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ABSTRACT 

The Tongonan geothermal f i e l d  is  conceptua l ized  i n  
a three-dimensional th ree- layered  model. The model 
covers  5.4 x 3.0 km of the  f i e l d  and is 800111 t h i c k .  

A s t e a d y- s t a t e  s i m u l a t i o n  was run  t o  approximate the  
p r e- e x p l o i t a t i o n  c o n d i t i o n  of t h e  Tongonan reser- 
v o i r .  Comparison of  the  s iniulnt ion r e s u l t s  w i t h  
observed f i e l d  p r e s s u r e s ,  temperatures and e n t h a l-  
p i e s  produced a good match. Est imated . p e r m e a b i l i t i e s  
i n  t h e  r e s e r v o i r  range from 5 t o  1 0 0 .  md i n  the  
h o r i z o n t a l ,  and 0.05 t o  5 md i n  the  v e r t i c a l  
d i r e c t i o n s .  A n a t u r a l  upflow of 25 kg /s  i s  a l s o  
es t imated near  the  Sambaloran/Upper Mahiao area. 

With t h e  completion of  t h e  s t e a d y- s t a t e  s imula-  
t i o n  of t h e  f i e l d ,  modell ing of i t s  response  t o  
e x p l o i t a t i o n  may now proceed.  

INTRODUCTION 

The n a t u r a l  s t a t e  of  a geothermal system is  t h e  
undisturbed s t a t e  of t h e  r e s e r v o i r  d e s c r i b i n g  t h e  
c h a r a c t e r i s t i c s  of  t h e  s y s t e m  p r i o r  t o  p roduc t ion .  
Although a geothermal s y s t e m  is complex and dyna- 
mic, t h e  changes t h a t  occur are considered i n s i g-  
n i f i c a n t  when compared t o  the  e f f e c t s  of  e x p l o i t a t i o n  
over  a s h o r t  per iod  o f  t i m e .  Thus, i t  is i n f e r r e d  
t h a t  t h e  n a t u r a l  s tate of  many known geothermal 
systems can be considered as a s teady  s t a t e  system. 

It is  t h e  i n t e n t i o n  of t h i s  s tudy  t o  approximate the  
n a t u r a l  s ta te  of  t h e  Tongonan Geothermal F i e l d  (TGF) 
i n  p r e p a r a t i o n  f o r  t h e  modell ing of i t s  response t o  
e x p l o i t a t i o n .  Towards t h i s  g o a l ,  ana lyses  of  f h i d  
and rock p r o p e r t i e s  der ived  from w e l l  tests and 
g e o s c i e n t i f i c  i n v e s t i g a t i o n s  were done. The re- 
s u l t i n g  n a t u r a l  s ta te  model of the  f i e l d  was then 
checked a g a i n s t  the  c u r r e n t  s t a t e  of  t h e  reser- 
v o i r  by s i m u l a t i o n ,  a s  Bodvarsson e t .  a l .  (1985) 
s ta te  t h a t  s i m u l a t i o n  is t h e  only way i n  which a con- 
s i s t e n t  set  of  i n i t i a l  and boundary c o n d i t i o n s  f o r  
e x p l o i t a t i o n  models can be  developed. 

FIELD DESCRIPTION 

The Tongonan geothermal r e s e r v o i r  i s  g e n e r a l l y  
liquid-dominated , with  a two-phase zone l y i n g  
above a single- phase l i q u i d  a t  t h e  bottom of the  
r e s e r v o i r .  Vapor-dominated f l u i d s  are mainly ob- 
served  i n  the  Mahiao and Sambaloran s e c t o r s .  A t  
the  c e n t r a l  uppermost p o r t i o n  of t h e  r e s e r v o i r ,  
ev idences  f o r  t h e  formation of a steam cap have 
been mani fes ted  i n  t h e  d i scharges  of w e l l s  209 and 
208. I n  t h e  South Sambaloran and Malitbog sec- 
tors, b o i l i n g  is a l s o  i n t e r p r e t e d  as o c c u r r i n g  i n  
t h e  upper p a r t  o f  t h e  r e s e r v o i r  wi th  undersa tura ted  
l i q u i d  a t  t h e  bottom. In some w e l l s ,  the shape of 
the  temperature p r o f i l e s  fo l lows  t h e  bo i l ing-po in t -  
for- depth curve. 

The temperature d i s t r i b u t i o n  i n  t h e  area i n d i c a t e s  
t h a t  t h e  h o t t e s t  p o r t i o n  i n  t h e  f i e l d  is  s i t u a-  
t e d  w i t h i n  t h e  v i c i n i t y  of w e l l s  410, 209 and 401, 
over  t h e  same area w h e r e  t h e  Mahiao P l u t o n  is 
l o c a t e d .  F igure  1 shows t h e  temperature contour as 
developed by Aunzo (1983). The maximum tempera- 
t u r e  e v e r  recorded i s  339OC at  w e l l  410, al though 

the  h i g h e s t  temperature is  suspec ted  t o  b e  a t  w e l l  
209A (>35OoC) (Stock and S a r i t ,  1983). Well 209A 
p e n e t r a t e d  the  Mahiao P lu ton ,  considered as p a r t  
of t h e  h e a t  source  of t h e  system, b u t  w a s  la ter  
blocked by undetermined causes. The temperature 
decreases  g radua l ly  from t h e  nor th  t o  t h e  s o u t h  
and down t o  the Bao Val ley ,  i n d i c a t i n g  l a te ra l  
flow and f l u i d  d i l u t i o n .  

I----.--- -I----l--------- 

F igure  1. Temperatures a t  -1000m MSL. 

In Mahiao and Salnbaloran w e l l s ,  temperature pro- 
f i l e s  are i n d i c a t i v e  of f l u i d  upflows. These are 
most v i s i b l e  a t  406, 410, 401, 407, 404, 212, 214 
and 209A. Temperature r e v e r s a l s  e x i s t  towards t!le 
nor th  a t  w e l l  405, towards t h e  east a t  w e l l s  502 
and 506D, and towards t h e  s o u t h  as f i r s t  noted a t  
w e l l  214. These p e r s i s t  i n  t h e  d i r e c t i o n  o f  303 and 

towards t h e  Mali tbog and Bao h o t  s p r i n g s ,  and t h e  
l a r g e  h o r i z o n t a l  permeabi l i ty  i n  such d i r e c t i o n .  

F a r t h e r  t o  t h e  sou th  i n  t h e  Mahanagdong area, 
t h r e e  more w e l l s  encountered temperatures of  270- 
310°C. These w e l l s  were s i t e d  s e v e r a l  k i lometers  

504, confirming the  s t r o n g  h o r i z o n t a l  f l u i d  flow 
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away from Malitbog, and f a r t h e r  south  of  t h e  com- 
p a r a t i v e l y  t i g h t  and dry Mamban a r e a .  The poss ib i-  
l i t y ,  t h e r e f o r e ,  t h a t  Mahanagdong is suppl ied  by a 
source  o t h e r  than Mahiao is unambiguous. 

High p r e s s u r e s  ( S a r i t ,  1983) were measured i n  the  
Mahiao s e c t o r ,  about  the  l o c a t i o n  of  the upwelling 
zone (Figure 2) .  The pressure  decreases  gradua l ly  
towards the d i r e c t i o n  of  wells 402, 403, 405, 
502, 504 and 505D. The contours a l s o  i n d i c a t e  a 
s e p a r a t e  p a t t e r n  i n  t h e  Mahanagdong area, sup- 
plementing the f ind ings  from the temperature d a t a .  

Figure 2. Pressure  Contour a t  -1000m MSL. 

Well output  c h a r a c t e r i s t i c s  g e n e r a l l y  r e f l e c t  mixed 
c o n t r i b u t i o n  coming from two-phase and single- phase 
feed sources .  The main f e a t u r e  of  t h e  d i scharges  i n  
Mahiao and Sambaloran is t h a t  a t  f u l l  bore  d i scharge  
(FBD) c o n d i t i o n  t h e  high-enthalpy upper production 
zone dominates. On the  o t h e r  hand, a t  choked 
condi t ion ,  t h e  w e l l s  are dominantly fed by t h e  lower 
zone which is single- phase.  Wells i n  t h e  Mali tbog 
and Mahanagdong s e c t o r s  a r e  b a s i c a l l y  wellbore-  
c o n t r o l l e d .  I n  c o n t r a s t ,  wells i n  Mahiao are 
formation- control led.  

Permeabi l i ty  i n  many w e l l s  were i n i t i a l l y  encoun- 
tered a t  about  -300m MSL, though o c c a s i o n a l  d r i l -  
l i n g  l o s s e s  were i n t e r c e p t e d  above t h i s  l e v e l .  I n  
the Mahiao s e c t o r ,  t h i s  l e v e l  is p a r t  o f  t h e  
upper two-phase zone which ex tends  from -3OOm t o  
-500m. The degree of  permeabi l i ty ,  h m e v e r ,  encoun- 
tered  i n  t h i s  i n t e r v a l  is not  s u f f i c i e n t  t o  s u s t a i n  a 
prolonged d ischarge ,  much more a la rge- sca le  explo i ta-  
t i o n .  Below t h i s  upper zone, i .e . ,  from -600 t o  
-12OOm. c l u s t e r s  of permeable zones were l o c a t e d ,  
e s p e c i a l l y  a t  -900 t o  -1100m. This zone cor- 
responds t o  the  c o n t a c t  between t h e  over ly ing  
volcanics  and t h e  Mahiao P lu ton .  It has  been 
deduced by s e v e r a l  au thors  t h a t  t h i s  zone acts  as t h e  
major channel  of geothermal f l u i d s  i n  the  system. 

CONCEPTUAL MODEL 

Based on t h e  foregoing data  i n t e r p r e t a t i o n ,  a concep- 
t u a l  model of t h e  f i e l d  which forms t h e  b a s i s  f o r  
subsequent  s imula t ion  was e s t a b l i s h e d .  The upwel- 
l i n g  zone has  been descr ibed  t o  be loca ted  i n  t h e  
c e n t r a l  p a r t  o f  t h e  Mahiao and Sambaloran s e c t o r .  
Chemical i n t e r p r e t a t i o n  i n d i c a t e s  t h a t  t h e  source  
f l u i d  flow rate may range from 35 t o  100 kg/s .  
F lu id  flows p r e f e r e n t i a l l y  t o  t h e  south  v i a  
Malitbog t o  t h e  Bao Valley.  Another outf low is 
deduced i n  t h e  nor th  through w e l l  405 as i n d i-  
ca ted  by temperature r e v e r s a l s .  F igure  3 shows t h e  
h y d r o l o g i c a l  flow model of Lovelock e t  a1 (1982). 
A t  t h e  top of t h e  r e s e r v o i r ,  a steam cap is 
be l ieved  t o  be presen t  as recognized i n  w e l l s  208 
and 209. Wells tapping t h i s  p a r t  of t h e  r e s e r v o i r  
produce high-enthalpy f l u i d s .  The r e s e r v o i r  i s  
bounded by low-permeability young v o l c a n i c s  a t  the  
top and by t h e  Mahiao p l u t o n i c  complex below. 
Maximum permeabi l i ty  is found a t  t h e  c o n t a c t  of 
the p lu ton  and the  over ly ing  a l t e r e d  vo lcanics .  

F igure  3. Hydrological  Flow Model. 

F igure  4 s h m s  the  i n t e g r a t e d  model of t h e  f i e l d .  

SIMULATION MODEL 

The model used for t h e  s imula t ion  work w a s  b u i l t  
t o  provide answers a s s o c i a t e d  wi th  t h e  development 
and e x p l o i t a t i o n  o f  the whole Tongonan f i e l d ,  
inc lud ing  Tongonan I, I1 and 111. A rec tangular  
a tea measuring 5.4 x 3.0 km (16.2 km2) and encom- 
pass ing  t h e  Mahiao, Sambaloran and Mali tbog s e c t o r s  
was  blocked f o r  t h e  model. The geomet r ica l  shape 
of  t h e  model w a s  based on t h e  temperature and 
p r e s s u r e  d i s t r i b u t i o n ,  hydro logica l  flow model and 
t h e  geologic  s t r u c t u r e s  which run across  t h e  f i e l d .  
The Mahanagdang s e c t o r  is not p a r t  o f  t h e  model 
s i n c e  i t  is p o s t u l a t e d  t o  be connected t o  a d i f f e r e n t  
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Fig.  4. Conceptual Model of the F ie ld .  

system. Consequently, t h e  concent ra t ion  of the  work 
was focused on the  Mahiao and Sambaloran s e c t o r s  
from where t h e  112.5-We Tongonan I power s t a t i o n  
draws i t s  steam supply .  

fol lowing c o n s i d e r a t i o n s  were used i n  framing up 
f i e l d  geometry. 

Separa te  the  deduced upflow from t h e  outflow 
reg ion .  

I s o l a t e  the  i n f e r r e d  two-phase zdne from the  
single- phase region.  

Lump, as much a s  p o s s i b l e ,  the w e l l s  wi th  the  
same c h a r a c t e r i s t i c s  i n t o  a s i n g l e  block.. 

Separa te ,  i f  p o s s i b l e ,  t h e  r e i n j e c t i o n  w e l l s  
from the  production w e l l s .  

Segregate the  permeable zones found a t  var ious  
l e v e l s .  

The s imula t ion  uses a geometry of 3 x 4 x 3 g r i d s  
(Figure 5 ) .  The th ickness  of t h e  reseFvoi r  i s .  based 
on the d i s t r i b u t i o n  of  t h e  permeable zones encoun- 
t e r e d  i n  each w e l l .  The top of t h e  main r e s e r v o i r  
is a t  -300m MSL whi le  the  base is a t  -1100m MSL. 
However, the  r e s e r v o i r  basement may a c t u a l l y  extend 
deeper than -1100m. The i n t e r v a l  where the  c o n t a c t  
zone w a s  found is a l s o  a t  t h i s  j u n c t i o n .  A s  
descr ibed  i n  t h e  r e s e r v o i r  model, t h e r e  e x i s t  the  
upper and the  lower zones. The upper zone is 
i n f e r r e d  t o  be from -300m t o  -500m MSL, while the  
lower zone extends from -9OOm -1100m. Based on 
t h i s ,  t h e  r e s e r v o i r  is d iv ided  i n t o  3 l a y e r s ;  
l a y e r  3 a t  -3OOm t o  -500m, l a y e r  2 a t  -500 t o  
-900m and l a y e r l f r o m  -900 t o  -1100m. The middle 
l a y e r  ( l a y e r  2) i s  r e l a t i v e l y  impervious compared 
t o  the  o t h e r  two l a y e r s .  Some wel ls ,  however, pro- 
duce a t  t h i s  l e v e l .  

A l l  o t h e r  parameters  l i k e  the boundary condi t ions ,  
mass sources  and s i n k s .  two-phase r e g i o n  and tem-  
p e r a t u r e s  and p r e s s u r e s  were taken from the 
conceptual  model. 

Fig.  5. Grid Block Dimensions and Well Locations.  

APPROACH TO SIMULATION WORK 

The s i m u l a t i o n  work was done by c a l i b r a t i n g  the pre- 
production s ta te  through forward s i m u l a t i o n  u n t i l  a 
s teady  s ta te  condi t ion  of t h e  system was reached. 
The whole process involved t r ia l- and- error  ad jus t-  
ments of var ious  parameters  l i k e  upflow rate and 
en tha lpy ,  steam s a t u r a t i o n ,  v e r t i c a l  and h o r i z o n t a l  
p e r m e a b i l i t i e s ,  and l o c a t i o n  of  m a s s  sources  and 
s i n k s .  Other parameters which were considered un- 
d e f i n a b l e  were t r e a t e d  less f requent ly  as s t u d i e s  
showed they were less l i k e l y  t o  cause s i g n i f i c a n t  
changes i n  t h e  r e s e r v o i r .  Some of t h e s e  parameters 
inc lude  poros i ty ,  rock expans ib i l i ty ,  c a n p r e s s i b i l i t y ,  
rock d e n s i t y  and h e a t  capac i ty .  

A l l  i n p u t  d a t a  were based on a v a i l a b l e  geoscien- 
t i f i c ,  w e l l  test and measurement d a t a .  Rock d is-  
t r i b u t i o n  throughout t h e  f i e l d  was deduced by 
c o r r e l a t i n g  a l l  d a t a  obtained fran cores  and 
c u t t i n g s .  Rock p r o p e r t i e s  were obta ined  from t a b l e s  
i n  published l i t e r a t u r e s .  The rock permeabi l i ty  
va lues  were der ived  from t h e  a n a l y s i s  of w e l l  t es t  
data.  S i n g l e  w e l l  test r e s u l t s  shcw s i g n i f i c a n t l y  



138 

Aunzo e t  a l .  

I .  39 
I .  39 
1 I39 
1.Y 
1.39 
1-61 
1.67 
! . b7 

Table 1. Rock Types and Proper t ies  

lower permeabi l i t ies  ( 1  to  10 d) than in ter ference  
t e s t  r e s u l t s  (10 to  160 md) i n  Malitbog (Sarmiento 
et .  a l . ,  1984). The r e s u l t s  of in ter ference  t e s t s  
a r e  considered more appl icable  and, therefore ,  were 
used as t he  main b a s i s  fo r  permeabili ty adjustments. 
It is estimated tha t  the  reservoi r  permeabili ty may 
be i n  the range of 10 t o  200 mil1idarc.ie.s. 

Two methods were employed, a s  provided by the  si- 
mulator, to  speci fy  the  f l u id  thermodynamic con- 
d i t i ons .  For single-phase l i qu id ,  parameters used 
where temperature and pressure.  However, fo r  the 
two-phase region, dens i ty  and i n t e r n a l  energy 
were taken a t  t he  center of the  block, using the 
temperature contours discussed i n  the preceding 
sec t ions .  Pressures i n  the single-phase zones w e r e  
based on t he  average pressure gradient  of the f i e l d  
(0.8 MPa/100 m) and the in fe r r ed  piezometric l eve l  
(Sa r i t ,  1983). On the o ther  hand, i n t e r n a l  energy 
and dens i ty  i n  the two-phase zones were based on 
a l l  wel l  discharges.  

I n i t i a l  values used f o r  the na tu ra l  flows were 
based on the na tu ra l  discharges estimated from Bao 
Springs and other  areas .  

BEST MODEL 

Three models (Figure 6 ) ,  which describe the outflow 
d i r ec t ions  of the f i e l d ,  were i n i t i a l l y  considered. 
In s e t t i n g  up these  models, the most prominent 
flow paths were in fe r r ed  based on corre la ted  data  
from temperature and pressure contours and the 
hydrological  flow model. 

The model which b e s t  f i t s  the in terpre ted  da t a  
has two prominent outflows: one tcwards the Bao 
val ley  (sink a t  block 413), and another towards the  
v i c in i ty  of we l l  405 (sink a t  block 133). A constant 
r a t e  of 25 kg/s is spec i f i ed  fo r  the postulated 
upflow a t  a temperature of 320°C. The outflow 
tcwards the Bao val ley  is estimated a t  20 kg/s ,  
while another 5 kg/s flows towards we l l  405. Com- 
parison between the  i n i t i a l  input  da ta  and run 
r e s u l t s  is discussed i n  d e t a i l  i n  a re la ted  repor t  
(PNOC-EDC, 1986). 

Only two l i t h o l o g i c  u n i t s  cover the f i e l d  i n  the  
simulation model; one is Andesite and the o ther  
is a hybrid l i thology a t  the  contact  of the Mahiao 
Pluton and the overlying Andesite. For s impl ic i ty .  
the l a t t e r  has been named "Contact Zone" i n  t h i s  
study. Variations i n  the physica l  proper t ies  of 
these l i t ho log ie s  resul ted  t o  e igh t  d i f f e r ing  rock 
types. Table 1 has the physica l  rock proper t ies  
used i n  the model. 

The permeabili ty d i s t r i bu t ion  shcws increas ing 
trend towards the Malitbog area .  Furthermore, per- 
meabili ty was found t o  be mainly contro l led  by 
l i thology.  Simulation r e s u l t s  shcw t h e  permeabi- 
l i t y  i n  the Contact Zone t o  be ten t i m e s  l a rge r  
than t h a t  of ~ the Andesite. The values found fo r  
the Tongonan f i e l d  a r e  i n  the range of 5-100 md 
and a re  consis tent  with the r e su l t s  of i n t e r-  
ference t e s t s .  The  s p a t i a l  permeabili ty d i s t r i b u t i o n  
i n  the  f i e l d  has been expressed i n  r a t i o s ,  and is 
summarized i n  Table 2. 

ROCK TYPE NAME X:Y:Z: RATIO 

Andesite 1 
Andesite 2 
Andesite 3 
Andesite 4 
Andesite 5 

Contact Zone 1 
Contact Zone 2 
Contact Zone 3 

100: 100: 1 
100 : 100 : 1 

5: 5 : l  
100:100:1 
100: 100 : 1 
200: 100 : 1 
200 : 100 : 1 
10: 5 : l  

Table 2. Permeability Ratios.  

Figure 6. The Tongonan Flow Model. 
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The model r e s e r v o i r  has impermeable bu t  conductive 
top and bot  tom l a y e r s .  Constant  p ressure  boundaries 
are s p e c i f i e d  a t  the  s i d e s  to permit  l a t e r a l  f lows.  
The p r e s s u r e s  . spec i f ied  a t  the  boundaries,  however, 
a r e  the same a s  the  connecting g r i d  blocks.  

S t r a i g h t  l i n e  r e l a t i v e  permeabi l i ty  func t ion  is 
assumed with i r r e d u c i b l e  l i q u i d  and vapor s a t u r a-  
t i o n s  of 0.5 and 0 r e s p e c t i v e l y .  

SENSITIVITY STUDIES 

I n  o r d e r  t o  i n v e s t i g a t e  the  e f f e c t  of var ious  para- 
meters, changes were made on the  type and f lowra te  
of the  source ,  permeabi l i ty  d i s t r i b u t i o n  and 
boundary condi t ions .  

The model o f  the  Tongonan r e s e r v o i r  uses  a per-  
m e a b i l i t y  d i s t r i b u t i o n  which takes i n t o  account  the  

. i n f e r r e d  upflow. I n  order  LO i n v e s t i g a t e  the  
e f f e c t  o f  t h i s  parameter ,  changes i n  the  d i s t r i b u t i o n  
along t h e  upflow reg ion  were made. I n  t h i s  case, 
p e r m e a b i l i t i e s  along the x and y d i r e c t i o n s  were 
held c o n s t a n t .  However, permeabi l i ty  r a t i o s  along 
t h e  upflow w e r e  i d e n t i c a l  wi th  the su rrou nd i n g  
blocks.  This s i t u a t i o n ,  i n  e f f e c t ,  decreases  t h e  
permeabi l i ty  along the  z a x i s .  R e s u l t s  showed t h a t  
more f l u i d  moves l a t e r a l l y  along l a y e r  1 and less 
up t h e  top l a y e r .  Temperatures were g e n e r a l l y  
found t o  be much h i g h e r  i n  the  bottom l a y e r  and 
lower i n  the  upper two l a y e r s .  A s  a r e s u l t ,  t h e  
i n f e r r e d  two-phase reg ion  w a s  n o t  matched. Only 
two blocks (223 and 323) showed two-phase condi t ions .  

In  o r d e r  t o  test  the uniqueness of the  model 
assuming a dynamic system, a run was made us ing  
only conductive h e a t  as the  source  i n s t e a d  of  
a mass source .  The h e a t  source  s p e c i f i e d  had an  
e q u i v a l e n t  conten t  of a 320°C f l u i d  a t  25 kg/s .  
T h e  r e s u l t  did no t  produce a good match with 
the  observed f i e l d  temperatures.  U n r e a l i s t i c  h igh  
va lues  were obta ined  a t  t h e  upflow b locks .  An 
a d d i t i o n a l  run was conducted i n  a n  a t t e m p t  t o  
check t h e  accuracy of the  s p e c i f i e d  upflow. I n  
t h i s  c a s e ,  t h e  sources  and s i n k s  were reduced 5 
t i m e s .  Furthermore, t h e  permeabi l i ty  va lues  were 
reduced by t h e  same magnitude al though the same 
r a t i o s  were maintained.  The run showed good match 
i n  temperature and pressure ,  However, t h e  i n f e r r e d  
steam cap a t  t h e  uppermost l a y e r  was not repro-  
duced. The two-phase reg ion  was only l i m i t e d  t o  
one block, 223. 

I n  t h e  b e s t  model chosen, c o n s t a n t  p ressure  
boundaries a t  the  s i d e s  were s p e c i f i e d  t o  provide 
f o r  f l u i d  t r a n s p o r t .  This  parameter, though not  
very  s i g n i f i c a n t  dur ing  the i n i t i a l  s t a t e ,  would 
become very important  dur ing  the e x p l o i t a t i o n  s t a g e .  
A cons tan t  p ressure  boundary would s e r v e  as a channel  
f o r  co ld  water  i n f l u x  as t h e  f i e l d  draws down. 

Two s e n s i t i v i t y  runs were conducted t o  check t h e  
boundary condi t ions  s p e c i f i e d .  In  t h e  f i rs t  run ,  
c o n s t a n t  boundary p r e s s u r e s  which were lower than 
those a t  the  r e s e r v o i r  g r i d  b locks  were s p e c i f i e d .  
Temperatures showed good match. However, a uniform 
decrease  i n  pressure  was observed f o r  the th ree  
l a y e r s .  A l l  t h e  b locks  decreased to a va lue  equa l  
t o  t h e  p r e s s u r e  of the  boundaries.  

Another run was done assuming a c losed  system, 
i .e . ,  impermeable b u t  conductive boundaries enclos-  
i n g  t h e  r e s e r v o i r .  Both temperature and pressure  
d i d  not  produce a good match wi th  the  observed 
va lues .  P r e s s u r e s  i n  t h e  r e s e r v o i r  rose  t o  va lues  
of more than 20 MPa. The temperature,  l ikewise ,  
r o s e  by a maximum of about  40°C i n  the  upflow 
reg ion .  Also, t h e  i n f e r r e d  two-phase reg ion  i n  
t h e  top  l a y e r  was n o t  reproduced a s  s ingle- phase 
f l u i d  occupied the  e n t i r e  l a y e r .  

CONCLUSION 

A three-dimensional model t h a t  reproduces t h e  
temperature and p r e s s u r e  d i s t r i b u t i o n  of t h e  f i e l d  
was developed. The fol lowing conc lus ions  can  b e  
drawn from t h i s  work: 

(4) 

The 

The Tongonan Geothermal F i e l d  i s  a dynamic 
system and a n  upflow e x i s t s  beneath t h e  Mahiao/ 
Sambaloran area. 

The hydro logica l  f low model i s  c o n s i s t e n t  wi th  
the  mass and h e a t  flow of the r e s e r v o i r .  

The upflow i s  found t o  be a t  a temperature o f  
32O0C and the  flow rate is about  25 kg/s .  The 
h o t  water plume b o i l s  as i t  ascends and produces 
a steam cap a t  the  upper p a r t  o f  the  r e s e r v o i r .  

Reservoi r  permeabi l i ty  is mainly c o n t r o l l e d  by 
l i t h o l o g y .  Hor izonta l  permeabi l i ty  v a l u e s .  were 
found t o  be i n  t h e  range of 5-100 md and the  
v e r t i c a l  permeabi l i ty  between .05-5 md. Higher 
p e r m e a b i l i t i e s  w e r e  determined i n  t h e  Malitbog 
a r e a .  

Lower p e r m e a b i l i t i e s  e x i s t  a t  t h e  top  and bot-  
tom l a y e r s  of t h e  r e s e r v o i r .  Side boundar ies ,  
however, were found t o  provide f l u i d  f lows .  
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