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Three-Dimensional Geothernal Rese rvo i r  S imula t ion  

S e i i c h i  Hirakawa, Yoshinobu Fuj inaga  
and Nich inor i  Miyoshi 

Department of H ine ra l  Development Engineer ing 
F a c u l t y  of Engineer ing 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan  

The au tho r s  p r e s e n t  a three-dimensional model f o r  r e s e r v o i r  
s i m u l a t i o n  t o  show some behaviors  of  f l u i d  f low i n  a geothermal 
r e s e r v o i r ,  assuming water i n f l u x  and h e a t  conduct ion from hea t  
sou rces  under t h e  r e s e r v o i r .  

Bas i c  Equat ions 
system, where mass t r a n s f e r  and h e a t  conduct ion occur .  

The fo l lowing  three equa t ions  d e s c r i b e  a 

Mass conserva t ion  equa t ion  

Equat ion  of s ta te  ( i n  case of water-steam equ i l ib r ium)  

(3) -_--- P = Ps(T) 

The boundary c o n d i t i o n s  f o r  s o l v i n g  the above equat ions  
are a$/% = 0 and 
r e spec t ive ly . .  
cons idered  t o  account  f o r  water encroachment and h e a t  f low 
from t h e  boundaries .  

aT/a?Z = 0 f o r  mass and heat flow, 
Both mass and h e a t  product<ion terms are a l s o  

P o t e n t i a l  equ i l ib r ium and heat e q u i l i b r i u m  are adopted f o r  
t h e  in i t ia l  c o n d i t i o n s  which i n  t u r n  imply no mass f low and 
s t e a d y  s t a t e  h e a t  f low. 
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-P ; r sT-+SP  = -P"  (6) 
The r i g h t  hand s ides  of the  eqs. 4 and 5 a r e  expressed i n  

terms of sf 'us ing A 3  = A b ? +  A P x - P $  AX- 
4 and 5 can be wr i t t en  i n  the  following matrix form2' k i t h  
SSw, d T  and S P  as independent var iables .  

The e q s .  

(7) ----- 
where, YI = ~ ( T ~ + - ~ ~ ) A S P  and Y2=d(HwTw+/-/gG)ASp 
By el iminat ion,  eq. 7 i s  transformed i n t o  

The t h i r d  row of t he  above equation contains only one 
independent var iab le ,  $ p,  which s a t i s f i e s  the following se t  of 
f i n i t e  d i f fe rence  equations. 
fbPs-, +d$Q-i + bSe-1 +~~P+csP;,iteSq,,t~~p,+f= R3 

i s  a s implif ied flow cha r t  t h a t  shows the program's bas ic  log ic .  

1 

These equations are solved by the  d i r e c t  method!' Fig. 1 

Heat Loss Heat flow perpendicular t o  the  top and bottom 
boundaries is assumed. 
boundaries, some more blocks are added above and below the  
reservoi r .  
The heat conduction equation, 

I n  ca lcu la t ing  heat  flow a t  the  

is solved i n  such blocks with appropriate  boundary and in i t ia l  
condi t ions a t  the  newly formed boundaries. I n  this procedure, 
t he  hea t  flow a t  t h e  new time s t e p  calculated with the  following 
equation. 
QT'= Q,"+dST, d=A+/L*ev-f ( V z G Z )  
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Wzter Inf lux 
f o r  the l i n e a r  flow, case by van Everdingen and €iurst,S) water 
i n f lux  i s  

Based on the solut ion of  the d i f fus iv i ty  equation 

The reservoir  i s  divided i n t o  10 x 10 x 5 blocks i n  
X - Y - Z direct ions,  respectively (Fig. 2) .  
blocks and physical propert ies  of the rock and f l u i d  a re  shown 
i n  Table 1. 
water system and the bottom hole pressure of the well i s  assumed 
t o  be constant. 
times are shown i n  Fig. 3 
with water influx. 

The s i z e  of the 

For simplicity,  the model t r e a t s  an i n i t i a l l y  hot- 

P lo ts  of potent ia l  d i s t r ibu t ions  a t  various 
without water inf lux,  while Fig. 4 

NOMENCLATURE 

A = cross sect ional  area,  cm* 
C = compressibility, vol/vol-atm 

H = enthalpy, cal/g 
g = grav i t a t ina l  accelerat ion 
K = absolute permeability, darcy 

Cp = spec i f i c  heat,  cal/g-OC 

kr = r e l a t i v e  permeability 
Tc = thermal conductivity, cal/cm-°C-sec 

Q H  = enthalpy production r a t e ,  H d w  + HgQg, cal/sec 
Q L  = r a t e  of heat l o s s  t o  surroundings, cal/sec 

S, = saturat ion,  f r ac t ion  

Tw = water transmissibility,pAIQr/)iL, .g/atm-sec 
T = steam transmissibi l i ty ,  g/atm-sec 

P = pressure, a t m  
Q = production r a t e ,  g/sec 

Q(t) = f l u i d  inf lux,  dimensionless 

t = t i m e ,  sec 
T = temperature, O C  

8 = i n t e rna l  energy cal/g 
V = bulk volume, cm 3 
2 = depth, c m  
S = potent ia l ,  P - f f g  dZ, atm 
9 = porosity,  f r ac t ion  
6 = time difference, S P  = P*+' - P" 

A t  = time increment, t n + l  - t" 
p = viscosi ty ,  
J' = density,  g/cm 
k = di f fus iv i ty ,  Tc/fCp, cm*/sec 

ptST = derivat ive of the saturated curve with respect t o  
temperature 

Subscr ipts  
w e  = water encroachment, 
w = water, g = steam, i , j , k  = grid,  n = time l eve l  

f = formation 
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Table 1. Example da t a  of Physical Proper t ies  
and Block Dimensions 

I n i t i a l  temperature (1,1,1) 
I n i t i a l  temperature grad ien t  
I n i t i a l  pressure (l,l,l) 
Horizontal permeabili ty 
Ver t i ca l  permeabili ty 
Poros i ty  
I n i t i a l  water sa tu ra t ion  
Water compressibi l i ty  
Formation compressibi l i ty  
Thermal conductivity 
NX = 10, M = 10, NZ = 5 
m = 150m, AY = 150m, AZ = 1 5 m  
I n i t i a l  production rate 
Bottom-hole pressure 

= 26OOC 
= 5°C/100m 
= 70 a t m  
= 100 md 
= 10 md 
= 0.38 
= 1.0 
= 1.65~10-4 vol/vol-atm 
= 4 . 4 ~ 1 0 - ~  vol/vol-a t m  
= 1.53~10-3 cal/cm- OC-sec  

= ~ 2 ~ 1 0 ~  g/sec 
= 60 a t m  
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Calculate  in i t ia l  values (P,T, f',H and U) 
corresponding t o  in i t ia l  conditions (no mass 
flow and steady state heat  flow), using look-up 
t a b l e s  of steam 

S t a r t  0 

Calcula te  heat flow a t  the  top and bottom boundaries, QL .. 

I Input  physical  p roper t ies  and block dimensions 
(7?',K,Z,Cw,Cf,Tc, AX, AY, A Z  etc . )  

Calculate water in f lux ,  Q w e  
Calcula te  production rate of mass and entalpy, Qw,Q and QH 
Calcula te  t r a n s m i s s i b i l i t i e s  and d e n s i t i e s  between flocks, 

Calcula te  o( term 
Calcula te  aJ 'b~ , au/aT , ap/,P and au/aP 
Calcula te  coe f f i c i en t s  Cll-c33 f o r  ssw, &T and gP 
and r e s idua l s  R,,RZ and R3 
Calcula te  & P  by the  d i r e c t  method using D4 ordering scheme 

T w J g ,  Pw and fg 

I 

I 

Calculate  s T and SS, ' 
Calculate  Pvt',Tntl and SW7)+' 

P r i n t  P,T and S, 

I 

Fig. 1 Simplif ied Flow Chart 
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Conductive heal ll?d, qin 
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