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,BASIC MODEL 

Using a complex model cons is t ing  o f  lumped-para- The bas ic  model f o r  the  s imu la t ion  o f  geother- 
meter reservo i rs  and a f a u l t  zone, a l l  connected by mal reservo i rs  i s  shown i n  f i g u r e  1. The model 
aqui fers  , a geothermal r e s e r v o i r  s imu la t ion  was consis ts  o f  th ree  1 umped-parameter reservo i rs  , and 
c a r r i e d  ou t  by changing the  permeab i l i t y  o f  the a f a u l t  zone, where compressed water i s  supplied. 
aquifer. The r e s u l t s  i n d i c a t e  t h a t  the  permeabil i -  The reservo i rs  and the f a u l t  zone are connected i n  
t y  has a considerable e f f e c t  on mutual in ter ferences ser ies  by aqu i fe rs  having the  same scale and para- 
among reservo i rs .  meters. I n  add i t ion ,  the  f o l l o w i n  assumptions are  

made : 
Symbol s 

A 
C s p e c i f i c  hea.t, kJ/kg O C  

c 
F seepage area, m 
G mass change, kg 
h enthalpy, kJ/kg 
L a q u i f e r  length, m 
P pressure, MPa 
S s a t u r a t i o n  
t time, h r  
u i n t e r n a l  energy, kJ/kg 
v r e s e r v o i r  volume, m3 
v s p e c i f i c  volume, m3/kg 
W mass o f  f l u i d ,  kg 
x distance, m 

dens i ty  , kg/m3 
8 temperature, "C 
jzf p o r o s i t y  . 

Subscr ip ts  

w water 
s steam 
Superscr ip ts  

m' 
m mth step 

3 thermal equiva lent  o f  work, kJ/m MPa 

compressi b i  1 i ty2 1 /MPa 

s t a t e  j u s t  a f t e r  end o f  ou t f low 

INTRODUCTlON 

I n  the  p lanning stages o f  development o f  a new 
r e s e r v o i r  w i th in ,  o r  adjacent to, a l ready developing 
f i e l d s ,  one o f . t h e  most impor tant  tasks is t o  e s t i -  
mate the e f f e c t s  o f  the  new development on the ex- 
i s t i n g  product ion wel ls .  I n  order  t o  ob ta in  bas ic  
data on mutual in te r fe rences  among reservo i rs ,  the  
changes i n  pressure and temperature o f  each reser-  
v o i r  w i t h  t ime are  pred ic ted  f o r  a complex model 
c o n s i s t i n g  o f  the reservo i rs  and the f a u l t  zone, 
changing on ly  two permeabil i  t i e s  o f  the  aqui fer .  

1. Surface discharge i s  neg l ig ib le .  
2. Combined product ion r a t e  (water and steam) from 

one r e s e r v o i r  i s  constant. 
3. Pressure and temperature a t  the f a u l t  zone are 

equal t o  the i n i t i a l  cond i t ion  and are  kept con- 
s tant .  

4. A f t e r  t h e  e x t r a c t i o n  o f  steam, water i s  r e i n j e c -  
t e d  i n t o  the  o r i g i n a l  reservo i r .  

d a u l  t 
zone 

P r l  Pal Pr2 Pa2 Pr3 Pa3 Pf  

F igure 1 Basic model 

THEORY - 
When product ion from a reservo i r ,  f o r  example, 

R1, s t a r t s ,  due t o  the  subs tan t ia l  pressure drop, 
the compressed water i n  the  adjacent aqu i fe r ,  a l ,  
begins t o  f l o w  i n t o  R1 a t  a r a t e  p ropor t iona l  t o  
the pressure grad ien t  a t  the boundary between R1 
and a1 , increas ing  t h e  pressure o f  R1. Then, due 
t o  t h e  water outf low, the  pressure d i s t r i b u t i o n  of 
a1 changes and the water f lows out  o f  the  r e s e r v o i r  
R2 i n t o  a l ,  a t  a r a t e  p ropor t iona l  t o  the  pressure 
grad ien t  a t  the boundary between a1 and R2, as 
decreasing the  pressure o f  R2. S i m i  1 a r  phenomena 
occur i n  the  o ther  reservo i rs  and aqui fers .  That 
i s ,  an ou t f low from a r e s e r v o i r  and an i n f l o w  from 
an a q u i f e r  adjacent t o  the  r e s e r v o i r  occur simul- 
taneously. However, i t  i s  impossible t o  so lve  the 
d i f f e r e n t i a l  equation consider ing both ou t f low and 
i n f l o w  a t  t h e  same time. Therefore, t o  deal w i t h  

. 
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t h i s  problem, the  ou t f low and the  i n f l o w  are con- 
s idered as a ser ies o f  s h o r t  t ime outflows and i n -  
f lows occur i  ng a1 te rna te ly .  
Basic equation 
1. Aqu i fe r  pressure 

a P a  a Z P a  

The basic equation f o r  l i n e a r  f l o w  i s  

(1 )  - - _- -a-  
a t  a x z  

where 
k 

+ P C  
a = - -  - -  

A t  t h e  f i r s t  s t e p a t ,  when the  geothermal f l u i d  i s  
discharged from R1 and R2, ;or example, and the  
pressures drop t o  PF1 a7,d Pr2 respec t ive ly ,  the  
pressure d i s t r i b u t i o n  Pa1 .in a1 w i l l  be 

1 1 2 % '  nrr 
l C s i n  L? * e  - L'-llt 

n 2 x 2  
{ t - ( m -  2 ) A t )  

I 
-- 

nrr L'  x sin y X  e 
L . 

8 

( 3 )  

where the . ,primed var iab les,  P i1  and Pi2, and the 
unprimed variables,Pr and Pr2, r e f e r  t o  the s ta tes  
j u s t  a f t e r  the end o i  the  outf low and the in f low,  
respect ive ly .  The ou t f low and i n f l o w  f o r  mat- (m- 
1 ) A t  can be g iven by 

where ET i s  the f l u i d  density. 
For t h e  two phase f low, t h e  d i f f u s i v i t y  can be cx- 
pressed as 

k 
+ P tc 

a=- 

where 

Pf Cb F l u  

+C=[( I  - + ) T r C r + g  S 7wCwI 
X ( 1.92 X 10- 2 ' 6  x p - 1 * 8 8  

where Pr and C, are the densi ty  and the  s p e c i f i c  
heat of rock[ Grant e t  al, 1979 1, and 

S =  Ts(hs-h)  

7 s( hs- h )  + 7 u( h- hu) 

krw and k r s  are ca lcu lated usin8Corey's equation. 
2. Reservoir pressure 

r e s e r v o i r s  can be w r i t t e n  as 
Mass and energy balance equations f o r  any of the  

d dW 
-I c I ( t ) +  c t ( t ) l = -  dt dt 

(5) 

and 
d e  (6) - { h l C l ( t ) + h z C r ( t ) l  d = - - -+ ( l -+ )Vo7r  dWu Cr- 

dt dt dt 

The temperature 8 f o r  the compressed c o n d i t i o n  i s  
d e r i  ved from the above equations (see Appendix) : 

Bo-1 + C o - 1  Am-! Nu-1 
I G  e = [ C B - ~  + 

N B - ~ {  G + Nm-1- AB-r 1 

where c = ( G I  -c?)+(c2-c?).. 
and the  pressure P can be ca lcu la ted  by 

+61. 33767183L3 - 1536.270868&' 
+ 19254.354368-98062.26) X 103v 
- ( 1.1746563X10-2~s-1.485916992~' 
+74. 77054795L3 - 1871.8985748' ) 

P = ( 9.638698 X 10- Ls - 1.2191265638' 

+ 23412.66535.0 .- 118656.8748) (8) 

where 3 = @ / l o  [ Fukuda e t  a1 . 1985 1. 
The mass change G ( t )  for  the saturated c o n d i t i o n  
i s  a l s o  der ived from the same'equations(see Appen- 
d i  x )  : 

J 1 - 1  ( (  1 +PI'. '"- 1 I ( (  1 +P)'.'~~- 11 + -5 +- 0.236 0.238 
(9) 

where (p+l)=P/P . 
The temperature !-it the pressure P i s  g iven  by 

(10) e = 179.8890 ~0.238 

CALCULATIONS 

The f o l l o w i n g  i s  an example o f  the c a l c u l a t i o n  
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procedures and var iab les t o  be ca lcu lated:  
1. The f i r s t  s tep ,, 
i i .Pressure d i s t r i b u t i o n  change, P d i ,  i n  a l .  

i.Pressure o f  R1, P r l y  a s h o r t  t ime a t  a f t e r  the 
beginning o f  production. 

i i i .Water  in f low,  G l i ,  from a1 t o  R1 a t  the,,boundary 
between a1 and R1, and water in f low,  Gi2, from 
R2 t o  a1 a t  the  boundary between R2 and a l .  

iv.PYi a f t e r  in f low,  G i i ,  w i t h  P,'1 being the i n i -  
t i f l  pressure, and P& a f t e r  the outf low, GC$. 

v i  .Pi1 , Pi2  and P&, w i t h  P r i  , Pr2, P:3 and Pf be- 
i n g  the boundary pressures. 

2. The second step 
PrT , P&, Pr .9  PA , P&J and P& f o r  next A t by 
fo l low ing  s i m i l a r  procedures as w i t h  the f i r s t  
step, s t a r t i n g  w i t h  P;i, P&, P,'3, P i l ,  P& and 
P i3  as the  i n i t i a l  condi t ions.  

For f u r t h e r  steps, repeat  t h e  above ca lcu la t ions  by 
s h i ' f t i n g  the i n t i a l  condi t ions.  

Calcu lat ions were made w i t h  the  f o l l o w i n g  parameters 
and condi t ions 

v.Pr2 and'P:3 by s i m i l a r  calculaFion. 

Reservoir 
\iolumef each r e s e r v o i r  1x108 m3 
poros i ty  0.1 
Aqui fer  
length of each a q u i f e r  500 m 
poros i ty  0.05 ' 

permeabi l i ty  3.77~10-14 and 3.77~10'13 m2 
seepage area 1x104 m2 
Others 
combined f l o w  r a t e  (water and steam) 5x105 ka/hr 

d .  

i n i t i a l  temperature 280 "C 
i n i t i a l  pressure 8 MPa 
r e i n j e c t i o n  temperature 90 "C 
t ime i n t e r v a l  10 hrs  
For one simulat ion, product ion from two reservo i rs  
was considered as s t a r t i n g  simultaneously, and f o r  
the another, w i t h  a t ime l a g  o f  5x103 hours between 
the two. 

RESULTS AND CONSIDERATIONS 

Some examples of the r e s u l t s  of the  ca lcu la t ions  
are shown i n  f i g u r e s  2 - 5. 

The pressures o f  the  producing reservo i rs  show 
steep drops i n  the  compressed water condi t ion,  and 
comparatively gent le  drops i n  the  saturated codi -  
t ion .  While, the temperatures show smooth-curved 
drops i n  the both condi t ions.  The compress ib i l i t y  
o f  the water i s  so small t h a t  even a small mass 
decrease i n  the reservo i r ,  i . e. dens i ty  decrease , 
causes a steep pressure drop, and the  pressure i n  
the saturated cond i t ion  does n o t  drop so steeply, 
due t o  the  vo lumetr ic  expansion, as t h a t  i n  the  
compressed water condi t ion.  
due t o  the product ion from a r e s e r v o i r  does n o t  
have so la rge  e f f e c t  on t h e  temperature drop because 
o f  the heat supply from t h e  r e s e r v o i r  rock, b u t  
the low temperature r e i n j e c t i o n  ( 90 O C  ) lowersthe 
temperature ( compare w i t h  f i g u r e  4 o r  5 ). 

Figures 2 and 3 show t h e  r e s u l t s  when produt ion 
from R1 and R3 was considered as s t a r t i n g  s imul ta-  
neously,lthanging the p m e a b i l i t y  o f  the  aqu i fe r ,  
3.77~10- 

The heat e x t r a c t i o n  

and 3 . 7 7 ~ 1 0 - ~ ~  m2. As seen i n  f i g u r e  2, 

Fukuda a t  e l .  
the pressure drop of R3 i s  a l i t t l e  g e n t l e r  than R1 
because the i n f l o w  t o  R1 i s  o n l y  from R2, and t o  R3 
i s  from R2 and the  f a u l t  zone. I n  f i g u r e  3, because 
of more r i c h  permeab i l i t y  o f  t h e  a q u i f e r  and conse- 
quent l a r g e r  supply, the pressure drops o f  R1 and R3 
are much g e n t l e r  than those i n  f i g u r e  2, and though 
R3 i s  producing, i t s  pressure i s  h igher  than t h a t  
of R2 which i s  n o t  producing, and changes w i thout  
dropping t o  the  saturated pressure. The temperature 
of R1 i n  f i g u r e  3 shows a l i t t l e  g e n t l e r  drop than 
f igure  2, b u t  R3 shows s i m i l a r  drop i n  both f igures.  
The pressure o f  R2 keeps constant i n  f i g u r e  2 and 
drops a l i t t l e  i n  f i g u r e  3. Figures 4 and 5 show 
cases where the  product ion o f  R3 s t a r t s . 5 ~ 1 0 3  hours 
a f t e r  the s t a r t  o f  product ion o f  R1, and R2 s t a r t s  
the  same hours a f t e r  R1. As seen i n  these f igures, 
the  pressures o f  R2 and R3 drop together w i t h  t h e  
pressure drop o f  R1, and a f t e r  the pro.ducti'on o f  
the  second r e s e r v o i r  s t a r t s ,  the  pressure of the  
t h i r d  r e s e r v o i r  which i s  n o t  producing, begins t o  
drop. The pressure o f  R2 i n  fwgure 4 drops steeper 
than the pressure of R3 i n  f i g u r e  5, because t h e  
f9'uid fl'ows ou t  of R21 t o  R1 and R3 i n  f i g u r e  4, arid 
the f l u i d  f lows o u t  of R3 t o  R2 on ly  i n  f i g u r e  5, 
w i t h  the i n f l o w  from the f a u l t .  

CONCLUSIONS 

The r e s u l t s  o f  t h e  above ca lcu la t ions  made f o r  
a simple model, us ing only  two permeab i l i t ies  o f  
the aqui fer ,  i n d i c a t e  t h a t  the  permeab i l i t y  has a 
considerable e f f e c t  on mutual in te r fe rences  among 
reservo i rs .  But t h e  s e n s i t i v i t y  s tud ies o f  the 
mutual in ter ferences on the o ther  parameters , such 
as the poros i ty ,  the  r e s e r v o i r  volume, the  a q u i f e r  
scale, the product ion r a t e  and so on have t o  be 
made. 
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Appendix 

W r i t i n g  an ou t f low(or  a mass decrease due t o  the  
product ion)  o f  and an i n f l o w  ( o r  a mass increase .due 
t o  the  r e i n j e c t i o n )  t o  a reservo i r ,  as G l ( t )  and 
G2(t),  respec t ive ly ,  and a lso  w r i t i n g  

i n  the equation 6, and a mass change, G, f o r  t - ( m - l ) '  
at as 

equation 7 can be obtained f rom thb equations 5 and 
6 i n  the same way w i t h  t h a t  i n  a previous paper 
[Fukuda e t  a l .  1985). 
t i o n  7 are as fo l lows:  

G =( G - cy-' )+ (  G * -  1 

The constants i n  the equa- 

2582.5715X103 
"( 1 - #)rrCr+5776.9661 An-, = 
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5.0 
Q 

4.0 

508053.5620 X l o 3  ' 
( 1 - 4 ) frCr+5776.9661 

Bm-1 = 

- 
- 

--- h mix 
Cm-l= 

Nm-1 =- 

' 1 - # rrCr+5776.9661 
# V  

V I -  I 

Tile equation 9 can be derived, also, f rom the  equa- 
t i o n s  5 and 6 i n  t h e  same manner w i t h  t h a t  i n  the 
previous paper. 
as fol lows: 

The constants i n  the  equation are 

d h,vS -h, vw 
- p ~ - ~  1- (---- ) l m - l  

1 dP "s - v U r  I I - I  = 6 v- 

d e  I-\  

v 5  - v u  u-1 

h mix 
Lm-I = 

( h d ,  - h s  VUJ-) 

vs - v M  m - 1  

5.0 - a 

4.0 - 
L 4 

L O(, * * ' I * I I ' * I * ' '  I 
0 0.5 1 .o 1.5 2.0 2.5 

TIME ( x i  o4 HWR) 

0 . 0.5 1 .o 1.5 2.0 2.5 
TIME ( X1O' HOUR) 

Figure 2 k = 3 . 7 7 ~ 1 0 ' ~ ~  m2 
production from R1 and R3 w i t h  r e i n j e c t i o n  

3.0 
0 0.5 1 .o 1.5 2.0 2.5 

TIME ( XlO't(0UR) 

0 0.5 1 .o 1.5 2.0 2.5 
TIME ( X l  0' HWR) 

Figure 3 k=3.77x10-13 m2 
production from R1 and R3 w i t h  r e i n j e c t i o n  

2 8 0 r - - p y !  

270 
Y 
Y 

4*0L :t * . . .  . . . .  I .  m . .  I . ,  

0 0.5 1.1 1.5 0.5 1.0 1.5 
3.00 

TIME( xlo"wR) TIME ( x104 m) 

Figure 4 k=3.77x10-14 m2 
production from R1 and R3 w i t h  a t ime l a g  
and w i thout  r e i n j e c t i o n  

7.0 

Q 6.0 

LL 5.0 
s 

i 
R I  

::oL TiME ( x10' HOUR) "!. . ' 'o;5' ' ' TIME yoa ( x104 * . HOUR) * ' 

Figure 5 k=3.77x10'14 m2 
porduct ion from R1 and R2 w i t h  a t ime l a g  
and w i thout  r e i n j e c t i o n  

460 


