
E 

to production node - 

- 

I 

* 
m 
cr, 
Y 
U 

1 0 7  

Vapor saturation of fluid produced 

> 
v> 

O o 3 r  
Vapor saturation in nodes adjacent 

Fig. 7 

Time (years) 

XBL7912-13351 

Variation with time of boi l ing  rates and vapor saturation 
for the constant production, closed boundary case. 

I 



16 

J 

I I 1 I I I I 1 I I I I 

200 Production rate for closed reservoir case - - 

- 

- 

- 

- 

- 

0 - 

40 I I I I 1 I I I I I I 1 .  
0 1  2 3 4 5 6 7 8 9 10 1 1  12 

Time (years) 
XBL7912- I3353 

F i g .  8 Production rate versus t h e  for the closed boundary case. 
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Mesh dependence: pressure behavior i n  production node. 
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Fig. 10 Relative permeability curves used i n  the study. 
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Fig. 11 Effects of re la t ive  permeability curves. 
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